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The mass transfcr and hydraulic characteristi

G in diameter sieve plate have been studied using three gas

[ 57

wiuge controlled systoms, (a) ths adinbatic evaporation o
water into air, (b) the non-adiakatic evanoration of carbon
tetrachloride into air and (c¢) the absorption from air of

carvon tetracihloride by deeahydronzphthalens (decalin).  The

o~

object was to dnvestigate the variation of plate efficienc

Q\_.;

with gas and llguld rate, due to the effect of these variables
on the hydraulic behaviour of the plate, i.e. on froth density,
zas residence time etc., under these three different systems.
It was also intended to investigate the correlation of the mass

transfer data.

The mass transfer behaviour of the nlate during evap-

1

cration of water, was studied by cxamining the rate of change
of a very dilute dye i.c. concentrations less than .0l Gas

»ates varied from 1 to 4.5 ft/sce through the bubbling arex and
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iiquid rates from 70 to OO0 gal/hr ft7 ¢ column cross sectional
arca. It was found trat the rolatiocnshi: boitween the Murphree
wlate efficlency, E,V Al WAG JO8 raite was nore complicated

then has been previously woportcd for trnis system. Consideration

<

of the hydroulic charascteristics of the aqueous system studiled,
which includced the froth density, fractional gas hold up and
gos resicence time, showed that the relationshin found 1s to be
cseetod under the conditicns studlied and =2 mcch&nism is pro-

nosed o exslain the varistions ia plate efficiency with gas

The mass transfer characteristics of the air/carbon
tetrachioride evaporaticn system were studied by measuring the

N - . ~
change in @chzipy of the air before 2and after mass transfer

Ty

tock place. The gas rates studied were in the range 1-3.5ft/secc
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and liquid rates from 80 to 310 gal/nr £t~ of colunn area.

The Murphree plate efficiency, va, was found to fall with gas
A
rate and rise with liguid rate as expected from the hydraulic

q

characteristics of the system, but the megnitude of the
efiiciencies was found to be lower than expected. An

explanation is suggested.

The nass transfer characteristics of the absorption

system were studied by measuring the changes in concentration

[

of gas and liquid across the plate. The gas ratcs studied
were from 1.4 to 3.0 ft/sec and the liguid rates studied varied
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from 110 to 560 gal/hr f£7.  The Murphree Jlate efficiency,B -

was found to fall with gos rate and ris
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with liquid rate

examination of the hydraulic
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approximately as predictel

bahaviour of the system.

Comparison of tire aydrauliic choracteristics of the three

systems showed that proverti ueh as froth density and gas
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residence time, consldercd at similar gas and liguid rates, were
not independent cf the syctem wroverties, The fractional gas

E!

nold up could be predicted, for the three systems by the cquation
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where ¥ is the gas rate I factor, ¥ is the surface te.si.z
2 . p . e s
dyne / cm and @, is the licuid density g /cm3

Aattempts were madl to correlate the macs transicr rio..ts
by Gerster's method i.e. 1y relating the nuabers of transicr
units for different systews by the ratio of the scuare roots o
the respective Schmidt numbers, the comparison of transfer uznits
being made at similar gas and iiguid rates. No satisfactory

£

correlation was obtaincd ci was expected from the results of th
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hydraulic studies whick showed that at similar gas and 1ligquid



rates, the factors which govern mass transfer such as gas
residence time and froth density were different for different

systems,

When comparisons were made at similar gas residence times
more satisfactory correlations were obtained and it was concluded
that while Gerster's mcthod is basically correct, more knowledge
of the structure and properties of gas/liquid foams and froths
on cemmercially overating sieve plates is necessary before the

method can be applied with confidence in this field. -



ACKNOWLEDGEMENTS

Thanks are due to Professor P.D. Ritchie B.Sc., Ph.D.,
F.R.I1.C., F.P.IT., M.I.Chem.BE.,, F.R.8.BE, for providing
facilities for this work and to Dr. R.G. Gardner B.Sc.,
Ph.D., A.R.I.C., A.M.I.Chem. E. for his gupervision and
advice, Acknowledgement is also made to the Department

of Scientific and Industrial research for the financial

assistance provided.



SUMMARY

Ay - ok

The mass transfer and hydraulic characteristics of a
9 in diameter sieve plate have been studied using three gas-
phase controlled systemé, (a) the adiabatic evaporation of
water into air, (b) the non-adiabatic evaporation of carbon
tetrachloride into air and (c) the absorption from air of
carbon tetrachloride by decahydronaphthalene (decalin).  The
object was to investigate the variation of‘plate efficiency
with gas and liguid rate, due to the effect of these variables
on the hydraulic behaviour of the plate, i.e. on froth density,
gas residence time etc., under these three different systems.
It was also intended to investigate the correlation of the masé

transfer data.

The mass transfer behaviour of the plate during evap-
oration of water, was studied by examining the rate of change
of a very dilute dye i.e. concentrations less than .01%. Gas
rates varied from 1 to 4.5 ft/sec through the bubbling area and
liquid rates frem 70 to 800 gal/hr £t of column cross sectional
areai, It was found that the relationship between the Murphree

plate efficiency, E . and the gas rate was more complicated

N
than has been previgzsly reported for this system. Consideration
of the hydraulic characteristics of the aqueous system studied,
which included the froth density, fractional gas hold up and

gas residence time, showed that the relationship found is to be
expected under the conditions studied and a wmechanism is pro-
posed to explain the variations in plate efficiency with gas

rate.

The mass transfer characteristics of the air/carbon
tetrachloride evaporation system were studied by measuring the
change in-@athalpy of the air before and after mass transfer

took place, The gas rates studied were in the range 1-3.5ft/sec



and ligquid rates from 80 to 310 gal/hr ft2 of column area.

The Murphree plate efficiency, E._ ., was found to fall with gas

MV
rate and rise with liquid rate as expected from the hydraulic
characteristics of the system, but the magnitude of the
efficiencies was found to be lower than expected. An

explanation is suggested.

The mass transfer characteristics of the absorption
system were studied by measuring the changes in concentration
of gas and liquid across the plate. The gas rates studied
were from 1.4 to 3.0 ft/sec and the liquid rates studied varied
from 110 to 560 gal/hr ftz. The Murphree plate‘efficiency,EMV,
was found to fall with gas rate and rise with liquid rate
approximately as predicted from the examination of the hydraulic

bahaviour of the system.

Comparison of the hydraulic characteristics of the three
systems showed that properties such as froth density and gas
residence time, considered at similar gas and liquid rates, were
not independent of the system properties. The fractional gas

hold up could be predicted, for the three systems by the equation

Hy = 25 F -.OOS’?KE’L +¢55

where ¥ is the gas rate I factor, ¥ is the surface tension

2 -
dyne / cm and @, is the liquid density gm /cm3.

Attempts were made to correlate the mass transfer results
by Gerster's method i.e. by relating the numbers of transfer
unite for different systems by the ratio of the square roots of
the respective Schmidt numbers, the comparison of transfer units
being made at similar gas and liquid rates., No satisfactory
correlation was obtained as was expected from the results of the

hydraulic studies which showed that at similar gas and liquid



rates, the factors which govern mass transfer such as gas
residence time and froth density were different for different

systems.

When comparisons were made at similar gas residence times
more satisfactory correlations were obtained and it was concluded
that while Gerster's method is basically correct, more knowledge
of the structure and properties of gas/liquid foams and froths
on commercially operating sieve plates is necessary before the

method can be applied with confidence in this field.
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1. INTRODUCTION
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1.1. GENERAL

Prior to the industrial revolution, man's interest in mass
transfer between the liquid and the gas phase was limited to the
distillation of certain flower extracts to obtain perfumes,
certain alchemical purification processes, for example the
preparation of quicksgilver, and, above all, the preparation of
alcoholic drinks by the concentration of wine and other weak,
naturally brewed, alcoholic solutions. After the revolution,
this interest spread and continues to spread to more and more
new applications and these new applications needed more efficient
methods of contacting the vapour and liquid phases than the early
type of still in which the vapour and liquid met each other on
only one stage. To satisfy this need, two types of improved
equipment were developed, the packed tower and the plate tower,
the former being the more useful over a widespread range of
applications. )

Commer cially, :

The most eemmerededdy successful of the plate devices has
been the bubble-cap plate, invented by Cellier-Blumenthal in
1818, but recently the supremacy of this plate has been challenged
by the perforated or sieve plate which was first introduced in the
Coffey still (although a still containing a sieve plate is
described- by Demokritos in the second century A.D.) a piece of
equipment used in the manufacture of whisky and gin, invented in

1830 by a Dublin exciseman Aeneas Coffey.

Demands for more efficient contacting devices have
inevitably been coupled with demands for accurate design procedures
and it is along these two directions that most of the research lies

in this field of chemical engineering.
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1.2, COMPARISON OF FRACTIONATING PLATES
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Several standard text books 11213 give descriptions of
the most common types of distillation plate, and their performances
héve been compared by Garner, Ellis and Freshwater 4, stanislas
and Smith 2 and others,sv?as’g'

A brief account of the principal devices is given here

with a comparison of some of their properties.

1.2.7. The bubble-~cap plate

As has already been stated, the bubble-cap plate has been
the most popular commercial device used in vapour 1iqhid mass
transfer. The basic design consists of circular caps mounted on
short vertical tubes or risers which project through the plate
floor. There are vertical slots in the skirts of the caps to
allow the vapour which passes through the risers to be broken
into bubbles. Liquid, which is sealed on the plate by the height
of the risers, passes across the plate between or over the bubble
caps and through one or more downcomer pipes to the plate below,
The downcomers project below the liquid level on the plate below
to prevent vapour entering. Weirs may be fitted at the entry
to and exit from the downcomers to ensure a greater liquid depth
on the plate. 1In plates up to about 6 ft in diameter, the
downcomers are placed on alternate sides of the plates in a
column so that the liguid mus¥ traverse the full width of the tray
in contact with the rising vapour. In trays of larger diameters,
the flow is split and may be from centre to the periphery or vice

Versa.

1.2.2. The sieve plate

7D e -t —————_— ' v—"

This plate is simpler than the bubble-cap tray and consists
of a horizontal plate with perforations. It is fitted with
downcomers similar to the bubble cap, and the flow pattern of the

liquid is usually the same except that the flow is not obstructed

A
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by any caps. The vapour contacts the liquid by rising through
the holes, the velocity of the vapour being sufficient to
prevent weeping of the liquid through them. This meaniﬁg%i}
the plate must be operated above a certain velocity andjfor
many years did not receive much attention as it was thought to
have too narrow an operating range 10, ang its use was limited
to Industries whose preference was for a plate that was very
easy to clean., In 1952, Mayfield et al.11 gave an account of
studies of sieve trays which led to their widespread acceptance
by the Celanese Chemical Corporation on the grounds of the
“higher efficiency, higher capacity and lower cost. Since then
other workers,416112’13114!15116v have studied the sieve plate
and have endorsed and amplified these conclusions. The
narrower range of operating conditions has ceased to be a major
disadvantage éﬂ@éggggﬁmig§@=@£ improved methods of design, and
the sieve plate is beginning to become more popular than the

bubble-cap plate.

1.2.3. The floating~cap or valve tray

e T e e gy W e S0 e e S T S Ve s ST o W g e B . e W S

This design is an improvement on the sieve plate in that
it will function over a much wider range of operating conditions,
and it retains some of the advantages of the sieve over the bubble
cap plate, namely reduced pressure drop, lower hydraulic gradient
and cheaper construction,9’17’18' It consists of a flat plate
perforated with holes of 1 to 2 in diameter and with a free area
of about 15%. The holes are covered with metal caps, held in
position by cages. The design feature claimed for this plate is
that as the gas rate increases the metal caps rise to keep the
orifice velocity approximately constant. This has not been found
to be the case in practice as discussed by Norman and Grocott 19,

o herationa!
The greaterAflexibility of this type of tray does not confer

overwhelming advantages with its use, as most distillation and
absorption columns are designed to operate between fairly narrow
limits. of tlew sates,



1.2.4., The APV-West plate
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This tray functions as a sieve plate superimposed on a bubble
cap tray and combines the performance of a sieve plate with the
stability of a bubble-cap tray at low vapour velocities. The
capacity of the plate is greater than that of a bubble-cap plate,
but less than that of a sieve plate? The pressure drop can be

less than that of a sieve plate.?

1,2.5. The Kittel plate

This plate consists of pairs of trays fabricated in expanded
metal., The inclination of the slots of the expanded metal imparts
transverse motion to the liquid, which is centripetal on one tray
and centrifugal on the other. This ensures stable flow and
excellent distribution of the liquid. There are no downcomers,
the liquid travelling downwards by leakage at the centre and
periphery. The free cross sectional area of the plate is greater
than that of a sieve plate with a consequent low pressure drop

5,8,

which makes it particularly suitable for vacuum distillation

1.2.6. Downcomerless or dualflow plates

- Vo Y. o S S . Tt G S S g S e EN g T et R S O T P M e PO e AR A L

These plates may be sieve plates with extremely large
perforations or composed of parallel bars of metal, as in the
case of the Turbogrid plate.?120:271922¢ The 1iquid falls through
the perforations or slots, through which the vapour also rises.,
The operating range of these trays is smaller than that of the
sieve nlate, but the pressure drop is lower. The efficiency is

also lower.

T1e2¢7« Conclusion

All workers agree that the perforated or sieve plate is
‘the most suitable for the majority of uses. Where special
considerations apply other plates may be more suitable such as the
valve tray for operation over a wide range of conditions or the

Turbogrid type trays for high vacuum functionsi
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1.3 INTRODUCTION TO PLATE EFFICIENCY
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The efficiency of a plate as a mass transfer device can

be defined ih the following ways.

1.3.17 Overall column efficiency, E.

e Y S W L S BT S W A W BSd S e S b ey S Sme vt

An absorption or distillation column can be considered to
function as a number of stages at which mass transfer takes place
with the vapour and liquild at equilibrium. As a plate can
theoretically do no more than bring the liguid and vapour on it
to equilibrium, and in practice cannot accomplish this, the
performance of the column can be expressed as the ratio of the
number of theoretical plates or stages to the nuwmber of actual
plates. Methods such as that by McCabe and Thiele 23 for obtain-
ing the number of theoretical plates in a column are described in

many text books.

1.3.2 Murphree plate efficiency - Eyy or Eyf,

In 1925 Murphree 2k gefined the efficiency of a single plate
as the ratio of the actual change in composition of the vapour or
liquid to the change which would have taken place if equilibrium
had been attained. In terms of vapour composition,the efficiency of

plate n is:

; = In Ve
By = Jn -vm-1 —_— (1.1)

”%; ~In-1
where ¥y, and yﬁf1 are the average vapour gompositions leaving
®
plates n and n-1 and Y, is the composition of the vapour in

equilibrium with the liquid of composition X, leaving plate n.

1

In terms of the liquid concentrations:-

B -~ *n 4+ 1~ *n
ML * e (1,2
Xn + 1 = *n

where X, 1 and X, are the average liquid compositions leaving
plates n+1 and n and xg‘is the composition of the liquid in

equilibrium with the vapour of composition ¥, leaving plate n.



-6 -

The Murphree plate efficiency is equal to the overall
column efficiency when the operating and theeﬁuilibrium lines
on a Mclahe Thivie diagram
for the system are straight and parallelx ihen this is not the
case, the relationship between them is given by

- E mG _ -
B = 1in { 1 + - (1§§ 7)“/

1n 9§M )

Lyg

where Gy and Ly are the molal vepour and liquid flows and m is

the gradient of the equilibrium curve.

1.5.5 The Murphree point efficiency E,., By

This is the efficiency at a specific point on the plate and
is defined in terms of concentration similar to the Murphree plate

efficiency.

The Murphree point efficiency and plate efficiency are only
equal when the concentrations are uniform across the plate.

EMV = EOG ——— (1.4)

This is the case in evaporation of single substances, and on

25,26,

plates of small diameter, although it is claimed that even
on very small plates the mixing is still not perfectfﬂ7 As the
length of the liquid flow path increases, the effectiveness of
mixing is reduced and a concentration gradient exists across the

plate. This means that the value of the plate efficiency EMV

will be greater than the average point efficiency as the value of
the liquid composition on which the equilibrium  concentration
is based will, for average conditions on the plate, be less than
the liquid composition at the exit. For no mixing, the plate

efficiency is related to the point efficiency by the relationship%

. AZog -
EMV = )\ (e -1 ) ( 1 05)
where )\ - n GM

L

M
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In practice all plates, with the possible exception of

very small plates, operate between the two extremes of complete

mixing and non-mixing.,

1.3.4 Other expressions of plate efficiency

The plate efficicency can also be expressed in terms of
chemical npotential driving forces and expressed as Egie, the.
diffusional efficiency. Vigdorov and Kafarov 9 indicate
that the Murphree efficiency is a particular case of a general
expression for plate efficiency based on the difference in chemical
potentials and that its use is not correct when the difference
between equilibrium and operating conditions is large and the

departure from ideality is great.

In practice, however, the concept of the Murphree efficiency
appears to be entirely adequate and is in widespread use

theoretically and practically. -
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1.4 THE EFFECT OF PROCESS VARIABLES ON SIEVE PLATE EFFICIENCY
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The factors which might affect the performance of a plate

can be divided into three groups.

(a) Mechanical design of the plate e.g. free area, weir height,
downcomer design. _

(b) Operating conditions e.g. vapour and liquid flow rates,
temperature and pressure.

(¢) System properties e.g. density of gas and liquid,
viscosity of gas and liquid, dinterfacial surface tension,
diffusion coefficients and relative volatility or

solubility.

It is not possible here to describe all the work done in
this field, but the ceffects of the more important variables are

summarised.

1.4.1 TFree areca

s BT T eyl b

The literaturc is sometimes in conflict as to the effect

30found the plate efficiency

of this variable. £llis and Moyade
increased whereas Tnglish and Van #inkle 51 found it decreased

as the free area was increased. It seems, however, that the
smaller hole diameters give greater efficiency but at the cost of
higher pressure drops. Also the efficiency increases as the
number of holes increasegbut there is a maximum value above which
weeping through the holes seriously impairs the efficiency. The
recommended valuesiBusually are a free area of about 10% with the
holes between 1/8 and 3/ in diameter on equilateral triangular
spacing.

1.4.2 Weir height

R P

Raising the weir height causes an increase ih liquid hold up

on the plate which has been found to cause an increase in efficiency.

30

This has been found by many workers including ®Ellis and Moyade,

35

English and Van ‘»Vinklc—:?,I Finch and Van Winkle;?2 and Gerster et als
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Increase in weir height also causes increase in pressurce drop and
above a certain value, the increased efficiency may be offset
economically by the increased pressure drop.

1.4.3 Downcomer design

M O ey i O o W . T Y — bkt

It is necessary to ensure that the downcomer is capable of
allowing disengagement of vapour from the froth as the liquid
flows to the next plate. Mass transfer can also occur in the

downcomer.

1.4.4  Vapour rate

o e et S e B30 -

Increase in vapour rate causes greate:r turbulence on the
plate but has been found to have either no effect or a detrimental
effect on the plate effioiency?a’BE’Bg’BB' Low air rates cause
liguid to weep through the perforations,but this does not have a
great effect on efficiency, although at very low air rates when the
liquid rains through the plate or "dumps', the performance is
seriously impaired. Very high vapour rates cause heavy
entrainment3§ which also has a detrimental effect on the plate
efficiency.

1.4.5 Liquid rate

s T e D o St

Increase in liquid rate results in increased liquid hold up

on the plate which increases the efficiency?o’32*53’34’35’37'Above

a certain value however,the downcomers may not be able to cope with

the froth of vapour and liquid and the plate floods.

N €I S W e e v O e e S F WS FOR Gy SRS e MMM ey Vi v W

The influence of temperature and pressure is reflected mostly
in the effects these variables have on the properties of the
materials used. Fllis, Barker and Contract0r38 found the effect of

pressure on efficiency to be very small,
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1.4.7 System properties
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The main effect of viscosity and density in the gas phase is
on molecular diffusion and hence on efficiency. Similarly viscosity
and density of the liquid also ‘ffect efficiency of wass transfer
through their effect on liquid phasc molecular dif:f‘usion?LF The
effects of these variables on the hold up of gas and liquid on the
plate has not becen clearly cstablished as is discussed in Jection
1.5, Interfacial surface tension has been found to affect
efficiency as this has a critical effect on gas hold up and froth

‘heights,59’qo’qq’42°
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1.5, Ma35 TRANSFER THEORY

1.5.17. The two film theory

i a B n ok e ke A e e D KA P dnke S prn e

Thz nass transfer relationships which describe the be~
4
haviour on bubble Hlates are described in standard textbooks”,

43

'and are only briefly summarised here. The basis of most

: 55

theoretical cquations iz the ‘two-film' theory due to #hitman
stho postulated that there woas a laminar film. on either side
of a phase boundary, and o mclecule, travelling from one phase
to another, would encounter resistance only in penetrating the
two laminar films. It wvas assumed that the two lawminar films
would be in eqguilibrium and that, accordingly, there would be no
resistance to mass transfer crossing the phase boundary, Fick's
first law was assuaed to apply, the rate of mass transfer being
provortional ts the concentration difference and the -olecular

ciffusivity, and inversely roportional to the film thickness.

