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SUMVARY

This thesis is concerned with the absorption of carbon dioxide in water
at partial pressures of the order 1-20 atmospheres.

In the introduction, the literature ©n the various types of gas
scrubbers has been surveyed with reference to the absorption of a sparingly
soluble gas at high concentrations and partial pressures. From this dis-
cussion, it was decided to investigate the absorption phenomena of carbon
dioxide in water using a countercurrent bubble type absorber.

Fart 2 of this thesis discusses the compressibility and equilibrium
data for carbon dioxide in the pressure range 0-36 atmospheres and in the
temperature range 0- I00®C. A new equation of state for carbon dioxide,
based on the beattie equation, is derived and compressibility and fugacity
charts have been drawn up using data calculated from this equation. The
solubility data of carbon dioxide in water, from various sources, are re-
viewed and compared and a large scale solubility chart has been constructed.
The applicability of henry's law and the fugacity correction to Henry's law
are also discussed.

In Fart 3 the absorption phenomena of carbon dioxide in water using a
countercurrent bubble type absorber has been studied. The effect of the
following operating variables on the absorption rate has been determined;
(i) liquid velocity, in the range 0,03-0,20 ft./sec.; (ii) gas velocity,
in the range 0.06-0.25 ft./sec.; (iii) partial pressure of carbon dioxide,
in the range 2,5-14 atmospheres; (iv) bed height, in the range 0.5-5.5 ft.;

(v) temperature, in the range 10-30®C; and (vi) porosity of gas distributor,

in the range 70-10,000 microns. In general, the bubble type absorber has
proved successful for the absorption of large quantities of carbon dioxide

from mixtures containing high percentages of carbon dioxide and is superior



to packed and spray towers for the absorption of this particular gas,
Finally, in rart 4 of this thesis, the mechanism of formation of

gas bubble beds is investigated. Experimental data on the sise, number,

and distribution of bubbles in the bubble bed are discussed in relation

to the formation of fluidised and foam beds. The effect of different

porosities of gas distributor on the bed density and bubble size and shape

are also investigated for various liquids. It is shown, that the bed

density at any superficial gas velocity is a function of the number of

bubbles per ml. and the average volume of the bubbles produced.
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1.1,

'his thesis in concerned with gas absorption al high partial
pressures, in ,articular withethe absorption of carbon dioxide by water
at partial pressures of the order i-20 atmospheres.

the problem of removal of carbon dioxide from gas mixtures is
common!, encountered in industry, where many processes produce quantities
of pan contaiiiing from ID to 90 carbon dioxide, the mrta.in-.ler being
02Qrgen, nitrogen, carbon monoxide, hydrogen or mixtures of these com-
ponents. here are several possible methods of removing carbon dioxide
from these gasess-

1] Absor, fion in caustic alkali or ammonia to form she carlonaves
and bicarbonates;

2} Absor, lion in ethaxolamine, followed, by regenemtio:,, of the base;

A)  Absorption in water.

In recent years much work Ims been don© on absorption of carbon
dioxide in ethanola&ine by various workers such as Oxyder and faloney”,
working with ackeu cowers, and Jixon? and also Oharabers and all'-’,
using centrifugal scrubbers of the Piazza stillhead type, high absor,.-
tion rate coefficients haw been obtained but ethanolamina solutions
suffer from the disadvantages that they deteriorate by oxidation and
ax*O corrosive to iron"*

.Vater scrubbing, however, resorts ini©resting possibilities for
gases containing large percentages of carbon dioxide, especially if

pressures greater than atmospheric are used, vhe effect of increase in



pressure is to decrease the amount of scrubbing water required, owing to
the greater solubility of the gas at higher pressures, and to reduce the
volume of gas being handled, which is especially important if large
quantities of gas are to be treated. This reduction in the quantities of
material involved will decrease the sisse of the absorber, possibly to a
sisse comparable with or smaller than that of a scrubber using a chemical
absorption process. Consequently, the relative advantages of water and
chemical absorption are closely linked with the relative coats of gas
compression compared with the cost of caustic or ammonia solutions, in
case (1), and the coat of heat for the regeneration of ethanolaraine, in
case (2). Practical evidence for a beneficial effect of increased total
pressure on the absorption rate of carbon dioxide has been noted from
observations on overall plate efficiencies in plate absorbers, 0 *Connell®
and also Drickamer and Bradford” have shown that plate efficiencies increase
with total pressure,
1.2. CARBON DIOXIDE AS A 3PAKIM3.T aoagU QAS

Carbon dioxide is one of the less soluble gases, having a Bunsen
absorption coefficient of 1 ft? of carbon dioxide (calculated at M.f*F.)
per ft? of water at 15<*C and 1 atmosphere partial pressure of carbon dioxide,

this can be compared with an absorption coefficient of 785 for ammonia,
one of the more soluble gases. Consequently, very large quantities ©Of
water are required for the absorption of carbon dioxide compared with that
required for ammonia. According to Sherwood and &igford? the rati© of
liguid to gas flows by weight, for carbon dioxide, must exceed 880, while
a similar liquid to gas ratio for ammonia is only about 5.

The Whitman theory** of absorption of a gas by a liquid assumes that



when a gas arid a liquid are brought ir-.o contact in© main bulk of both
fl.das is in iuroulent flow am. thus uniftozraly mixed# Adjacent to the
interface, however, and on either sia© of it, there are assumed to be thin
films of gas and liquid in streamline flow# It is further as tnod that
the reaistance of the soluble gas «o mass transfer *s located wholly in
these fliras ami the main bulk of both fluids offer no 'resistance. .here
is no evidence of an a-preoiable diffusion resistance at the actual inter-
face# 'herefore, -his resistance is assumed to be ®ero and the two phases
mo in equilibrium at all points on the surface# In a later paper howls
and I&tnan9 relate the individual mas transfer coefficients of tit© films
with the overall inass transfer coefficients am show that for slightly
soluble gases the resistance of the liquid film to mao transfer controls
the rate of absorption#

1 1
H = H + . u;

(where I»l is the oveiall mass transfer coefficient baseu on the liquia
piiase; kp and k& are the individual film mass transfer coefficients of
liquid an- gas respectively3 an i/ is the hemy’s law constant for the gasy

The coefficient 1; is a me&s are of the solubility of the gas in the
liquid# It is evident from equation (+) that if 4 is sufficiently small,
the gas film resistance may be negligible in coia.arison with the liquid
film resistance#

A ra her more accurate criterion for detemitting the absorption con-
trolling; film is described by horris and Jackson?” using the dimensioriLess
ratio p /tip, where is the density of the soluble gas at its actual
temperature and pressure and ¢ is the total pressure# For an absorption

operation in the absence of any chemical reaction, Morris am Jackson give



the following rough gui<i© for determining the relative magnitudes of the

gas aiid liquid film resistances;

1) ‘When <8 x ICr4, gas film control is likely;

2) Mien > 0*8# liquid film control is likely;

3) For intermediate values, the resistance of both films may be
significant.

Applying this guide to the case of carbon dioxide arid water# and
using values of p arid U calculated from data in the International
Critical Tables, it is found m 1¥06 at Pil*I'# It can there-
for© be assumed that the absorption of carbon dioxide by water is liquid
film controlled at N*f*IV  An increase in total pressure may cause the gas
film resistance to increase# since it ,ill reduce tine ditasmionless ratio,
hov/ovor, an increase in the dimensionlesa ratio will also be caused by
an increase in the partial pressure of the soluble gassince this will
increase p , For pure carbon dioxide up to x>reasurss of 10 atm*it can
safely be assigned that the liquid film resistance will predominate anei
control the rate of absorption* . -p -

1*3. ABoOEmoff KAIK3

before discussing the types of gas absorption equipment available for
a liquid film controlled absorption process# it willbe helpful to out-
line the various units used in measuring the performance andefficiency of
an an absorption operation.

The principal unit used in reporting the rate of an absorption process
is the overall mss traxisfer coefficient. This is derived in the Whitman
two film theoxy of absorption and is defined as;

3 # &L(x* —x) —_  — — — (8)

%
(where B is the rate of mass transfer, x is the concentration of a
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bx; -1 43 a product, %&> which reyrcuc to the overall capacity eooiticient
¢ a volume hasis. liva Itja ro,rerGnt.o the mte of in.,or;.base diffusion
a* -nolsB per unit 'iae -sr ail volume er unit -aivirjg foi*ce X/ iexras ¥’
ooricv, ti'atior.'j for a liquid, film controlled, ahsorvtion ,jroa-ss, and is
ctehiae - hy the equations
Ba IV = Kla(xV- x)dv — (3)
(where Ba in t?.e rate of mass i-rannfer aa moles jer unit vohme of equi.|>-
mert airi Vis the w»lr?ie- of the absorption process
For a courhercurreri a-.-norptioi-i o.,oration oq.u-iiion (3> can be siiapii-
flee to:

\% = (1;

a.
ha/! Xj.
(where h is the hei ht of the Absorption procesK” - is the cross-oectioml
area of column, andAx.,; is the mean driving force in terms of concentrations
tiuxjughout the absorption volume;*

A more convenient metho-i of reportin;-; the $>erfortaaiK3e of an absorption
X-»xocess is basea on the height of a transfer unit wliicJi was first introduced

by Chilton and Colburn”*# hhis raetXiod is used frequently in practical



design work as it is simple and easy to calculate and the resistance to
mass transfer is expressed in the terns of an experimentally detemineu
number which has the dimensions of length only* Che basic concept is that
estimation of the height of a toner always depends upon the evaluation of
a definite integral, such as ti-ie followd.ii for a liquid film controlled

absorption process:

(K. #*u )0 dx Pn
)

where tide subscripts 1 ana 2 refer to concentrations of the mmn in liquid
in the inlet and outlet liquid streams respectively®* 'Che value of the
integral, whic is dimcnsionless, expresses the difficulty o) absorbing
the solute from the gas| it is. greater the smaller the mean driving force
and the larger the required din; e in gas composition# iliilton and
Colburn have called it the number of transfer units base on the overall
liquid phase drivigg force#

If the equilibria and operatic lines are straight, then the value

of the integral can he evaluated using the logarithmic ;uan driving force.

shen:
pv u i x2 ~ X
(6)
A xlm
diere [ %= / .*m )
A = LT T - - -
% _ .
In }g"+ X9
(*f - xg

If, however, the equilibri .n and'or o.eratlsg lines are curved then the
integral mast be solved gmphically, taking into account the effect of

changes in the mean driving force throughout the oolurrj%.



Frofu the mjmb&r of transfer units an-, i.ha ex. eri mentally measured
sov/or height the value of the Aei;qht of a.u overall transfer unit, for a

ligquid film controlled. absorption process, becomes:

jvt.u.;* « TCTil . — —  — e
(J Gy o (e)

The relationship between Kjja ami (H# «in”  %:

(h.T. U.)0" e

A v
(where L ia the liquid rate and is the density of the liquid; e
At even simpler method of report!;- . the absorption rade lata is the
iise oi the absorption oilicxonqy, °* Vi-Lon is wuo2 as aollowse
X) - x,
WA 13 ' [ (1333 (lO;
x2 ~H

(based on the inlet gas concentrations; and as:

- X,
B (1)
§+- X
1
(base mon the outlet ;as concentrations/*
,che ove all abyor.djion efficiencies, ar*i havn advantages over

the (luT.J.)qi. ana K'a. concepts for cmrelaiin- tlie data from counter-
current absorbers where 1&r e amounts of rgas arc absorbed and mean drivin
forces chan', e throughout the absorption-: op”Pion. P is more convenient;
to use in design calculations, since it avoi ,s the com;eutaiion of mean
concentration gradients, ana in addition can be use direcvtly in calcu-
lating cower requirements for pressure absorbers* (n.e -action 5.2,;.

In 'his respect, IU is more useful then <%, sines the lafc'.er may have

values considerably greater than 100 for countereui-rent operations.



X.4. AD.uiuTIQh TO

Industrial equipment for as absorption can usually >% classified
as quo of thx-ee types, each saving as its principal ob”eotive the
promotion of interphase contact between as an., liquid. In order to
inveswir-ate the absorption of carbon <.dojd.de by water under pressure
«he literature on the three standard types of absorption equipment has
been surveyed to find which is most suitable for trie absorption of large
pcicentages of a gas whose absor -tion rate is controlled by the liquid
film resistance.

X. towers.

dpruy towers consist of lor e empty chambers inuo the top of which
the liquid is sprayeu by moans of measles or other atomisin? devices;
the -droplets thus fcrned are thssn allowed to fall to the pottea of the
tower hnough a stream of gas circulating upwards* Although diffusion
is slow inside iho drops, the continuous formation of fresh liquid sur-
face at the spray nozzles allows absorption & take place rapidly. The
gas film resistance around the *roys bein relativeiy small owirsg to
the velocities with which the liquid oro.;s are profiled into the
'smas.

the M in disadvantages of this type of absorber is that the drop-
lets firsv formed may coalesce, thus reduaii® the surface area for ab-
sorption, arm that the liquid is liable to be entrained in the gas stream
even at low gas velocities.

In gejtiexal spray towers liuve been fotmu more suitable for applications
involving small changes in composition of the gas being treated, and
where the gas film resistance controls the rate of absorption. This is

ejcactly opposite to the’conditions specified above, so that iiiis type of



tower has been rejected for the study of the absorption of carbon di-
oxide.
1.4.2. Packed towers

The most common type of absorption equipment is the packed tower.
It consists of a vertical shell set on adequate foundations, and filled
with one of the numerous types of inert packing material. The operation
is usually countercurrent, the solvent being distributed over the packing
at the top of the tower and passing down over the packing in thin liquid
films, while the gas passes up through the free space between the wetted
particles of packing.

To ensure maxima absorption efficiencies it is necessary to obtain
maximum wetting of the paekin material by a good liquor distribution.
Even if this is obtained the liquid has a tendency to flow towards the
walls leaving unwetted lacking in the middle. This leads to “channelling's
of the liquid and gas streams through the tower without obtaining the
maximum possible interphas© contact. Another serious disadvantage of
packed towers is that the large volumes of solvent needed to absorb a
sparingly soluble gas may flood the packing and interrupt the absorption
process.

Cooper, Christl and Peeiyi2 have investigated the absorption of
carbon dioxide in water in a tower packed with R&schig rings and have
found the (H.T.U )q" values to vary from 2 to 10 ft. depending on the
liquid to gas flow ratio. These values may be compared with (H.T.U.)
values of the order of 0.3 to 2 ft. for a vexy soluble gas such as
ammonia. For equivalent absorption a packed column for absorbing carbon
dioxide must be about 5 times longer than a tower for ammonia.

Consequently packed towers are more suitable where the gas is vexy



soluble, the liquid rate is low, and the charge in composition of the gas
is small and therefore not suitable for absorbing large quantities of
carbon dioxide.

1.4,3. Gas bubble and plate columns

Auite opposite in principle to spray towers are the gas bubble units
in which the gas is dispersed in pools of liquid, or a continuous des-
cending liquid phase, in the form of fine bubbles. The subdivision of
the gas stream may be accomplished by forcing the gas through a porous
plat© or cylinder placed at the bottom of the absorption vessel. The
small bubbles manufactured thus present a very large surface of contact
between the phases, interphasediffusion taking place as the bubbles are
formed and as they rise up through the liquid* The liquid phase resis-
tance is reduced by the motion of the bubbles as they rise upwards.

A plate tower is a special case of a gas bubble column, where the
liquid flows across a series of plates through which the gas stream is
risirf,. The depth of liquid on each plate is about 3 in, so that the
contact time is only about 0.25 aec. nevertheless ana also
waiter and Sherwood” have observed high mass transfer rates for carbon
dioxide in water. (Valter and Sherwood using a bubble-cap tray reix>rt
(h*T.U.”j values for carbon dioxide in water in the range 0.1 to i ft,
at superficial gas velocities in -he range 0.25 to 4 ft./sea. and liquid
velocities in the range 0,025 to 0.05 ft./sec,

Datta, Kapler and Newitt15 ilavo shown that a carbon dioxide bubble
of 5 ma. diameter can be completely absorbed by rising only 3-4 ft. in
water at room temperature and pressure. By using depths of the order of
5 ft, and passing the liquid countercurrent to the gas the contact time
may be increased to 3 sec. or more, thus increasing the time of contact

during which absorption may take place.



Bhulman and Malst&d” have studied the use of countercurrent gas
bubble columns for absorption and desorption of slih tly soluble gases,
carbon dioxide and hydrogen, at atmospheric pressure. They concluded,
that bubble columns are superior to packed and spray towers where high
liquid rates are required and where the liquid film resistance controls
the rate of absorption# however, roost of the work of Bhulman and
Moistad. was carried out at atmospheric pressure and was concerned with
desorption* In addition the gases used were uilute so that the gas
velocity did not change appreciably during absorption or desorption#

The absorption of carbon dioxi e in water using a bubble type
absorber under pressure has been discussed by Howard” who describes a
few experiments in which the carbon dioxide content of a burner gas was

reduced from 12 to If. by absorption in water at 75 lb./in? gauge. For
this particular burner gas, Howard used three bubble type absorbers in
series in order to accomplish the stripping and he came to the conclusion
that a continuous bubble type scrubber using ethanolamine was preferable
to water scrubbing# As with the work of Shulman and Molstad the gas
velocity did not change appreciably throughout the absorber and his
partial pressures of inlet carbon dioxide were only of the order of

10 1b./ill?

i.5. ooi«a.uaions

In conclusion it can be said that gas bubble columns are superior
to packed and spray towers for the absorption of carbon dioxide in water
where high liquid rates are required and where the liquid film resistance
controls the rate of absorption# Gas bubble columns would therefore be
most suitable for removing large quantities of carbon dioxide from con-
centrated mixtures.

Very little work has been done on the effect of pressure on the rate



of absorption of carbon dioxide in water or the rate of absorption from
concentrated mixtures where the gas velocities change considerably
throughout the colutrm and wrier© the operating line is curved.

From these considerations a countercurrent bubble type absorber
suitable for high pressures and high concentrations of carbon dioxide lias
been built in order to study the effect of these variables on the ab-
sorption rate of carbon dioxide in water*. A bubble type absorber being
preferred to a plate tower owing to the difficulties of manufacturing

and maintaining the latter.



C MAM/SIBIUTT. FUOrCXTY ilTEj SOhOBlh XTX .DATA
FOR OARBPII DIOXIDE

2%1. XmRObOGZQW

In order to evaluate the efficiency of a gas absorption operation
it is necessary to know the equilibrium data between the gas and. the
absorbing liquid over the rang®© of temperature for which the scrubber
will be used* Purthermoace, in a pressure absorber using a non-ideal gas
as the solute, a knowledge of the comprO»sibiliiy data for the gas is
essential in order to make accurate* calculations of gaseous volumes and
velocity cfianges taking place throughout tiae abnorber* As a preliminary
investigation, therefore, a literature snwey on compressibility and
solubility in water of carbon dioxide was mad© for the range 0-10G°Q
and 0»3" atmospheres*

2.1.1* Solubility data

The following data on the-solubility of carbon dioxide in water were
available:

a) Bohr and Book"® (Wied. Anp*Iiy/s* (3),1899,68,503*;

This paper gives the solubility of carbon dioxide in water at 1 atm*
paidial pressure of carbon dioxide for the temperatuaae, ranine Qr-60°C#
Solubilities are given in Bunsen Absorption coefficients, i.e., the volume
of gas (calculated at K*T.F,; absorbed by one volume of liquid at a certain
temperature and partial pressure of gas, e*g*, ml. of gas ml. of liquid*
b; ZelviriSteiir* (J* Chem* Ind. (if*3*3.E*j,1957,4",1250%)

This pager gives the solubilities of carbon dioxide in water for

the isotherms 0,12.45,25,50,75 and 100°0 over a pressure range 0-90 atm*
The data given are fairly complete for the lower two isotherms, eut at

the higher temperatures only a few isolated points are included in the



range 0-36 atm. The solubilities are given as the volume of gas
(calculated at N.T.i*/ absorbed by one volume of water reduced to 0°C at
a certain partial pressure of gas. A method is also given for calcu-
lating solubilities at any temperature and pressure using the empirical
equation:-

S & ap - bp* -k R ekt ke (-12)
where S « solubility of gas, ml. of gas/ml. of water at 0°C,

p » partial pressure of carbon dioxide in aba. *

and a &fo = empirical constants dependent on temmrature,

c¢) diebe and Gaady” (J.Aaer.Chem* boo.,1939,61,315.51940,62,815.)

These p&pem deal with the solubility of carbon dioxide in water
at very high pressures within the range 0-700 atm., only isolated points
on certain isotherms being in the range 0-38 atm. The solubilities are
expressed as the vo!Zm© of gas (calculated at N.:*P. ! absorbed, by one

gram, of water at a certain total pressure, in this case 25 atm.

Total Pressure Temperature clability
(atm.) (°c) 'mVg.HgO;

25 18 19.51

25 31.04 14.18

25 35 12.95

25 40 11.62

25 50 9.71

25 75 b.82

25 100 5.37

As will be scon from above tine data available are vcxy incomplete,
ana as a consoqueiice, the possibility was investigated of using Henry *s

law to calculate the inquired solubility data*

2.1%2* Henry*a Law’

This law states that the solubility of a gas Is directly proportional



to the partial pressure of the gas.
p « kx 13)

where p » partial pressure of gas in atm.

x a mole fraction of gas absorbed in liquid at saturation
and Kk * the Henry’s law constant.

Using Henry’s law to calculate the solubility of carbon dioxide
in water at 0°Cand 30 atm. from tbs experimental absorption coefficient
of Bohr and Bock of 1.713 at 1 atm., it is found that x* the mole fraction,
is 41.53 x 10~S. The experimental value obtained by Zelvinskii is
25.95 x 10*°, which is only 60 of the amount predicted by Henxy’s law
(see fable 6). This calculation shows that Henry’s law is not accurate
enough for noxttial eaiculattorts. However, it may be possible to use the
fugacity ami activity corrections to Henry’s law for non-ideal gases and
non-ideal liquids respectively.

The corrections to Henry’s lav/ can be written thus¢-

(14)

where f = fugacity of gas in atm.
and a - the activity of the gas in solution*
As the solubility of carbon dioxide in water is relatively small, i.e.,
the solutions are dilute, it can be assumed that a « x (the mole fraction)
i.e., f «kx.

The fugacity may be obtained from the equations -
f ”"

In f » as)
0O K

where ¥ » volume of gas in litres/g.mole,
T » temperature in °K,
p s pressure in atm.,

and & « the ideal gas constant.
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To calculate the fugacity an explioit volume equation of state is
necessary in order to evaluate the integral above. The equation of state
is also useful in calculating compressibility data and therefore the
literature survey also covered equations of state for carbon dioxide.
2.2. p-Y-T REh’IQEhJIPd POP CARBON PIQXXIE
2.2.1. Equations of state

'he algebraic representation of the p-V-T relationship of fluids is
an equation of state* For practical purposes the most useful equations
of state are those explicit in volume* although the most accurate and
common. ones are those explicit in pressure.

Over 100 equations of state are recorded but only about 15 are in
common use. It has been found that most known equations of state used at
present* whether derived theoretically or empirically, can be reduced to

one of two foims,

pY ~ a+bp +cpS , dp- - — — (16) (explicit volume
type)

pv * a+ + *5 + — — (i?) (explicit pressure
type)

a, b, ¢, 1, etc. are functions dependent entirely on temperature and the
nature of the gas. The constants are evaluated frora the experimental
p-V-T data for the fluid.

If we reduce the above equations of state to the compressibility

form, i.e., divide through by RT, then

3 0 Bfr *1It *1f~ +if"”* —

M 0 a b - c d T
= + ~|r~ + - +~~
or RT ~ WT 1PBT m T Q

where C « compressibility factor of the fluid.
If in (18) we then substitute p a BT/V”, where Vp is the ideal gas

volume, then



If ET is included within the temperature functions the virial forms

of the equation are obtainedthus

& -U
C a * £%L h-mg + @« (21/ (explicit
% vi vi voltaic)
, of <
and C » +-—$+ 2 4ds. 4 —<& W (*"2j (explicit
1 \% *> p/ssur®)
mhsra'q, * 'off etc. are known as the virial coefficients and are

dependent upon some function of tem perature and the nature of the gas.

If the most common equations of state are transposed into the OK*-
pressibility forms, we obtain the table of virial coefficients shown at
the end of this tiiesis? where the constant© K, a, b, c¢s etc. are dependent
on the nature of the gas (fable 1).

cxame of the equation seem to have more constants than is stated
in column (4;, but tliis is because the later constants are derived from
the earlier ones, e.g., van tier Wa&lsl equation, constant X ag.

Other common equations of state such as the die”“erioi, Keyes and
Groodenough equations can also be reduced to approximately the same fora*
but complications occur due to the use of exponentials (bielertel and
Keyes) and fractional powers of temperature (Goodenough). The Benedict-
obb-Eubin equation falls into this* class anu is included in Table 1. to
show how nearly it approaches the general form. It will be noted that
the exponential term is a function of volume as well as of temperature
in the Benedict-..obb-kubin equation*

Table t compares briefly the most common equations of state and
leads to the following conclusions:

a) On the whole, explicit volume equations require a greater number
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of virial terms to give the same accuracy as explicit pressure
equations over the same range of temperature and pressure.

b) A large number of terms is required to give even reasonable accuracy
over small ranges, especially near the critical point. A minimum e
of five empirical constants is required to give reasonable accuracy.

c) The virial coefficients appear to follow a definite series in I/T.

2.9.2. Explicit volume equation of state for carbon dioxide
The critical temperature of carbon dioxide is 31.04°C which occurs

near the middle of the temperature range Q~1Q0°C used in this thesis.

This fact increases the difficulty of obtaining an equation of state which

will accurately portray the experimental data both above and below the

critical temperature.
The literature survey produced the following data on equations, of
state, explicit in volume, for carbon dioxide,

a; Cawood and Patterson'F (rrans.hoy,ooc, 193d,Addo, 77;.

This paper gives an equation of state for carbon uioxide of the

forms-

Jgp. = 1 - Ap — — —  (23;
where A is a constant dependent upon teaperature.
This equation is only accurate over small pressure rsuiges (0-5 atm* at
most) and is of no xm& in accurate determinations of physical properties
over appreciable ranges.
b) Linhart22- (j.Phys.Hhea.,1933,37,645; 1934,38,1091)

These papers give an equation of the form:-

ILZ=+ ,pk . (24)
o " I,

where V<U« the ultimate molal volnne of carbon dioxide,
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Vi a Ven/fo where Vo » 1 at f©O a 2?3.13°K and i atm,
(i.e. . Charles law is assuned to be obeyed
carbon dioxide at 1 atm.)

Vp a volume at pressure p*
and k = a constant dependent on temperature.
This equation is not sufficiently accurate for exact calculations#
a) iichols and Ajciieis*3 (PiCO*Boy#,*oc# 1956.A1b3.2Q1)

This gives an equation of the fom ;~
pvV & A+ 3d+ G2 + da3 + — —

where d » Am&g&t density of the gas, and A, B, C9 J9 etc., are coiiatants
dependent on temperature*
This portrays the data accurately, but no simple method. sesum to be
available for Interpolating the constants for isotherms other than the
ones used#

d; Aaron and Turnbu 12 (J#Amer. Chen¥ Soe« .1942,44,2195)

Hits paper gives an equation of fecsmi-
AN O 4f ‘T A 1)‘7]
X A ir R
& & &
JL JL UH Ao A [np v 26)
[ 17 av3 T

vxhere i r and Tr a reduced pressure and temperature respectively, and
NS ai* empirical constants*

This equation gives accurate results for a very wide of temperature

and pressure above the critical point# The lowest limit of application

is fj» s 1*30, which for carbon dioxide corresponds to a Loupexature of

12T°C# This is 25°C outside tlie range O-IOO"C* the x-ange over which data

are required*
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e) Beattie® (Proc.Mat. /load.Sci*, ash.,; ,19-30,16,14-.)

This paper gives the explicit volume equation derived from the
Beattie-Bridgesnan explicit pressure equation. For carbon dioxide this
explicit volume equation gives an average deviation of f (maximum 6. 6p&
over small temperature and pressure ranges. Ahen the equation was de-
rived, Beattie pointed out the possibility of adding extra empirical
constants to increase its accuracy for specific gases.

In conclusion therefore, it was decided to use the Beattie equation,
as a starting point in the calculation of the p-V-T xelationaitips of
carbon dioxide.

2.2.3. Experimental p-V-T data for carbon dioxide

A search of the literature provided the following data on the experi-

mental p-V-T relations for carbon dioxide,

a) Aniagat2” (Int. Grit. Tables, Vol.I1l, p.li).

Tjaagat gives th& p-V-T data for carbon uioxicie over a wide pressure
and temperature rarige but outside tise range 0-56 atm.

b; Andrew27 (Phil.Traits. .1876.166.421.)

This paper give® various isotherms of p-V data for carbon dioxide.
Three of these isothenas (6.5,64,100°C) have experimental results in the
pressure range 0-36 atm. and will be used in verifying the accuracy of
Beattie's equation of state.
¢J Michels and Michels2* (Proc.Boy. Soc. .1936.Aj55.2Q1.)

This paper lists pV data for carbon dioxide over eight isotherm®
(0-100°CJ in the pressure r&hge 0-56 atm. and will be used in verifying
the accuracy of Beattie's equation of state.

Comparison of Sxperimental Methods of Andrews and Michels and Michels.

a) Temt”raturei Andrews measured his temperatures with a precision of
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0.GloC but had difficulty in maintaining constant temperature control at

each isotherm® The lowest isotherm '"varied from 6*06 to 6.90°C, temperature

being maintained by cold running water* The temperature was controlled

at 64°C by vapour from boiling methyl alcohol and at 100°C by steam*
Michels and Michels used thermometers divided by 1/1Q 0 1GC and

maintained rigid temperature control by using a thermostat#

b; treasure: Andrews used a mercury reservoir suspended below two glass

tubes containing air and carbon dioxide respectively, A screw arrange-

ment forced mercury up the tubes compressing true gases, the volumes of

which could be read to O.lcc. The pressure was measured from th’e air

volume using the equation
a 3 ~ — 27

where pn « pressure in atm.,

V- volume of air at ,

= volume of air observed at t°C,

Ot= the coefficient; of expansion of air,

and ¢q = the difference in mercury levelin the air and carbon
dioxide tubes.

Throughout his work Andrews assumed the compressibility of air- to be
unity (i.e. ? the volume for an ideal gas;, because at that time no
p-V-T data for air were available. If £ is known it is possible to
coixeot Andrews* data to true pressures, but since he gives no values for
this correction his data can be corrected only approximately. Andrews
states that £ was never greater than 0.25 atm., but usually considerably
less. The maximum possible error artsin from this source is therefor©
2. ¥e occurring at 12 atm. f Andrews* lowest pressure value.