From this, the rate at which one component &4, of & gas
mixture of A and B, transfers to a liquid across a phase bound-

ary can be written as

Ny o= P (v - ) —  (1.6)
Z
where HA is mass transfer rate of diffusing component A (1b mol/
hr ftz)
Dis is diffusion coefficient of 4 through B (fte/hr)

7z is thickness of laminar film (ft)
y is concentration of diffusing component in bulk of gas
phase (1b mol/ftz)

and s is concentration of diffusing component in gas film at

“z
phase boundary (1b mol/ft”)

This may also be written as:-

Moo=k (v -7) (17

Licicd
ey

where kG is the gasLﬁilm massﬁtransfer coefficient (ft/hr)
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and for mass transfer through the liquid film:-

NA = RL (xi - x) SR — (1.8)

where k. is the liquid-film mass trensfer coefficient (ft/hr)

and X is concentration of diffufing component in liguid film
at phase boundary (1b mol/ft”)

and x is concentration of diffusing couponent in bulk of liquid

phase (1b mol/ft”)

As it is not possible to measure concentrations at the phase
boundary, it is morc convenient to describe the process in terms
of overall mass transfer coefficients.

iees N, = K (y - v*) = K. (x* = x) =—————— (1,

A Oz OL )

D

where y* is the concentration of diffusing comioment in equil-
ibrivm with concentration x (1b mol/fta)
and x* 1s the concentration of diffusing component in equil-

ibrium with concentration y (1b mol/ft”)

and KOG and KOL are overall gas-and liquid-phase mass transfer

coefficients (ft/hr)

If it is assumed that Henry's Law is obeyed over the short range

of concentrations coansidered,

then y* = mx, y = mx* and vy, o= mxg

where m is the dimensionless licary's law constant.

Bguation (1.9) may be written as,

1 = I L Y -Ye oy m(xg - %)
ra T ) ———
Ko Ny Ny Ny
kG kL
and ¢! = X*N— X = y - yl + Xi - X
K 0
oL A m N N,
= _1 N o (1.11)
m kG kL
hence, K = mK

oL oG
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If the gaseous concentrations arc expressed in partial pressures,
the Henry's law constant has the dimensions atm ftB/lb mol and
the zas-filw wass transfer coefficients are expressed in 1b mol/

=
£t~ hr atm.

For a small vnortion of gas rising through a liquid on a
bubble plate, the mass of one component transferring to the
ligquid during a swall increment of time and a small increment
of vertical travel may be described by the equation,

‘ vay = Ky (5% - y) db ———— (1.12)
where V is the volume of the portion of gas (ftB)
a is the surface area available for mass transfer (fta)

dt is the time of contact (hr)

@

y* is the concentration of the transferring component in
the gas phase, at equilibrium with the liquid on the
plate (1b mol/fta)

This equation may be integrated between the limits of contact

time and concentraticn, i.e., between t = 0, and t = tg,

and between y = ¥y and y = Yo where t is the gas residence

G_,
time on the plate (hr).
¥y is the concentration of gas entering the plate (1b mol/ftB)

¥, 18 the concentration of gas leaving the plate (1b mol/fts)

. Y t
iec, 2
dy ) J0 KOGd .
® = ' .
I N Yy 0 v
- Korat
. g, Y- ¥ locatg (1.13)
M v

The right hand side of the equation is defined as the number of

transfer units, NOG o
v¥ -y oG

NN 2 v

N = -~ 1n

OG (1.,14)
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Iy = ¥
= wdn (121
¥yt -y
= -1n (1 -Ey) e (1.15)
where EOG is the Murphree point efficiency for the gas phase.
A similar expression may be derived for NOL’
Nop, = -1 U=Fy)) (1.16)

These are overall transfer units and may be related to the
numbers of transfer units for each phase by substitution of

equation (1.14) in equation (1.11) to give

1 -
T —Nl- ’ -&)1- e (1.17)

oG G L
and —— = A+ 1 e (1.,18)
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1.5.2 The renetration theory

As can be seen from equation (1.6) the Whitman twoefilim
theory predicts that the rate of mass transfer should be directly
proportional to the diffusivity. mxperimental studies of the gas-
film controllced mass transfer on wettedewall columns by Gilliland
and Sherwood 46 and otherss47’48’49’ showed that this was not the

case and that ol DX
g G
where x varies from O.4 to 0.3 and Dy is the gas diffusivity,
(cm?/sec) Studies of liguid-controlled mass transfer alsc showed
that the liquidephase mass transfer coefficient was not directly
50

proportioml to the diffusivity. Calderbank and tico Young give

we Ol 6’7
AL oL DL

and Norman and Sammak give 0.5

T ol
&L DL

It has been found that the ‘‘penetration theory' more tﬁeory
accurately describes mass_transfer at a phase boundary. ThisAwas
first proposed by Higbie:ﬁzto describe mass transfer through

liquid films. This model suppeses that the laminar layer at the
phase boundary is systematically renewed, and cach element of liquid
surface is exposed to the gas for the same length of time. The

relation between mass transfer coefficient and diffusity is
%J“‘~\/(E§;
e

where te is the time of exposure.

Danckwerts 221 suggested that there should be no correlation
between the time for which an clement of liquid surface has been
exposed and its chance of being remixed, and that the time of

exposure be replaced by the rate of surface renewal, 3,

i.e. KL o 1°

The prediction of the penetration theory that the mass
transfer coefficient 1s proportional to the square root of the

diffusivity is more in agreement with experimental evidence
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both for the liquid-and the gas-phase mass transfer coefficients.
rowever Toor and Marchello 5h suggest that if the unsteady-state
build up of material at the phase boundary continues for a
sufficiently long period, a stecdy concentration gradient will
build up as described by the two film theory and the mass transfer
coefficient will be vroportional to the diffusivity to a power
greater than 0.67. tarriot 22 does not agree with this model,
and proposes one in which eddies of bulk composition approach

the phase boundary, but do not penetrate it.

It has alsoc been found that under very turbulent conditions
such as on bubble plates, eddy diffusivity becomes iwmportant in

56

determining; mass transfer ratcs. Garner and Porter showed
that at high velocities effective diffusivities of three or more
times the wmolecular diffusivity were required to explain some

reported plate efficiencies.

Although the penetration theory explains sxperimental
evidence better than the original two film theory, it seems that
the forwer complements and amplifies the two-film theory, rather
than replaces it?79 and that the calculation of overall mass
transfer coefficients and mass transfer units, by the addition
of the individual film coefficients and transfer units as in
equations (1.11) (1.17) and (1.18) is still justified. It is
on a basis of these equations that the methods described in the
next section for predicting the efficiencies of mass transfer

behaviour on bubble plates have been developed.
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1.6 PREDICTION OF PLATE EFFICIENCY

Of the formidable quantity of publications on bubble plate
efficiencies, a great deal is devoted to their prediction by
empirical or semitheoretical means. Many empirical correlaticns
give reasonable results when applied to systems and conditions
similar to those used in their development, but give erroncous
and misleading rasults when applicd to situations where these
conditions are nct fulfulled. Very often this is due to lack
of appreciation of all the factors which affect the mass transfer
processes which occur cn a plate. Recent developments in the
theory of mass transfer and an increase in understanding of
factors which affect plate efficiency, for example liguid mixing,

have resulted in correlations which appear to be much more satisfactory.
Ao account of the principel correclations is given below.

1.6.1 Ixpressions for plate efficiency derived empirically

Talter and Sherwood25 studled various absorption, desorption,
humidification and rectification systems on bubble cap plates and
were able to correlate their results by an empirical relation‘
relating Murphree vapour efficiency to gas solubility, total pressure,
liquid viscosity, slot width and the effective liquid depth on the
plate. The »rincipal variabls was found to be the gas solubility.
The largest column used was 18 in diameter, the smallest a 2 in
diameter column. Drickamer and Bradford 58 derived & corrclation
developed from test data on 54 refinery fractionating columns
equipped with bubble.cap plates,

By = 0.17 - 0.616 logu,  ———— (1.19)

where/}iL is the fe: ! viscosity at the average tower temperature.
The correlation applied mainly to hydrocarbon systems of low relative
volatility and to & narrow range of column designs, and was in

considerable error for large diameter towers. The range of viscosities
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studie 1 was fairly smz1l, 0.07 to 1.40 ¢P 0O'Connell 9

modified the correlation by introducing a gas solubility term to

the equation, thereby extending it to systems of considerably
differ&ng relative volaﬁilities, but the correlation still did not
take into account differences in plate or éolumn design. Chu,
Donovan, Bosewell and Furmcister 60 modified O'Connell'’s

correlaotion to include the effect of the liguid and vapour flows and
the effective liquid depth. Chaoiyavech and Van Jinkle o1 obtained
a correlation for sieve plates for plate efficiencies based on work
done on 2 1 in diameter perforated plate column using 8 different
systems of widely differing physical properties. This work was
extended by English and Van Jinkle 31 and combined with data of

other workers to obtain another correlation

B = 0.8 (/3) ~0.28 (_%7,_) 0.024(_11 )0.241-0.013 X 0. Okl
w G gxg‘v—‘)

X (,AJIJ y 0:157
(¢p, D) X - 0,028 ——— (1.20)

where i3 is free area fraction of the column cross section

méé is the reflux ratio

k)

b is the weir height,(in ),

is the mass vapour flow based on column cross section(lb/ftghr ),

G

¥ is surface tension, (dynes/cm ),
/L&J is viscosity of liquid, (cP),
v

g is vapour velocity through column, (cm/sec ),

Op is liquid density,(g/em’ ),
DL is liquid molecular diffusivity, @ma/sec ),

O is relative volatility.

Recently, Finch and Van If‘!j_nkle32 described a method for design
of commercial=scale perforated plates based on scale up of small-
column data. Operating and design variables were related to the
residence times of gas and liquid upon a plate, and these were

combined to give the plate efficiency by the equation

sz AGtG + ALtL (1.21)
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where A; and AL are functions of the diffusive properties of
the gas and liquid phases of the system and can be obtained from

small column experiments. Factors ?} and tL for commercial

G

systems are calculated from correlations similar to those

Q o) =z
deviloped by the A.I.Ch.T&. study “7’5)’69’on bubble-caps.
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1.6.2 Dxzrcssions for plate efficiency derived from examination

62 : .
The approach of Geddes ~ was based on a consideration of the
mass transfer to a stream of rising bubbles. It was assumed that

the bubble diameter was determined by buoyancy and surface tension
“ 7

as proposed by Sugdenbj

and tho rising velocity was as predicted

by the correlation cof O'Brien and Gosline . From an estimate

of the effective liguid height on the plate, the contact time and
interfacial area wers calculated. Mass transfer coefficients
obtained for gas and liquid phases were combined to give an

overall resistance as in equation (1.10) and the Murphree vapour
point efficiency was deduced. Closer study of the bubble formation
behaviour indicates that the wethod of obtaining the bubble diameter
is not applicable at the high slot~velocities occurring in bubble
caps. Chu et aléo revised the correlation of Geddes and gave
improved methods of estimating the bubble diameter., DBakowski 65
derived a correlation based on the assumption that mass transfer
on a bubble plate could be considered as mass transfer to moving

channels of vapour.

52

P

Jdest, Gilbert and ohimizu26 used Higbie's diffusion equation
to calculate the mass transfer coefficients for both phases. The
contact time and surface area, was calculated from values of bubble
size and foam density obtained from correlations. 4n eqguation for
the Murphree point efficiency for both bubble=-cap. and sisve plates

was obtained,

ouigley, Johnson and Harris 66 obtained a correlation for
the bubble size and gas hold up which enabled them to estimate the
surface area of a froth formed on a plate with a single orifice.
This enable . them to obtain the liquid-film coefficient and a
general expression for Murphree plate efficiency for liquid
controlled systems was presented. This expression agreed with the

experimental results of West et al.
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Pl:mcnr:=;l<_i6‘7 developed a correlation between the number
of gas-film transfer units and the difference between the total
pressure drop and dry pressure drop across o plate. The assumption
was that the rate of mass transfer on a bubble cap plate was

proportional to the energy dissipated in the bubbling process.

1.6.3 Expressions for plate efficiency based on summation of

o bma T A R s n e R R M S TS P RN e B i e Yed e B P RO e et R A e e M 0t G v P G e e e W A e A M 8 v R Sk i

individual phasce contributions

As has been shown for a system involving both gas and liquid

vhase mass transfer, the numbers of transfer units NG
each phasc may be combined to give the overall number of transfer
units N, or N /equations (1.17) and (1.18)/and these can be

rclated to the plate point efficiencies by equations (1.15) and (1.16).

and N, for
i

Gerster and his co—workers34 suggested that the numbers of transfer
units for each phase could be obtained by studying the performance
of singlee~phase controlled systems and relating the information

so gained by the ratic of the Schmidt numbers Sc where

Se¢ = A4 whero/}i is viscosity
PD e is density
D is diffusivity
It was suggested that the number of transfer units for each phase
was proportional to the Schmidt number to the power 0.5 for the
liquid phasc and 0.67 for the gas phase. These  values were
confirmed by Calderbank for the evaporation of water,cethyl
alcohol and iso~-propyl alcohol on a perforated plate.
Difficultics were found)however, in relating the point efficiencies
to the overall plate efficiencies, because of lack of knowledge

of the degree of liquid mixing.

In 1952, the Resecarch Committee of the American Institute of
Chemical FEngincers initiated a five year research project to study
plate efficlency in distillation and absorption columns. A method

for predicting plate efficiencies for both sieve and bubbl:z caps
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was developed, based on experimental data obtained at the

zZ
University of Delaware””’ the University of Michigan27 and the

North Carolinz State College.

Gas~lilm controlled mass transfer was studied using the
vaporisation of pure liquids into air and the absorption (or
desorption) of ammonia from air by water. Liquid~film
controlled mass transfer was studied by the desorption of
carbon dioxide from water and organic solvents. It was found
that the number of gas~filam transfer units could be compared by
the ratio of the Schmidt numbers to the vower 0.5 and liquid-film
transfer units by the ratio of the liquid diffusivities to the

power O.5.

X : ‘70 .
A design manual has been published as well as detaills of the
werk carried out at euch establishment. The method was based on

that proposed by Gerster. 4 brief description is given below.

Starting from a knowledge of the plate design and operating
conditions, and a knowledge of the physical properties of the two

phases, the calculation procceds via the following steps.

1. The number of gas.phase transfer units N, is obtained from a

I

G
correlation with weir height, vapour rate, liquid rate and
Schmidt number.

. : 0.
Vopour rate is expressed as I factor F =V E%' 2
5 )

Vg is velocity through bubbling area,(ft/sec)

Qg is gas density,(1b/ft”)
2. The value of the liquid residence time on the plate is
calculated from a correclation of weir height, F factor,liquid

rate and the distance between the weirs.

5. The value of the number of liquid-phase transfer units NL
is obtained from a correlation of liquid residence time,

F factor and liquid-phase diffusivity.

L., The values of the number of phase transfer units are combined



to predict the overall point efficiency, E P-

oG
1 4 . A
-2.3 log (1—EOG) | NG NL

5. The point cfficiency is corrected for mixing and entrainment

to give E the plate efficiency.

1v?
The A.I.Ch.E. procedure has bean shown to be more accurate
than earlier correlatiouns, but some criticisms have been made.

Strand?1 suggested that possible deéficiencies in the

A.T.Ch.E. methodaégig because there was no provision for assessing
the effects of vapour and liquid by-passing on the plate. He
introduced a modification to the A,.I.Ch.E, method which took into
account liquid recycling and obtained slightly more accurate
predictions for the 3 systems he studied experimentally.

72

Dieter and Hundtermark' ™ proposed a condensed version

with a revised equation for mass transfer in the vapour phase
which is sail to give better agreement. Edul jee & criticised

the procedure on the grounds that it was obtained from data from
one University mainly, and that too much emphasis had been placed
on data using aqueous systems. He proposed methods of his own
based on the A.I.Ch.E. cxpcrimental work. 'l”horogood7L+ also objected
to the correlations on the grounds that no allowance had been made
for mass transfer during bubblce formation, and that the molecular
diffusivity was used wher it was necessary to include an eddy
diffusion component,. '

75

Gerster ~ points out that the A.I.Ch.E. work did not cover
2 wide range of gas viscositics. The range studied at the University
of Michigan was from .015 to .020 cP, and the systems studied at the
College of North Carolina had gas viscosities all round .008 cP.
This deficiency was felt not to justify completely the choice of
0.5 as the index of the gas phase Schmidt numbers but recent work76
at the University of Delaware on the evaporation of toluene in air

and propane has confirmed that the value of 0,5 is correct.,

Although the above criticisms may be justified, the corrections
introduced are marginal and do not detract from the importance of
the method or the validity of the fundamcntal concepts.
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As has already been notsd in 1.3 and 1.5, the degree of
liquid mixing on a bubble plate, and hence the distribution of
concentration-difference driving forces on the plate has a
considerable c¢ffect on the plate efficiencies of some systems, and
it is the magnitude of this effect which controls the difference

between point and uplate efficiencies.

If the extent of liguid mixing is not known, complete mixing
or non~mixing /Equation (1.4) and (1.5) 7 must be assumed and it is
known that these assumptions are justified only in certain

35

circumstances. Rush and Stirba”™” who assumed no mixing to take

place on an 18 inch diameter sisve plate found discrepancies sm be tween
the predicted and measurcd values for a liquidephase controlled
system, methyl isobutyl ketone-water. These discrepancies were
attributed to the unknown effect of liquid mixing on the plate.

The effect of liquid mixing is not important in gas—phase controlled
systems (since it is assumed that the gas is always thoroughly

mixed) but is of considerable importance in liquid-phase

controlled systems.

In an attempt to describe mixing on a plate mathanmatically

78

Gautreaux and O*Connell77 adopted Kirschbaum's' ~ concent of a
plate bontaining a certain number of perfectly mixed pools,

the number being proportional to the degree of mixing, and derived
the relationship between the Murphree plate and point efficiencics

and the number of pools n:-~
E . = _ - Eog A & - '
iy 0G - (1.22)
WiV ——X [ (1 + —— ) /I)_/ ——

n =1, represents complete mixing; n=oorepresents no mixing.
Although this model represcnted intermediate conditions, it

was felt to be inadequate and other models were developed such as

that of Oliver and ﬁatson79 which postulated the existence of

liquid recycling to the entrance weir, and that of Johnson and

Marangozisgo who considered that wmixing on a perforated plate

was due to splashing of liquid in the froth region above the layer

of clear liquid ijQJm{dy dbove  the plate, and conducted experiments

to discover the factors which governed the extent of this splashing.
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These models have not had the success of the eddy diffusion
model suggested by ichner and ﬂilhe1m81 and by Foss, Gorster and
Pigford ?2 This model assumzs that the rate of mixing of a
component is proportional to the concentration gradient of the
component across the plate and involves study of the liquid
residence~time distribution on the plate. The rate of liquid
mixing is characterisoed by an eddy diffusion coefficient. Liquid

. . e R 32
residence time distributions have been studied by several workers '

83,84,85, using injections of tracers at the liquid inlet or outlet
from the plate. Thooretlcal considerations of the distribution of
ligquid residence tiues aas led to the introduction of the
dimensionless Teclet number to reprazsent the degree of mixing.

2y, U = A

Vg br b

e
&)
I

[N

—————(1.23)

Z. is distance travelled by liquid,(ft).
is mean liquid velocity,based on clear liquid height {ft/scc).

; eddy diffusion coefficient,(ft2/sec).

=
n

t is average residence time of liquid,(sec).

Correlations for the prediction of the eddy diffusion coefficicnt,
and liquid residence time have been given by Gerster et alB.3 in the
University of Delaware Report and Gilbert ?j Gerster et al. derived
an equation relating the plate efficiency, the point efficiency and
the Peclet number and demonstrated the relationship graphically
with Paclet number as tho parameter. Txperimental work with
air.water systems showed that the cddy diffusivity was indcependent

of liquid density, viscosity or surface tension.

flhile the eddye~diffusivity model is probably more realistic
than that of the mixedepool or splashing models, it still does
not allow for stagnant nockets or layers of liquids or bypassing
of the bubbling aren. Johnson and Marangozisgo found that
mixing by eddy diffusion in the thin liquid layer which exists

immediately on top of an operating sieve plate was negligible.
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The model alsc assumes that ligquid concentration gradients only
exist in the direction of liquid travel and does not take into

account possible gradients in the vertical or horizontal

directions perpendicular to liquid flow?5 Imperfections in
hydraulic operation of the tray may causc these effects to be
significant when applicd to commercial fractionating towers.
Furthermore, the difficulty in predicting values of the eddy
diffusivity or liguid residence time renders the method less

certain.
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1.8 B3TUDY OF HYDRAULIC RELATIONSHIPS

The efficicncy of o mass transfer process taking place
between two phases, such as that on a perforated plate, dcpends
upon the diffusional and the hydraulic relationships between the

two phascs.

The diffusional relationships gencrally depend upon
independent variables such as molecular diffusivity,concentration
atc., while the hydraulic relationships depend more on operating
conditions, e.g. vapour anl liquid rates. The mers definitive
hydraulic criteriz in mass transfer are the interfacial area and

the time of contact of each phase with the other.

'hen a perforatced plote is in operation, two zones may be
distinguishod, a layer of liquid immediafely ahove the plate
acting as a zeal, and % layer of froth or foam above, many times

greater in height.

Gas, enteriny an orifice on the plate, forms discrete
bubbles which travel through the liquid layer, and coalesce in
the froth or foam, through which they pass forming a region of
very intimate contact with the liquid. The gas finally leaves

this arcea by the bursting of the bubbles at the top.

The interfacial area uvailable for mass transfer is over-
whelmingly the area of froth. Thus, Porter86 points out that
the interfacial aren in a bubble~plate froth can be 1OO—EOOft2/ft3
which is larger than that from all but the smallest packings.
Thus the interfacial arca of 1in -2in ring packing is 20—5Oft2/ft?
The time of contact of gas on the plate, i.e. the gas residence
time is the time spent travelling through the froth.

1.8.1 Formation of bubbles at orifices

—— O e T Mow Y Y N O Gbe A e T R P e S e S e A e ety S oo o

The mechanism of bubble formation at orifices has received
87 studied bubbling

from single and multiple slots with high speed photography and

considerable attention. S»ells and Bakowski

witnessed that at low zir rates, discrete bubbles were found which

continued to grow after formation, due to ineffective closure of
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the necit of the bubbla. At higher air rates, chain bubbling

took place with air leakage betwecen each bubble, and if the

liguid seal, or clear liquid laycr, was less than 1 inch the
bubble became_an open channel and air 'Jetted' to the water

surfacc. They also noticed that bubble size was independent of

the slot dimensions studied. Van Rrevelen and doftijzer :

proposed the following corrvelation for higher gas rates:-
D, = 0.027% GO @ 0.2

(é"]:‘:—ég) — (1.2h)

also indicating that orifice dimensions have no effect on bubble
size. Yiscosity and surface tension also appear to have no
effect. This correlation was based on the chain bubbling mechanism,
which was not observed by Juigley,Johnson and Harris who
investigated the formation of bubbles at a single orifice in water,
glycerine and carbon tetrachloride using a ‘'strobotacii, They
agree, however, that surface tension had no effect, but observed
a slight viscosity ceffect at a viscosity level of 417 cP. They
proposed the correlation

D_= 0.222 D, 334 0.125  0.02 ~4 1.0
B 0 % 7 Y + 3,02 x 107 °Q, ? (1.25)

Jhere liquid seals were in the range C.25 to 1 ft. Siemes and
Kauffmann89 found that using small zos flow rates and low viscosity
liquids, the volume of bubble formed was not affected by density

or viscosity of liguid, and the controlling factors were gas flow
rate and orifice diameters. The volume of bubbles formed in highjy
" viscos@ | liquids tendg to be dependent on viscosity but the effects

of surfacc tomsion and density were still negligible.
8]

Calzcrbank6o obscrved that the frequency of bubble formation
at gas flows above 30 cc/sec  was aporroximately constant at
15 to 20 bubbles/sec, and that the volume of the bubble depended
only on gas flow rate. Orifices studied were from 1/16 in to 1/4j11
diameter. Liebson et al?ohowever found that although the bubble
frequency was 15/sec to 20/sec at 1/64 in to 1/16 in diameter

orifices, the frequency at 1/3 in was 10/sec to 13/sec.
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Davidson and Amick91 also found bubble frequency depended

on orificc diameter. Chu et a1,92 agreed with Spells and
Bakowski that bubbles tended to grow after formation, but that
above o liquid seal of 2.5 in,the bubble size remained constant.

Below this value, the bubble size tended to increzse with

increasing slot arca.

Z

Johnson and Bowman 93 studying gus flow through =

1/16 in diameter orifice found that bubble frequency increascd
to 32 bubbles/sec at 45 cc/sec and then decreased sharply as
ace took place. The water seal was varied from 1-6 in.
Rippin noted that, for larze burbles, the rising veloclty
was o function of sizc alone and that bubbles above 1.7 cm had
the shape of a cap cut from the top of a spherc and tended to
rock as they rose through the liquid. Davidson and Schuler 9
concluded that bubble veleocity was inversely proportional to
viscosity in a viscous liquid, and that bubble frequency was
independent of flow rate, which, merely incrcased bubble size,
The dimensions of the orifice at constant pressure gas flow were
considered very important, hut not critical for constaant volume
flow, which is the usual casc in mass transfer devicas. The

96

Report of the Dircctor of Jarren Spring Laboratory”  described
techniques using Schlicren photography which showed the presence
of very smnll bubbles 5-~50 microns, which will contribute much

to interfacial arca but little to mass transfer.

To summarise the above conclusions, which in some cascs
arc conflicting, the bubble size appears to be o function of gas
rate zlon@ over a narrow range of orifice sizes, i.ec. /6L in to
T/ in diameter. Viscosity and density of liquid are stated to
have almost no effect ot the values generally met with in practice,
but have a slight cffect ot coxcessively high values. Surface
tension has a slight effect at high gas rates, The mechanism of
bubble formation is periodic and tokes the form of chain bubbling
at lower rates of flow sncountered commercially, but at higher
rates of flow, the bubbles conlesce and the formation is no longer

periodic.



It also may be mentioned that many of the results quoted
were ohluisd 2t liquid seals considerably in excess of those
encountered in commercicl practice, certainly in oxcess of those

encountered on a laboratory scala.

O
Jackson 37 in a review of the literature on the formation

and coalescence of drops snd bubbles in liquid,concludes that the
evidence for the effect of liquid properties is largely
contradictory.

1.8.2 Foams and froths

The mechanism of bubbling has becen the cause of considerable
study but the mechanism of coalescence of the bubbles formed at
multiple orifices to form foams and froths does not apnpear to have
attracted the same attention. ast et al.a studied bubble
frequencies and voluwmes on a sieve tray with a stroboscope and
found that the bubble cdiamcter at formaticn was gencrally larger
thaa the distance between perforations, indicating out of phase
bubbling and brealk up off@ubblos immediately on leaving the
orifice., Juipgley et al?b notad that hold up depended only on
flow through orifices and was independent of orifice diameter and

bubble sizc or system properties, and proposed the correlation

L 84
Ho= 2.4 x 107 5, O-%H (1.26)

They assumed that the interfacial area of the froth would be
equal to the surface arex of the equivalent number of bubbles

whicli weuld =ccupy the froth. Hold up was measured by a settlement

technique. Calderbank = also assumcd that the surface area in the
froth would be cqual to the product of the number of bubbles formed
and the surface area of each bubble. The bubble volume was
calculated on the assumption that chain bubbling was the mechanism
occurring. The two expressions for interfacial area per foot

of foam are respectively:-

- . -3 0.84
— L -
(a) a= 1.46 x 10 % L (1.27)
Dy
(b) a= 9.4 x 1072 % 7 . (1,28
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¥hen both equations were applied to the same example in the paper
by Juigley et al.,the calculated interfacial areas were 0.205 and
0.275 fta/ft of foam per nozzle respesctively, an agreement to
within 5%. This agreement is very striking in view of the fact
that Juigley et al, saw no chain bubbling, wheresas Calderbank
assumed there was. However, neither group of workers consider
the effect of coalescence of bubbles and both had liquid seals of
not less than 2 in.

93

Crozier 7 described comprehensive studies of the effect of
variables on local densitvy distribution of froth on equipment used
complementary to th2 4.I.Ch.E. resesarch programme. He found three
distinct layers (a) sheets of ges around slots resulting in froth
densities near pure liquid density, (b) break up of gas sheets
above this into bubbles forming a variable density layer and

(¢) coagulation of the bubbles to form a layer of constant density.
Bubble cap plates did not exhibit case (c) at clear liquid seals
below the cap height, but the sieve plate studied always showed a
constant froth layer. Eowever, the sieve tray had a weir height
of 3 in and 2 liquid seal of from 2.3 to 4.4 in. The froth
specific gravity varied from 0,30 to 0.50, which bears out
Calderbank's suggestion that & specific gravity of O.4 corresponds
to the voidage obtained with closest packing of spheres. The
specific interfacial area was found to be proportional to the froth
layer density rather than the averase bulk froth density.

99

Rennie and Smith in studies of air water froths on a sieve
plate, noted two types of froth, a stable immobile foam of large
bubbles formed at low air rates and an ctively movin~ froth at

high gas rates. Photographs also showed that physical characteristics
of the froth such as density etc., remained the same whether the plate
had one or many orifices and that the size of bubble or cell in the
mass of the froth, was almost uniform and was independent of orifice.
They also noticed with high speed caseras that when a bubble is formed
at 2n orifice, 2 second bubble forms from the neck of the first bubble

with which it conlesces and remains stable inside. Rennie and Wvans
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used gamma ray absorption techniques to measure the foam density
cn the same sleve plate and gave the correlation

!

The gos hold up wms found to vary with gas ratc, rising to a
maximum and then falling. Three types of froth formation were

noted.

(i) at low =2ir flow rates, the hold up increased with gas
velocity and denended on number and diameter of holes
on plate.

(ii) =at intermedinte flow rates, the fractional hold up was
between Co5 and G.9 and the value depended on hole size
and hole spacing.

(iii) at high gas rotes, the hold up increased zlowly with gas

rate and was independent of hole size and hole spacing.

Condition (iii) resulted in the active frothy regions and the

correlation for hold up proposed in this reyioa was

1n 7 1 = = 0,715 F + 0.60 which compared with Crozier's
e
1ln L = 0,715 I 0.45
PR = A R L They also mecasured bubble
G

size photographically at the sides of the column wall and concluded
that at high Reynolds nuambers, the bubbles were of nearly constant
size and independent of orifice diamecter. Conditions for foaming
were found to be closely spaced holes, sunll diameter holes, low
liquid rates and low orifice Reynold number. At Reynoldsnumbers
above 2,100 the larre bubbles first formed broke down to small

bubbles forming an active froth of hizh surface area.

Calderbank and Reanie 101 used flash photography to study
bubble clouds on 2 sieve plate and measured 3auter mean bubble
size, interfacial arca and the gas hold up. A comparison was
made with mezn bubble size measured this way and by ontical

reflectivity and gamma ray transmission. Good agreement was noted
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at high pas rates whnere froths are formed. Interfacial area and
gas hold up as determined photographically was invariably lower
than that found using other methods, implying that the bubble sample
as viewed at the column wall 1s unreprasentative. The following

\ s . . - + B
nachanism was proposed for bubbling at multiple orifices. st Llow

)
©

as rates, bubbles are formed at almost constant frequency and
bubble volume increascs with gas flow rate without much change in
velocity of rise of the bubble. The closest packing of equal
spheres is approached when tihe gas rate 1s increasced to give a

gas hold un of about 60 and then two possibilities result:

(1) The bubbles increase in size to form polyhedra
and cellular foams are formed.

(2) The bubbles burst ianto smaller units and increasing
gas velocity causes increase in velocity or rise and
s0 gas hold un increases and froths are formed. The
gas hold up was found to iucrease with f factor and

ligquid rate.

Cnlderbanks and Rennie propose the following method of

calculating interfacial area.

1
T Ing— = 0715 F + 045
G
. - __/’\.05
. = 0. HE >
2 DB 713 RCO
DB
Fquation 1 may also be written as
1 L In e
n - = n -
T - HG Zf
- 2
using this to recalculate previous example a = ,358 ft°/ft .

In the previous three papers the same apparatus would seem
to have been used and the weir height to tray length ratio seems
much higher than would be encountercd in commercial or even
laboratory mass transfer columns. It seems fairly clear,however,

that the gas hold up and consequently the interfaciel area depends
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only on the air rate, although Crozier suggests that some of the
bad scatter of his correlation may be due to an effect of liquid
rate and Barker and Choudhuri 102 suggest that'a viscosity above
the value of 4 c¢P affects the interfacial arca. Of the work
reviewed so far, only the air-water system has been studied, with
the exception of that of Quigley ct al,,whose studies however, were

restricted to bubbling at single orifices.

Crozier applied his correlation to other systems but although
the agrcement was fair at low ¥ factors,correlation was poor at

v

high values.

The University of Michigan Report 27 Jdescribes a couprchensive
study of the effect of liguid properties on foam density and
concludes that therc was no effect of liquid properties.

Zuiderweg and Harmensj9 however, have shown that structure
and formation of froths on perforated plates depend very criticglly
upon the changes in the liquid surfacce tension due to changes in
concentration resulting from mass transfer. Zuiderweg, Verburg
and Gilissen8 noted that the tendency to foam was greatest with
nlate designs which caused fine dispersion of the ligquid into

the vapour and that therc was very little difference in performance
between fooming and non-foaming mixtures on bubble-cap trays.

The work described in the Universit; of Michigan Report was all
on bubble~cap plates. The conclusions of Zuiderweg and Harmens
have been supported by Danckverts, Sawistowski and Smithq? Andrewuq

and Haselden and Thorogood.

38,103,104,

o

Fllis and co-workers also examined the efficiencies
of foaming and non-~foaming systems in an Oldershaw column and Tllis
and LegquS concluded that for mixtures which do not foam, the
surface tension does not effect officiency. Danckwerts et al .
suggest that the factor which controls foaming is the concentration
of the more veolatile component in the liquid film, separating
adjacent vapour bubbles. If the more volatilc component has a
lower surface tension than the less volatile component, a stable

foam will be formed.
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It secems certain that two component mixtures will form
froths which vary in structure with surface tension which, in
turn, depends critically on the concentration of the two
components, whercas the literature dozs not demonsirate clearly
whether or not liguid propertics have an effect on the
characteristics of foams formed by single conmponent liquids,
especially fomms Tormed on perforated plates under operating

conditions.,
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1.9. SCOPE OF PRESENT +ORK

Most of the applications of Gerster's method of prediction
of plate efficiencies have beeil aoplied to distillation systems
on bubble cajn plates, and it was decided that to apply the method
to the prediction of the values for a zas absorption system on a
sleve plate would béicontribution to the knowledge of the

applicability of this method,

One advantage in choosing an absorption system would be, it
was hoped, the elimination or substantial reduction of the effect
of liquid wixing on plate efficiency and its consequent scurce of
error. Also it is normal commercial practice to choose a solvent
in which the solute gas will have the greatest solubility
( commemsurate with other factors such as cost etc.) and thercfore,

the ideal gas absorptiocn system should be gas phase controlled,

Most predictions of gas phase controllcd systems have been
bascd on comparisons with =zgueous systems and it was thought that
to base the comparison of the absorption system on information

from both agueous and organic sources would be of value.

The basis for comparison of different systems in Gerster's
method is similar liquid and gas rates, the liquid rates being
expressed in units of volume per time per unit areqof the bubbling
zone, and the gas rates as F factors, where,

I v e
= Cg Vs

EEG is the density of the ges phase, lb/ft3 and VS is the gas
velocity through the bubbling zone, ft/sec. Th> basic assumption
in such a comparison is that the interfacial arca for mass transfer
and the gas residence time are equivalent at equal gas and liquid
rates defined in such a manner. Differences 1in system properties
are only corrccted for in so far as they affect the diffusional

properties of the system.

Since it was demonstrated(in Section 1.8) that the

independence of the bubbles and froth characteristics and system
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properties had not been proved conclusively, especially for sieve
plates, it was decided to determine foam heights and density and

gas residence time for several systeuns,

It was not possible in the semieplant scale adopted in this
work to usec the sophisticated techniques used by many of the
workers whose conclusions have been discussed in 1.8, but it was
hoped that the results would have some value in explaining the mass

transfer results.



-~ B33 -

2 TECENTQUES USED FOR MASS TRANSFER STUDIE
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2.1, SELECTION OF SYSTEMS FOR MASS TRANSFER
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2.7.1. Selection of single phase systems

As was mentioned in 1.9, it was felt that to base the
orediction of absorption efficiences on information derived
from both organic and agueous sources would be of value. The
information needad was on systewms in which the resistance to
mass transfer was controlled only by the gas film at the mass
transfer interface. It was thought that to gain information
concerning liguid-~film controlled mass~transfer processes would
not prove so necessary, as a gas absorption system would
normally be choscn in which the solute gas was very soluble.
The agueous system chosen.was the adiabatic humidification of
air by pure water, which has been studied by many workers

106 3
(e.g. Gerster et a1;¥+ Garner and Freshwater, Rush and Stirbé,

Ellis and Moyade?g Harris and Roperm?) in this field.
Objections have been raised to this system on the grounds of

the experimental inaccuracies which can be encountered., However,
modifications of procesdures used by Garner and Freshwater and
Ellis and Moyade were used in an attempt to eliminate some of
these sources of crror. Absorption of ammonia in water was
used in the 4.I.Ch. B. research programme with success, but the

incrcased expense and experimental complications involved wers

not felt in this work to justify any possibly improved accuracy.

The organic system chosen was the humidification of air
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by carbon tetrachloride. This was extremely convenient as
air/carbon tetrachloride mixtures wers required for the
sbsorption studies and the same apparatus could be used. This
2 L k
. . : 66 s
systeam had also becen studicd by Juigley et al.  and Ellis and

57

Rose™ ',

2.1.2.  Sclection of absorption systems

The three components of z gas absorption system are the
bulk vapour, or gas phase, the bulk liguid phase, called here
the solvent, and the ma&terizl which transfers from the gas to
the 1liquid phase, called here the solute, For simplicity it
is essential that the gas phase and solvent are inert, chemically
and »hysically, to each other, and that the solute does not react
chemioallx with the solvent. Alr was choscn as the inert gas

principally

phase)on the grounds of cconomy and convenicnce, pmimed

ed
i e |

TN

I

AT
Lt

and its general inertness, especially to organic solvents.

Once this was decided, more criteria were introduced in the

search foo o suitable solute. This material had to be easily
humidified ¥y =ir at room temperature and the physical prop-

erties of air/solute mixtures known, or readily calculated.

Also psychrometric data for the eas/vapour system were very
desirable. A further criterion was the ease of recovery of the
solute from the solvent. As the most economical method of re-
covery is by steam stripping the solvent, it was essential that
the solute should be stable at TOOOC, imaiscible with water and
preferably have a specific gravity considerably different from

unity. It was also preferable that the soclute does not form
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explosive mixtures with air. Carbon tetrachloride was

found to fit these criteria admirably and furthermorc its
non=nolar and perfectly symmetrical molecular shape tended to
sugzest that it would 2pproach ideal behaviour. It had two
orincioval disadvontages, one wss the toxicity of air/carbon
tetrachloride mixtures =zwd the other was its teandency to
hydrolys= to hydrochiloric acid, which, unfortunately, was
initially seriously underestimatad. This confined the choice
of solvent to one wnich was inert to ailr, able to dissolve
cafbon tetrachloride with ease, and had a very low vapour
pressure at roowm temperaturc. It was also essenrtial that the
equilibrium data should be known or easily calculated. Gas
olil secrted to be espeeially convenicnt for this role and was
initially chosen. Lowever, 1t was found that the lightcr cends
of the fraction tcnded to distil over with the carbon tetra-
chioride in the stean-stripning tower, thus contaminating the
carbon tetrachloride ant altering the physical properties of
the solvent, and for this reason its use was abandoned and a
search was made Tor a suitable material which was also homo-
geneous, or of oac wmolecular type. It was also considercd
desirable that, in the event of the system displaying any
degree of liguid-nhase resistance, the diffusivity of carbon
tectrachloride in the material be known, as this property is
difficult to measure and the available correlations are not

sufficiently accurate in 21l cases. ATter a search of the

literature, tetralin emerged as a likely material, but pre-
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liminary tests showed that the difference in density from water
was too small to permit centrifugal senaration of the emulsion

leaving the steaw-stripping tower.

The paper by Hammond and Stokeslog which led to the choice

of tetralln described a series of measurements of diffusivities

e

of carbon tetrachloride in various materials; and from these
decalin was chosen. This was perfectly acceptable on all
criteria, but, at room temperature, had a slightly higher vapour
pressure than gas oll or tetralin and so the dinevitable losses
to be expected in the steawwstripning section were slightly
higher, One more disadvantage was that decalin exists in two
sterco~isomeric forms and it was feasiblc that differential
separation of one isomer in the steam stripping column could
esult in a change of vhysical properties over a period of time.
It was found, however, that no such change took place to a
measurable degree, and the system functioned adequately except

for impositions duc to the apparatus alone.

2.2.7, Alr/water system

The procedure usually employved by the wany workers who
have studied the efficiency of the humidification of air by water
has baen to measure directly the humidity of the air entering and
leaving the contocting device. This prococdure has the merit of

simplicity, but has been questioned on one point?osnamely, whether
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or not the value obtained for the outlet humidity is the correct
one. This doubt arises from the fact that the outgoing stream
of alr carriecs a proportion of c¢ntrained droplets, which are
devosited on the outlet dry-bulb thermometer, and are then liable
to further cvaporation. This will bring down the dry-bulb
temperature and hence give an artificinlly high value for the
outlet hunidity. The entrainment may be removed by judicious

a Film
baffling, but the droplets will form e=f&izm on the baffles/\whioh'
will then evaporate to give again an artificially high value for
the outlet humidity (assuming the wet-bulb temperature to be
corract in both cases). If the outlet wet-.and dry-bulb ther-
mometers are placed in @ side neck, there is a danger that the
velocity of the ailr sample passing the thermometer bulbs may be
below the critical velocity for satisfactory use of the psychro-~
metric equations. come work was done here using this method,
but the results were found to be unsatisfactory at gos rates
above 2ft /sec.

106 .
Other workers, c.g. Garner and Preshwater and Ellis

s 30 . . . .
and ioyade] have studied a system which involves concentrating

e

a dilutc solution of & non=volatile solute by evaporation into an
air stream. A mass balance then gives the outlet huidity of
the air. It was felt that this method would give the most
accurate results, but)as previously used, it had two main
objections. The first was the time for a run which was about

5 hours in cach case. This is =

conveniently long and,moreover, inlet humidity conditions are
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liable to change considerably over a test of this duration. The
second objection is the choice of solute. Garner and freshwater
used a 2-5% solution of sodium carbonate while Ellis and rloyade
with

used a 5% sugar solution. Solutionﬂstrengths of this order have
vapour pressurces different frowm that of pure water and other
properties such as surface tension also differ. A 2% sodium
carbonate solution was used in trial runs in the epparatus sub-
sequently employed, and was found to give far higher foam heights

than these=e# water alone "t identiczl gas and liquid rates (see

Fx

ig. 2.7.) This in turn meant a higher gns residence time and
consequently the results recorded could only apply te sodium
carbonnte solutions and not to water. Furthermore a 5% sugar
solution has a viscosity 250 above that of waterqoaand this also

introduces another varizble to be considered.

Accordingly it was decided that to meet the second
objection, 2 solute would have to be selected which had the
minimum effect on solution properties and could =2lsc be used in

very much lower concentratiocns.

The first objections, i.e. the euwtreme length of tiwme
for a run, can be overcome in two ways, (1) by using 2 small
initial volume of solution such that the mass of water humidified
per hour is a significant proportion, and, (2) by measuring the

concentration change with a high degree of accuracy.

After various other approaches werce tried (sec Appendix A)

it was decided to use solutions of 2 disperse -dye, Duranol

09

Brilliant Yellow, at a concentration of below ,01%? The samples
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chosen were annlysed in a Cambridge 1500 absorptiometer which
could measure the concentration to 2n accuracy of about 1%. A
further refinement wans to toke somples throughout the run to
give a plot of concentration change 7ghinst time. This plot is
a curve under certain conditions (sec Appendix B) whereas Garner
and Freshwater wnd Ellis and Moynde assumed thot it wns always

stroight.