In correcting for the compressibility of air £ has therefor© been
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ignored leaving the pressure equation as

?2«(1 +ctft)

PA — — — 128

Holborn and Otto” give the equation of state for air at 0°C as:
pv * (1.0006 - 0.000603p + 0.00000302p2) — (29)

At K.T.i* ps pGal atm. and V « V0
therefore pOV0 = 1.000
Since the manometer in Andrews/ work is at 6-7°C in all cases, a correction
has to be applied to the above equation. The assumption of Charles *
law is reasonably correct over such a small temperature range, which
gives the equation as:

- (1.0006 - 0.000603P ¢ 0.0000080**) T/SW.13 30)

where ? = temperature of air manometer in °K.
Let the numerical value of calculated from the above equation
be X. Then:
— # X (m&re pg » 1 atm. and » true pressure)
PoVo
i.e*®, P* = XWA i — — — — (31)

dividing (31) by (28) we get that:

~ -

PA '(l-JVLi t) ) ) (32)
This gives a method of calculating the true pressure from Andrews * data
to within 2,Sp4,

Michel© and Michels used a gxaduatea tube over noercuxy. The pressure
was Increased by an oil pump till the mercury touched a social make or
break contact in the tube at a known volume level# The pressure was

measured by a pressure balance and corrections applies for the height of

mercury anu the hydrostatic head of oil, This gave piessure measurements



accurate \o the fourth decimal place*
c) Carbon dioxide preparaiions jurairews obtained ids carbondioxide by
the ac-ion ofOOgfree sulphuric acid on marble cidps# fhecarbon di-
oxide was uessicate® by Rising i*c through U-tubes containing ciiloride-
ion free piaaice moistened wild sulphuric acid#
diciiols ana r.lichels obttiineu their carbon dioxide from a special rhree
stage low temperature distillation process#
d, Conoiusions Praia the above oonsiaeraixona it usill be seen that the
rcstilta of Michele and Michels axe the most accurate data available and
will therefore be used as the basis for testing the accuracy of the
equations of state for carbon dioxide*
d#f#4, i-ulUi used In culc;J*a/lions>
QC a mimt&K,
H + 006206 litre f atm#/g*mol# °K?
Gram molecular volume of OQg at 2611 litres*®
The gram molecular volume of carbon dioxide can be obtained from the
compressibility data thus:
Michels anu Michels” |£ve the value of (1 +\ }, the ccmpressibility
coefficient of carbon dioxide at as 1*006824 and the gram molecular

volune is given by the equation

KTo 0.08206 X 278.13 L
V. " TT¥ C006B24 " 22%3611

2*%8*5# The Beattie equation

The .Beattie Equation is generally mitten as;

V = (ir.+») (1 -€) - ART — — 35)
for one mole of gas, v
where A= A(t - ) ; B » BQ(I - b/*)

€ * o/IfT5 ; 1T a RT/p
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and for carbon dioxide

A0 » 5.0065 a « 0.07152
Bo - 0.10476 b » 0.07255
c a 660,000

The sim plified equation used in calculation is

V « Q10476 4 RT - 5.0065 - Q.QQ7579P + Q.557064P
p RT m r2t2

- 660,000 - saMaM + sagkaae? ~ (34)
ts RT4 R #

Xf this is written in the general compressibility fom (see section 2. 2.1.)
this gives:

Cal + £-(0.10476 - 20102 _ “0O0j000x
\ T Ts

- 7 g(0.007579 - +J8y& L§j
¢ L-(*QSSt2¢£ — — — 35
L(*Qsst2¢) (35)

The volumes of carbon dioxide at various temperatures and pressures have
been calculated and compared with the experimental values of Michels and
Michels (Table 2A) and Andrews (Table 3A). The fourth colisan shows the
difference between calculated and experimental volumes, and the fifth
column the percentage deviation*

Tables 2B and SB show the average and maximum deviations of Beattie's
explicit volume equation from experimental results. There is an average
deviation of 2.5<$ and a maxiratra of 11.89”" at 0°0 and 33.4 atm. for the
results of Michels and Michels.

From these tables it is clear that the Beattie equation of state for
carbon dioxide does not represent the data accurately enough f°r the cca-

putation. of physical properties, e.g., compressibility factors and fugacity



coefficients, and a more exact equation is required,
2,2,6, The new equation of state for carbon dioxide

From the discussion on equations of state it is seen that the greater
the accuracy required the more constants are needed. The Beattie equation
is suitable for addition of extra terns and two further empirical terms
have been added from a consideration of the deviations of Beattie *s
equation from the experimental results of Michels and Michels*

The compressibility fora of the new equation isj

| + 2L (0%10476 - Qi«%le * QQngg)Q - sz NN

A2
% (0.007679 - 1iS&frS + .§§1% !)

+JL (SSgsSg . ~ 693" ,x.1QIQ) (36)

w o I® $5
1

The term (-2,47 x 102*/T ") has been added to the second virial coefficient
and the term (-2,69354 x has been added to the fourth virial
coefficient of the Beattie equation. The number of empirical constants
has been increased to seven*

The volume explicit form used in the calculations is:

v = 0.i0476 + M _auocioa . 360.000 . 2.47 * 1027
P T §K} TI2

A (0.007S79 - & 58335 +
(37)

for 1 mole of gas and where ®FT/p,

Using this new equation the volumes of carbon dioxide at the tem-
peratures and pressures used for the Beattie equation have been calculated
and compared with the experimental results as before. (See the last two

columns of Table® 24 and 3A,)



26.

The average and maximum deviations are shown underneath the values
for the Beattie equation in Tables 2B and SB, There is an average
deviation of 0,17 and a maximum of 0,35":. at 0°G and 16,5 atm, for the
results of Michels and Michels,

A further test for accuracy ms carried out with some random experi-
mental points and the results axe shown in Table 4, The deviations are
well within the average and maximum deviations already found.

These deviations are well within reasonable limit© of error and this
equation of state for carbon dioxide will be used to calculate the physical
properties of carbon dioxide,

2.2.7, The compressibility factor of carbon dioxide.

The compressibility factor of carbon dioxide has been calculated from
the new equation for the isotherms 0, 10, 15, 20, 25, 55, SO, 75 and 100°C
over the pressure range 0-36 atmospheres, The results are shown in
Table 5 uivier the column (0 ana have been plotted on a large scale to show
the variation of G with pressure and temperature over the required range#
A photographic reproauction of this graph is shown in Plate I, These
curves will also be usea for calculating gaseous volumes and velocities
of carbon dioxide in the pressure absorber,

At 0°G carbon dioxide liquifies at approximately 34 atm* and the 0°C
isothem has therefore been stopped at 33 atm*

From the graph it will be seen that as temperature increases the
compressibility approaches unity, the value for an ideal gas* The curves
also tend to approach straight lines the higher they are above the critical

temperature of 31,04°C,

2.2.8, The fup;acit:v coefficient of carbon dioxide

ill© fugacity is obtained from the equation
fr

* _ .

In f » o KLdp. — (i6)
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Substituting the new equation of state for V we get, on integrating and

siiaplif/ing,

Inf . JL (0.10476 - atfIMB - M JIIO 8 -
P Vi tjta
- ~1(0.007579 - +
t (5002.59 _ 2.69S54 .X1010, 38)
3vd3d  T5 T*

wiiere m HS/p and f/p « the fugacity coefficient*
The fugacity is obtained simply by multiplying the fugacity coefficient,
f/p, by the pressure, p*

Tbs fugacity coefficient has been calculated for the isotherns
0, 10, 15, 20, 25, 35, 50, 75 and 10G°C over the pressure range 0-36 atau
The values obtained are listed in Table 5 under f/p. These results have
been plotted on a large scale chart showing the fugacity coefficients
for the various temperatures and pressures over the required range. A

1 photographic copy of this chart is shown in rlate XI*

From the graph it will be seen that as the temperature increases
the fugacity coefficient approaches unity, the value for an ideal gas*
The curves also tend to approach straight lines as the temperature in-
creases®
2*5% THE aOLUBIhXTT OF CAKBOfl DXOutldg IT* dATIR
2*5,1*% Units

As will be seen in the introduction (section 2*1*1,) the data avail-
able for the solubility of carbon dioxide are in different units* For
comparison all units have been transformed into Bunsen absorption co-
efficients, i, ©., the volume of gas (calculated at H*T*P. ! absorbed by
1 volume of water at a certain temperature and partial pressure of carbon

dioxide*
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Selvinskii used units of ml« of gas (calculated at per ml.
of uaier reduced to 0°C and a certain r”*artial pressure of carbon dioxide*
IThese units are changed to Bunsen coefficients by multiplying the
£elvjnskii solubility by the ratio of the density of water at t°C to the
density of water at 0°C*
s.g., #B°G riig0 - 0.99707 g./al.
at 0»C " * 0.99987g./ml.
and the ratio » G. 99721
fh® calculated MLyvirsskii solubility at 25°€ and 10 atm. is
7*15 ml* gaa/sil* rater whiloh is etpiivalent to a Bunsen co-
efficient of 7.13 x 0.99721 « 7.11
fhe units used by v&ebe and Saddy are in si. of gas (calculated at
iViti *) per Ig. of water at a certain total preaaure and temperalore* 'Vo
change solubility to volume/voluiae it is o0z&y ncoassary to multiply by
the density of water at that temperature.
to change total pressure to partial pressure it is necessary to
correct for the effect of total pressure on the partial pressure of mter
vapour. .('he correct partial pressure can be calculated from the roynting

relationship below?

where p and 1 ai'e the vapour prcasmfo a;*]1 the total pressure on the water
resactively, V the partial mola! volume of mter, and v the partial
Eiolal volume of water vapour.

As tli© partial racial volumes are not known the mol&l volumes are
used in each case. At 100°C the perfect gas law does not hold accurately

enough for saturated steam and the vapour pressure must be calculated
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from Poynting*& relationship in conjunction with the Callender equation
of state for steam, while at all other temperatures the perfect gas law
can he used.

ifdebe and Caddy, using Pointing's relationship and the Callender
equation of state for steam, obtained the partial pressure of vmter
vapour at 100°C and 25 atm. total pressure as 1.018 atm.

Partial pressures for the lower isotherms are evaluated as follows:

AE a 1. »

L, ?2 = M (for water) — (40)
AP \% 'V !

where M» molecular weight and p m density of water at I°K.

How v MRT/p (the perfect gas law) so that:

E s QES «* m  f4l)
dp RTp v

i.a., differential fonu oan I>e written as

M .. --Lap — — — (42)
P RI.>

Integrating this between Po and p for left hand side and pQand P for the
right hand side, wegets
In pt * WZ> ~ po” ~— ~— _ (437

wliere pQ * water vapour pressure and p » water vapour pressure at P atm.

e.g., At 18°C pQO a 15.480 mm of % « 0.0204 atm.
p a 25 atm. p » 099862 g./ml.
then I°&m P ® p * 18.018 (25 7.0QJ
Axy A 2.503 x 0.08206 x 291.13 x 0.9986

pa 0.0208 atm.
i.e., partial pressure of carbon dioxide « 25 - 0.0208
- 24,9792 atm.
Mole fraction:

In solubility ejaculations it is more usual to use the mole fraction



of the gas in the liquid. This is obtained from the solubility co-

efficient by use of the equation:

18.016

where x is the mole fraction of carbon dioxide, HgO is the densityof
water at t°C and is the Bunsen absorption coefficient at t°C.
3.3.2. Zelvinakiies data
She data available in the paressure range 0-36 atm. have been listed
under Selvinskii experimental mole fraction in Table 6 for the isothems
0f 23, 50. 75, and 100°C. As will be seen these data are very incomplete,
especially at the higher temperatures, arid it is necessary to use
2elvEnskii*s equations to fill in the blanks. These, as mentionedin. the
introduction (section 2.1.1*} are empirical equations of the form
8 x ap —bp” (i2)
where S=solubility in ml. of COg (calculated atN.T. ; per ml. of
water at 0°C.
p srpartial pressure of (COg in atm.
and a&b » empirical constants dependent ontemperature.
The constants given by "elvinakii for- the various isotherms are

listed below:

TOC a b
0 1.84 v 0.025
25 Q.755 0.0042
50 0.425 0.00156
75 0.308 0.000966
100 0.231 0.000322

Comparing the 28 exi>eriiaental points in.the tables with the corres-

pomdng calculated values from the above equations, it ms found that the
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average deviation was 0. % with a maximum of 2.64 -«

Zelvinskii plotted these constants agfcinat temperature and obtained
a curve which would enable the constants to be read, off at any required
temperature. Ke checked this curve /47 calculating expected solubilities
at 12*4S°C and confirmed them by exjxsrimeafc. The results obtained are

shown below, the empirical equation being

S ® 1#08p —Q.CUOSp2 45)

p atm. Calculate” x Experimental xx 10® % dev.
1 0.865 0.878 1.48

5 4*135 4.151 0.39
10 7.806 7.751 0.71
16 11.023 10.912 1.02
20 13.763 13.660 0.76
25 16.127 16.174 0.29
30 18.027 18.471 2.40

The curve, therefore, seams to give a fairly accurate method of inter-
polating solubilities and a replica of ielvinskii’s ciiart has been drawn
pie. 1). This curve was used to find the constants for the isotherms
10, 15, 20 and 35°C, from whion the values of the solubilities at these

temperatures were calculated.

The constants were found to be

f°oC a b
10 1.231 0.0133
15 1.000 0.0089
20 0.862 0.0061
35 0.588 0.0025

The solubilities calculated from Zelvinskii*s equations are tabulated
in Table 6. Since these calculated values give a complete coverage of

the temperature and pressure ranges, they were used as a basis for
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comparison of the experimental data, Henry’s law and the fopacity cor-
rection to Henry’s law,

2.5,5. The data of Bohr and Book

The data of Bohr and Bock for the isotherms 0, 10, 15, 20, 25, 35
and 50°C at 1 atm, partial pressure of carbon dioxide have been used to
calculate theoretical solubilities according to Henry’s law and the re-
sults are tabulated in Table 6*

The Henry’s law constant for each isotherm was calculated from the
data of Rohr and Bock thuss

it 0°C and 1 atnu 3 » 1.9X3 ml.gas/ml*water

x - 0.001385

K * p/x * i/0.001585 a 722.0
Using this value of K in the equation. x » p/k. the mole fraction of carbon
dioxide in water can be calculated for any pressure.

The deviations from. 2elvinskii*s calculated solubilities are shown
in. the column adjacent to the Henry’s law data and show tliat Herdsy’s la?/
cannot be applied with any accuracy above 1-2 atm. for the low temperatures
though at 55 and 50°C the accuracy is within £ up to 10 atm*

At 75 and 100°C the value of Zdvinskii* calculated solubility at

1 aba* was used to find the Henry’s constant and it will foc seen that the
accuracy rapidly improves till at +0Q°Q it is possible to get within gg
of the correct value at 38 atm.

A deviation summary for iieniy’a lav/ is shown in Tables 7 & 8.

The fugacity correction to Henry’s law was also applied to the re-
sults of Bohr and Bock and the values obtained toother with 'the deviations
are shown in Table 6* flere again at low temperatures the agreement is not
good but it is still a considerable improvement over Henry’s law itself.

The deviation falls rapidly with increase in temperature and at 25°C it
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will be seen that there is a maximum deviation of 6 at 36 atm* Above
25°G the deviations level out and legend more on the deviation of the
data of Bohr and Boole from the data of &elvinskii at 1 atm* rather than
on the inapplicability of the fugacity correction to Henry's law* A
deviation summary is given in Tables 7 and 8.

Table 9 compares the deviation of the data of Bohr and Bock from
kelvinskii's experimental and calculated values at 1 atm* partial pressure
of carbon dioxide* The average deviation is 5 *

Fig. 2 gives a graphical representation of the deviation from ex-
perimental values of Henry's lav/ and the fugacity correction to Henry's
law*

2.3.4. The data of Ilebe and Gaddy

The data of .iebe and Gaudy at 25 atm. total pressure for the isotherms
35s 50, 75 and 100°C were char ,od to Bunsen absorption coefficients by
the method shown in the discussion on solubility units (section 2.3.1.J.
From these results the constants for the fu>aciry correction to Henry's
law were calculated and the values obtained from the use of the correction
are tabulate” in fable Galor® ..1th the deviations from helvinskAA *»
calculated results. Deviation summaries are given in fables 7 and 8 and
it will be seen that the data obtained are in agreement with Selvinskii's
results with a maximum deviation of 3.G- though the average is of the
oxMor of 11.

Table 10 gives a comparison of interpolated belvinskii solubilities
(from Fig* 1) with the available experimental data of Wiebe and Gaddy*

The deviations show that the accuracy of usiig. delviiuskii * interpolated
equations is wiihiin an average of + 2, of the- true experimental data, me

deviation at 18°G of 6 from the experimental value is rather high but as
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the other points agree so well it seems reasonable to assume that the

experimental resuit of .'iebe and Gaddy is in error.

2.3*5*% Conclusions

1. She solubilities of carbon dioxide in water at high partial pressures
calculated from henry's law and the fi“&city correction to iienry’s
law, based on the absorption coefficients of Bohr’ anu Bock, are always
higher than actual experimental solubilities, (fable 6, 7, 8 and Pig* 2).

2. llerary*® law can only bo used up to 6 atm* with an accuracy of *
tilo-ugh tue accuracy rapidly improves with increase in temperature above
33°C.

3. The fugacity oorxeotion to luxury's law using the -data of Bohr and Bock
at, | atm®* improves the accuracy. blow 25 €C the correction can be
use., up to 10 adj. v.-idn an accuracy or * 5 . Above 25°C the deviations
are positive by a constant value of about B-4i widen indicates a con-
stant exierimental error in the data of either Bohr and Bock or
&elvixiskii. Allotfdug for this constant deviation trie fugacity correction
applies almost exactly at temperatures above S0°C. (fables 6, 7 and 8.}

4. The results obtained, by 'Bohr and Bock disagree 'with those extrapolated
from Zelviiiskii’s equations at 1 atm. by about 2" and this is the
experimental error indicated above. (2able 9j.

5. In general the application of the fugacity eorrecrion to Henry’s law
usihg a single value of iebe and Gaddy gives excellent agreement with
3elviriSk.il *s data above 2bQC. (Tables 6, 7 am 8).

6* inoe the fugacity correction applies well only above 30°C, it is
reasonable to aasuae that below 50°G solutions of carbon dioxide are
not ideal and that some sort of caapound is forrac-a* Gonsequently- the
original assumption that x » a is invalid below 30°C.

7%  Because saturated solutions of carbon dioxide appear non-ideal below



35.
30°C the fugacity correction to single points of both Bohr and .'Book
and Vfieb® and Gaddy Is inaccurate. Consequently it was found better
to interpolate 2elvinskii*a constants at 10, 15, 20 and 55dG from
Fig. 1. rhe accuracy of the interpolation was checked at 18, 31.04.
35 and 40°G and was found to be good within £ % . Table 10 shows
how v/ell this interpolation can be made.

In conclusion it can be said that Eelvinskii’s equations can be used
to calculate solubilities to within + 2 of the true experimental values.
This is sufficiently accurate for engineering designs and. for the cal-
culation of mean driving forces for absorption rates. Therefore, the
values of the solubility calculated fxom Zelvinskii*s equations were
plotted on a large scale graph, plotting the partial pressure of carbon
dioxide against the mole fraction of carbon dioxide in water for the
isotherms 0, 10, 15, 20, 25, 35, 50, 75 and 100°G. As rather a large
gap in the experimental values occurs between 0 and 25°0 Kelvinskii*s
experimental data at 12,43°C have also been plotted on the chart. A

photograph of this chart is shown in Plate III.
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PART 3

Tag ApauJfrTIOfl OF GAPQMDIOXIBB Id YATKR \Smm Pk&SSURE
aSXMG A GAS BUBBLE COLLMW

3.1 . IMIROajUCXIOK

From the conclusions drawn in the introduction to this thesis a gas
bubble column was built capable of working at high pressures and handling
gas mixtures contain!ug high concentrations of carbon dioxide*

This absorber was used to study the effect of the following operating

variables on the absorption rate of carbon dioxide:

a) pressure,

b) temperature,

e) gas rate,

a) liquid rate,

©) liquid level,

f) types of distributors

5.2. JIQUIPVBNT MX? QPiiiMiXOH

A flow sheet of the absorption process and equipment used is shown
in Fig. 3.
Absorption column:- The bubble column consisted of a 3 in. nominal bore
class *CP steel pipe, 8 ft. long and flanged at both ends. The column
was fitted with sight glasses for reading the liquid level and with ten
pet-cocks for removing liquid samples at various heights for analysis.
A bursting disc holder was ©lIso fitted and after testing the column up
to 1200 Ib./in? gauge a bursting disc set for 500 1b*/in? was fitted in
the holder.
later phase:- Water from the Glasgow City water mains was pumped in at
the top of the column, via a 300 gallon storage tank, by an S.C.D. Ltd.,

treble-cylinder plunger pump. This pump was capable of delivering up to
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6 gal*/mlii* of water at pressures up to 450 1b*/inf gauge and the flow
rate could be continuously adjuste .-hil® the puap was in operation*
the exit water rate from the column was measured by a rotameter# /is
this measurement was taken at atiaoapheric pressure it was impossible to
read the water rate during an absorption operation owing to the carbon
aioxide absorbeu at high pressures coming out of solution# 7The method
employed, therefore, was to set the pump to give the desired, flow rate
before starting a run and to check this reading at the end*
Gas phase:- the carbon dioxide ms generated from an 1*0#X* Ltd* fenguin
Liquifier which was cnarged initially with about bo lb, of solid carbon
dioxide (’orikold'l). Nitrogen, -die diluent gas was supplied from a
cylinder of 165 ft? capacity# Bouh gases were metered through orifices
and mixed before passing into the base of the column by means of a suitable
gas distributor.

these orifices consisted of brass blocks through which me drilled
a small hole of 0*063 in. diameter* Bourdon gauges at each end of the
block gave the pressure drop correspondi% to the desired flow rate# A
detailed drawing is shown in Fig# 4*

different flow ranges could be obtained by partially filling the
orifices with wires of various diameters# Before and after each run
the orifices were calibrated at their operating pressure by allowing
each gas in turn to be bipassed to a dry gas mater to measure the flow
rate at atmospheric pressure# The combined gas rate me also measured
and an analysis sample of the gas mixture taken to confirm the individual
readings. The same gas meter measured, the exit gas rate from the column
after absorption, so tliat all gas flaw rates were obtaiiusd on the same

basis.

The pressure drop across the orifice varied from 50 to 400 lb./in?
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so that a ireheater was provided before aaoh orifice to prevent its
blockage with ice due to the temperature drop caused by the Toule-Thomson
effect.

The inlet gas compositions nonaally used were in the rang© 80 to X
ecarbon dioxide, the rest bein? nitro gen#

Operations- The absorber pressure could be adjusted anywhere in the range
0 to 450 1b./in? gauge b throttling back the exit pas and water valves,
all the time keeping the liqui level in. the sight flass constant.

flimn the plant had reached steady state, the exit gas rate after
absorption -was measured on the gas meter and samples of the gas taken
for analysis*  -ampless of the liquid could be taken from the column at
various liquid levels by usin ; the pet«-cocks* The procedure ms to re-
lease the sample under an. accurately known volute of standard caustic
soda solution. (0*1 or 0.2&N) in a measuring flask until the required
volume of iiqaiU (usually 25 m1l.) had bean collected* For this purpose
100 ml. Measuring flasks -were recalibrate::, to allow for the volume. of the
delivery tube under the caustic solution already in the flask.

The pas samples were analysed in a Maefariane Gas Analysis Unit
using mercury as the containing fluid. The amount of carbon dioxide in
the sample ms obtained by taking a measured volwmt absorbing the caxbon
dioxide mth 33T caustic potash solution and measuring the residual volume.

The carbon dioxide in the water was obtained by first measuring the
total alkali (carbonate and hydroxide) with standard acid (0./M) using
methyl orange as indicator* The carbonate was then precipitated with
barium chloride solution ana the ijyaroxide in solution titrated with
standard acid using phenolpfothaleia as indicator. At least three deter-
mii'iatioiis were carried out on each sample.

The feed water was also analysed, for carton dioxiae at the end of
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each, run. the carbon dioxide content of this inlet water was always
in the range 0.08 x 1CI3 to 0.12 x ICT3 lb.mole/ft* of water. By the
complete analysis of both the liquid and gas streams in this way. it
was possible to obtain a material balance around the plant teased upon
carbon dioxide, fhe accuracy of the smpling and analysing techniques
is confirmed by the consistency of the material balance 'obtained which
averaged at 99.4° for 68 runs with an average deviation, of 1.2,.
B S. &A3 PXdTKJBUfOBS

fhe gas was bubbled obtmtereurxent to the water by forcing the gas
through sintered, bronze discs obtained from Metal and Plastic Compacts Ltd*
Coarse, medium and fine porous discs were available the porosities of
which were measured by the method described in Part 4 of this thesis
(section 4.3.). These discs were fitted into a cylindrical, holder, a
detailed drawing of which is shown in Pig. 5,

Another type of gas distributor was constructed from indented
nickel strip 1 in. wine with indentations evexy 2 nmu along its length
oil one side only* These strips were packed into a square brass holder
with either the indentations of one strip facia?, the plain surface of
the next strip or with the indentations of alternate strip® facing each
other, diagrams of the holder and the two arrangements of strips are
shown in Figs. 6 and 7. The pressure drop across the packed indented
strips was about 30 times less than -that across the porous discs.

Other gas distributors investigates, were an open 3/8 in. pipe am
a brass plate of area 0.0307 ft. drilled with four i/8 in* diameters holes.

fable 11 summarises the dimensions and porosities of the various
gas distributors used in the bubble column.

Almost all the measurements cm the effects of gas velocity, liquid

velocity, bed height, temperature and pressure were made with the finest
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of the sinter-a bronse uiaes. in operation, thi;- disc gave a small
pressure drop of between 5 and. 10 Ib./in? across the gas distributor or
bubbler. TIhe values of this pressure drop under various conditions is

clearly seen by referring to the large table of results included in the

folder afc he back of this tlneals.
5.4. liSKdTriBo OP 1"tqqdE: BUgBSM&JS

In the absorber the gas is bubbled countercurrent to the liquid.

At any instant the liquid, holds a certain volume of gas so that the

density of the bubble bed is less than that of pure water. As a consequence,
the level of the liquid registered by the sight glass at the side of the
column is always less than the bed level inside the coluron. In order to

be able to estimate the bed level inside the absorber experiments were
conducted in a 3 in. diameter glass column to find the bed levels inside

the column at various sight glass levels for different gas and liquid
velocities, 1in the glass unit the locations of the bubbler and the sight
glass were arranged to be the same as the arrangements in the metal

pressure column.

Fig. 8 shows the restilts for the fine porous disc at the various
velocities of gas and liquid used in the absorber. Fig. 9 gives the
results for the oilier gas distributors used.

In the calculation of bed densities it has been assumed that the
liquid and gas velocities are so low that frictional ana contractiona!
effects can be neglected. If this is so the bed density can be cal-

culated from the equation;

- iSiiJk — — ek 46
P rb - hB “0)

where hB and hL are the bed and sight glass heights respectively, above

the surface of the disc a 1 s the density of water. Ihe results irom
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the glass column were confirmed on tlie metal pressure absorber where the
bed was not visible by using the pet-cocks to locate the bed level inside
the unit.

Bed tensities at different j;as velocities for stationary liquid are
illustrated by Fig. ID for the fine, medium and coarse discs and. for the
two arrangements of indented strip in Fig. 11,

In general all tbs curves show the same characteristics, namely
that the bed density decreases with an increase in gas velocity until a
more or less constant average value is obtained. Similar characteristics
are well known in the riuidis& tion of solid particles 'by gases and liquids.
b% low gas velocities the gas bubbles rise inuepenbent of one another, but
as the velocity increases the bed becomes a turbulent mass of rising and
recirculating bubbles. As the velocity is increased further, the bed
reaches a point where large plugs of gas are formed which cause the bed
level to rise ana fall a?out some mean value. The maximum and minimum
levels e’re shown by the limits of the shaded- areas in Figs. 9 and 10. In
general, the curves show that the finer porous discs give the lower bed
densities.

fhe effect of liquid velocity illustrated by Fig* 8 is to lower the
bed density presumably by reducing the teiminal velocity of rise by the
bubbles in the bed, thus causing more bubbles to be held in suspension.
However, increases in liquid velocity above 0*144 ft./sec. seem to cause
the bed density to increase again. Ibis increase may be caused either
by slight frictional or contractions! effects across the bubbler or by
the effect of liquid velocity on the sis© or msnbtr of bubbles produced by
the disc. At no point, however, do the bed densities at the higher liquid

velocities differ by more than IQo from the values for the stationary

liguid. 1he accuracies of the bed. levels computed from Figs. 8 and 9 are
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estimated to be about + 2 for gas velocities lower than 0.15 ft./sec,
and ¢ 5 for higher gas velocities.

further work has been dona on this subject and also on the effects
of the properties of ta© liquid on the size and distribution of bubbles
in fluidified foam beds and this wor& is presentee, as Fart 4 of this
thesis.
3.5. dAH{f-uV

1 bubble of a certain aise will rise with a certain terminal
velocity or: rise in water. If the water is given a downward velocity
equal to that oi the terminal velocity of rise, then the buboie will re-
main stationary with respect to the column* further increases in liquid
velocity will carry tnme bubble in the .... ........., as the liquid, risnce,
the effect of too great a relative iiquio to gas velocity will be to
cswry*bubbles out of the exit water line, carry-over in the region of
the bubbler may be caused by the andtiea acceleration of the water in the
annular space between the bubbler ana the 3 in. pipe. Inis effect has
been observed in the glass column* Ihe overall affect of carry-over is
an apparent loss of gas revealed by a decrease in the material balance
around the plant, the effect of increased relative superficial gas-liquid
velocity on the material balance is shown in rig. 12, As the relative
velocity is increased beyond 0,3 ft./see. there is &drop in the material
balance corresponding to *carry-over'4d, hence, with the particular
arrangement used in this case it is advisable to operate under conditions
such that the sum of the superficial liquid and gas velocities does not
exceed 0,3 ft./sec.
3*6. fiflg AluAASSIQfli Orl AhSUHIrTloft KaffaS
3.6.1. Equilibrium curve for carbon dioxide in water.

for the calculation of the mean driving forces causing absorption
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it is necessary so have available accurate values for the solubilities of
carbon dioxide in water over the temperature and pleasure rang© to be
studied. This has been done in fart 2 of this thesis and these results
will be used in the calculations.
5.S.2. Operating line.

Since as much as 90 of the carbon dioxide entering the plant may
be absorbed, the composition of the gas may change from. 85;.' down to dOI
carbon dioxide. As a consequence the operating lines may have a i>ro-
nouncei curvature, while the equilibrium curve may be .almost straight.
Operating lines for various changes in gas coaijposition arc plotted in
Fig. 13. Inspection of the curves shows that the curvature becomes less
pronounced as the change in gas composition between inlet and outlet be-
comes smaller. It ms therefore decided, to investigate the point at
which the curvature of the operating line -was so small that the logarithmic
mean concentration gradient could be used to calculate the values of
(H*f. u.)qt and Kj-a. In addition, the method of Carey and tfilliamson"® ms
investigated. This method allows for the curvature of trie operating line
by determining the driving force midway between the inlet and outlet
liquid compositions ami then correcting the arithmetic mean driving force
based on the inlet and outlet compositions for the much larger uriving
force in the middle. The comparison of the logarithmic mean driving force,
the driving force obtained by the method of Carey and Vvilliamson ana trie
driving force obtained by graphical, integration is shown in Table 12. The
results are expressed in the number of transfer units for convenience.

A comparison, of the raetuod of Carey and il'iilamson with the method
of graphical integration siiows that the two methods agree with a maximum
deviation of better than 4.-. She logarithmic moan driving force deviates

from the driving force calculated by graphical integration by less titan
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4 for gas composition charges less than I8 , by Si for cosi]»sition
changes less than 28 , and by 16- for composition changes less than 40 *
In this connection the change i gas cxmrosition is merely the difference
in composition between the inlet and outlet gas. As a result of the ocom*
pari.sone in Table 12, the logarithmic mean driving force was used for gas
composition changes leas than 186, the three point method of Carey and
-illiam.-on for composition changes less than 40 and greater than /0,
and gra'j hical integration for all com.'osition oharimas greater than 4Qi.

It must be pointed out that in the computation of mean driving
forces it is assumed that a fliodised buhbl@-I>ed operates under true
countercurxent conditions* Xn actual .rac mce, Tig, 19 shorn that the
liquid -iay be completely mixed for distances up to 1.5 ft* from the gas
inlet. As a consequence, the mean concentration gradient computed from
the inlet arid outlet liquid concentrations may be higher than that ob-
tajLnea in practice.
5.6.5. Absorption rafees

Absorption rates can be expressed by an overall absorption efficiency

based on the iidlet gas, by an overall efficiency =V, based on the

outlet gas, by the or by the K*a concepts, where

*q % 30

BA ¢ - -- -- do;

Ef a ' 13- % o> — (it)
k xirmYy
1

(in "j- - - - <«

T 3 b AAXg )

For an explanation of these symbols see the introduction (section 1*3.)
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It must be noted, however, that the- gas velocity through the unit -y
change considerably since as much as 90;; of the incoming carbon aioxide
may be absorbed. For instance, in a typical run where 8Q>o0f the in-
coming gas was absorbed, the inlet superficial g*s velocity was 0.11 ft./sec.
and tte outlet .gas velocity was only 0*044 ft*/sec* herefore, the
mvalues of (1I* '*!!*)  and K"a calculated from equations (8) ami (4) are
overall average values, since the ins-.antaneous values at ary point in
the column may vary considerably from the A.let to the outlet.