This method ~llowed runs to bhe at the most 3 hours long
and s short 2s 1 hour, depending on the rote of evaporation,nnd

ave 2 high degree of experimental accuracy.

2.2.2.  Air/corbon tetrachloride system

It wus not possible to evaporate the cnrbon tetrachloride
under adinbatic conditions using cir at room temperature, s the
adizbatic saturation temweroture was very low. Carbon tetro-
chloride, cocled by partizl evaporation well below room temp-
erature, picked up 2 groat deal of heat during the recycling
process, crusing 7 teaperxture drop of up to 271 deg 7 across the
plate. This could be prevented by wpussing the recycling carbon
tetrachloride through o cooler, but this wns not economically or
technically fensible and the efficiency of the mass transfer pro-
cess wis obtained from 2 heat balwnce across the plote. The
efficiency wxs monsured s the number of transfer units ~nd the

formula used was

4 dip
N = el

O

iL—-lG

where i is the enthalpy
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The value of the integral was calculated using the Carey-
Williamsonqqo chart since the relationship between enthalpy and
temperature is not linear. This method was developed for air/

110,111

water systems, and for the air/carbon tetrachloride system,

2 modified enthalpy had to be useo‘[l."|2

ie. i = Ogrt + AJA
where Cq is the humid heat Btu Ab OF, r is the psychrometric ratio

)\o:is the latent heat Btu/lb. ¥ is humidity,lb vapour/
1b dry gos.

2e2+5.  Absorption system - general technigue

s The absorption was carried out by contacting o stream of
air containing carbon tetrachloride with decalin on the sieve
plate. The mass of carbon tetrachloride transferred from the
gas phase to the ligquid phase ws measured by comparing the

densities of the inlet and outlet decalin streams to the plate,

the carbon tetrnchloride being then recovered for future use.
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3. SYSTEM PROPERTIES AND FQUILIBRIUM DATA
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For calculation of the efficiencies of the three mass
transfer systems used in this study, 1t was necessary to kaow
the equilibrium relationships or concentration driving forces
between the two phases. For comparison of the efficilencies
of the three systeans, it was useful to know the Schmidt numbers,
Sc, of each system. To calculate S8c, the values of the inter-
facinl diffusivity, and the density and viscosity of ceach phase

had to be known.

Values of these various properties were either obtained
from the literature, measured, or wers calculated from published

correlations,.

%1, SYSTEM PROPERTIES

20 v G e My ete ST W O ST W Gt o e

3.1.%1. Air/water system

o (P i S b i AR RN R v et e

The concentration driving force was teken as the diff-
erence between the saturated humidity and the actual humidity

of the air stream at the same temperature. Information to

calculate the driving force was takeh from the I.H.V.E. Guidejqj
The temperatures were converted to degrees Centigrade and the
data were drawn on various large scale graphs which @re not re-

produced here. The value of Sc was taken as .60 from Treybal
=

and Rush and Stirba?)

2.1+2. Alr/carbon tetrachloride

o g P Pt A 8 S by (123 STE STW Aok W S A A A S EAa ond W Pt

Enthalpies and other psychrometric properties were taken
' 114

from o chart published in Chemical & Metallurgical Wngineering
which enabled concentration driving forces to be calculated. The
density of air was taken as 1.293 gnm /Llitre at N.T.P. which was

115

obtained from Perry. Values for the viscosity of air at
various temperatures were taken from data by Johnston and

i 11 . .
{ffcCloskey 6 obtained from the National Engineering Laboratory.
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The diffusivity of carbon tetracliloride vapour through air was
estimated by the method proposed by Hirschfelder, Bird and

17 , 118

spotz using the correction suggested by Wilke and Lee,
Diffusivities were calculzxted for various temperatures and
DrEeSSUres., Vnlues of the Schmidt numbers calculnted from
these data, were found to be rslatively independznt of
pressure and temperature, The average value of 1.9% does not
agree with the figure of 2.2 which ppears in Treybal?q but
the origin of the latter value wos not stated. The tabulated
values of density, viscosity, diffusivity and Schuidt numbers
appear in Table 3.1,

3,1.3, Air/carbon tetrachloride/decalin

e oy . 8 g R R Y W Y e T G o Sv e P G e e B R ek M0 e

~The literature was scrutinised for equilibrium data for
; : . . : 119
carbon tetrachloride in decalin. Timmermans °~ quotes data at

120 but it was

ZOOC, attributed to Yeissenberger et al.
not possible to obtain the original paper, and as the intended
working tempzrature was to be 2506, equilibrium data were
obtained for this temperature experimentally. The procedure
involved is described in Section D¢l The specific gravity
of mixtures of carbon tetrachloride dissolved in deczlin, was
obtained over 2 range of concentrations at ZEOC by standard
density bottle techniques, Viscosity and diffusion coe-~
fficients, at 2500, of mixtures of carbon tetrachlgride in
decalin have been mensurced by Hammond and Stokesjoo The
diffusion coefficient varied with concentration and the limit-
ing diffusion coefficient i.e. assuming zero concentration of
carbon tetrachloride, was 0.776 x 10“5cm2/sec which was the value
used in calculating the liquid phase Schmidt number. The
viscosity of dec2lin was taken as 2.41 cP from International
Critical Tablesjaqwhich also was the source of vapour pressure

data.

The density of air/carbon tetrachloride mixtures was

calculated for 2500 using the weighted mean of the densities
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of the pure components at N.T.P. and correcting for temperature.
The viscosity of air/carbon tetrachloride mixtures was calculated

from the equation given by Norman3 (see Appendix C).

The viscosity of carbon tetrachloride vapour was
calculated by the procedure described by Bromley and ﬂilke?za
The viscosity of the mixture fell as the concentration of carbon
tetrachloride increased. Schimidt numbers were calculated from

these data as nscessary.

The czlculated and measured properties of the air/carbon
tetrachloride/decalin system are presented in Table 3.2 and
fig. 5.1. with the exception of the equilibrium data which are

reported in Section 3.2.
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3.2:7. General

The efficilency of a mass transfer process cannot be estab-
lished without an accurate knowledge of the concentration driving
forces between the two phases, The literature gave data for
eguilibria between carbon tetrachloride and decalin at EOOC, but
as the intention was to carry out the experimental work on the
absorption process at 2503, to avoid the risk of condensation of
carbon tetrachloride, it was dscided to ascertain experimentally
the equilibrium relationships at this higher temperature. The
method employed was a transpiration process in which air was
blown through a train of absorption bottles containing various
concentrations of carbon tetrachloride in decalin,the concentra-
tion of carbon tetrachloride in the outlet air being measurcd by

gas analysis unit which is describsd in Appendix D.

3.2.2. Apparatus

Alr was drawn through an absorption train sited in a

thermostatic bath, and then through the gas analyser, by a
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water aspirator operated by a small centrifugal pump. The
absorption train consisted of three Pyrex glass bottles 5 in
tall x P in diameter with ground glass stoppers. Each
downcomer was fitted with & sgintered glass endpiece to diffuse
the gas intimately through the liquid. The final bottle in
the train also had a glass thermometer pocket immersed in the
liquid. The bottles were joined by vinyl olastic tubing since
carbon tetrachloride and decalin both attack rubber. Before
passing to the absorption train, the air was drawn through an
absorption bottle containing concentrated sulphuric acid for
drying purposes, and then through two copper coils to ensure
that the air has the maximum time to reach bath temperature which

wes controlled to ¥ 0.1 deg C.

3e245. HSxperimental procedure

The thermostatic bath and gas analysis unit were switched
on and adjusted to the working temperature, usually 25°C.
3olutions of known concentration of carbon tetrachloride in
decalin werc made up, and about 500 cc were added to each bottle,
which was then placed in the bath. The bottles were joined in
to the circuit and ten minutes were allowed to clanse to permit
the liquid in the. bottles to cowme to the bath temperature. The
water asviritor was then switched on and the airflow adjusted to
give steady bubbling in all three bottles. As the temperaturec
in the last bottle fell slightly, due to the entering gas strean
being cooled by cvaporation of carbon tetrachloride, the thermo-
stat was set to keep the temperaturc in this bottle at 250C.

Jhen the value of the outlet gas concentration was steady, con-
ditions were held for five minutes and then the apparatus was

shut off. Ixtending the run for a longer period resulted in a
more scrious evaporation of carbon tetrachloride with a consequent
change in concentration of the liquid. The barometric pressure
was noted after each run, and as the .ressure of the gas at the

outlet from ths absorption train was found to be only a few inches
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of water, the pressure at the outlet was assumed, in calculat-

ing the partial pressure, to be equal to atmospheric.

Although it was not expected that information would be
needed above 20 mol ;¢ carbon tetrachloride in decalin, it was
decided to endeavour to complete the information over the whole
range of concentration. At higher concentrations however, the
carbon tetrachloride vapour tended to condense on the apparatus
lines and in the analysis unit itself, thus introducing a
source of considerable error. To minimise this error, an

electric radiator was mounted in close proximity to the apparatus.

3.2.4 Results

Sxpressed graphically in Figs. 3.2 and 3.3, the results
show a slight positive deviation from Raoult's Law. The
partial pressure of carbon tetrachloride at 100, concentration
was taken to be equal to the saturated vapour pressure of carbon

123

tetrachloride and from data in Glasstone a value of 111.5mm Hg
was selected. The error, as was expected, was higher at the
higher concentrations i.e. above 20 mol . Below this concen-
tration, the relationship was linear, i.e. the system obeys Henry's
Law and this was the concentration range used in the mass transfer

calculations.

3e2eH Discussion - ideal mixtures

The data of Jeissenberger et a11.20 appeared to show a
very slight negative deviation frowm Raoult's Law. However the
value for the equilibrium partial pressure at 100% concentration
seems high. The saturated vapour pressure at 20°C from
Glasstone {449 is 91 " Hg compared with their value of 97 mm Hz.
If the lower value is taken, then their data shows 2 linear
relationship over the whole concentration (see Fig.3.3) i.e. the

system, at this temperature, is ideal. Although the error very
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possibly applies to the whole concentration range(and this could
not be verified) this is a significant finding as this system
does not apvear to have been extensively reported as an ideal

or near-ideal system. Also thova on Table 3.3%. are the activity
coefficients calculated for both the present work and that of
Yeissenberger et al. over the range of concentrations studied.
On Table 3.4. are shown activity coefficients calculated for the
system carbon tetrachloride/n heptane at 5OOC, which is stated
by Glasstone to show only ‘'very small’’ deviations from Raocult's
Law. Also shown are activity coefficicnts for the ethanol/
water system at ESOC as an examnle of an accepted non ideal
system. It can be seen that the approach to ideality of the
carbon tetrachloride/decalin system is good in comparison,

especially at 20%¢,

In view of the possible importance of this system, it
was decided to pursue the matter a little further, although
regrettably it was not nossible to repeat the work of
‘feissenberger et al., owing to the inaccuracy of the apparatus at

high concentrations.

The conditions for the existence of an ideal solution of
two materials are that they should have similar molecular
behaviour, viz, they should have the same internal pressure, the

same polarity, exhnibit no associction and be of similar structure.

The internal pressure of carbon tetrachloride relative to
naphthalene is 0.81:]25 No figure for decalin is available,
but, since the boiling point of naphthalene is some 30 deg C
higher than that of decalin (decahydronaphthalene) and the
internal pressures are approximately proportional to the absolute
boiling points, in view of the similarity of molecular weights
and structures, it secems reasonable to assume that the relative
internal pressure will be less than 1,0 and be approximately
equal to that of carbon tetrachloride. Both compounds are non-

polar and consequently there will be no association, and although
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the structures are dissimilar they are both syumetrical. The
conditions for ideality then seem to be fairly well fulfilled.
This can be verified by comparison of the predicted and weasured
values of specific gravity, a2s a consequence of the mixing of
two liquids with sinilar molecular pressures and with no inter-
actions, is that there will be no alteration in total volume,
and hence the predicted and weasured values of specific gravity
should be identical. T.¢ comrarison is made on Table 3.5. and
as can be seen, agrecment is good over the whole range considered.
The corresponding values for cthanol/watcr solutions are also
shown, to give a comparison with an accepted non-~ideal systemn,
the difference between the predicted and measured values

increasing with concentration.

One further criterion of ideal mixtures is that there
should be no heat of mixing and it was decided to endecavour to

measure this in an approximate manner.

The method employed was very simple and merely involved
mixing known weights of decalin and carbon tetrachloride and
measuring the resulting tewmparature. The initial temperatures
of the carbon tetrachloride and decnlin were measured and the
final temperaturc was calculated assuming no heat of mixing.

The difference between the heat content of the mixturce as
alculated from the measured final temperature and the calculated
temperature was expressed as 2 percentage of the calculated heat
content. The results are shown in Table 3.6, and graphically

on Fig. 3.h. They show that the heat of mixing is very small,
never being greater than 3% of the calculated value, and is

negative.

The above evidence and reasonable assumption seems to
support the view that approximately ideal behaviour of carbon
tetrachloride and decalin mixtures is to be expected thus

confirming the experimental evidence.
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cP Cma/sec
0177 L0737
L0179 Q757
.0182 0777
L0184 . 0810
L0177 .0716
.0179 L0735
.0182 0754
L0184 . 0786
0177 0757
0179 L0777
L0182 . 0798
0184 .0832
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1.93

%

gm/litre
1.247
1.225
1.205
1,184

1.284
1.262
1.241
1.219

T1.214
1.193
1.174
1.153
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1.93
1.93
1,94
1.92

1.93
1.95
1.94
1.92

1.93
1.93
1.95
1.92
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SIRTEN EROIERIIIS ATR/CARBON_TBTRACHLORIDE/DECALIN
Source

Diffusivity of carbon tetrachloride 776x16€%m2/seo Hammondqo

in decalin at 25°C  (Dy) & Stokes

Viscosity of decalin 121

= = 2.417 cP I.C.T.

at 25_(_3 WL)

Specific gravity of carbon tetrachloride/
Experimental

decalin solutions at _25°C 20

Wt %0 5,09 .42 12.20 16.69
$.G. 0.8870 0.9054  0,9184%  0.9%346  0.9516

Density of air/carbon tetrachloride mixtures

at 25°¢C (e,

Pressure  mm Hg 720 740 760

Density at O% CCly, 0.0700 0.0720 0.0740

(1b/ft2) 5  n 0.0850 0.0876  0.0899
10 g 0.1002  0.1030  0.1059
15 i 0.1153  0.1185  0.1216

Viscosity of air/carbon tetrachloride

Mixtures ¢ M)

Mole fraction % 0 5 10

Viscosity at  15°C  0.0179  0.0175  0.0169
(¢P) 20°c  0.,0182  0.0178  0.0172

20°¢c  0.0184  0.0180  0.0175

24,88
0,9940

780

0.0760
0.0923
0.1086
0.1250

33,44 46,54
1.039  1.115

Calculated

800

0.0780
0,0948
0.1114
0.1280

Calculated

(see Appendix C)

15
0.0163
0.0166
0.0164

Diffusivity of carbon tetrachloride through air as in Table 2.1.
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ﬁg? e Coly MO%Cﬁqof p.p&m?gg?Clq ?gg;gizgent
1 2.96 2,63 3.18 1.08
2 6.06 5.h2 .73 1.27
3 9.29 8.87 11.40 1.05
L 12.20 11.10 14,83 1.19
5 16.64 15.18 20.70 1.22
6 19.34 17.75 24,62 1.2%
7 22.95 21,07 30.71 1.30
8 36.80 36,3k L3, 54 1.06
9 45.15 L2.52 52.03 1.10
10 60,95 58.32 71.58 1.10
11 75.68 73.65 96.35 1.18
2. Equilibriun Data at 20°C from Timmermand'®
120
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Mol 7 p.p.of CCly Activity coefficient*
mm Hg

25 23,7 1.04

Lo 36.2 0.99

50 h5.7 1.00

60 S5k, 7 1.00

75 68.0 1.00
100 97.0 -

* Calculated assuming partial pressure of pure

carbon tetrachloride to be 91 mm of Hg at 20°¢.
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mol % CCly mol Jo CCly Pressure Activity
in liquid in vapour mm Hg coefficient
9.83 21.6 159.9 1.1k
1714 Bk 174.0 1413
35014 58.1 2074 1.11
50.12 69.9 232.3 1.05
57.00 7541 2kl 7 1.0%
81.26 90.0 282.4 1.02
=0

s -y S T 2 VD e e S MO N e PV T KN

(vb) FEthanol/water at 25 C.

mol % CoHs0H mol % CoHsOH Pressure Activity
in liquid in vapour mm Hg coefficient
5.87 57.3 3h.2 5.7
17.00 70.5 45,6 5.22
32.2 7.6 50.6 2.00
54.3 79.6 Sh.k 1435

82.5 86.9 58.4 1.0k
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wt. 7% CCly Measured Predicted
in soln. 5.G. 5.G.
5,09 0.9054 0.9073
8,42 0.9184 0.9212
12.20 0.9346 0.9374
16.69 0,9516 0.957h
24,88 0.9940 0.9961
35,44 1,039 1.0402
L6, 5k 1.115 1.1157

(b) Ethanol/water

. . i iy B ) K e ah .

wt. % CoH5OH Measured Predicted
in soln. 3.G. 5.G.
5 0.9882 0.9837
10 0.9804 0.9712
15 0:9735 0.9588
20 0.9664 0.9369

Lo 00,9315 0.8992
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A.1. APPARATUS

oy " s S S ps

The hydraullc studies were carried out using the

same apparatus as was used in ‘the mass transfer studies.,

4.1.1. Froth heights (Zr)
The froth heights were measured visually, using a
cathetometer, To enable the sharpest possible image to be
obtained, a strip of black paper was attached to a glass
column wall on the opposite side from the cathetometer. In
the case of the decalin and cerbon tetrgchloride froth height
measurements, a vertical slit was cut in the black paper and
a 60 watt lamp was placed behind. The cathetometer was then
focussged on this illuminated glit. For the water froth
height measurements, a slightly different procedure was
adopted. A red dye (Azo Rodine 2 6) which was chosen for
its 2ero effect on the surface tension of waterlog

Qrvt‘mgu
and 111um1natlon of the coloured froth was deme from above

was added,

using a 6C watt lamp. The cathetometer was focussed on the
centre of the froth.

At low gas rates the froth was fairly stable and the
cathetometer could be arranged such that the horizontal cross
wire would lie along the top of the image of the froth. At
higher gas rates, however, the froth was much more active,
and the cathetometer was adjusted in such a way that the
line defining the interface between the froth and the gas
appeared to oscillate above and below the horizontal cross
wire. The cathetometer was so arranged that same areas of

background appeared above and below the cross wire,

This latter procedure was fairly easy to carry out
on the air/water system but less easy on the air/decalin
and air/carbon tetrachloride systems due to the less

apparent contrast.

The method used was considered superior to the usual
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| | visually

method of whsuwaddy determining the froth height)by comparison
Wwith a graduated strip attached to the transparent column
section above the plate. The froth heights could be measured
t0 0.1 in. in the case of air/water systems and 0.2 in, in the
other two systems. One reason for the superiority of this
method is that the image viewed through a telescope is two-

dimensional and so is easier to compare agsainst a scale.
ki

4.1.2. Clear liguid heights (Zc)

These were measured by attaching one end of an
inclined glass tube to a tapping below the plate and the other
end to the air space about 2 ft above the plate. . The clear
liquid height wag then obtaned by multiplying the length of

liquid in the tube by the sine of the angle of inclination.

4.1.3. Plate pressure drop (4P)

The pressure drops were measured by means of a simple
U-tube manometer attached to points above and below the plate.
The manometer contained water for the air/carbon tetrachloride
and air/decalin runs and water/carbon tetrachloride for the
air/water runs.,
4.1.4. Procedure

Before each run, the cathetometer was focussed on the
base of the plate to give a zero point for the froth height
readings. The apparatus was then started up and readings
were taken of froth height; clear liquid height and plate
pressure drop for a series of air rates at various different
liguid rates. The froth height was taken as the average of
three readings.
4.2. RESULTS

The experimental results are given in Table 4.1,
4.2, 4.3 snd are represented graphically on as Figs. 4.1
to 4.12. The hold up, froth density and gas residence
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time were. calculated from the following formulae.

H = Zf_'ZC

- 4i1-
G 7o -
dr = Zo €1 4o,
4f
tG = ._..Zn£ - Zﬁ . 4-. 3.
ToVs

4:2.1. Froth heights

e 1 S B et Gt Bt S e St el et

Air /Water. The froth height versus gas ralte curves differ
98 33 3¢, 84

from those obt.‘ned by Crozier Cerster”” and others
in that they rise to a maximum, fall, then rise once more.
They also differ in that they cross over at high gas rates
viz. at Vg = 4.0 ft/sec as was expected from visual
observations. At low gas ratos (below Vg = 1.8 ft/sec )

the froth is a stable cellular foam composed of large bubbles,
the height being proportional to ligquid rate. As the gas
rate increases, these bubbles can be seen to break down and

a froth is formed whose mobility increases with gas rate,

The process of bubble rupture results in a fall in froth
height until the précess is completed. Then as the mobility

of the froth increases; the froth height increcases.

Air/carbon tetrachloride. The froth height versus air

rate curves shew a more typical pattern, the frocth height

increasing regularly with both gas rate and liquid rate.

Air/decalin,  For the nir/decalin system, the froth height
versus gas rate curve is more complicated and is similar to
the air/water rcsults in that the froth height tends to fall
with gas rate at higher liquid rates and rises at lower
liquid rates. A%t a liquid rate of 3000 1b/ft2 hr, an

interesting transition is shown between the two érepdg.
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4.2.2. Clear liguid heights
These gll fall with gas rate and rise with liquid rate.
The effect of liquid rate is more pronounced at the lower gas

rates.