ThO overall absorption efficiencies, 1% and %$, k w advantages over
the (li*%1f*and K-a concepts for correlating the data from counter-
current bubble absorption plants where large amounts of gas are absorbed.

I® n&re convenient to use in design calculations since it avoids the
oceaputation of mean coiictntration gradient® by graphical integration or
by the method of Carey and Vdlliamson. In addition can be used directly
in the calculation of power requirements for pressure absorbers* In
this resj.H30t, E* is ®ox*e useful' than since the latter may have values
considerably greater than 10(11 for countercurrent operations®* fhe use of
in calculating these power requirements is shown in Appendix 1 of this
thesis.

from. these considerations,, therefore, the results obtained from the
absorption column have been expressed as overall absorption efficiencies
based on the inlet gas,

Average (H,*U*)0- and- Ida values have also been included for the
comparison of the performance of bubble absorbers with packed towsrs and
to illustrate the general effects of gas velocity, liquid velocity, pressure,
temperature, bed height and porosity on the absorption rate*

It is important to realise that absorption from rising bubbles is a

complex physical phenomenon and that the rate coefficients Bf (K'T'U')(At



and Kja are m*© in of un,.iric*&X eorrnlario.;:. variable!i
rale constants of an exact physioal significance®* Fhese rate constants
by themselves may have very little: xtactical significance, since the
attainment of hi“u absorption rates does not necessarily indicate large
amounts of absorption# On the contraiy, it is possible to obtain, ox-
ceedin* ;ly high absorption. rates under conditions where there is very
little material absorbed, 1ihe designer of absorption equipment is more
often faced with the problem of attaining a practical operating condition,
mwhere high rates of absorption are coupled wi:h large amounts of material
aosox Dim o -%e. plcUL-*
O* 7. ix&3gLuo

A complete list of all the runs carried out in the absorber together
wrtii vun-roes data oaioulauo”™ —  thesSe rosixrL s 1. >ive.j. m u-ic Xarre
table enclosed, in a folder at the back of tliis thesis. Appendix XI
s 'ata xc -+ .0 Hloj ti"e roiodtiS.
5%7*1. ffhe effect of supms'Xci.al .as a~l. liguiu velocities on txd

lit order to determine the effects of superficial gas aid liquid
velocities on the absorption efficiency experiments were conducted under
conditions such that the bed height, inlet partial pressure of carbon
dioxide, total absorber i>ressure aai the temperature were constant. A
plot of against inlet superficial gas velocity 1Q is shown in Fig, 14,
using the superficial liquid velocity ulL as a paiwneier. 2he results are
corrected to an inlet partial pressure of carbon dioxide of 75 1b./inf abs. f
a bed height of 1,5 ft. and a temperature of 15°C. Since the gas velocity
changes considerably as absorption proceeds it is difficult to teoid.e
whetlver the inlet, outlet or average gas velocities should be used, to
correlate the data. As a c*>iisequenoe, the data plotted zsdugg each

of the variables separately* She irAlLct and average superficial gas
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velocities! correlated, the data equally wsll; therefore it was decided to
use the inlet superficial gas velocity as the corrclatii® variable since
it is more con.veid.ent for design purposes*

The sui*rfieiai gas velocities are calculated from the gas rates
measured at atmospheric pressure using the compressibility data for
carbon dioxide already given in Bart 2 of tills thesis. For the purpose
of this calculation the eempressibility of nitrogen was assumed to be
unity, tha value for an ideal gas, over the rang© of pressures and
temperatures used.

At constant liquid velocity the absorption efficiency is observed
to increase with increases in gaa velocity until a constant value of ab-
sorption efficiency is obtained which is independent of further increases
in gas velocity* At the lower liquid velocities of 0%*052 and 0%*100 ft*/sec*
the absorption efficiency rises to a maximum before reaching a constant
value* In all cases, a constant value of the absorption is attained at
gas velocities greater than about 0,17 ft,/W o, An explanation of this
phenomenon can be obtained by referring to th© bed density curves of
Fig* 8 It will be noted that the bed density decreases to a constant
value at a gas velocity of about 0*17 ft,/sec. so that tine initial rise
in absorption efficiency with gas velocity is probably due to an increase
in the amount of gas in the bed, and the absorption o ffieiency becomes
constant when the bed density becomes constant,

Experiments that will be presented in Part 4 of this thesis show
that the average bubble volume in the bed does not change much with gas
velocity, but that as the gas velocity increases the number of bubbles
per unit volume of bed increases* The initial rise of absorption efficiency
with gas velocity can therefore be explained as an increase in the gaa

hold-up which increases the surface area for absorption* From these



considerations, the region where the absorption efficiency increases with
gas velocity will be referred to as the "rising hold-up" region and the
condition where the absorption efficiency becomes independent of gas
velocity will be termed the "constant hold-up** region, flic region be-
tween the two will be termed the "transition" region*

In the rising hold-up region and at constant liquid velocity the *
absorption efficiency is proportional to u§*°k

The effect of liquid velocity is also illustrated by Fig, 14, At
constant gas velocity the effect of increasing the liquid velocity is
to decrease the absorption efficiency up to a liquid velocity of 0,144
ft,/sec* At tills point further increases in liquid velocity up to
0,200 ft,/see, have a relatively small effect upon the absorption
efficiency particularly in the constant hold-up region. In the rising
hold-up region the absorption efficiency is directly proportional to
uE0*43 and in the constant hold-up region it is proportional to uf"*
at constant gas velocities.

Fig* 15 shows tb® effect of liquid velocity in both 'the rising
hold-up and the constant hold-up regions, In the risiiqg hold-up region
the liquid velocity lias a greater effect upon the absorption efficiency
than in the constant hold-up region.

Figs, 20 and 21 show the effect of liquid and gaa velocities on the
average Kja aid (IJ.’.U.)OL tolubs. The rising hold-m> ana the oonataat
hold-up regions are also apparent wiiaxt plotting these variables as is
the relatively small effect of liquid velocity on the absorption co-
efficient above 0.144 ft./sec, This latter effect has been noticed in
packed towers by fan Ardsel(Qt who found that an. increase in liquid
velocity relative to the gas flow caused an increase in the absorbion
coefficient until a "critical* velocity was reached, after which further

increase;?, had little effect.
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5.7.2. 1'he effect of bed height

The effect of 'bed height on the absorption efficiency was investi-
gated by holding all other variables at constant levels. Fig. 16 illus-
trates the effect of 'bed height on ¥FA, average (K. *mU QL and K*& when
the partial pressure of carbon dioxide is 75 Ib./1tS abs. and the tem-
perature is 15°C at various liquid and gas velocities.

In the rising hold-up region the overall absorption efficiency is
proportional to hP* while in the constant hold-up region the efficiency
is proportional to hP *for bed heights between 0.4 and 5*S ft. However,
the plovs of % versus bod height on log-log paper exhibit a slight our-
vatore and this is attributed to the effect of the ratio of bed height
to column diameter at large bed heights.

The effect of 'bed height on the average (li.f.ii.)0" is to cause an
increase in this value proportional to hP*® xi| the rising hold-up region

and to AP*”" in the constant hold-up region.

Average K|a values decrease with increases in bed heights according
to If®*® in the rising hold-up region and in the constant hold-up
region. however, at bed hei#its greater than 4 ft., an increase in
average K*a and a corresponding decrease in average (h*T.tf.) values are
observed? indicating that for long columns, where absorption is almost
complete, there is a region at the top which does not behave as a fluidised
bod. In this region it might be expected that t.e residual bubbles are
so small that they rise independently with vezy little recirculation®
5.7.0. The effect of pressure

The effect of pressure was investigated by making measurements at
constant bed heights a*id temperatures. 7im results shown in Fig. 17 are
corrected to a bed height of 1*S ft. and a temperature of 15°C.

The effect of pressure on the overall absorption efficiency is the
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50*
same in 'both the rising hold-up and constant holu-up regions and is
virtually independent of gas and liquid velocities in these regions* For
inlet partial pressures of carbon dioxide in the range 2.5 atm* to 14*0 atm.
the absorption efficiency is proportional to p_O "3,

X the rising **ol&-up region average Kya decreases with increasing
partial pressure of carbon dioxide according to p*‘5” while in the con-
stant hold-up region the effect of pressure is much greater, being
proportional to p¥i» **

The average (H*T*U, was found to be proportional to po*§ in the
rising hold-up region and |P* in the constant hold-up region*

The effect/ of increasing the pressure is to decrease the absorption
rate, so that it may be impracticable to absorb carbon dioxide in water
at partial pressures higher than 200 lIb*/in* obs* # since the effect of
increasing the pressure on the sise of the absorber may be offset by the
decrease in the absorption efficiency*

5*%7*%4, the effect of temperature

Hi© effect of temperature ontp average (M*T.U* and average K"a
is shown in Fig* IS* The data are correlated to a bed height of 1*5 ft*
and an inlet partial pressure of carbon dioxide of 75 lb*/in? abs*

The effect of temperature is to increase the absorption rate in both
the rising and constant hold-up rogiotis. Ifewrar* the effect is slight
being proportional to ip*] for E& and iT®*] for average (li*T# U jgg in
both regions and for the temperature range 10 to 3Q°C* The temperature
effect is independent of gas and liquid velocities in both regions* Tem-
perature has a slightly greater effect on %a since the exponent of t ms
found to be 0*15 for both regions*

5*7*5*% General correlation equations

For the rising hold-up region the overall absorption efficiency is
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given with an average deviation of + 6% from the experimental value by

the equation¥®.

uQ.6i  ,0.33 0.1
B. = 0.66 —— X - 2-Jmee - — — 4-7)
6.49 033

A deviation summary is given in Table 13.

Equation (47) can be used for superficial liquid velocities in the
range 0.052 to 0.200 ft./see., superficial gas velocities in the range
0.04 to 0.15 ft./sec., bed heights in the range 0%*4 to 5*5 ft., partial
pressures of carbon dioxide from 2.5 to 14.0 atm. and temperatures in the

range 10 to 30°0.

Equation (47) can only be used if the values of E& calculated does

not exceed th© value of % calculated from the equation below

BA = %20 *h?132. 48)
«GA 0 p°-33

Equation (48) defines the limits of the rising hold-up region, and
is the equation of the broken line, MB, shown in Fig. 14, for various
bed heights, temperatures and partial pressures of carbon dioxide.

For the constant hold-up region the absorption efficiency is inde-

pendent of the superficial gas velocity and is given by the equation:

S. = o*sl, *10'22,% £ 1 e, (49)
ug*15 p0 *33

Equation (49) gives values of isAwith an average deviation of £ gJ
from the experimental values and Table 14 summarises this deviation.
This equation applies to all liquid velocities in the range 0.030 to
0.200 ft./sec., and to all gas velocities greater than 0.17 ft./see,, i.e.,
for all gas velocities to the right of the vertical line BG in Fig. 14.
For the transition region the absorption efficiency is bestobtained

by using equation (49) whichgives calculated values offiAwithin + %



of the experimental resalt* (See sable 14;¢

Equation (47; ana (49; show that the absorption efficiency can be
mad© to approach 10Q by increasing the bed height or by deoreasihg the
pressure. Obviously, absorption efficiencies of 100 or greater are
impossible, and when values of more than 100 are oaloulated from
equations (4?) arid (49) it may be assumed that the water leaving the
absorber is almost saturated at the partial pressure of carbon dioxide
in the incoming gas.
5.7.6. Concentration gradients in fluiulsed bubble-beds

Concentration changes through the bubble-bad were determined by
taking off liquid staples at various distances above the porous diffuser
plate by the sampling technique previously described. The dissolved carbon
dioxide in the various samples was obtained 'fay titration. The results
are shown in Fig. 19, and the data tabulated in the large table at the
back. The results indicate that there are three concentration regions
in a fluidised bubblo-bed:
1) A region of about 1§ in. close to the porous disc where there is a
sharp drop in concentration. A similar "end effect” has been discussed
by Geankoplis and hixort” for a countercurrent spray-type extraction
column.
2) A region of about 1 ft. above the porous disc where the concentration
does not change much with distance. This region probably corresponds to
the completely "fluidised” region where; the bubbles and liquid are con-
tinually recirculated in the direction of flow. This will result in com-
plete mixing and a liquid of uniform composition.
3) A region where the gas leaves ana the liquid enters. In this region
there is a sharp change in concentration. This may be caused, by a

stratified layer of water which has not been mixed into the fluidised region,
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This shaxy break in concentration is observed for bed heights of about
1*5 ft. or less, but for heights greater than this the concentration
change is not so sharp but is still apparent.

The presence of a steep concentration gradient above distances of
about 1 ft. from the porous disc Indicates that for bed height to diameter
ratios of greater than 4 there is not complete mixing in the bubble-bed*
3.7.7* ithe effect of plate porosity

To ascertain the effect of plate porosity, measurements were made of

average (H*T. U )™ and average K*a* using seven different gas dis-
tributors with widely varying porosities. The experiments were carried
out at a constant superficial liquid velocity of 0.144 ft.,/sec., and a p
constant superficial gas velocity of 0.125 ft./sec*; the results war©
corrected to a bed height of 1.5 ft#, a .partial pressure of caxbon dioxide
of 75 1b. /in. abs. and a temperatiare of 15°G* Table 15 summarises the results.

Table 15 shows that there is no significant effect of porosity up to
average pore diameters of 3180 miciojis* The results for the two arrange-
ments of indented strip (see Fig. 7) are identical, even though one arrange-
ment has more than twice the number of holes in the same arca as the other.
The results from the indented strip are identical with those from the
porous discs# even though the area of the indented strip bubbler was only
0.0814 ft? compared with 0.0307 ft? for all the porous discs* This would
indicate that the area of the bubbler is not a si*sificant factor.

In order to determine the point at which the nisaber and else of the
holes in the bubbler siuiificantly affected the absorption rate, discs
with +/8 in. diameter holes and open 5/8 in. pipes were investigated. A
plate with only four i/8 in. diameter holes, spaced. 7/8 iru apart at the
corners of a square, gave a value of 8" which differed by only 4.6a from

the average value of % obtained for the indented strip and porous discs
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while the single 3/8 in. hole gave values which differed by only 13*j£*

From the investigation of the effect of porosity, the conclusion
reached is that the pore size, number and distribution of holes, and the
area of the bubbler plate can be varied over a wide range without a pro-

found effect on the absorption rate.
3.8. OfcPhHISOh GOUITKRAOUVHIMI' B'OhBhE-m” ABSuKhMRS WTH PACGQSt TQWHhBS

fig, 20 compares absorption rates for packed towers using data avail-
able in the literature with absorption rates for bubble-type absorbers ob-

tained in this thesis. For bubble-type absorbers the average K/a values
range from 75 to about 500 Xb.mole/hr, jft'i,Ib.mole/ft”, while the operating
values for packed towers lie in the range 4 to 75 lb .mole/hr. ft",1fo"nole/ft?

depending upon the liquid velocity, gas velocity and the type of packing
Fig, 21 compares the data of Cooper, Christl and Peery*2 for the

absorption of carbon dioxide in water in a packed tower with the data

available at present for the absorption of carbon dioxide in water for

countercurrent bubble-type absorbers. The (H.T.U.)" values for bubble-

type absorbers lie in the range 0.75 to 3*5 ft* at an inlet partial
pressure of 75 Ib./in'; abs., while the average (H.T .8,)q" values for packed
towers lie in the range 2.75 to 9 ft*

Shulraan and Molstad1® have made measurements of the rate of absorption
of carbon dioxide by water in a 2 in, diameter glass bubble column at
atmospheric pressure and three liquid rates. Their results at 1 atm. total
pressure and a bed height of 1 ft. are compared with the average (H.f.U.)"
values, obtained in this thesis, at an inlet partial pressure of 5,1 atm.
of carbon dioxide and a bed height of 1,5 ft, in Fig. 20. The results in
this thesis are somewhat lower than, those of Shulraan and Moistad because
of the higher partial pressure, higher bed heights and because the values

are average (H.T.U.Rvalues between inlet and outlet gas velocities.
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In general it may bo concluded that bubble-type absorption towers
give absorption rates which are from 13-10-fold greater than those of packed
topers*
3.9. 0iSQIBTION

The objective of this work has been to determine the effects of various
operating variables on the "behaviour of a bubble-tjpe water scrubber for
carbon dioxide under conditions where large quantities of soluble gas are
absorbed* The results show that the bubble-type scrubber is superior to
the packed tower for the absorption of carbon dioxide in water where the
liquid film resistance? is believed to control the rate of absorption. The
reason for this is undoubtedly connected with the rate of* renewal of the
liquid film* /hen a bubble rises it must displace its own volume of liquid
as it rises through its own diameter. It may therefore be expected that
the liquid film around the bubble is renewed each time it moves through
one diameter. In general it can be expected that the volume of a bubble-
type tower will be about t/3rd to i/lOth of the voluae of a packed tower
for the same amount of absorption depending on the operatir/lg pressure.
The bubble tower has the additional advantages of better mixing through
fluxdisation and the relative independence of th© performance upon the
mechanism of bubble formation and distribution, investigations of the
effect of porosity of the gas distributor plat© show that th© perfoxraance
of the absorber is insensitive to changes in the number, size and distri-
bution of the holes in the gas distributor over a wide range. The reason
for this behaviour is that the bubbles in th© fluidiaed bed result from
the coalescence of two or more bubbles either in the fluidiaed bed itself
or in the region of the gas distributor plate. A recent paper by ueleby
and Tueon3* shows how two or more bubbles leaving; a Jet ©ay coalesce under

viscous solutionis of glycerine in water, Evidence will be presented in



po.
Fart 4 of this thesis to show that the bubble sizes in a fluidised bed
follow a probability distribution and result from the coalescence of two

or more bubbles*

The effect of gas rate is to increase the absorption rate in the rising
hold-up region* The explanation of this has been ascertained by photo-
graphic bubble-bode and measuring the number and. size- of the bubbles as
th© gas velocity is increased* For water it was found that th© average
bubble volume increases only slightly with gas velocity, but the number
of bubbles per unit volume increases more rapidly thus causing a rise in.
the surface area for absorption* The point at which the absorption rate
becomes independent of the gas velocity corresponds to the point at whioh
the bubble~be& holds as much gas as it can, and further increases in gas
velocity cause the formation of plugs or lagge bubbles of gas. Observations
in the glass column show that there is much turbulence and recirculation
at low gas velocities in the rising hold-up region so that it may be in-
correct to refer to this region as the "streamline*, a tern used by Shulmaa
and Molstad.