4.2.3. FPlate pressure drops

It was found from these tests that the pressure drops
always rise with gas rate,and at lower gas rates rise with
liquid rate, but at higher gas rates are independent of liquid

rate,

4.2.4. Ges_hold up

Air/water. TFor the air/water system, the gas—liquid hold up
riges sharply with gas rate to a value of approx. 0.5 at

Vs = 1.65 ft/sec and remains constant until Ve = 3.0 £t /sec.
It then rises again with gas rate. The effect of liquid

rate is difficult to determine but seems to be fairly small.

gir/carbon tetrachloride, For the air/carbon tetrachloride

system, the effect of gas rate is the same, i.e. to increase
the hold up. The hold up values are much higher than for
the air/water system, around 0.75. The 'flat' portion of
the air/water curve is c¢lso evident. Liguid rate appears

to have very little effect.

Air/decalin. The air/decalin system also shows the same

relationships between hold up and gas rate. The liquid rate
once again appears to have no effect except for the possibly
erroneous values at L = 110 gal/ft2 hr. The average hold

up value again is higher than that of water i.e. 0.88.

4.2.5. Froth specific gravity

Air/water, The specific gravity falls with gas rate. There

is no appreciable effect of liquid rate. The results are

& : :
correlated fairly well by Crozier's ? correlatlono(Flg,4,9)

- In Pp = 0.TL5F + 0,45 ——m—e—(4.4)
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Air/carbon tetrachloride. The specific gravity falls with

gas rate and is fairly independeont of liquid rnt:. The results
are correlated by a line paranllel to Crozier's correlation but

sqmewhat below it.

Air/decalin., The specific gravity once more falls with gas

rate with a slight liquid rate effect. The values are much
lower than could be correlated by Crozier's equation,

4.2.6, Qas residence times

R P, T Tt 143 . S A S Fute B S S

Air/wa.’ser° The gas residence times show the same relation-

ship with gas rate as the froth heights i.e. they rise to a
maximum and then fall to a minimum and begin to rise again.
The effect of liquid rate is to increase the gas residence
time also the greater the liquid rate, the greater the gas

rate at which the minimum gas residence time occurs.

Air/carbon tetrachloride. The gas residence time falls

with gas rate and increases with liquid rate although the

effect is small,

Air/decalin, The gas residence time falls with gas rate

similar to the air/carbon tetrachloride values but the

effect of the liquid rate is much more pronounced.
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0,70
0.56
0. 54
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C.T7
0.53
0.49
0. 47
0.46
0.25
0.84
0.49
0.47
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0.25
0,22
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0.46
0. 46
0.43
0. 34
0. 30

0.0440
0.0485
0.0348
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0,0320
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0,0394
0.0469
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0.41
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Tor ftﬁzeca T s S R 1g§ft3 o5
£t2  Ho0

1 1.33  0.37 110 1.2 2.1 0.5 0.76 0.21 0.100 = .

> 1,80 0.5 1.7 2.1 0.3 0.86  0.13 0,083 .

3 2,32 0,64 " 2.5 2.2 0,3 0.86 0.12  0.068 .~

4 2.78 0.77 n 3.2 2.4 0.2 0.92  0.07 0,066

5 3,03 0,83 n 3.6 2.4 0,2 0,92 0,07  0.060

6 1.56  0.43 330 1.8 3.3 0.8 0.76 0.21 0,133

7 2,14 0.59 2.5 3.2 0.5 0.84 0,14  0.105

8  2.52 0,69 3.0 2.6 0.3 0.88 0,10  0.076

9 3.21 0,88 " 3.8 2.7 0.2 0.93 0.07 0.065 - '
10 3.57 0.98 v 4.7 2.9 0.2 0.93 0,06 0,063 .
11 1.59 0.44 560 2.3 4.5 1.0 0.78  0.20  0.183 . ©
12 2.06  0.57 " 2.8 4.4 0.9 0.79 0.18 0,142 . -
13 2.52  0.69 3.3 4.3 0.8 0,81  0.17 0,116 .
14 3,06 0.84 3.7 4,0 0.6 0.85 0.13  0.092 . .°
15 3,42 0.94 " 4.5 3.5 0.4 0.88  0.10  0.075 -
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5. MASS TRANSFER STUDIES

. e e g TICL e T s S B W A AR M s e Mol B e G

5.7. AIR/WATTZR SYSTEM

o R e St — e . — -

5+1.1. Apparatus

The vapour-liquid contacting device was the 9 in sieve
plate, used in the absorption experiments and described fully
in Appendix E. This was fitted in a 6 ft high glass column.
Air was supplied by a centrifugal fan which could provide
velocities up to 3.6 ft/sec through the column, and this was
drawn from the laboratory through three thermostatically
controlled heaters rated at 1, 1.5 and 2 kW. Liquid was
delivered to the plate by a small centrifugal pump and was re-
turned to a 3 gallon sump tank, which was connected to the pump
suction. The tank was heated by a thermostatically controlled
700 W heater, which was also fitted with a rheostat to alter the

wattage., The apparatus used is shown on Plates 1 and 2.

The air flow was measured by an orifice plate fitted
between the column and a calming section upstream from the fan.
The pressure drop across the plate was measured by a two-liquid
manometer which was approximately four times as sensitive as an

equivalent water manometer.

Liquid flow was measured by a Fischer & Porter flowmeter

with interchangeable tubes and floats.

Temperatures were measured at the air inlet to the column
and at the inlet and outlet weirs on the plate with thermometers

reading to 0.1 deg C.

The inlet humidity was measured by a suction psychrometer

as described in Appendix T giving an accuracy of within 1%.

The mass of water in the sump was measured by an

inclined manometer to 0.1 lb.

The dye concentration was measured to within 0.1% by a

Cambridge Unicam 1500 absorptiometer.
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5.1.2. ISxperimental programme

Preliminary experiments showed that the effect of gas
rate on efficiency was somewhat complex and that the effect of
liquid rate on efficilency was linecar. It was thought that the
gas rate-efficiency curves would be more accurately obtained by
cross plotting data from liquid rate-efficiency plots at five
different gos rates as, the relationship in the latter case
being linear,fewer cxperimental values need be obtained than

necessary
those)to define 2 complex curve.

The ligquid rate was varied from the minimum to the
maximum operating conditions of the plate i.e. from 70 to
800 gal/nr ft2, The air rates were varied from 1.49 to
4,54 ft/sec, the velocity being based on the bubbling area of

each plate.

5.7.3. Experimental procedure

As the apparatus was run at an inlet air temperature of
60°C to give a high rate of evaporation of water, it was
necessary to calculate the inlet air wet-bulb temperature, as
it was not easy to measure it directly with sufficient accuracy.
The laboratory air humidity was measured by the psychrometer and
prepared charts enabled the wet bulb temperature corresponding

to a dry-bulb temperature of 60°C to be arrived at quickly.

Once this value was known the air fan was switched on
and the flow set approximately to a prearranged value. The
thermostatically controlled heater or heaters appropriate to the
air flow was switched on and set to 60°C. The water circulation
was started and the flow set at a predetermined value. The
water heater was switched on and the thermostatic control set to
the value of the wet-bulb temperature of the air entering the
column. Once the system was at the working temperatures, the

voltage (and hence power) to the water heater was reduced and
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the apparatus was allowed to run for ten minutes to ensure that

equilibrium adiabatic conditions were achieved.

About 1 gm of dye was added to the water, and after
three minutes to allow for complete dispersion the run was

started.

Readings were taken at equal time intervals, the
duration of the interval depending on the length of run which
was decided previously. The following sets of recadings were

recorded during each run:-

et and dry-bulb temperatures of the ambient air.
Sump liquid level.

Air flow menometer reading.

Water flow rate.

Inlet and outlet temperatures of the liquid on the plate.

Samples of the water leaving the plate were also taken

after each set of readings.

The wet-bulb temperature of the air entering the column
was computed from the prepared charts after each set of readings
and the thermostatic control of the water was adjusted to the new
value, if ne.essary. It was generally possible to analyse the

samples for dye concentration immediately after taking.

After the requisite number of readings and samples had
been taken, i.e. after the volume in the sump tank had diminished
by approximately 30%:, the heaters and liquid and air pumps were
switched off and the water was allowed to drain back into the
sump tank. The contents of the sump tank were drained into a

stainless steel bucket, and weighed.

The sump tank scale readings were plotted against time
and the mean line used in preference to actual readings to give
the volume of water lost during th: run. This procedure
obviated any errors arising from taking only two readings, at the

beginning and end of a run.
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The dye concentration in the samples was also plotted
against time. As concentration is proportibnal to optical
density at the low concentrations used, the concentration may be
expressed as optical density since the calculations do not

necessitate knowledge of absolute concentration.

30,106 analysis of

An objection to the previous workers'
the problem was that they assumed the rate of coq%ntration of
solute to be linear with timc and endy took samplesfgﬁythe
beginning and end of each run. This is not valid as the rate
of change of concentration is inversely proportional to the

safasthe volume of the solution, (see

square of the npedhe—efoehoy
Appendix B) hence the graph of concentration against time has an
exponential relationship. Consequently the average walue for
the concentration of the dye during a run should be taken from
the curve, and notyas the previous workers had assumed, on the

arithmetic mean of the initial and final concentrations,.

5.1.4. Calculation of results

v Lo GAD SR N Bt Gia b ot P S ey T s e

Calculation is complicated by the fact that some dye is
lost continuously in the form of entrained droplets of solution
from the system. It is assumed that the dye lost is at the
average concentration this being justifiable because the

concentrations are below 0.01%. A mass balance then gives:-

WoCp = WqCq ~ WoCp Where Cq = initial concentration of dye
® i - i
v oWy = G - NaCo C> = final concentration of dye
Ca Cp = average concentration of dye
mass of water due to loss W. = initial mass of water
by humidification only, 17 -
- Wh =Wy - Wp - Wy = final mass of water
W, = mass of water lost by

entrainment
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In this experiment only W, is measured and the mass i of water

lost by a1l methods from the system, {“t
2
= (W2 + M) Cq - WaCz t’l_\' C dt

We : CA = .
A m
= MCq — w5 (Co-Cq) C in optical density units
Ca C . .
A tm is mean time over run

and Wy, = M ~ g

Then if t is time of run in hours, G, is flow of air in 1b/hr,
then A h, the increased humidity of the outlet air in grain/lb
is given by Hh = W, x 7,000

Gg x t

and Murphree gas film efficiency is

By = OP ny is inlet humidity, grain/lb
hy - by h is equilibrium humidity, grain/lb

The value of the equilibrium humidity is taken as the humidity
of air at & wet-bulb temperature equivalent to that of the mean
of the inlet water temperature on the plate and the calculated
wet-bulb temperature of the inlet air. These two temperatures
and the outlet water temperature were usually within 0.1 deg C

of each other,

Specimen Calculation
Run 11, data from Table 5.2.

Mass of water at end of run = 18.4 1b (wéighed)
(corrected for weight of samples) = 18.7 1b
Scale reading at beginning and end of run = 54.2 and 26.4
(from mean line through 9 points)

C. M= (54.2 - 26.4) 0.321 (0,321 is calibration factor
8.91 for sump tank)

]

I

Ca is obtained by measuring area under the curve of optical density
against time with a planimeter, and dividing the area by the mean

time. Cq and C, are also taken from the graph.
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Sy = 8.91 x 0.266 - 18,7 x 0.361 - 0.266
0.3%09 0.309

= 7.66 - 5.75
= 1.91 1b
iy = 8,91 - 1,91 = 7,00 1b
Ah =7.,00x 7,000 = 90,8 grain/lb

270 x 2.0

hy = 173.2 grain/lb

EMV = 9008 = ..._....9.._0_'._§ b= 77.8%
173.2 - 58.0 115.2

Vg = 3.34 ft/scc. Ly = 200 gal/ft°hr

F = .86

it e oy Vo T Port s S - o S $2 Az

5.1.5. Results

- o tam2 w4 "

The results are listed in Tables 5.1, 5.2. The effect
of gas rate and liquid rate on plate efficiency, EMV is shown
on Figs. 5.1 and 5.2 and on number of transfer units, Nea

on Figs. 5.3. and 5.h4.
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5.2, AIR/CARBON TATRACHLORIDE SYSTEM

o i U O i e s OO vy Gt et WSS Gl Mt i b MBI WA My e vy PO e e v Yew Wy

5.2.7. Apparatus

et o T et et e e

The equipment used was an integral part of the gas
absorption apparatus. The plate used was the same plate as in
the air-water tests and was identical to the one used in the
absorption experiments, and was installed in the humidification
column of the absorption apparatus. The results reported were
obtained on the modified apparatus (8cction 5.3.2.). Air was
drawn into the column from the laboratory and met a downcoming
stream of purce carbon tetrachloride on the plate, The air/
carbon tetrachloride mixture passed via a wire mesh type de-
mister to the absorption tower. The unevaporated carbon
tetrachloride was recycled to a storage tank. The apparatus

is more fully described in section 5.3.

5.2.2. Experimental programme

As many tests were carricd out simultaneously with the
absorption tests, the plate could not be operated independently.
Information derived from simultaneous experiments was supplemented
by individual humidification runs to give a comprehensive study
of the effect of gas rate on efficiency at three liquid rates.

The range of gas velocities was from 1.40 to 3.40 ft/sec, based
on the bubbling area; the liquid rates were 1300, 3000 and
5000 1b/hr £t2 of plate cross sectional area.

5.2.3. Experimental procedure

. et et B S e ekt e by T R S ot

Before the start of a humidification (or absorption) run,
the gas analysis unit was switched on and the meter purged by
drawing through a sample of air from the laboratory by means of
a water ejector powered by a small centrifugal pump. The
automatic temperature recorder was also switched on to allow the

electronic components to come to their working temperature. When
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the analyser was completely purged and warmed up, the air blower
was started and the flow set to a mean value. The pumps
delivering decalin to the absorption plate and stripping tower
were started and the flow rates adjusted to convenient values.
These values were not critical unless an absorption run was

being done simultaneously and were not measured but were of the
order of 30 and 100 gal/min respectively. The carbon tetrachloride
pump was switched on and the flow rate was adjusted to a pre-
designated value. The two-way manifold on the gas analyser was
switched over to allow a sample of air/carbon tetrachloride
mixture to flow through the analyser under its own pressure. The
water aspirator was switched off, and the flow through the meter
was adjusted by means of the needle valve to the correct value as

indicated by the float gauge provided on the instrument.

The air?ﬁgs then adjusted to approximately the desired
value. It was not possible to set the air flow to a pre-
determined value as the flow could only be obtained from an
involved calculation because the orifice plate meter was
originally intended to measure the flow to the absorption column.
This meant that the parameter for measurement of gas and liquid
rate effects on mass transfer had to be liquid rate and no gas

rate parameter studies were undertaken.

The thermostatically controlled heating tapes were then
switched on with the automatic temperature recorder drive. The
temperatures were scrutinisced carefully and when they and the
value of the carbon tetrachloride concentration on the indicator
were steady, usually after a period of 5-10 minutes, depending

on ambient temperature, the run was started.

Readings were taken every three minutes for nine minutes
of the air manometer, column pressure manometer, and carbon
tetrachloride liquid Rotameter. The value of the carbon
tetrachloride concentration wag also noted. Between actual

readings & watch was kept on the concentration, the flow rate
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through the analyser, and the various temperatures, to cnsure
cequilibrium conditions were always maintained. After the nine
minute run period, the heating tapes were switched off and the
carbon tetrachloride pump stopped. After a few minutes delay
to clear the system of carbon tetrachloride vapour, the decalin
and then the air pump was switched off. The ancillary

equipment e.g. analysis unit, were then switched off.

The atmospheric pressure was read on a standard Fortin

barometer.

5.,2.4, Calculation of results

s . . TS S e et T S L WA R B et e waep vy e S

The recorded data were scanned and runs were rejected if
variations in temperatures were more than 4 deg F. The readings
were then averaged prior to calculations. The orifice meter
measured the flow of gas entering the absorption column and from
the concentration of carbon tetrachloride in the gas, as measured
by the gas anelyser, the flow of air entering the absorption
column could be calculated. As this had to be equal to the flow
of air entering the humidification column, the superficial
velocity Vg and the F factor could be calculated for the

humidification system.

The number of transfer units Ng was calculated by
comparison of the enthalpies of the gas above and below the plate
with the enthalples of gas at the temperatures of carbon
tetrachloride entering anad leaving the plate. The method used
was developed for use with air/water systems and 2 modified
enthalpy was used. The method of Carey and williamson' 10 was
used to evaluate the integral. Humidities and other properties
of air/ carbon tetrachloride mixture were taken from achart

114

published in Chemical and Metallurgical Engineering reproduced

here as Fig. 5.11.

Plate efficicncies were calculated by the formula

N = =-1n(1-E

oG MV>
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Specimen calculation

MR S A e 0 St e e T e ST S e b O8NS e

Alir rate

The flow of air entering the absorption column is
calculated using the method in the specimen calculation in
section 5.3 on gas absorption. Run 2 of the air/carbon
tetrachloride cxperiments was done simultaneocusly with run 1 of
the gas absorption experiments, hence flow of air entering

absorption column

= 289 1b/hr ft2 of column area

Flow of air entering humidification column
= 289 1b/hr ft2 of column area
humidification column pressure = 76.1 cm Hg

inlet air temperature 62°F

. . density of air entering = .071 1b/ft”

i

. « velocity of air entering humidification column

= 289 = 1,13 ft/sec,

superficial velocity,V, = 1.13 x 1.26

i.e. velocity based on

bubbling area = 1.42 ft/sec.

Number of transfer units

N is calculated from the formula

OG o
N = 436
0G lL - lG
The enthalpies, i. are gisen by the equation,
i = CSI‘T + "\OH

for air/carbon tetrachloride

Cor = O.hl - Treybal page 169

Ao

il

90.4 Btu/lb  Fig. 5.11
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The value of the integral is calculated as follows:-

Above plate Below plate Average
(1) (2)
Temperature
of carbont tet- 63 49 56
rachloride OF

il Btu/1b 8L4,7 58.7 69.7
iy Btu/lb 39,2 16.0 27.6
Ai Btu/lb hs,5 ho,7 42,1
ai (av) | ;.03 Al av) | 599
A4 (1) Ai (2)

value of factor, f, from Carey-‘/illiamson chart
= 1.01
= 4 - . = .
NOG = 39,2 16.0 0.506
42,1 x 0.99

5.2.5. Results

- ——— -

These are given in tabular form in Table 5.3. The
effect of gas rate on mass transfer is shown on Fig. 5.5 as F

factor against N the number of transfer units and on Fig.5.6

0G’

as superficial velocity, VS, against EMV’ the plate efficiency.
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5.3, GAS ABSORPTION SYSTEM
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5.3.1. Apparatus:- original design

The apparatus as originally built had three towers, the
hunmidification, absorption and steam stripping towers, and was
designed to operate continuously. The towers were built of
copper sections 9 in diameter, 9 in high, with brass flanges,
with the exception of three glass sections installed to enable
visual measurements to be made where necessary. The absorption
and humidification towers contained six, and the steam stripping
tower eight, sections. The purpose of the humidification tower
was to provide a mixture of air and carbon tetrachloride vapour.
One sieve plate was used to allow study of its performance, and
gave a mixture of about L-6% by volume of carbon tetrachloride
in air,. There were three continuous circuits in the original

design, the vapour, decalin and carbon tetrachloride circuilts.

Gas circuit. The stripped air/carbon tetrachloride mixture

leaving the absorption tower (about 2% concentration of carbon
tetrachloride by volume) was pumped by a lobe-blower to the
humidification tower through 4 in diameter copper piping. On
the sieve plate in the tower the rising gas came into contect
with liquid carbon tetrachloride flowing across the plate, and
the gas left the plate enriched in carbon tetrachloride, the
concentration being 4-6% by volume. Before leaving the top of
the column, entrained droplets of carbon tetrachloride were re-
moved by a 'Knitmesh' de-mister and the gas vapour mixture

passed through a 4 in diameter pipe to the bottom of the
absorption tower, An orifice meter was inserted in the 4 in
diameter line to measure the gas flow. The carbon tetrachloride
enriched air then rose through the absorption column contacting a
stream of decalin on the perforated plate which was sited between

the second and third sections (numbering from the bottom) both of
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glass. A sheet of perforated zinc was installed between the
first and second sections in an attempt to smooth out fluctuations
in the gas flow. The air, now stripped to a concentration of
about 2% carbon tetrachloride by volume, left the tower via a
demister identical to that installed in the humidification tower,
and was drawn once nore through the blower. The gas space above
the plate in the tower was three sections high and it was
intended that this space would permit the entrained droplets to
disengage naturally rather than impinge upon other surfaces
whereupon additional mass transfer might take place. Gas
sampling devices, see Fig. 5.15, were installed immediately below
the plate and as far above the plate as was possible. These
devices were designed to take a uniform sample across the column
and to permit disengagement of any entrained or weeping droplets
using the principle of the cyclone separator. The analytical
technique is described in detail in Appendix D. Two heating
tapes, 1 and 2 k¥ respectively were wound round the length of
pipe from the top of the humidification tower to the bottom of
the absorption tower. The 1 ki tape was fitted with thermostatic
controls, so that once the vapour had been heated up to the
required working temperature by the combination of tapes, the
larger could be switched off and the temperature could be held

accurately to the value required.

Thermocouples were inserted in the vapour line, above and
below the humidification plate, in the line leaving the
humidification tower, and above and below the absorption plate,
These thermocouples were connected to a Honeywell 24-point
temperature recorder which recorded a temperature every two

seconds,

Decalin circuit. Decalin was drawn from a 50 gallon storage

tank and pumped by a centrifugal pump to the top of the absorption

column. From there the decalin flowed down a 3/4 in diameter
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tube to the perforated plate behind the inlet weir. There was
a clearance of€ﬂ+in between the tube and the plate. After
traversing the plate and contzcting the rising gas the carbon
tetrachloride enriched decalin flowed from beyond the exit
welirs down twin 1 in diameter flexible downcomers. After a
vertical distance of one foot to allow for disengagement, the
downcomers were joined by a 'Y'-piece to a single 1 in diameter
copper tube which ran down the centre of the column and was
brazed to the bottom section. Exterior to the bottom section
2 glass:?+in diameter tube joined to the bottom section by
flanges led the decalin via a 'U' seal to another 50 gallon

storage tank.

From there the ‘rich' decalin was pumped by a similar
pump to the top of the steam stripping column which contained six
plates each with a single bubble-cap. In the column the decalin
was contacted with low pressure steam, 2-3 lb/in2 to strip the
decalin of carbon tetrachloride. From the bottom of the column
a mixture of stripped decalin and water from the condensed steam
flowed via a 'U' seal to a tun dish, providing a constant head for
an Alfa~laval disc-type bowl centrifuge, which had a capacity of
50 gallons per hour. This machine separated the water, which
was sent to drain, and the decalin, which was pumped by a gear
pump via an Alfa~laval wlate cooler to the original storage tank

to complete the cycle.

The line from the pure or 'lean' decalin storage tank to
the top of the absorption tower was wrapped in a 500 7 and 750 W
heating tape, the 500 ¥ tape being thermostatically controlled.
Thermocouples recorded the temperature of decalin in the
absorption tower at the entrance and exit weirs, entering the
steam stfipping tower, and entering and leaving the plate cooler.
The temperature of the lean decalin leaving the centrifuge was

also indicated on o Rototherm dial thermometer.
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Carbon tetrachloride circuit. Carbon tetrachloride was stored

in a 20 gallon tank and was delivered from there to the top of
the humidification tower by a vane pump of the type used in petrol
PULIDS After humidifying the gas stream the remaining carbon
tetrachloride was returned to the storage tank via a 'U' seal.
The flow of carbon tetrachloride was controlled by a gate valve,
(the pump having a built in by-pass system) and was measured by
a Rotaweter. A thermostatically controlled 500 ¥ heating tape
was wound round the line to the humidification tower to adjust
the liquid temperatures to the desired value. Thermocouples
measured the temperature of carbon tetrachloride entering the
humidification tower, in the entrance and exit weirs and return-

ing to the storage tank.

The mixture of carbon tetrachloride vapour and steam from
the top of the steam strioping tower was condensed in a tube and
shell condenser, and the condensate was passed to a glass gravity
separator. The water was led to drain and the carbon tetra-

chloride was returned to the storage tank.

Difficulties occurring in original design. A few preliminary

runs showed that the carbon tetrachloride collected in the phase
separator contained unacceptable quantities of decalin, about 30%
by weight usually. This could not, of course, he returned to

the carbon tetrachloride storage tonk and had to be collected in
an additional sthrage tank. This immadiately negated the concept
of continuous operation, as the length of run was governed by the
amount of pure carbon tetrachloride available and introduced
another lengthy process of recovery. Another even more disturb-
ing feature was that the carbon tetrachloride appeared to hydrolyse
in the steam stripping tower. Samples of water from the tower
were found to contain considerable quantities of chloride ion.

This resulted in corrosion of the column walls and plates and the
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products of corrosion were carried to the centrifuge where they
were deposited on the centrifuge discs. These deposits

seriously reduced the capacity of the centrifuge which was at

best too small, and the output of stripped decalin could not match
the rate at which lean decalin was usced in the absorption tower;
once again the length of run depended on the quantities of material
originally available, Sventually the fresh carbon tetrachloride
picked up moisture from the air and itself bhecane a corroding
agent and the results of corrosion repeatedly blocked the very

fine filter in the carbon tetracliloride pump, thus delivery of a
constant volume of fluid to the humidification tower could not be
maintained in many runs. Purthermore, the flowmeters were of

the design in which the float travels up and down a ceatral steel
wire,which tended to corrode, causing the float to stick frequently
and rendering impossible attempts at wmaintaining steady flow

conditions.

Attempts were made to cut down the contamination of
carbon tetrachloride by decalin in the phase separator by varying
the flow rates of steam and rich decalin to the steam stripping
tower, but although improvements were made it was impossible to
cut down the concentration of decalin to an acceptable value, and
this defect of the system had just to be accepted.

The contaminated carbon tetrachloride was fractionated
batchwise under vacuum in a 6 in diameter 12 ft high packed columm.
The fractionation was stopped when the concentration of carbon
tetrachloride in the kettle was about 5-10;> and this residue was

returned tc the rich decalin tank for steam stripping.

The corrosion problen was tackled initially by regular,
vigorous cleaning before and after each run and o programme of
20 runs wasg carried out under the above conditions. It was
found thatyalthough steady conditions of concentration,temperature

etc. werg achieved initially, as soon as the decalin was delivered
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te the absorption tower the concentration of carbon tetrachloride
in air began to fall in a non-lincar manner, and unfortunately
supplies of material were not sufficiznt to permit running the
apparatus until the concentration had come to a steady value.

It was also found that the time lag of the gas analysis unit was
too long to permit changeover from gas samples above and below
the plate and consequently it was decided to analyse the gas

stream below the plate only.

Juring the calcuplations appropriate to each run, it was
y mass balanee _
necessary to calculatehthe concentration of carbon tetrachloride

in the vapour leaving the absorption plate,b and

to assume that this value was the same as that of the vapour
cntering the humidification plate,; and also it had to be assumed
that the concentration of carbon tetrachloride in wapour enter~
ing the absorption plate as measured by the analysis unit, was

the same as that leaving the humidification plate. -

while these assumptionswould be valid in an ideal system,
it was felt that they were a source of error, especially in view
of the differences in pressﬁre:'throughout the system, and the
fact that the measured concentration of carbon tetrachloride in
the gas continued to fall in svite of every effort to seal off
leaks. Because of the rather wide scatter of the results from
this serics of runs it was decided to redesign the apparatus and

abandon the ideal arrangement of continuous operation.

5.3.2. DlModified apparatus ,
““““““““““““““““““ by clécaln’,'

Although the contowination of carbon tetrachlorideAin the
recovery process Ipresowrin and the corrosion due to dissociation
of carbon tetrachloride were 2 nuisance, these problems were
solved or were accepted, and they resulted only in a lengthy

recovery process or tedlous cleaning processes. They did not
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affect the accuracy of the runs (other than by imposing a limit
on the length of each run) but decreased, very considerably, the

number which could be done in a given time.

The main source of error in the experiments which were
carried out was felt to be the presence of unstable conditions in
the gas circuit due to wide pressure differencies'and consequent
leakages, and that these errors could be minimiéed by arranging
the apparatus to run on an open air circuit. This involved the
blower drawing in air from the laboratory and blowing in to the
humidification tower which thus became under slight positive
Pressurc. The air and carbon tetrachloride mixture then passed
to the absorption tower where absorption of the carbon tetra-
chloride took place, also under pressure. The vapour leaving
the absorption tower contained about 2% carbon tetrachloride and
this was led to an additional tower 5 ft high by 9 in diameter
packed with ¥ in saddles. The decalin, on leaving the
absorption tower, passed to the rich decalin tank and a valving
arrangement allowed the rich oil pump to pass this decalin to
the top of the packed tower to strip the remaining carbon tetra-
chloride from the rising vapour. The decalin coming from the
foot of the stripping column was held in an additional pair of
storage tanks or recycled if necessary. The stripped air was
led by flexible ducting and passed out of the windows of the

laboratory.

These modifications ensured that the vapour was always
under pressurae. This fact eliminated, among other things, the
need to use suction to draw gas samples through the analysis

unit.

Furthermore,; it could safely be assumed that the
concentration of carbon tetrachloride in the air going to the
humidification tower was zero, which removed one of the assumptions

already mentioned. Previously, when the apparatus was shut down
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or during runs at low vapour velocities, decalin wept throﬁgh

the perforations on the plate and collected in the bottom of the
column. Although provision was made for draining off this
liquid, it was not possible to remove decalin collccting on the
gas samoling device as the vapour velocities were too low to
permit effective performance ns a cyclone separator and it was
thought that additional anss transfer wight take place thereupon,
giving a false reading on the analysis meter. Accordingly the
sampling point was wmoved to a point on the vapour line just prior
to entry to the column, and the sampling device was replaced by

a simple perforated tube.

The corrosion problem arising from the presence of
chloride ions in the steam stripping tower was eliminated by
delivering a constant flow of concentrated sodium carbonate
solution which completely eliminated corrosion and products of
corrosion. This meant that the centrifugal separator worked
always at maximum output and did not have to be cleaned as
regularly as beforc. Also the filter in the centrifuge inlet
was removed and replaced by a new design using glass wool. The
corrosion due to the carbon tetrachloride itself in circuit could
not be removed but its effects woere minimised by removing the
filter from the pump and replacing it with a filter in the
storage tank, by lining the tank with thick polythene sheeting
and by rewvlacing the flowmeter by another in which the fleoat did

no travel on a central wire.

These improvements, while not giving the performance hoped
for in the original design, gave much better results as the inlet
carbon tetrachloride concentration reading remained steady and the
number of runs in a given time could be increased because of fewer

shut downs for maintenance.

A general view of the apparatus is shown on Plate 3,
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5+3.3. Operation - modified apparatus

Fach run was preczded by a warming up pericd to allow the
gas analysis unit and the temperature recorder to attain their
working temperatures. The ailr blower anc heating tapes were
switched on and the air flow adjusted approximately to a pre-

determined value.

dhen the air leaving the plate was at its working temp-
erature of 25°C the decalin pump to the absorption tower was
switched on along with its controlled heating tapes. When it
was at the working temperature, 25°C, in the inlet weir, the
carbon tetrachloride pump and associlated heating tapes were
switched on. together with the decalin to the stripping column.
The liquid flow rates were adjusted to the predetérmined values

and the plant was allowed to reach equilibrium,

¥hen stable conditions hnd been held for five minutes
the run proper was started, each run taking twelve minutes or

more if the flow rates were low enough to permit longer running.
Readings were token every four minutes as follows:

1. The column pressures in humidification and absorption towers,
2. The gas flow manometer reading, and the flow rates of

decalin and carbon tetrachloride,
During the run ‘ _
5. A\teup&ratures wore taken automatically dwussdmg—dbo—sue of:-

(a) inlet and outlet gas at absorption plate

(b) inlet and outlet decalin at sbsorption plate

(¢) inlet and outlet gas at humidification plate

(d) inlet and outlet carbon tetrachloride at humidification plate

(e) ambient air, gas leaving humidification tower, decalin
entering absorption tower, carbon tetrachloride entering
humidification tower.

b, Concentration of carbon tetrachloride in air from analysis

unit. Samples were taken of inlet and outlet decalin from
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the absorption plate at 0, 4 and 12 minutes after commencement.

Atmospheric pressurc was taken before every run.

At high temperatures, i.e. in the steam stripping tower,
decalin dissolves small amounts of water and on cooling in the
plate cooler this water comes out of solution as a very fine
stable emulsion. Invariably, the decalin used in the
absorption process contained some water in this form, and the
samples collected were shaken up with anhydrous sodium carbonate

and allowed to stand overnight to remove this water,

The procedure was repeated for different gas rates and

liguid rates.

RECOvVery process. The inlet steam valve to the steam stripping

tower was opened, and the cooling water to the overhead condenser
was turned on. Once the tower was suitably warmed up, rich
decalin was introduced at the top. Also, a solution of
concentrated sodium carbonate was made up and placed in an
aspirator bottle above the tower from which it flowed under

gravity to the top of the tower.

The primed centrifuge was started up, and the mixture of
decalin and water, emerging from the bottom of the steam stripping
colunn was fed to it, via a tun dish, to ensure that the machine

operated under a constant head.

The operating temperature of the centrifuge was approx-
imately 7000. The flow of rich decalin to the tower was about
45 gal/hr. The centrifuge discharged the water to drain and by
means of a gear pump the stripped decalin was returned to the
appropriate storage tank via the Alfa-Iaval plate cooler. The
mixture of condensed steam and impure carhon tetrachloride
appearing in the pvhase settler, separated under gravity and the
agqueous layer passed to drain. The impure carbon tetrachloride

layer was collected in enaomelled pails and was stored in a large
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stainless stecl tank until sufficient was collected to provide

a charge for the pucked distillation column. This was operated
batchwise and the mixture of carbon tetrachloride and decalin

was pumped by a ilono pump into the kettle and steam was supplied
at 20 lb/in2 initially. The column was run under about 20 in

Hg of vacuum and the carbon tetrachloride was distilled over to
give a product of acceptable purity (99%). The steam pressure
was raised as the kettle temperature rose, but it was impossible
to raise the temperature to the beiling point of decalin,
approximately 19OOC, and so the distillation was stopped with a
mixture of 80% decalin and 20% carbon tetrachloride in the kettle.
This mixture was drained and returned to the rich decalin storage

tank for further steam stripping.

5.3.4. IExperimental programme

R T S e s S B0 SRS S8 e G R VS i e W S S0

The intended programme had to be curtailed because of
the time-wasting difficulties encountered in developing the
apparatus. The effect of gas rate on Murphree gas film
efficiency was studied at different liquid rates. The gas
rate varied from 1.42 to 2.94 ft/sec. through the bubbling area.
The liquid rates were 1000, 3000 and 5000 lb/ftahr.

5.3,5. Calculation of results

- A i o S S} s S T B Ay T gt P S G S W

On the completion of cach run, the samples of decalin
were analysed for their carbon tetrachloride content. After
drying, the specific gravity of each sample was measured using
density bottles in a constant temperature bath set at 2500.

The concentration of carbon tetrachloride present was then read
from a previously constructed calibration graph (see Fig. 3.1).
The density could be measured to the third decimal place and
the concentration rcad with an accuracy of 1.0, With a

knowledge of the flow of decalin to the plate, and the inlet
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and outlet concentrations of carbon tetrachloride, the mass of

carbon tetrachloride absorbed from the vapour could be calculated.

The concentration of carbon tetrachloride in the inlet
air read directly from the analysis unit indicator was in percent
by volume (mol %) and this was converted to percent by weight.
This also was calculated to 1.0k, The mass of gas flowlng was
calculated by rcading the density from a chart of gas density
against concentration for variocus pressures and inserting the

values so obtained in the equation

1 Y
G = 734 x G ¥ h
w
where hw is the pressure dro» across the orifice in inches of

water,

From the gas mass flow and the inlet concentration, the
mass of carbon tetraclhiloride and dry air in the inlet gas could
be calculated, and from the mass of carbon tetrachloride absorbed
by the oil, the mass of carbon tetrachloride leaving the plate
could be calculated. The mass of dry air entering the plate is
the same as that leaving, and hence the concentration of carbon

tetrachloride in the outlet vapour could be calculated.

The concertration of carbon tetrachloride in the decglin
leaving the plate was converted to mol % and the corresponding
partial pressure of carbon tetrachloride was read off from the
equilibrium curve. Fig. 3.2. Dividing this figure by the
column pressure gave the vapour concentration in the outlet gas

if the mass transfer process had reached eguilibrium,

The Murphree plate efficiency was then calculated as

follows: -

m . concn.CCly in inlet vapour - Concn.in outlet vapour
+L1 -
MV

Concn.CCly, in inlet vapour - Concn.in outlet vapour in
equilibrium with outlet oil
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The superficial vapour velocity was calculated from the

mass flow and density of gas and the active area of the plate.

Specimen Calculation

ey iy B T e e e B S et e S s B Ky AR A R

Average specific gravity of decalin entering plate = 0.893

" " i i i leaving plate = 0.910

. .Concentration of carbon tetrachioride in inlet decalin
stream = 1.60 wt. %

Concentration of carbon tetrachloride in outlet decalin

stream = 6,12 wt. %
Flow of decalin to plate = 71000 lb/ftahr.
. «Hass carbon tetrachloride in inlet stream = 16.0 1b/ft3hr.
" " it " ooutlet " = 984 x 6.12
93.88

i

64.2 1b/ft hr.

mass carbon tetrachloride transferred from gas

6.2 - 16,0
8.2 lb/ftahr

stream

{]

Average concentration of carbon tetrachloride in inlet gas

stream = 4,65 mol %
Pressure at orifice = 759.1 mm Hg Temperature = 64°F
Density at orifice = 0.0911 1b/ft3
Air manometer reading = 2.7 in water
Gas flow = 734 x (2.7)% x (0.0911)k
= 364 1b/ftehr
L,65 vol % = 20.60 wt %
mass CClq in inlet gas stream = 20.60 x 364

- 95.0 1b/ft°hr
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mass CCL), in outlet gas stream = 75.0 - 48.2
= 26.8 1b/ft°hr
mass of outlet gas stream = 364 -~ L8

= 316 1b/ft°hr
Concn.of CCl, in outlet gas stream= 26.8
316
= 8.48 wt %
= 1.71 mol ;5

Concn. of CClA in outlet decalin

ctream = 6.12 wt %

= 5.61 mol %
partial pressure of CClu in
equilibrium with this = 7.2 mm Hg

concentration from fig. 3.2.

Column pressure = 761.1 mm Hg
Equilibrium outlet gas - 9,2

concentration T ——

761.1
= 0,94 mol %
L By o= (B.65 - 1,71) x 100 = 99.3%
4065 - O-9L|'

v = 2ph4 x 1,26

= 1.42 ft/sec through bubbling area

i

3,600 x 0,0901

where 1.26 is ratio of column cross sectional area to bubbling
area
Y _
Nog = - 2.3In (1 -E.)
= ,1052

5.3.6. Results

The results are given in Table 5.4 and are expressed

graphically in Figs. 5.7, 5.8, 5.9, and 5.10,
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MASS TRANSTER R:ESULTS: -
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L,
gal/ftehr

300
450
550
600
200
150
300
450
600
700
200
300
450
600
750

70
140
280
280
420
450
540
680
800
200
450
700

TABLE

Vs
ft/sec

L.5k

il

5.1

ATR/WATER SYSTEM

86.7
85.1
86.0
83.5
88.9
86.8
83.4
83.5
82.6
77.8
78.8
82.7
86.4
91,4
80.5
81.6
82.7
8%.8
85.8
86.1
8L.1
89.2
90.0
84,7
88.7
1.4

.2k
.01
.90
.96
.79
.19
.03

Mo

1.79
1.74%
1.52
1.55
1.75
1.99
2.40
1.63
1.69
1.75
1.8
1.95
1.99
1.83
2.2
2.28
1.86
2.16
2.40



T3

18.12
18.%0
18.43
18,40

- 28.50

18,30
18.18

18.39
18.1%

4,10
4.08
4,12
4,18
h.03
L, o2
Lol
4.16
4.18

TABLE 5.2,

. ) . 4 e VO

RECORDIEID RESULLS FOR RUN 11 USED Ik SPRECIMEN CALCULATIONS

. e D Ly A B R W o e ey S e ok P ) M M s e et MR vy e aen Teie g e e ey DO S s Tl A it e VR e B st S8 oy ST s S e P R e (e U e A . By

29.4
29.4
29.4
29.4
.29,k
294
29.4
29.4
29.4

28.30
28,10
28.3%1
25.12
28.23
28,24
28,27

28.29 -

28.13

h.11

wet-bulb temperature of

dry-bulb temperature of

29.4

inlet air before heaters

inlet air before heaters

scale reading on sump tank

28,23

27.89
27.76
27.91
27.90

27.89

27 .91
27.92
27.95
27481

pressure drop recorded on air manometer

temperature of liquid entering plate

temperature of liquid leaving plate

number of sample

optical density of semple

calculated wet bulb temperature at 60°C

Time T%
min
0 1%.70
15 13.87
20 14,01
b5 14,09
60" - 1h. Ak
78 13.92
90 14,03
120 1%.80
- Average -

;t."J =

Td =

Sc =

ful =
m

Tl =

T2 =

0.D =

T =
m

h. =

-t

.inlet humidity calculated from T, and T

joX

N A

O o~ O\

(°c)
(°c)
(in)
(in)
(°c)
(%)

(%0
- (grain/1b )

T
m
28.12

28.17
28.22

- 28.27
28.27

28.20

28.28

28417
28.17

h

56.8

5745
58.2

. 58.9

58.9 -
579
59.0
575
57.5

'28.21

58.0
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No.