The effect of liquid velocity upon the absorption rate is best illus-
trated by the effect of liquid velocity on average Xja* The average KlLa
increases with increases in both the liquid arid gas velocities. The effect
of increasing the liquid velocity should be to increase the eddy diffu-
sivity in the liquid fiba moving round the bubble* Although greater
liquid velocities increase the absorption rate the overall effect on E* is
a decrease and on (liT. ii. )Q* an increase. The reason for this is that
both and (IUT.U.JQ are functions of a liquid rate t©O»a other than that
involved in th© effect of liquid rate on absorption rate. For instance,

(H.T.U*)or is related to K*a by the following equation:

oo S )



57*
Jdince the average K*a in Fig. 20 -varies with liquid velocity in proportion

to u?*56 then (K*T.U. should increase with liquid -velocity according

fo ¥

The decrease in absorption rate coefficients with increase in bed
height shown in Fig. 16 is a phenomerion which can be explained on the
theory- that in columns where the bed height to diameter ratio is large, the
surface area per unit volume for absorption changes as the distance from
the bubbler plate increases. As a bubble rises its volume decreases due
to absorption and hence the surface area decreases. If the rate of bubble
recirculation in the bed is less than the rate of absorption then there
will be a gradual change in bubble volume and surface area for absorption
with distance from the bubbler. t

The effect of increasing the inlet partial pressure of carbon dioxide
is to decrease the absorption rate as shown by Fig. 17. If the absorption
of carbon dioxide in water is completely liquid film controlled, then the
effect of pressure could be explained by supposing that the diffusion co-
efficient of dissolved carbon dioxide is influenced by concentration* How-
ever, under the highly turbulent conditions in a fluidised bed it is to be
expected that the static diffusion coefficient is negligible compared with
the eddy diffusivity and it is difficult to visualise how the concentration
of dissolved carbon dioxide could influence the eddy diffusivity. Another
explanation is that the solution of carbon dioxide in water under pressure
is partially controlled by the gas film resistance and the effect of
pressuxe is to increase this resistance.

The effect of increasing the temperature is to increase the absorption
rate in both the rising hold-up and the constant hold-up regions, as would
be expected for a diffusion controlled mechanism in both regions. However,

bhulman and Molstad observed a negative temperature coefficient at atfaostherie



pressure for low gas velocities. It may be that the effect of the higher
X>ressures is to increase the proxortion of the gas film resistance enough
to reverse the temperature coefficient.

The concentration gradient oata illustrated by Fig. show that there
is a snail "end effect” at the bubble plate and a large "end effect* at
the water inlet. ThO end effect at the water inlet can be explained by
the presence of a stratified layer of fresh water not completely mixed in-
to the fluidised bed. In order to ascertain the cause of the end effect
at the gas bubble plate, experiments were conducted in the glass column of
the same dimensions as the pressure* unit. In the glass unit a layer of
bubbles was observed just below the gas distributor so that absorption
would still continue to a slight extent after the liquid had passed the
distributor. In addition a few veiy small bubbles, about 1 mu. in diameter,
were observed suspended in the liquid below the bubbler. 'The sampling
point for th© water leaving the column was 10 in* below thO surface of the
bubble plat© so that the so called Zlend effect” in this case could be
attributed to a small amount of absorption In this region. It was not
possible to obtain samples closer to the bubble plate than about 4 in.
since large quantities of gas issued with the liquid from th© sampling
point and it was impossible to obtain constant material balances.

Finally it can be stated that the bubble-typ© absorber has proved to
be successful!, for the absorption of large quantities of carbon dioxide from
gas mixtures where most of th© gas consists of carbon dioxide. The percentage
of carbon dioxide absorbed can be made to approach 1GG. by increasing the
bed height in the region 0.5 to 6.0 ft., decreasing the partial pressure of
carbon dioxide in the range 2.5 to 14.0 atm., increasing the liquid to gas

velocity ratio in th© range 0.2 to 2.5 and decreasing the temperature.



PART 4

TilS OF gOfr&ATIPN OFf G4A3 3Vm”™-MD3

4. 1. TWINOI*UGTIOM

Recent work shows that in certain cases absorption rates from moving
bubbles are greater than absorption rates form moving liquid films such
as those present in packed towers,

Shulman and Molstad18 have described a 'method for the absorption and
desorption of carbon dioxide in dilute mixtures where the gas is bubbled
countercurrent to the liquid at atmospheric pressures. The previous
section of this thesis (Fart 3) lias discussed th© operation of a babble
column for carbon dioxide at high iJartial pressures of carbon dioxide where
most of the soluble gas is removed. The absorption medium in both cases
could be described as a fluiciised bubhle-bed. The conclusions reached
were that rates of absorption in bubble-type absorbers are faster than the
rates in packed towers when the rate of absorption is controlled by the
liquid film resistance.

In contrast to the fluidised bubble-bed a number of authors have dis-
cussed the use of foams for the absorption of gases. Pozin et al have
discussed absorption from a foam which flowed across a sieve plate through
which the gas was forced. Helsby and Birt® have described an apparatus
for the absolution of carbon dioxide from dilute mixtures in aqueous
©Othanolamine solutions where the liquid velocity was so low (0.0005 ft./sec.)
that a foam was produced. Dixon and Kiff2p have discussed, the use of per-
forated and porous .plates for the formation of bubbles and foams of 3Qj
monoethanolamino. These authors have discussed the rate of absorption of
carbon dioxide in manaethanolamine solutions in relation to the number,
size and distribution of holes in the gas distributor.

Very little work has been done on th© mechanism of formation am



operation of fluidjLsed and foam beds* Versohoohas measured the den-
sities of various bubble beds as a function of gas velocity uftinp water,
methanol and a glycerine-water mixture, Verschoor observed that water
and organic liquids all show ooale3cen.ce of small bubbles emerging from a
porous plate and that this coalescence can be suppressed by the addition
of small quantities of acetic acid to water* The coalescence of bubbles
near jets has recently been confirmed photographically by Helsby and
Ihnon ¢ However no work has been done on the sise, number and distri-
bution of bubbles in the bubble-feed itself in. relation to the formation of
flitiidised and foam beds for the absorption of gases# This aspect of flui-
dified beds has therefore been studied and. leads directly on from the pre-
liminary work done on liquid hold-up for determining the height of the
bed in the pressure column#
4*2. B&RXKBKTAL

The apparatus used is shown in Fig. 22# It consists of a 5.14 in.
internal diameter glass column in which the liquid to be studied is placed.
The gas is bubbled through the liquid using porous metal or glass discs.
The gas flow rate is held constant by using the flowmeter, P, and the gas
flow leaving the column is accurately measured on a dry gas meter. The
bed height, h??9 and the laanosaeter reading, h”, are read on the same scale

so that the bed density can be computed from th© equation;

Pa a "IL3I  — — = 46
- %

1
where p” 1s the density of the liquid being studied* In this way the bed
density can be determined over a range of superficial gas velocities.
In order to determine the size, shape and distribution of the bubbles

the fluidified bed was photographed using a plate camera in conjunction

with an electronic flash#
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The liquids studied were acetone, aniline, ethyl acetate, monoeuhano-
lamine, water, glycerine, gpyoerine-watez* mixtures and solutions of acetio
acid in water* The SQses used were nitrogen, oxygen and carbon dioxide.

She manometer, M, which contained either water or mercury, was used
to measure the pressure drop across the gas distributor at various gas
flow rates*

4.5. K)K.ChiTf Of ChU jOIdIRIBUIUR

The plates used for the distribution of the gas through th© liquid
were either of sintered glass or sintered bronze such that the porosities
varied over a wide range. Other types of bubble distributor were the two
arrangements of indented nickel strip already described in section 3,4,

The pressure drop across the bubbler or gas -tjjistributor is obtained
by subtracting the hydrostatic pressure due to the bubble bed from the

back pressure read on manometer M

'« rM ~ Vb ~
The resulting pressure drop A P is the sum of the frictional and contrac-
tion! pressure drops due to the flow of gas through the porous plate,
A > aisd the BiaximiM bubble pressure required for the formation of bubbles
at the plate surface, APO.

AF = AFO + APf — —  — (D

I
It is well known that during the formation of a bubble at a jet the pressure

first increases until the bubble is a hemisphere whose radius is equal to
that of the jet, and then decreases as the bubble grows larger. Consequently
if the pressure drop across the plate, A.P, is plotted against gas velocity
and the resulting line is extrapolated to sere gas flow then the intercept
will be AP0, or the maximum bubble pressure.? which is independent of gas
velocity. The average pore diameter can then be calculated from the

equation:



I = 52
. Ao (52)
L
where X is the surface tension of the liquid.

Fig* 23 shows typical plots of AP against the superficial gas velocity, UQ«
It is observed in Fig, 2j5 that the plots of AP versus UQ can. be divided
into three regionss

1) A region at low gas velocities where 4 F increases rapidly with in-
creases in superficial gas velocity, This region can be ascribed to an
increase in the maximum bubble pressure as smaller pores in the bubbler

coir© into operation*

2) A region wnere A J increases less rapidly with gas velocity. This
region can be attributed to the streamline flow of gas through the pores,
3) A region where increases in gas velocity have very little effect upon
A P, This can be attributed to the turbulent flow of gas through the
pores.
It was found that if the line for the streamline flow region was ex-

trapolated to zero gas velocity then the pressure drop obtained, A JU, could

be used to calculate the average pore diameter with good reproducibility.
The pore diameter obtained will be an average value for the case where the
maximum number of holes are in operation for the particular liquid used.
Table 16 summarises the porosities obtained by this method for six
bronze discs, three glass discs and the two arrangements of indented nic&el
strip, using water as the liquid in the column. Table 17 gives the porosities
of plates F2 and J?3 determined for various other liquids and solutions. The
results show that the average pore size of a porous plate depends upon the
physical properties of the liquid used, in particular the surface tension.
In general it would appear that the lo?/er the surface tension of the liquid
the lower the average pore size for the same porous plate. However, acetone

appears to be an exception since it gives an average pore size which is in
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agreement with that obtained by pure water, even though the surface tension
of acetone is 26 dynes/a® compared with 72 dynes 'c& for water.

It may be inferred that the pore diameters of a porous plate vary
over a wide range and that in general there is a tendency for the largest
pores to be used, fox* bubble formation. However, smaller pores may be brought
into action by using liquids of lower surface tension.

4.4. M3 DEK3XTXis3

Fig 24 shows how th© bed densities fox" various pure liquids vary with
superficial gas velocity. All the curves have the same general shape.

The bed density decreases and the gas hold-up increases as the superficial
gas velocity Increases, until a more or less constant value of 'bed density
is reached over the range studied, At tMs point plugs of gas are formed
which cause the bed level to rise and fall as the plugs are discharged at
the surface. In the cases of acetic acid and ethyl acetate plug formation
causes the bed density to rise from a minimum value, to a constant average
value between the maximum and minimum levels* It was ascertained at thO
beginning of the investigations that the bed density curve ms independent
of the gases fised (Og, and COg), and independent of the amount of9liquid
in the column for a particular porous plat© and liquid.

The bed densities of various glyeerine-water solutions are shorn in
Fig* 2b. The effect of adding glycerine to water is to lower the bed
density curve below that for pure water up to concentrations of about 68h
by might of glycerine# At 84 wt.$ glycerines the bed density curve lies
between those of pure glycerine and those of9 pure water. It is evident
that the bed densities of glycerine solutions bear very little relatiomhip
to the bed densities of the pure components. Glycerine solutions containing
from 13 to 68 wu$> glycerin© have good foaming properties. At low gas

velocities in these solutions the bubbles rise to the surface to form stable
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'bubble rafts on top of a fluidlsed bubhle-bed containing mainly liquids As
the gas velocity is increased the foam raft increases in volume until at
a certain gas velocity the whole bed becomes a mass of foam where the gas
is the main constituent, irla“e I? snows a fluidlsed bubbla-bed consisting
mainly of liquid with a foam raft on top consisting' mainly of gas. this
can be termed a ”two-phase® bubble-bea.

Fig. 26 compares the behaviour of acetic acid solutions with that of
pure water and pure acetic acid* It is evident that the behaviour of
acetic acid solutions is quite out of proportion to the amount of acetic
acid present, ihe behaviour of acetic acid solutions in concentrations
as low as 0.04 to 0*42 wi.*S is comparable with behaviour of glycerine
solutions containing 13 to 68 wt*f, glycerine. Further increases in acetic
acid concentration from 0%42 to 3.6 wic#y have no noticeable effect u”son the
bed density. With acetic acid solutions a ntwQ-phase!? region ms observed
at low gas velocities between the fluidised region and the region of com-
plete foam.

Fig. 27 shows the effect of gas velocity on the bed density for sea
water compared with fresh water for two porous plates. It is evident that
sea water in its behaviour is more akin to that of glyccrine-water and
acetic acid-w&ter foams than it is to the fluidlsed bads produced by pure
liquids, fhe sea water curves exhibit a pronounced mixdsam. and bed den-
sities as low as 0,35 g*/ml. arc observed* 'The sea water used had a
ehlorinity of 16 and was obtained from the Firth of 03yd© near the entrance
to Lodi Loqg* fhe sea water had a surface tension of 58*7 dynes/cm. at
20°0 indicating the presence of surface active agents probably due to the
decay of living animal ana plant organisms. Fig, 27 also shows that
variations in feed densities with gas velocity can be used i-0o detect differ-

ences in porosity. The porous glass plates B3 and PS mve average pore
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diameters which differ by about 15j and this difference shows up as a 5Si
difference in bed density for sea water. A similar difference is observed
for different liquids over a wide range of porous plates. In general the
more porous, plates produce the higher bed densities, but this is not
necessarily so since the bed density is a function of both size and the
number of bubbles per unit volume of bed.