W o~ Oy Ut W

L N Y
W N oA O

16
17
18
19
20

MASS TRANSFER RISULIG:-

L
1b/ftchr

1300
i

L,
gal/ftehr

62

TABLE 5.5

Bn VA - S S S e

ATR/CARBON TETRACHLORIDE SYSTEM
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Vs

1.41
T.42
1.77
1,94
2.13
2.17
2450
2.6k
2,96
2.98
2.98
1.43
1.87
2435
3.22
1.43
1.87
2.L0
2.98

5,38

ft/scc

0.3%8
0.38
0.48
0.53
0.57
0.58
0.67
0.70
0.79
0.80
0.80
0.38
0.51
0.63
0,88
0.38
0.51
0.65
0.81
0.92

Ui Oy

~J

N

A R R A S R
[0

B " S LN
S EF O W



TABLE 5.4

St et Wt s e iy

MASS TRANSTER RESULTS:- _ ABSORPTION SYSTEM

Tl?zn 1h/ f‘.‘Jtahr' gal?% t2hr f ’f}gec ) ﬁ‘%ﬁv ! oG
1 1000 110 1,42 0.43 79.3 1.57
2 f i 1.40 042 77.9 1457
2 H K 1.79 0.53 73.7 1.35
L i g 2,02 0.61 72.7 1.3
5 2000 220 1.42 0.43 78.5 1454
6 f i 2.10 0.62 73,5 143k
7 R it 2.89 0.87 71.9 1.28
8 i i 2.92 0,87 72,4 1.30
9 3000 350 1.42 O.42 804 1.6%
10 L i 2,1 0.63 80.9 1.65
11 ' i 2.86 0.86 79.8 1.60
12 4000 450 2.94 0.89 80.3 1.6%
1% 5000 560 1.45 0.43 38.2 2.13
1h 1 i 2.12 0.63 88.9 2.19
15 i L 2.91 0.86 88.1 2.12



FLATS 1

Apparatus used in air/water experiments
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6: ' DIBCUSSION OF RESULTS
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6.1 HYDRAULIC STUDIRS
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6.1.1 Air/water

While the clear liquid height and plate pressure drops
obey the same relationship with air and liquid rates as has been
found by other investigators, thce dependence of the froth height
on air rate differs markedly from that previously observed. The
rise and fall of the.curve with its corresponding effect on the
gas residence time dis thought to be explained partly by the
theory proposed by Calcerbank and Rennieqo1 and the following

mechanism is proposed,

As the alr rate increases at 1ow'air rates, i.e. up to
F = 0.5, bubbles are formed at the orifices at comstant frequency,
the size of the bubble increasing with air rate.  The volume of
the bubbles increascs until the arrangement of closest packing
of spheres is reached, further increase in gas rate, above
F = 0.5, causes this structure to break down and smaller bubbles
are formed, causing the froth height to decrease. At the same
time, however, the increasing gas rate is accommodated by an
increasing velocity of rise of the bubbles, an effect which tends
to increase thoe froth height. The net result of these two
opposing processes is to decrease the froth height slowly. As
can be expected, the effect of the second process would be less
at the higher liguid rates and so the slope of the froth height
versus air rate curves is grcater at the higher liquid rates. A
value of air rate will be reached for each liquid rate at which
the second process predominates and the froth height begins to
rise again e.g. at F = 0.7 for L, = 90 gal/nr 42 and F = 1.0 at
L, = 450 gal/hr ££2, Tt scems reamsonable to expect that at the
larger liguid rates, the initially greater gas hold up would
delay the appearance of this minimum on the curves of.froth
height and gas residence time against air rate. The rate at

which the curves rise again will also depend on the liguid rate
g i q 3
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as one couid expect that the rising velocity of the bubbles,
which is increasing with air rate, will increcase faster at the
lower liquid rates because there is less hydrostatic head to
oppose their upward nction. This will explain the difference
in slops of the curves above F = 1.0 and the fact that there is
a cross«over point at this value wnere the froth heights and gas
residence times are approximately indewnendent of liquid rate.
One could expect, incidentally, an efficiency at this I factor

which is also independent of liquid rate.

The above theory is supported by the variation of the
fractional gas hold up with air rate. Up to F = 0.5 approx-
imately, the hold up increases fairly rapidly until a value of
HG = 0.5 approximately which corresponds with a closest packing
of spheres volume of 0.52. The hold up remains fairly constant
at this value in harmony with the concept of the two opposing
processes of bubble rupture and increase in velocity of rise.
At F = 1 the gas hold up fraction starts to rise again
corresponding with the effect of the increase in velocity of rise
gaining the =zscendency on the overall process. Jetting and
spouting will also increase the gas hold up fraction. Visual
observations confirmed three regimes: '

(a) A bulky cellular foam at low air rates,
corresponding to the bubbles approaching
the close packing arrangement.

(b) An actively moving froth above T = 0.5
composed of smaller bubbles, corresponding
to the increase in velocity of rise with
air rate.

(c) At air rates above F = 1.0, the plate at
low liquid rates no longer had any liguid
seal and at high liquid rates, oscillations

were observed,

The oscillations noted in (c¢) could be due to the
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processes observed by West et alaé_ where the gas velocity
‘caused bubbles larger than the distance between two orificies
to be formed with the Conseqﬁent non-synchronised bubbling of
all the orificies. The effect of air rate on the specific

gravity of the foam, @., was similar to that noticed by

98 t

Crozier and the data are correlated fairly well by his
equation: (sce Fig. 4.9)
1p == = 0.715F + 0.45
L
A slight liquid rate effect was noted but not sufficient to

warrant amendment of the equation,

6.1.2 Air/carbon tetrachloride

O ST P e R LS 4 A S ey S (XD Sy S e e LA S

The effects of air and liquid rates on the froth height,
clear liguid height and plate pressure drop are those usually
described in the literature. The gradual increase in froth
height may mean that the closest packing arrangement has already
been passed and that the increasing froth height is due to the
bubbles formed at the orifice being of constant size but
increasing in velocity of rise with air rate. This may be
borne out by the fractional gas hold up values which are all
above the 0.52 value. The hold up is increasing with air rate
but fairly slowly. The values of the froth specific gravity
are somewhat below the line of Crozier's correlation but the
deviation is less than that of some of the data from which the
correlation was obtained. In an attempt to exrlain the dis- |
crepancy between measured and calculated mass transfer effic-
ienciesﬁEllis and Rose37 also suggested that air/carbon tetra-~
chloride froths were less dense than air/wate? froths. The main
source of error is in the measgurement of cléar liquid height

which could only be measvred to 0.1 in, which can give rise to

a percentage error of 20% at the lower values.
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The gas residence times fall with air rate, indicating
that a similar fall in efficiency is to be expected. Only at
higher air rates does liguid rate have a noticeable effect on

the gas residence time.

6.1.% Air/decalin

Yhile the effect of air and liquid rates on clear liquid
height and plate pressure drop is usual, the effect of liquid
rate on the froth height is much more marked than in the air/
water and air/ carbon tetrachloride tests, especially at the
lower air rates. The fact that at L, = 560 gal/hr ft§ froth
height decreases with air ratc and that at Ly =110 gal/hr £t2,
the froth height increases, may be due to the competition of
the two processes of bubble rupture and increase of velocity
rise, the liquid rate determinihg the ascendency of each
process, The curves show a resemblance to the air/vater
curves betwesn I = 0.6 and 1.0, allowing for the exaggerated
liquid rate effect. The hold up fraction values, Hg, seem to
support this theory as they are above the close packing figure
of 0.52, The curve is essentially the same shape as the air/
carbon tetrachloride system with the exception that the
Lv = 370 gal/hr f£t2, values do not fall on a mean line. The
specific gravity of the froth is far lower than would be

expected and comes nowvhere near the Crozier correlation.

The gns residence times decrease with air rate but
depend upon liquid rates ot the lower air rates, predicting
similar relationshins with plate efficiency, gas rate and liquid

rate,

6.7.4 Cns hold up results

The values of the fractional gas hold up, H&, shown on
. ")
Figs. 4.7 and 4.3, all show a slight increase with F factor and

little or no effect of liquid rate. The difference in magnitude
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of values of EG at the same T factor for different systems was
presumed to be due to the variation in physical properties, and
it was found that the results for the three systems could be

correlated by a single equation,

F = O.El"l"_ .O ; . ————— M
ey 5F- 0.0087 ¥ @+ 0.55 (6.1)
where is the surface tension of the liquid,(dyne/cm)and -é L
is the density of the 1iquid,(gm/cm5) This correlation shown
on Fig. 6.1 is correct to 5p within tae range F = 0.4 to F = 0.9.
Beyond this range the accuracy is less, depending on the system

congidered,

The variation of froth character with system properties

¢}

is not as would be expected frowm consideration of the work done
in bubble dynamics, but as has already been mentioned, most of
the work reviewed in Section 1.8 is not representative of
conditions existing on & sieve plate operating under normal
conditions. It is interesting to compare this equation with

\ 125
the work of Mersmann -

who studied the operation of a
sieve plate with regard to the conditions which allowed all the
holes to function., Ee concluded that all holes function after
2 certain minimum throughput was exceeded and that this through-
put depended on hole size and number and on interfacial tension
and fluid density. The results were confirmed by many obser-

vations on large scale eqguipment.

One factor which is not often considered in studying
the structure of foams and froths on bubble~plates is the
stability of the foam leaving the plate and descending the down-
comer. The time taken for the liquid to disengage from the
vapour in the downcomer will have an effect on the foam height.
It was noticed in the course of the work that extremely stable
foams formed by detergents did not disengage at all in the down-

comer and the column above the plate became completely choked.
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It is possible that the system properties do notjaffect
the structure of the froth,ﬁuiﬂﬂuﬁp indirectly due to their
effect on the stability of the froth disengagement time in the
downcomer., panckwerts et al ﬁ()discussed the stability of
froths in terms of the drainage of liquid from the spaces
between the bubbles, and concluded that viscosity would have a
direct cffect on the stability. Although no viscosity effect
was found here, it is possibla that other physical properties

affect stability in the same manner.

The variation in gas hold up caused by the system prop-
erties will affect the other variables e.g. froth height and gas
residence time, and explains the differences at the same operat-
ing conditions for different systewms. It was not possible to
obtain equations to correlate froth height and gas residence

time with any acceptable accuracy.

It can be concluded that the premise that equal gas and
liquid rates on identical plates for different systems, will
result in equal gas residence times, does not hold for the

systems studied in this work.

6.2 MASS TRANSFER STUDIES

it B iy AT TS o ok e Srn ey S S Py ovme YR MEm fun A el

6.2.1 Air/water system

The effect of liquid and gas rates on plate cfficiency
EMV (Fig. 5.1 and 5.2) scems to be more complicated than has
been found by other workers. Ellis and MoyadeBO found that
plate efficiency increased with liquid rate and decreased with
gas rate in a regular manner. Garner and Freshwater106, on
studies on a 5 ft diameter bubbleecan tray, found that the
curves of plate efficiency against gas and liquid rate passed

through a maximum value for E but once again in a regular

MV’
manney. i‘f]'ackz-:wl;)rgLF found that relationships similar to those of
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Z
Fllis and Moyade applicd to a Kuhni plate. Rush and Stirba)5

concluded that liquid rate had no effect on EMV for pgas=phase

controlled systems on sieve plates, and that increases in gas

rate tended to decrease the value of va only slightly. The
I\

gas-phase controlled system used by Gerster et al.at the

University of Delawarej) for bubble capn and sieve plates, showed

a slight increase in B . with liquid rate and a decrease with

MV
vapour rate. The trend of the results of this investigation
agree with the conclusions of Ellis and Moyade, Meckay and

Gerster et al.at vapour rates below 3.7 ft/sec.

The results from the present work were comjared with
those of Fllis and ioyade whose comprehensive results on a 4lin
diameter plate enabled comparisons to be made at the same free
arca(5;v) and the same weir height (1 in ) as the present work.
The comparison is shown on Fig. 6.3 for an F factor of 0.49,
Agreement 1s excellent over the complete range of liguid rates.
A comparison is also made with the data of Tllis and Rose37 at
an F factor of 0.72. The plate used by the latter workers was
again 44 in diameter with a 1 in weir but with a free area of
8%.  Agreement is pood at the lower liquid rates.  Since plate
efficiency for a gas~film comtrolled system does not depend on
the degree of mixing, it can be considered to be independent of
plate diavecter provided that the overwhelming proportion of mass
transfer takes place on the plate itself and mass transfer on
the walls of the column is a very small proportion of the total

mass transfer.

Ly found

here, is in agreement with that expected from observations made

The complex effect of gas and liquid rates on E

in the studies of the hydraulic bchaviour on the plate.
Consideration of Fig. 4.0 showz substantially the same effects

of pas and liquid rates on the gas rcsidence time t The

a
critical transition value of gas rate is not so pronounced as
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in the case of the plate efficiency but is still within the
range 5 to & ft/sec. The effect of liquid rate is very similar
in each case, It was not possible to measure the air flow

accurctely at low air ratezs and no mass transfer work was done

below V_ = 1.4 and the maximum value of EMV at low air rates
[wel

3

predicted from Fig. 4.1 cannot be demonstrated.

The mass tranefer efficiency, expressed as the number of
transfer units NOG is comparcd with gas and liquid rates on

Fig. 5.k. Values of Nog from this graph are plotted against

the corresponding values of t, on Fig. 6.2. The values used

G
are shown on Tablc 6.1. It can be seen that with the exception
of five points, a linear relationship between gas residence time
and transfer units is well defined for all values of gas and
liquid rates; indicating that gas residence time is a primary
influence in mnss transfer. The five irrcgular points all
occur at gas rates above 3.5 ft/sec and it would seem that mass
transfer takes place additional to that resulting from contact
of gas and liguid on the plate, It was thought that this
additional mass transfer would very likely be due to ndditional
transfer on the walls of the cclumn caused by the greater
entrainment at the higher velocities. The following mechnnism
is proposed to explain the effects of gas and liquid rates on

mass transfer over the whole range of values studied.

1. As air rate dncreases at low zir rates, bubbles are formed

at constant fregquency and volume of bubbles increases.

2. ‘The volume of the bubbles increases to reach arrangement of

close packing of spheres at a gas hold up of about 52%.

5. [Further increases in gas rate cause the structure to break
down slowly, and smaller bubbles are formed with a conse-~
quent decrease in the height of the froth. The gas hold

up will, however, remain the same,as raising the gas velocity
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only increases the rising velocity of the bubbles. This

effect tends to increase the height of the foam.

Bventually the rate at which the bubbles decrcase in size
falls of f and the increasing rising velocity of the bubbles
causes the foam to expand once more and the gas hold up
increases, This gives & minimum value of the gas residence
time which, from fig. 4.70 depends on liquid rate.  This
means that at 2 specific valuo of VS (say 3.3 ft/sec) the
gas residence time plot still falls for high liquid rates
while it rises for low liquid rates and consequently the

efficiency versus gas rate curves will cross over,

A Turther complicating factor is that around 3.5 ft/sec the
gas velocily disrupts the orderly system and the orifices
bubble non-uniformly =s reported by ‘West et n12§ Bubbles
lnrger than the distnnce between orifices are formed and
unstable ceonditions make thelr appenrnnce such as jetting
~nd spouting nnd oscillation of the froth on the nlate. In
the case of low liquid rates, however, the seal is not high
ciough to permit oscillntion and the instability manifests

itself in high entrainment.

At high liquid rate, the entrainment is not so
obvious but the oscillntions 2nd spouting cause a decrease
in interfacinl aren (2lthough not necessarily gas hold up)

and the already falling curve of I,

MV against gas rate falls

more steeply.

The entrained water deposits itself on the column
wnlls and since there is no plate nbove, the column functions
5 n wetted=wall column for about 3-4 ft above the plate.
This is nn are= of high mass transfer an! as the volume of
water on the wzlls is nn approciable portion of the hold up

on the plate (cnlculated to be about 25% at lowest liquid
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rate) the overall effect is to increase further the plate
efficiency at low liquid rates. Above 3.8 ft/sec =t all
liguis?! rates, entrainment is severce and the wetted.wrll mass
transfer is ilmportant. The effect of increasing gns rate
after this point is to increase the surface aren slowly ond
all the efficiency curves begin to rise ngnin. Above

v, = 3.8 ft/sec the nir velocity is too great for stable
operations ot the lowest liquil rates anl the plate ceases

to carry any liquid,

6.2.2 Adr/carbon tetrachloriic system

The effect of gzas ani liquil rate on plate efficiency,

(Fig. 5.6)secems more typicnl than in the case of the ~ir/water
system, but the range of gas rates is smaller and the effect of

s rate i1s much the same for both systems within the ronge of

VS from 1.4 to 3.4 ft/secc. The effect of liquil rate is more
noticenble for the air/carbon tetrachloriie system. The effects
of both gas and liquid rates are broal’ly the same as those found
by other workers stu.ying gas-phase~controlled systems as
described in Scction 6,2.1.

s
s 06 e . . Co s
suigleoy et ol studiel formation of froths of air in

carbon tetrachloride but znve no mass transfer data. Jestkaemper

., 126
and [hite gave miss transfer results but not from mass transfer

on o sieve plate. The only reporte’l results which seem to be
comparanble with the present work ~re those of ¥llis and Rose?7
The comparison is male on Fig., 6.4 anl it can be seen that the
present results are substantialre self-consistent so it would
becqus R o
thon were expected. The results ara self-consistent so it would
] ‘ ] becquse o

seem that the reason for the low values is either Zwe=te the
different methods (i.e. whether the Iriving force is t~ken as
enthalpy Jdifference or partinl pressure difference) used for

calculating the results, or the different experimental procelures.
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It is not possible to compare the results that would be obtaincd
by cach method of calculation for the air/carbon tetrnchloride
system, but Garner and Freshwnter106 have compared th- results
obtained by both methods for the air/water system and found

that each method gave results of approximately the same
magnitude. It has not been possible to test the validity of

the assumption that “molifiel” enthalpies can be used.

The major difference between the two experimentsl pro-
cedures 1s that while the cxperiments of Ellis and Rose took
place under ~linbatic conditions, the present work Jdild not and
the temperature Jifferences across the plate were considerable,
The averzpe temperature drop at runs of 82, 190 and 310 gal/hr
fta were 175, 11 and 7 lJeg F respectively. This means that
the temperature of the liquid film at the phase bounldory must be
extremely low and consequently the partial pressure of carbon
tetrachloride at the interface will be very low. The phase
beundary temperoture will be far lower than the average of the
inlet and outlet liquid tempaoratures over the plate, and as
this value wns used in the calculation of results, this could

exnlain the low values of It is also possible that the

R
Ay
extremely cold boundary ©ilm prevents moleculzar diffusion within
N Lo .
the bulk of the liquid. Donckwerts et ale liscuss the effects
of "thermal listill.tion’ on plate efficiency and point out that

where the temperature of the bour‘ary film is much higher than
the bulk of ligquid, increosel efficiency may result from flash-
ing of superhczated liquid uring the process of surface renewal.

Perhaps the cffect of the bounlary film temperature being much
'S

fLfeet detrimental to

lower than that of the bult liquid k==
plate efficiency due to gerious inhibition of the rate of
surface renewal causel by lcv rates of molecular cdiffusion. The
fact that the average temperature difference across the plate
Cepends on liquid rate may explain why the effect of liquid rate

on plate efficicncy is gronter in this work than in that of
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T1llis and Rose and is greater than that found in the air/water

studies.

The fall in plate efficiency with gas rate as predicted
from the gas residence times from Fig. 4.1 is as expected. The
effect of liquid rote is greater than would be expected. The
effect of gas residence time on mass transfer is shown on Fig.
6.5 where mass transfer is expressed in terms of the number of

transfer units, N_.., obtained from Fig. 5.5. The values uscd

are shown in TablSG6.2. The points fall into three groups and
the best line through each group and the origin is drawn. The
slope of each line depends upon the liquid razte which follows
from the fact that liquid rate has a considerable effect on NOG
but little effect on t,. Fig. 6.5 illustrates fairly well the
importance of the gas residence time as a fundamental influence

on mass transfer.

6.2.3 (Gas absorption system

o — i Pt e . a8 U e P P o

The scatter of the results is greater than for the air/
water and air/carbon tetrachloride systems. The effect of gas
rate on efficiency is the same as that in the other two systems
over the range of gas rates common to &all three.. The effect of
liquid rate is similar in all three‘systems over the ccmmon range
and the absorption results show the same trend as the air/water
systém results at liquid rates above thosc used in the air/carbon
tetrachloride experiments i.e. gas rate has progressively less
effect on efficiency as liquid rate increases. The magnitude of
the effects of liquid rate is different for each system. The
effects of liquid and gas rate, are, as before, approximately
similar to those found by other workers studying gas film controlled

systoems,

]

The variation of plate efficiency with gas and liquid
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rates considered separately 1s as predicted by the gas residence
time studies, but the combined effect is the opposite of that
expected, i.e. at low liguid rates, gas rate has a minimum effect
on gas resicence time, but has a maximum effect on plate

efficiency,

The effect of gas residence time on number of transfer
units 4s shown on Fig, 6.6.  The values used are in Table 6.3.
As expected, due to the abovs-wmentioned conflict, it is not
possible to correlate any of the 9oints by a linc drawn from the

origin, Some of the points can be correlated by a line through

NOG = 0,8, but it is not possible to demonstrate clearly a linear
relationship betweecn NOG and tG.
6.3 COHIARISON OF ¢ 3 TRANSFER RESULTS

B e T Yy WS p——

6.%,1. Adr/carbon tetrachloride system

The efficicncies of the air/carbon tetrachloride system
were calculated from the measured efficiencies of the air/water

syovem using the method deve 1opud\qzroter et al, as discussed in

Section 1.6. The nlate cificiencies EMV were converted to the
number of transfer units i OC by the equation:-

N = 1In (1 -1 )

o & MV

As both systems are completely gas=film controlled, the
number of transfer units for the air/carbon tetrachloride system
Noé: i3 obtaincd by multiplying the number of transfer units of

3

the air/water system N _, by the ratio of the corresponding

OC
Schmidt numbers as in the following equation:-

¥
N 1 = oy ( SC)
0G 0G (gl ) 2
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The values of 3¢ and S¢ are obtained from Sections 3.1.1 and

3.7.2.

Thus for any given F factor and liquid rate, the value
of NOG for the air/carbon tetrachloride system can be colculated

and hence EMV

the plate efficiency.

Calculated values for air/carbon tetrachloride plate
efficiencics are compared with exverimental values in Table 6.4
and Fig. 6.7, It can clearly be seen that the predicted values
for EMV fall substantially below the measured values, As can be
seen from Table 6.4, this is not due to the difference in gas

residence times,as in all cases the value of t, is higher for the

G
air/carbon tetrachloride system at identical conditions of gas
and liquid flow. The discrepancy is most likely to be due to
the low experimental mass transfer results for the air/carbon

tetrachloride system as discussed in Section 6.2,

It is possible that the method of prediction is Wrong y
and to explore this suggestion further,-the data of Ellis and
Rose were used. These authors find that their EMV valuzs for the
air/carbon tetrachloride system calculated from their air/water
results were substantially lower than their experimental values
and suggested that this is due to the lower froth density of the
air/carbon tetrachloride mixtures. It was noted in Section 6.1
that the air/water results of FEllis and Rose agreed closely with
the present work at the lower liquid rates. It is reasonable
to assume that this is due to similar structures of the air/water
froths and it was also assumed that at the same liquid rates the
structures of the air/carbon tetrachloride froths would also be
identical. This assumption was necessary as 5llis and Rose do
not give any information on froth structure. For an F factor
of 0.72 and Ly = 200 and 300 gal/hr fta, the present air/water
results were used to calculate corresponding values for the number

of transfer units for the air/carbon tetrachloride system as in
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Table 6.5. The present work, Figs. 4.9 and 4.10, was used to
obtain values for the gas residence time for both systems at
T = 0.72 and LV'= 200 and 300 gal/hr ftz. The value of the
number of transfer units was thon corrected by multiplying by
the ratio of the gas residence times. The lincar conncction
between N, and t, has already been established Figs. 6.2 and

oG
6.5. This gives a corrected value for Ny, for the air/carbon
. on . " .
tetrachloride system and)converting this to the corresponding
value of va, good agreement is reached with the experimental

values of EM obtained by %llis and Rose.