It is evident that for pure liquids there is a region of rising hold-
up where the bed density decreases with increases in gas velocity and a
constant hold-up region mere the bed holds the maximum amount of gas and
further increases in gas flow produce large bubbles or plugs of gas which
cause the bed level to rise and fall about some mean value* For solutions,
gas bubbles form stable bubble rafts at the surface instead of bursting so
that the fluidised bed passes throi® a *two-phase" region to form a com-
plete mass of foam when further increases in gas velocity cause plugs of
gas to farm in the foam.
4*5. PLIS- FORMATION

The best conditions for plug formation are those in which the rate of
bubble formation is very high and the velocity of bubble rise is low. In
this respect pure glycerine was found to be the ideal liquid* Hates V(a)
to (h) Illustrate the mechanism of plug formation in glycerine. At low
gas velocities only a few holes in the centre of the porous plate are used
and as the flow rate increases a greater proportion of the plate area is
used. At higher gas velocities small bubbles collect in groups of approxi-
mately the same shape as the Zlarge bubble which finally results. These
groups coalesce to produce a large bubble or plug which as it rises collects
in its wake- other smaller bubbles which may or may not be ccabined with
the larger one before the plug reaches the surface of the liquid* He!spy

and Tmon*”" have observed a similar phenomenon in the formation of bubbles
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at jets under glycerine solutions, They have shown that during bubble
formation at single jets two or more bubbles may coalesce to produce a
single bubble within a snort distance of the jet at high gas rates. It
is evident that coalescence takes place on a large scale in a bubble-bed
during plug formation*
4*6. BUBBLE R5BULTS
4,6.1. Bubble shapes
By photographing bubble-beds in various stages of development and
examining the enlarged photographs it was possible to show the variation in
bubble shape with bubble size* In general the shape of most of the bubbles
in the fluidised and foam beds observed was that of an oblate spheroid.
Fig. 28 is a plot on log-log paper of the major axis b of the oblate spheroid
against the minor axis a for bubbles of nitrogen in six different liquids,
Bach point is an average taken from at least 30 bubbles and the accuracy
of measuring the major and minor axes is about + 5b. For liquids whose
viscosities lie in the range 0*5 to 1*3 centipoise, all the bubbles lie
on the same straight line indicating that bubble shape is insensitive to
viscosity in this range. However, a similar plot for gXyc-erine-water
solutions of viscosity 11,6 centipoise also on Fig* 28 shows that the
bubbles tend to become spherical as the liquid viscosity increases.
For liquids of viscosities in the range 0*5 to 1*3 cp. the relation
between a and b can be sin“plified to:
b = 1.2a — — — (53)
For correlation purposes the equivalent spherical diameter, De, has some
advantages over either a or jb and is the variable most often used in the
literature. The diameter of a sphere whose volume is equal to that of an
oblate spheroid is given by:
De = (ab2)l/3 — — — (5V)
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Substituting equation (53) into equation (54) we gets
De s 1,13a — — — — (55)
4*6*2, Bubble size distribution

An examination of enlarged photographs of both fluidised and foam
beds shows that the bubble sizes are not uniform, % measuring a large
number of bubbles it was possible to ascertain the number of bubbles of each
size present in a typical 'bed* The results are illustrated in Fig, 29 for
a fluidised bed of nitrogen bubbles in pure water using disc D5 of porous
bronze. It is evident that the bubble sizes follow a typical probability
distribution about the most probable size which was found to vary with the
porosity of the gas distributor™ gas velocity and the properties of the
liquid phase* The presence of a probability funclion was confirmed by
plotting the bubble diameter against the cumulative percentage of bubbles
with a size lower than tills value on log-probability paper* The result
was a straight line.

The bubbles smaller than the most xxrobable size observed may have been
formed at very small pores or they may have been broken off from other
bubbles by the action of the container wall or by collision with other
bubbles. The sizes larger than the most probable bubble size could cither
be produced by larger pores or by coalescence. The probability of coales-
cence in the body of the liquid seems to be a less likely phenomenon than
coalescence close to the bubbler plate since most bubbles seem to coalesce
by being sucked upwards into the slip stream of the bubble ahead. The
coalescence of bubbles moving in opposite directions appears unlikely since
the moving films of liquid around the front am sides would tend to repel
other bubbles,

4*6,3, Sffeot of liq ia properties on average bubble diameter

Fig, 30 illustrates the effect of superficial gas velocity upon the
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68,
average bubble diameter for various pure liquids aal for porous plate 32*
Each bubble diameter is ax- average of the diameters of at least thirty
bubbles in the bed,

The effect of increasing, the gas velocity is to increase the average
bubble sis© but the- effect for the pure liquids is v&xy much less than that
for the -lycerine~water solutions and sea water. For instant in eii$rl ace-
tate the equivalent spherical dimeter only dianges from 2*42 to 2*95 nmi*
as the velocity increases from 0*0568 to 0*18 ft. /sec,; while the bubble
diameter in 63 wt*,.. glycerine in water solution changes from 1*5 to 2*5 mmf
in the same range; a much larger effect.

The largest bubbles produced fey plate PS are producea under water and
the smallest are produced under 68 Wiy~ glycerine in water solution, al-
though the surface tension of water is 72 dynes/om, and that of 68 wicb
glycerine 68 <fynaes/oa*, a nifferenoe of only 4 dynes/an. That surface
tension appears to have some effect upon average bubble diameter is illus-
trated by ect#iq&ring otlyl acetate, acetic acid an- water. Ethyl acetate
has a surface tension of 24*6 dynes-enf, acetic acid lias a value of 27.8
dynes/can * water a value of 72 dynes/'em. and the bubble sizes are observed
to increase as the surface tension increases, but not proportionally.

Table 17 shows tliai the average pore siae for acetic acid ana ethyl acetate
using plate 12 are about half the aw?age pore size for water so that the
smaller average bubble sizes at the lower surface tensions are probably due
to the utilisation of smaller* pores.

'dig, 30 shows that superficial gas velocity has a much more profound
effect upon bubbles in foams of 7 wt,y and 68 wi*;b glycerine in water than
it docs for the pure liquids* The reason for the variation in bubble sizes
with gas velocity for foams may be that the porous plate produces larger

bubbles as the amount of liquid available becomes loss or there is a greater
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rate of coalescence in foams* Observations on single bubbles in a foam
shows that foam bubbles once formed are very stable and resistant to coales-
cence* Hence the most probable explanation for the variation of bubble
diameter with gas velocity is that as the ratio of gas to liquid increases
in the foam, the film of liquid over the porous plate becomes thinner and

a larger bubble is then formed from gas issuing frra several adjacent pares*

Fig* 30 also shows that the bubble size in sea water beds increases
with gas velocity. This would indicate that a sea water bubble-bed behaves
more like a foam than as a fluidised bed, a fact milch is confirmed by the
muon lower bed densities observed with sea. water compared with fresh water*
4.6.4. Effect of plate porosity on average bubble diameter

Fig. 31 illustratea the effect of plat© porosity on the average bubble
size* For the pure liquids, water and ethyl acetate there is no detectable
effect within the limits of experimental error for plates P2 and PS. Bor
;;ams of 7 wt.% and. 68 wt."{glycerine in water solutions the bubble sizes
produced by plates P2 ana PS differ considerably in the same solution*®
However, as the superficial gas velocity is increased th© average bubble
sizes .produced by the two plates tend to approach the same value for* each
solution,

She conclusion reached is that foams are more sensitive to changes in
plat© porosity than are fluidised bubble beds. Sensitivity to the number
and porosity of the holes in the distributor plate may become a serious
drawback in the use of foam scrubbers where the pores may become blocked by
deposits from solution. The insensitivity of fluidised bubble-bads to the
number and porosity of th© holes in the distributor plate has been already-
noted in the absorption column, where the absorption rate is not considerably

affected by the size and porosity of the bubbler. (Section 3.7*% 7%)

4*8*5, Effect of liquid properties on bubble density

The bubble density is defined as the numberj>f bubbles per ml. of
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bubble bed, The nwSbev of bubbles per ml. can be calculated from the bed
density and the average bubble evolume. Plots of bubble density against
superficial gas velocity are given in Figs. 52 am 55.

Fig. 52 illustrates the effect of liquid properties on bubble density.
ThO foaming glycerine solutions (7 and 68 wi.$) show a decrease in bubble
density with an increase in gas velocity, 1b© 68 wt.% glycerine in water
solution shows a vexy high bubble density of between 50 ana. 500 bubbles
per ml, The decrease in bubble density with increase in gas velocity in
foaming media Is probably caused by the initial formation of much larger
bubbles at the porous plate as the ratio of gas to liquid becomes higher.

For the pure liquids Figs. 52 and So show tliat the effect of increasing
the gas velocity is to increase the bubble density at low gas velocities
to give a constant bubble density at gas velocities of greater than about
0.1 ft./sec. In the isolated case of porous plate 1*2 the gas velocity
has vexy little effect upon bubble density. It will be noted that the
number of bubbles per ml. of bed for water is of the order 1 to 7 for all
the gas distributors, very much lower than the bubble density of foam beds.
This is the phenomenon that explains the effect of gas rat© on the absorp-
tion efficiency. The increase in tin©O bubble density increases the surface
area for absorption and thus the absorption rate increases. The point at
which the absorption rate becomes independent of the gas velocity corres-
ponds to the paint where the bubble bed Isolds as muon gas as it can* i.e.,
where the curve of bubble density against gas velocity flattens out. See
curve for porous disc D5 in Fig. 35, this being the gas distributor used
in the experiments on the absorber.
4.6.6. Effect of plate porosity on bubble density

Fig 33 shows that for pur© liquids the plat© porosity lias very little

effect upon th® number of bubbles per ml. of bed. 7The porous bronze discs
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and glass plates giro low bubble densities (1l to 7 bubbles per ml*) and
sliow a slight variation of bubble density with porosity, This confirms
the relative insensitivity of absorption rate lo porosity of the gas dis-
tributor (section 5,7,7,)

For the solutions of glycerine in water which fom foazas even the
19§ difference in porosity of plates P2 and PS can have an appreciable
effect on the bubble density,
4.7 vurociifi of ix,;h 11;

The average velocity of rise of bubbles in a bubble-bed can be com

puted from the equation;

ug * ug’. — — — (56)

The average velocity of bubble rise is plotted against equivalent spherical
bubble diameter in Fig, 34 so that the velocities of rise in bubble beds

may be compared with the velocity of rise for single free rising bubbles.

1

7 < . , f LI
However, it must be remenbered that the motion of bubbles in a fluidised

or foam bed is hindered by th© close proximity of other bubbles so that
the velocity of rise in a bubble-bed is not constant at a particular bubble
size but varies with the density of the bubbles in the bed.

The broken lines in Fig. 34 represents the velocities of rise of single
free rising bubbles in an infinite liquid as a function of bubble diameter.
The velocities of rise in acetic acid and ethyl acetate were obtained free*
the data of Peebles ana G-arber”. The velocities of rise of single bubbles
in pur© water and sea water have been detOmined by Thomson, Houghton and
Ritchie” by timing the rise of bubbles proaneed singly at a jet. It was
found that bubbles rising in sea water could exhibit a spiral motion or
they could rise without spiral motion even though their diameters were
identical. Spiral motion was usually observed when th©O jet producing the

single bubbles was vibrated at the time of bubble break-off. Spiral and
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72.
non-spiral motions were only observed for bubbles whose diameters were in
the range 1 to 4 jmu A similar effect has been observed by 1take42 for
oaygen bubbles rising in caproic acid solutions. Apparently the effect of
dissolved impurities of certain types is to suppress the spiral type of
rise.

ThO curves for spiral and non-apiral rise are plotted on Fig. 34. In
sea water the velocity of spiral rise is somewhat less than that in pure
water by an. amount which cannot be accounted for by the small difference
in density and viscosity. Measurements of surface tension showed that of
sea water to be 58*%7 %nes/cm, compared with 72 dynes/aa. for pure waior
so that the difference in velocities of rise is undoubtedly connected with
the presence of surface active agents.

Comparison of velocities of rise in fluidised and foam beds shows that
in general they are lower than the corresponding velocities of rise for
single bubbles. This is to be expected due to the hindering effect of the
other bubbles in the bed, dea water has velocities of rise in bubble-beds
which, are less than half those of single bubbles, wuch bears out tlie
supposition that sea water bubble-beds are more closely allied to foams than
to fluidised beds.

An interesting fact that oou be observed in Fig. 34 is that sometimes
the velocity of rise in a bubble bed can be greater than the velocity of
rise of a single free-rising bubble, lids would not be expected on the
theory of hindered rise. For instance, the velocities of rise of bubbles
in ethyl acetate and water beds are greater than the velocities of rise
for single bubbles as is seen from Fig, 34. In other experiments an average
bubble velocity of 1.7 ft./sec, was observed in water and 2.7 ft#/sec. in
ethyl acetate under conditions whore the bubble density ms very high.

Velocities of rise in bubble beds greater than the velocities of rise of



single bubbles of the same diameter ©an be explained by the formation of
plugs of gas in the liquid such that u& in equation {56} becomes large
while the bed density P<g raasaina approximately the aeaae. This is oan«
filmed by th® observation that high bubble velocities in bads are always
observed in the region of "bumping" where plugs of gas cause the bed level

to rise and fall about an average value. A

4.8. >16casdiak.

The beu density at any superficial gas velocity is a function of the
number of bubbles per ml. and the average volume of the bubbles. In these
respects fluidised arid foam beds lave been found to behave differently.

In fluidised beds the bed density decreases ana tbs gas hold-up incj”eases,
because the number of bubbles per ml. increases while the average bubble
sim remains approximately constant and independent, of .as velocity. At
hi*ier gas velocities both the number of bubbles per mi# am the bubble
diameter tern to become constant. It may therefbf© be concluded that in
the "rising hold-up" region th© increase in absorption rat© with gas velo-
cily is caused by an increase in surface area for absorption; and in the
"constant hold-up" region the surface area becomes constant as does the
absorption rate#

In general, foams abom a wider change of bed density with gas velocity
than do fluidiseu beds. Foams usually contain a much larger number of
bubbles per mi# than do fluidised beds and the bubbles are smaller. The
effect of increaaiuf ttay gas flow rate with foams is to ueorease the suxaiber
of bubbles per ad. and to increase the average bubble aise, a behaviour
%uit© different from tMt of fluidised bubble beds.

Foams are sensitive to the .'porosity of the gas distributor uaect for
introduction of the gas into the liquid, vfaile fluidised beds are relatively

insensitive to the number, sise and distribution of the pores.



It is interesting to discuss the stages in th© fomation of a foam
from a fluidised bed# At low gas velocities the bubbles rise more or less
independently through the liquid and tbe bod may be termed "dilute". At
higher gas velocities the bed expands further and the bubbles can no longer
rise independently but are hindered by the motion of other bubbles# The
bod soon becomes a turbulent mass of rising and recirculating bubbles
where the tem "fluidised" may be correctly applied# Further increases in
gas velocity cause plug formation with consequent bumping#

The conversion of a fluidised bed to a foam bed is closely linked with
the behaviour of the bubbles when they reach the surface# For pure liquids
the bubbles are seen to burst immediately while in the initial stages of
foam formation the bubbles collect on the surface in the form of rafts
which appear to be quite stable# The race at which the bubbles burst is
very much lower for foams than for fluidised beds# If the rate of bursting
?s slower than the rate at which the bubbles reach the surface then the
foam raft will expand until the rate of bubble formation equals the bursting
rate at the surface of the foam. The volume of foam increases as th© gas
flow increases until the *two-phase" region becomes entirely foam. :Vhen
the amount of liquid available at the porous plate surface becomes low then
plugs of gas are formed in the foam.

Obviously the essential difference between fluidised and foam is bound
up with the stability of th© bubbles at the liquid surface# It would
appear that bubbles are more stable at a liquid surface when they are formed
in solutions rather than in pure substances# A veiy important property
when dealing with foam formation is obviously the "elasticity” of the film
of liquid around the bubble# In solutions it would appear that the bubble
films are isore elastic and more resistant to bursting than bubbles formed

in pure liquids®



APPENDIX 1

5.1, BreaODtKffION

The effect of running a hubble-type absorber under pressure as com-
pared with atmospheric pressure is to reduce the diameter of the absorber.
A reduetion in size will reduce the space occupied by the absorber/ if this
is lojpwrtant, and ?my reduce the initial, cost of materials and construction.
Against this must be balanced the cost of power for compression and pimping
to the higher pre&sure.-
5.2. POhSR aALCULIITIONP

th© total power required to operate a pressure scrubber will foe the
sum of the xx>wer required to compress the inlet gas and the power required
to pump the water into the colum,
a) Gas compression power

The compression power is given by the following equation, assuming all
compression stages are adiabatic with no clearance and using the overall

compressor efficiency BQs

Compression power

If it is possible to recover power by the decompression of the outlet
gas from th© absorber then the only power required is that for the compres-

sion of the gas which is absorbed.

where z is the fraction of gas absorbed and yo the mole fraction of the

soluble component of the inlet gas stream

k) Water power

The water rower can foe computed by assuming Henry®s law and an overall



absorption efficiency, 3%, based on the inlet gas,

o 1
ft, (0Og at X*.*i./ft, water at saturation = itPcOg — (59)

* . (60)

ft; water / lb,mole GOo absorbed at saturation » .
StfP (61)

If a fraction £ of the incoming soluble gas is absorbed, then

Ib, mole/sec* OOg absorbed = ygsG — —  (62)

'The amount of water required can be obtained by combining equations (61)

and (02),

A A
ft*/sec, of water »

It is assumed in the derivation of equation (63) that the water leaving the

absorber is saturated at the partial pressure of the incomiug soluble gas.