Y

This comparison gives support to the suggestion that
the method of calculation is correct and that the mass transfer
results for the air/carbon tetrachloride system found in this

work arc artificially low.

6.%3.2 Gas absorption system

As the gas absorption system is not a humidification
system it is nossible that there is also a resistance to mass
transfer from a film on the liquid side of the phase boundary.
If this is the case, then Eguation 1.17 applies. Towever, in
this system studicd here, th:z value of m was found to be so low
(r = 0.0018) that the effects of any liquid film can be ignored
=nd the system treated as gns phase controlled only. This also

means that the effects of liquid mixing can be neglected.

Accordingly valucs for E were calculated from the air/

.
water results in the same mannerugs in 6.3.,1 and were compared
with the values determined experimentally. The comparison is
shown on Table 6.6 and on Fig. 6.8 for liquid rates L, = 200
and 400 gal/hr fta, As can be seen, the calculated values are
'Considerably below the experimental values. This can be

explained by examination of the gas residence times given in the
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last two columns of Table 6.6. The gas residence times for
the air/water system are all substantially lower than those for

the gas absorption system at identical gas and liquid rates.

The results were corrected for this difference, as in
the previous section, by multiplying the value of the number of

transfer units for the absorption system, N calculated fronm
L y b}

e
oG’
the air/water system results, by the ratio of the gas residence
times. The comparison between the values of the plate

1 . .
MV calculated in this

manner, and the experimental values are shown in Table 6.7 and

for values of I- = 200 and 400 gal/hr £t° on Fig. 6.9. The

efficiency for the absorption system E

agrecment 1s much better especially at the higher liquid rates.
The difference between experimental and calculated values at the
lower liquid rate is vossibly due to the discrepancy between the
experimentally detormined values of gas residence time and
number of transfer units as discussed in Section 6.2.3%. How~-
cver, 1t is safc to assume that the difference between the
experimental and calculated values in Table 6.6. can be
attributed,at least partly)to the divergence of gas residence

times at identical gas and liguid rates.

It is also possible that corrections should be made for
cifferences in interfacial areas at identical gas and liquid

ER
r_"..b\:\Su

As the experimantal values for the ailr/carbon tetrachloride
system scmed to be artificially low, it was considered pointless
to calculate gas absorption efficiencies from this source but the
data of Ellis and Rose were used instexad. The comparison of
calculated and measured values is shown on Table 6.7 and, as can
be seen, the agrecment is good, probably because of similarity of
the gas rdsidehce timzs. (The gas residence times for the air/
carbon tetrachloride systems are taken from the present work as

in Section £.3.1).
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?.__CONCLUSIONS
Studies of the hydraulic behaviour of the air/water, air/
carbon tetrachloride, air/decalin and air/carbon
tetrachloride/decalin gas absorption systems on the 9 in
diameter sieve plate used in this work indicated that the
structure of the froths of these systems were not dependent
solely on the gas and liquid rates. It is suggested that
differences in physical properties of the three systems have
an effect on froth structure and hence on the area and time
available for mass transfer. An equation is presented
1§g2;§§;égé% the fractional gas hold up in terms of surface
tension and liquid density as well as gas and liquid rates.
It *as not possible to obtain a correlation for gas residence

time or interfacial area.

The effects of gas and liquid rate on mass transfer of the
three systems were found to be the same in general as those
reported in the literature. Jhere direct comparisons were
possible it was found that the air/water mass transfer
results agreed in magnitude with those of other workers
whereas the air/carbon tetrachloride results were much lower,
It was concluded that the method used to calculate the air/
carbon tetrachloride results was in error due to the very

large temperature difference across the plate.

The three systems were found to be solely gas~phase
controlled and comparisons were wmade of the experimental

values for plate efficiency EP with the values calculated

v
by the Gerster method. Considerable disagreement was found
and it was concluded that this was due to differences in gas

residenceﬁtimes for the three systems. #hen corrections
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were made for this, agreecment was good or significantly

better,

When efficlency predictions of the gas absorption system by
the Gerster method from both aqueous and organic sources

were made and when identical gas residence times were con-
sidered, or suitable corrections wade, agrecment was found

to be satisfactory in both instances.

It was concluded that, in using the Gerster method to pre-
dict plate eofficiencies, it is not always correct to base
the prediction on similar gas and liquid rates andjﬁéﬂé
experimental data gaie ncecessary on the effects of system
properties on the structure of froths on sieve plates
operating under normal conditions. It is possible that the
influence of system properties could be a direct result of
theireffect on frotn structure and consequently interfacial
area for mass transfer or an indirect result of their effect
on the stability of froth and hence on the capacity of the

downcemers which will govern the volume of froth on the

plate and consequently the gas residence time.
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APPENDIX A

Measurcment of concentration change in dilute aqueous solution.

it bk et B e S et s i Sy e it MR A pef ey Bd e TR S e S M (e T G B e G A B ot e eyt P B et S ey et et A BAS AR S My g PR S S s A e T s A e S P

In an attempt to improve the Garner and Frashwater
method106 for plate efficiency wmeasurement which depends on a
change in concentration of an aqueous solution, four systems
were studied. The first was the measurement of concentration
change by the change in elcctrical conductivity of a solution.
Klectrical conductivity can be measured very accurately for very
dilute solutions and at first sight was a very convenient
method. However it necessitated large supplies of distilled
water, or large quantities of solute to nullify the effect of
the changce in conductivity of tap water, both of which

considerations were not practicable.

The sccond choice was the use of flame photometetry to
measure minute guantitics of sodium. The flame photometer can
measure to 3 ppm of sodium in water hbut this material was not
suitable again due to the unavailability of large guantities of
distilled water and due to interfercnce from sodium in tap
water., Lithium was then considered as there would be no inter-
ference from tap water or other sources. The accuracy is about
4 ppm and an exploratory run was tried using lithium chloride.
The results were fairly satisfactory but the accuracy was not
as good as was expected and the apparatus had to be carefully
calibrated as the rclationship between scale reading and

concentration iz non-linear.

The third method considercd was the concentration of a
very dilute solution of a radioactive substance. The accuracy
of measurement is extremely high, and wmeswurcment is dome auto-

matically. Thi= 32sa Nad to be rejected on the grounds of cost
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and because some of the radioactive material would be entrained

into the laboratory atmosphere with conseqguent danger to health.

The fourth and final method considered was the use of a
dye solution and measurement of the concentration changes with
an absorptiometer. This method seemed ideal at first as, only
small quantities nced be usced, and analysis is simple fast and
accurate, however scome difficulty was experienced in selecting
a sultable dye. The most dlaportant criterion is that the dye
does not affect the properties of water and with this in view a
short-chain acid dye Azo Rhodine 2g was chosen. This dye was
used for the hydraulic studies for the air/water system, but in
the first mass transfer runs, the concentration rate fell at a
much greater rate than was expected and it was realiscd that the
dye was adsorbing on the metal and rubber surfaces in the
apparatus, The apparatus was cleaned and repainted and rubber
Parts were replaced with copper. L search for another dye was
conducted and several were rejected on the grounds of either
their effect on the properties of water or their adsorbing
tendencies. Eventually a disperse dye was selected and found
to be satisfactory. Dyes of this class arc actually insoluble
and form an extremely fine dispersion of which the concentration
or optical density can be measured by an absorptiometer in the
same manncy as a normal dye sclution., The name of the dye

chozen and found satisfactory was Duranol Brilliant Yellow.
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APPENDIX B
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If the concentration of a solute in a solvent is

4 where q is the mass of solute

and ¢ is the volume of solution,

the rate of concentration is

4
dc _ d )
dt at

aq

--q —r—
= dt
QZ

If the rate of change of volume of solution is constant, as in

a humidification process running under steady state conditions

dQ
— - B
dt
. de - B
dt Q2 as g also is constant,

then the rate of concentration of solute 1s inversely proportional

to the square of the volume,
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APPENDIX C
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The viscosity of carbon tetrachloride vapour was cal-

culated from the equation of Hirschfelder, Bird aand Spotzqq7.

i
5 266,93 (MT)? (v
/u X ’]O'D = )
' G 2 (Wte))

\ . . . . . o
Wnere,ﬁl is viscosity, cP, M wolecular weight, T tcuperature 'K,

(37 molecular diameter, is a function of the collision

v
w(2)
integral obtained graphically. The equation was solved using

nomogrophs published by Bromloy and Wilke122, Values of the
viscosity were obtained for 15, 20, 25°C which was the range of

operating temperatures.

Viscosities of the mixtures were calculated by the

3

‘)- 167‘ 17 Of J‘,\]‘Olﬂma.rl.

-+

equation on

_ Wa M
Map PR " m’fz"&"‘"
17+ 1B T+ *A
= KAB K
BA
Yp 43

I

The ~ LM g 2
where KAB { 1 +CF§) (ﬁ%i ;7

2o Ma 7%2
V2 ~ Mg ~

L R gk o

/1 - A
and KBA = - (/UA) (MB) -
L
— - Mp 1o
1 —_

2 Z " Mp “7
where/klAB is viscosity of mixture, YA and YB molecular fractions,
Ay and‘/UB, viscosities and MA and MB molecular weights of the

pure components,
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APPENDIX D
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The underlying principle of this analyser is that the
thermal conductivity of a gas mixture is proportional to the
concentration, Fhen current is supplied to a wire enclosed in
a2 gas filled chamber, the tewmperature rises to an equilibrium
value at which the rate of energy supplied by the current is
equal to the rate of energy lost by the wire in the form of heat.
The heat will be lost in four ways, by conduction and radiation,
gas convection and gas conduction. Provided the first three
effects can be minimised or held constant, the value of the
equilibrium temperature of the wire will depend on the thermal
conductivity of the gas. Thermal conductivities of gases vary
feirly widely e.g. the value for hydrogen is seven times and that
for carbon tetrachloride about a quarter the value of air.
Consequently, if a second gas is introduced to the chamber, the
value of the equilibrium temperature will alter, due to the
change in thermal conductivity, by an amount depending on the
concentration of the second gas. 50, if the equilibrium temp-
erature for a gas mixture can be measured and compared with the
equilibrium temperature of a component, the difference will be a

measure of the concentration.

Since tne resistance of a wire is proportional to the
temperature, measurement of the former may be used to determine
the latter, especially in this case, where the current used for

heating may also be used for resistance measurement.

Resistance is easily measured by the Vheatstone bridge

and this is the arrangement caployed in this instrument.

The comparison device or katharometer comprises four
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identical platinum wircs enclosed in separate cells in a solid
block, each of which is the arm of a Wheatstone bridge. In
this case, threc of the cells are fitted with alr and sealed,
and the gas sample for anslysis is introduced to the fourth.

If the gas sample is also air, the bridge will be perfectly
balanced and the grlvanometer deflection will be zero. If the
sample introduced contains carbon tetrachloride, the difference
in conductivity will throw: the bridge cut of balance and

the value of the galvanomoter caflzction will depend on the
concentration of the carbon tetrachloride. The galvanometer
can be calibratad by introducing samvnles of known concentration.
In this case the galvanometer was calibrated by the manufacturers

to read directly in volume per cent.

Description of apparatus.

s SO O o e Sy S g N Sy S S T SV (T R M W AT o e

. Originally, it was intended to analyse the gas stream
above and below the plate in the absorption column and for this
purpose two Yin diam.copper pipe lines lead the gas from the
sampling points to a two way manifold mounted on the same back
plate as the katharometer itself. Inmediately after the mani-
fold, flow was controlled by a needle valve and the gas then
passed through an absorption chamber containing calcium chloride
to remove water vapour before entering the katharometer. The
gas stream, on leaving the katharometer passed through a glass
float gauge and the flow was adjusted by the needle valve to the
recommended value 2as designed by a mark on the gauge. The gas
could then be returned to the column but as such a tiny flow was
involved, it was vented to the atmosphere. The galvanometer was
a standard Cambridge indicator fitted with a selector switch for

either of two scales, 0-10% and 0-207. by volume, to allow for the
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difference in range of concentration of the two samples. The
calvanometer was connected to the katharometer by compensating

leads.

The absorption systcem was used in two arrangenments, with
the air in open or closed cycle. With the system in closed
circuit,the column was under suction and the gas samples had to
be drawn through the analyser by a water jet cjecter cperated
by a small pump. This aspirator was also used to purge the unit
by drawing air in from thc laboratory. Then the absorption
system was on open circuit, the sample of gas was able to flow

through the analyser under the pressure of the column.

As there is a danger of the carbon tetrachloride
condensing in the lines of the equipment, the analyser was in-
stalled inside a box with a Ferspex door. The box was heated
by an electric light bulb and a small air blower circulated the
air which was ke»t at about BOOC when the instrument was in use.
The sample lines were heated by a small 50 watt heating tape

controlled by a Sunvic controller.

Operation.

One disadvantase of this instrument is that there is an
operational time lag as the teuperature of the wire in the cell
changes. This meant that as the runs werc necessarily short,
it was not possible to use both sampling points. The sampling
point above the plate was fitted with a de-entraining device,
Fige 5.13,cmbodying the cyclone separator principle. However
the rate of flow of the gas to the analyser was not sufficient
for successful operation and as the entrained droplets tended

to form a film, with consequent ~dditional mass transfer, it
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was decided to use the lower sompling point. As this in turn
was liable to interference from liquid weeping from the plate
above, the sampling point was moved to the line just before
entrance to the column. Before the atart of ecach run, the
light bulb and air circulator in the air hath were switched on.
The aspirator arrangement was switched on also to draw air
through the meter. This was essential as carbon tetrachloride
tends to build up on the calcium chleride in the absorption
chamber and the flow through the cell is so small that it was
thought stagnant pockets would exist unless purged. About ten
minutes was necessary to allow the air bath to come to working
temperature and for the reading on the galvanometer to fall to
ZeT0. Occasionally, the galvanometer was re-zeroed by an

adjustment fitted to the Wheatstone bridge for that purpose.

During the run, provided the preliminary procedure was
carried out, the performance of thc meter was highly satisfactory,
giving a continuous, easily r2ad rcading. As the values of the
gas concentration were usually in the range 0~7%, only the
0-10,. scale on the golvanomcter was used, attempts were made
to check the recadings by passing saturated carbon tetrachloride/
air mixtures at various temperatures through the meter but the
error in this method was too high to provide a check on the

galvenometer recading.

Comments.

Analysis is always a problem in mass transfer research,
and while in this case the claims of the manufacturers were not
guitc met, the instrument employed gave a highly satisfactory
method of continuously reading the concentration of gas entering

the absorption column, The instrument could be read accurately
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to the first decimal place and the second estimated with a high
degree of confidence. This gave an accuracy of hetterthan 1%
for a full scale deflection of the lower scale range (0-10%).
Its main disadvantage was in the time lag which prevented

analysis at two different points.

The applicability of this type of instrument to other
mass transfer research systems must be cousiderable. Conversion
scales can be obtained to enable the meter to be used for

differcent mixtures.
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The two sieve plates used were identical, being fabricated

from 1/8 in brass plate. The overall diameter of cach plate

was 14 in and the internal diameter 9 in. A drawing of the
plate is shown (Fig. B.1). Each plate had 69 3/16 in diameter
holes on a 3/4 in triangular pitch which gives a free area of 5%,
Twin 1 in diameter downcomers were fitted to each plate. The
inlet and outlet weir heights were bhoth 1 in. The plate was
designed to have a variable weir height by fitting inserts, but
only the 1 in insert was used. One of the plates used im shown

on Plate 4,
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A sketch of the psychrometer is shown on Fig. F.1.
Air is drawn down a % in diameter glass tube fitted with two
thermometers, by a small centrifugal air blower, The thermometer
nearest the fan is connected to a water reservoir by a cotton
wick to ensure that the surface of the thermometer bulb is
always wet. The thermometers read to and were correct to

1 deg C.

This arrangement ensures that the psychrometer operates
above the minimum gas velocity of 15 ft/sec recommended by
Treybal,? while the fan being upstream of the thermometers pre-

sents any errors due to the heating effect of the fan,
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SYMBOLS USED
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Function of diffusive properties of gas phase (secmq).
Function of diffusive properties of liquid phase (sec_q).
Area available for mass transfer (ft2).

Area available for mass transfer (ftz/ft).
Orifice coefficient. ]

Initial concentration, units of optical density.
Final concentration, units of opnptical density.
Average concentration, units of optical density.
Humid heat, (Btu/1b).

Diffusion coefficient (appropriate units).
Diffusion coefficient of A through B (fta/hr)
Diameter of bubble  (£t).

Bddy diffusion coefficient (fta/sec).

Diffusion coefficient in gas phase (cma/sec).
Diffusion coefficient in liquid phase (cma/sec).
Diameter of orifice  (ft).

Overall column efficiency.

Diffusional plate efficiency.

vlurphree gas phass nlate efficiency.

rurphree liquid phase plate efficiency.

Murphree gas phase point efficiency.

Hurphree liguid phase point efficiency.

F factor = V 0.5

S .G .

F factor through orifice = VO Y GO'5'

Mass flow of gas tased on cross sectional area of
column (1h/hr £L2).

Mess flow of air  (1b/hr).

Molal flow of ges  (1b mol/hr),

sbsolute humidity  (1b/1b).

Gas hold up as fracticn of total hold up on plate.

Humidity of air at eauilibrium conditions (grain/lb).



h Humidity of air at inlet  (grain/lb).

h; Pressure drop across orifice (in HZO)

ig Enthalpy of gas phase (Btu/1lb).

iL Bnthalpy of gas phase at temperature of liguid (Btu/lb).

KOG Overall gas phase mass transfer coefficient (ft/hr).

Kop Overall liquid phase mass transfer coefficient (ft/hr).

kG Gas film moss transfer coefficient (ft/hr).

ko Liquid film mass trausfer coefficient (ft/hr).

L rass flow of liquid, based on cross-sectional area of
column (1b/hr ft2).

Ly, Molal flow of liquid  (1b mol/hr).

LV Volume flow of liquid, based on cross-sectional area of
column (gal/hr ft2).

% Reflux ratio, dimensicnless.

M Total mass of water lost from system (1b).

m Gradient of equilibrium curve,

m Henry's law constant.

N, Mass transfer rate of diffusing component A (1b mol/hr ££9),

NG Number of transfer units in gas film.

NL Number of transfer units in liquid film,

NOG Overall number of gas ph?se transfer units at a noint
Number of sas phase tiszsfer units over plate for gas
phase controlled systewm,

oL Overall namber of liguid phase transfer units at a point.
Number of wmixing pools.

P Total pressure of system (mm Hg).

p* Total pressure of system (atm).

Pe = Peclet number, dimensionless = 2L UL

% Volume flow of gas (ftz/hr).

ReO Reynolds no. through orifice.

Psychrometric ratio.
-1
Rate of surface renewal (sec ).

Sc Schiaidt number, dimensionless = 2§£
D
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Temperature.

Absolute temperature (°K).
Initial time  (hr).

Final time (hr).

Mean time (hr).

Time of exposure of element of liquid at phase boundary.
(hr).

Gas residence time (scc).

Liquid residence time (sec).

Mean liquid velocity ccross plate (ft/sec).
Volume (ftB).

Gas velocity through column (cm/sec).

Gas velocity through orifice (ft/sec).

Superficial gas velocity, velocity through bubbling
area (ft/sec).

Initial mess of water (1b).

Final mass of water (1b).

Mass of water lost by entrainment (1b).
Mass of water lost by humidification (1b).

Concentration of dlffu81no component in bulk of liquid
phase (1b mol/ft3).

Concentration of diffusing component at phase boundary
(1b mol/ftI).

Composition of liquid leaving plate n (1b mol/ftz).
Composition of liquid leaving plate n+1 (1b mol/ft2).

Compogition of lquld in equilibrium with gas leaving
plate n  (1b mol/ft2).

Concentration of diffusing component in bulk of gas
phase (1b mol/ft’).

Concentration of diffusing component at phase boundary
(1b mol/ft2).

Composition of gas laaving plate n  (1b mol/ft5
Composition of gas leaving plate n-1 (1b mol/ftz).

Composition of transferring cowmponant in gas phase in
equilibrium with ligquid on the plate (1b mol/ft3).
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Composition of gas leaving plate_n, in equilibrium with
liquid leaving plate (1b mol/ft2).

Thickness of laminar film between two phases (ft).
Clear liquid height (in).

Froth height (in).

Distance travelled by liquid (ft).

Jeir height (in).
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Relative volatility.

Frece area, fraction of column cross section.
Surface tension (dyne/cm ).

Kinematic viscosity (fta/hr).

Dimensionless number = m 9M b

Ly
Latent heat of vavourisation at O°F (Btu/1b).

Viscosity.

Viscosity of gas phase (cP).
Viscosity of liquid phase (cP).
Density.

Density of foam (lb/ftB).

Density of gas phase (1b/ft3)u
Density of liquid phase (lb/ftB).
Density of gus or liquid phase (gm/cma).
Specific gravity of froth.,

Change in humidity of air, {(grain/lb).
Change in enthalpy (Btu/lb). ‘
Plate pressure' drop (in Hzo}.

Dry plate pressure drop (in HEO)'
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