However, the water will only reach a fraction, of its saturation value
. iiSLzG-
ft,/sec, of water « — (61)
Hy*A

If the water is available at a pressure Pw, then;

water power a - pwi (05)
‘Nr“A

Taking the overall efficiency of the water pimp to be Sp, then;

water power « *2"L-(P - Pw) —n — (66)
0t Ft'A’P

c) Total power
The total power requirement is the sum of the water power and the
compression power, . "o 4
SBSiY PJ)y{Ig] . @ -B%ﬁé 1]**%[’? — (67)

Eo m ° 1 «V»A

5*3, THS FRACTION OF SOLTJBLS GA3 ABSORBED. g.
For design purposes it is necessary to be able to calculate the amount

of soluble gas absorbed quickly and easily. This can readily be achieved
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from equation (64) thus;

Transposing equation (64-) and letting L be the liquid rat© we get

B e« — — (68)
RTtfi

now if the ideal gas law and Henry*s law are obeyed

LIE.Ss.
*

A — — — -
A B (69)
P S . . ?/
where 5 v for 1 lb.mole, and 6V is the gas rate in ft.’sec. 5 then;
2 ¢ SA™ (70)

«e
If the ideal gas law and Hemy*s law are not obeyed, then the absorp-
tion coefficient must be obtained for each partial pressure of soluble gas
and a correction made for the compressibility of the gas. 'Hie fraction of

gas absorbed then becomes

z » Ea  (Mil) (71)
A

A

5.4. TKS FRAG'ION OF GAKBGh DXOXXDS ABJUBB&D

This thesis lias been concerned with the absorption of carbon dioxide
fran a bubble-type absorber. Section 5.7.5. gives a general correlation
equation for the behaviour of the absorption efficiency, under various
operating conditions. If this value for is now substituted in equation©
(70) and (71), one obtains the fraction of carbon dioxide that this £>arti-
cular absorber will absorb under oort&xn conditions.

For th© rising hold-up region and where the gas obeys the ideal law

and the solution obeys Henry *s law

z * 0.86 ) Y505 (m mio — (12
(% ) 0739 (P)

If Henry*s law and the ideal gas law are not obeyed then equation (72)
must be corrected for the variation of compressibility and solubility with

pressure.
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% » 0%86 (73)

For the constant holu*up region and an absorber pressure such that
the gas obey© the ideal nm law and the solution obeys henry's law, the
following equation can be used to compute the fraction of carbon dioxide

absolved#

{7om)

Kquation (74) can be corrected for deviations from the ideal gas law

am henry's law as follows 3
0.85

2he compressibilitie© and solubilities of carbon dioxide can be obtained at
various partial pressures and temperatures froaa i art 2 of this thesis.
Inspection of ih© ahow equations that the cosriitions for
absorbin.; almost all of the incm isicarbon dioxide are hi h bed level, low
pressures, &Th absorption coefficient (low temperature) ana high liquid

to gas velocity ratios for this particular absorber.



I ATURB

compressibility coefficient

absorption efficiency, fraction of saturation based on inlet

gas
overall compressor efficiency-

overall liquid pump efficiency

mss flow rate of gas

height of absorption bed

volumetric liquid flow rat©

partial pressure of soluble gas

total pressure of absorption process

inlet pressure of gas

inlet pressure of water

universal gas constant

number of compression stages

Bunsen absorption coefficient

temperature

Temperature

gas velocity

liquid velocity

molecular volume of gas

mole fraction of soluble component in gas stream,
fraction of gas absorbed

ratio of specific heats.

Ib.mole/sec.
ft,

ft?/sec.
atm,

atm,

atm,

atm.

vol,/vol.
°C.

°&.
ft,/see.

ft,/sec.

ft?/lb,inole.



Absorption rates corrected to:

Surmary of pressure bubble column data

APPEIIDTN I

used in part 3 of this %hesis.

Effects of liguid and gas velocities.(Figs. 14,15,20 & 21)

h = 1-5 ft‘,

Run
No.

uy ft./sec.

In

Out

t=15°C, p= 5.1 atm. co,,.

EA

76

0.249 0.232

70.2

uy = 0.052 £t./sec.

18
- 62
19
20
21
22
65

0.043
0.065
0.086

0.148
0.168
0.252

0.03b6
0.039
0.058
0.082
0.117
0.136
0.226

44.5
61.0
70.3
73.4
67.5
66.6
63.5

IJ.L = 00100 ftc/SGCc

23
24
25
26
a7
78

0.043
0.062
0.104
0.144
0.188
0.249

0.019
0.030
0.055
0.090
0.139
0.191

82.9
43.0
- 63.1
65.5
62.6
63.8

(H.T.U.

1.28

2.256
1.49
1.20
1.08
1.27
1.33
1.45

3.22
2.30
1.34
1.33
1.46
1.58

ot

KLa

95

76
129
165
179
167

154

130

114
154
267
269

252

230

e,



=

ur.

Foest

0.

Yo

In

£t./8ec.
Out

i = 0.144 fto/seCQ

0.062
0.093
0.113

0.116
0.119
0.127
0.150
0.183
0.210

0.018
0.041
0.050
0.049%
0.056

0.050
0.052

0.094
0.118
0.140

28
29
30
31
a2

0.075
0.110
0.148
0.164
0.214

0.024
0.044
0.067
0.078
0.119

u; = 0.200 ft./sec.

33
34
35
36
37

1 0.082

0.116
0.143
0.181
0.270

0.024
0.029
0.054
0.075
0.111

35.6

43.4

49.0
50.0
44.7
48.5
53.0
49.4
53.5
53.0

40.7
51.8

59.9

56.4
56.9

38.3
49.6
52.1

56.2

56.0

(H.P.U.)OL

2.44
2.26
1.93
2.05
2.40"
1.99
1.80
2.06
1.85
1.83

2.30
1.81
1.43
1.65
1.78.

2.65
1.72
1.74
1.57

1.67

237
232
287

212
257
286
264
283
271

270
340
432
362
352

276
407

455

218



Effects of

bed height. (Pig. 16)

Absorption rates corrected to:
p=5.1atm CO, , t = 15%%.
Uy = 0.144 ft./sec., ?g = 0.106. ft./sec.
Run h E, (H.T.U.)OL
12 0.38 2£8.9 = 1.05
9 0.67 35.4 1.40
13 1.28 39.0 2.51
5 1.75  50.0 2.23
7 2.18 51.0 2,70
6 2.89 53.5 . 3.44
60 4.00 61.5 3.74
14 5.39 78.4 . 2.56
ﬁL = 0.052 ft./sec., ug = 0.065 Tt./sec.
63 0.43 38.6 0.85
62 1.50 61.0 1.49
64 3.10 76.0 1.92
u, = 0.052 ft./sec., U, = 0.253 ft./sec.
66 0.55 50.3 0.78
65 1.50 63.5 1.45
67 2.75 70.5 2,13

KLa
468
372
230
229

190

149
140
198

218
129

- 99

181
130
101



Lffects of partial pressure. (Fig. 17)

Absorption rates corrected Eo:

h = 1.5 ft., + = 15%.

= 0.144 ft./sec., U, = 0.113 ft./sec.

Run P B, (H'T‘U‘)OL K a

38 2.90 62.5 1.81 391

_ 58 5.26 50.4 2.04 263

40 8.01 47.2 2.08 2654

41  10.88 39.4 2.83 191
42  13.60 B34.9 3.35 164

68 2.58 70.1 1.07 171
62 5.10 61.0 1.49 129
69 12.10 47.5 2.20 90

u; = 0.062 £t./sec. , Uy = 0.248 ft./sec,

i ———

74 2.86 77.4 0.97 328

65 5.10 63.5 1.45 130
75 6.64 58.7 1.67 106



mffects of

termperature. (Fig., 18)

Absorption rates corrected to:
h = 1.5 fto’ p = 5-1 atmo 002.
u; = 0.145 ft./sec., u, = 0.127 ft./see,
Run t EA (H.T.U.)OL
1 10 48.2 2.00
58 '~ 15.5 49.9 1.99
54 20 . 51.1 1.93
57 26 52.3 1.93
56 20.1 53.5 1.85
u = 0.052 ft./sec., ug = 0.063 ft./sec.
70 12 59.9  1.50
62 19.1 62.4 1.47
72 20.4 64.5 1.38
71 12 65.1 1.41
65 18 64.4 1.453
73 29.4 68.4 1.27
k4 16.5 66.7 1.18

KLa
257
263
274

270

286

128
133

141

148
133
193

178
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TABLE 1

TABLE OF VIRIAL COEFFICIENTS

EQUATION |YEAR EX‘?:“:'T]E%%.SRSE‘;A% o, o o, o« o <,
BERTHELOT | 1897 | P 2 o + % :; - ~ — —
WOHL 1914 P 3 o, + —t b S

T T T - - —
LINDE 1905 | v 5 o, * -};_ bT + =% _ _ _ _
BRIDGEMAN | 1928 | P | S R L) _ _ _
BEATTIE 1930 \Y 5 a %MT““; b,+%+-$—§ '—;—', — - —
weoscnuem |90 | P | 8 oot Be 28N e |
ngsgzggg 1923 | v 10 o+ —f%—;*—;—‘ﬁ bT + :’:o e, T* LT _ _%c_“
TurnsuLL | 1942 | V| 12 e P L e T
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14

Deviation summary of 1iie values of I

A

calculated from equation (49) for the

transition and constant hold-up regions.

Run EA(calc.) EA(exp.)

No. 1.
8 53.5
10 47.7
11 50.9
16 52.4
17 57.9
20 66.5
21 67.2
22 66.3
26 60.2
27 61.2
30 56.5
‘31 55.9
32 ~ B6.5
36 55.4
37 55.4
39 70.6
44 . B7.2
65 68.5
66 55.0
67 7.5
71 64.6
73 . 70.6
74 82.0
75 61.6
76 67.5 -
T 67.5
78 61.7

Ho. of'points = 27
No. of +ve pts. = 12
No. of -ve pts. = 17

Maxm. +ve deviation

2.

48,9
48.6
52.9
53.9

53.7

7208
69.2
67.0
65.1
63.6
59.9
55.7
57.1
56.8
56.8
72.3
55,9
64.5
51.6
71.8
64.4
67.2
78.4
58.9
69.3
65.3
€1.9

>

.
s

’

1. “20

+4.6
-0.9
-200
-105
+4.2
"“6.5
-2.0
=0.7
-4.9
"204
-304
+0.2
-0.6
"104
-1.4
"117
+1.3
+4.0
+3.4
+5.7
+0.2
+3.4
+3.6
+2.7
-1.8
+2.2
"002

% dev.

+9.4
"‘109
—3.8
_2.8
+7.8
-8.7
"209
-100
-7.5
-508
-507
+0.4
"1.0
-2 5
“‘2.5
“204
+2¢3
+6.2
+6.6
+7.9
+0.3
+5.1
+4.6
+4.6
“2.6
+3.4
0.3

average deviation = 4.0%

ave. deviation (+ve)

i

ave. deviation (-ve) =

4. 9%
2. 95

= 9,4% ; maxm. =ve dev. = 8.7%
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TABLE 106

Porogities of gas distributors
using water.

Distributor Thickness Area Porosity
in. : ft? » microns
Porous glass P1 0.160 0.029 ‘ 7.3
P2 | 0.160 0.026 81
P3 | 0.160 0.030 114
Porous bronze D1| 0.123 0.0307 1330
D2| 0.123 0.0307 T 634
D3| 0.126 - 0.0307 408
D4| 0.126 0. 0307 364
D5| 0.121 0.0307 72
D6| 0.121 0.0307 170
Indented , .
strip A. ©1.00 0.0214 - 1150
| Indentea ‘ -
strip B. 1.00 0.0214 810




TACLE 17,

Effect of liquid properties

on porosity.

Liquid. Surface Porosity, microns
tension
dynes/cm. P2 P3
Water 72.9 81 114
Sea water 58.7 .75 107
Acetone 26.2 82 76
Acetic acid 27.8 49 | =6
| Ethyl acetate 24.6 45 74
25 wt.% glycerine | 72.3 80 03
37 wt.% glycerine| 71.53 - 83 88
49 wtﬂ% glycerine | 70.0 81 89
58 wt.% glycerine | 69.0 * 80 89




PRESSURE ABSORBER BUBBLE: TYPE

DATA, SHEET

ABSORBER HE\GHT - & ft. CKOS6-SECTIONAL AREA - 0*0513 12 AS SORPTION MEJMO/A - FRESH WATER
GAS G AS L1QUuiID PHASE EQLHUBCIUNA COa Coi4ce. NTPtAT\oM BASED OH % CoHCeKTKATIOW &eAaledT-
7
FLow RATE. CONCCNTRATION OF moson/ooN  XNLt-T- G AS G AS 3 é‘i ., ﬁ )
INLET LIQUID E*+T L)Qu\p> CoHBITLOIS conermons J (%j Nl a i}(% }?
0 3 oo L 7 ¥y
K 0 Al J < f )
Y oo ¥ _ 0o " T R B
s T IMLCT 55 OTUT<0AS E &* é Ji g [(} JJ >
05 0049 1 6 0 00 , 8 106
0057 2 0 13 769
0057{ 3 063 707 j
0059 4 - 13 6 76 1
0-054- 5 1 63 $-271
0 063TIo0 129 6 138 0 23
0 065? O 139 §3-3 7 1 0-00 7- 67
0 053] § 013 7-36
0053 3 544 j433 € C'63 7-07
..... t 0370 005+ 1 S'63 !'4-51 1° 1- 13 § 89
05 0 370 ] 0055 571 | 458 11 1 63 500
02950052 12 rooe 0 00 7 34
0206 0043 13 ] 0 13 6 89
0 303 0059 [ 14 ‘ 0 63 669
D148 j0 043 | s ( {413 511
o483 0075 ; I0 03 IO 12 16 0 0 00 5 27
o566 0087 n O 145 jO 03 jO 12 33 17 t, mi © 13 5%17
0095: 0032 0 052 '003 io0 11 18 L 0%63 301
02210 041 j 0052 j0 03 !0 It 19 10'; o 00 758
0268 10049501247, 0 052. loos 1j0 U S 320y ' o 13 7 12
1 b5 G 12 03971005610 360 00521003 'O il 21 3 063 5 53
21 "¢ 10 0 452 ] 0 60412 0052 003 0-11 22 11 0 oc 8*55
13 G 12 O 108 00241 0060 | 23 1 0 13 7*55
24 6 10 0 158 003210090 553 {£4 | O 63 6 ‘00
25 6 io of64 100s2£5 0 166 L25 . rois o 00 5 41
26 6 10 0395 0046 %0 27+ '20 o'13 5 06
17 6 OS 0 523 0-059 jo 421 | 27 o 83 3 35
18 18 0¢ o188 0033 vo 071 0 770 0 03 18 1*13 2 15
29 16 09 0283 0051 0132 0170,0 03 a1 0 /
30 ! 6 to 0388<0063 0170 388 1061 [ 587 30 : ;
DS 05021 o ++1£]~0 059 (.8 36 0.170 4111 12-13 ; 5571 b5 oa s GAS DISTRIBUTORS :
) 654 | 058310071 0363 0170 106 > 1288 | 571 G4 31 AROIIT/  Noot  aTU
0251 | 0 212! 0039 o (071 84 9:: 0614 386 ' 730 i S563. i 33 )
0-329 0 2760 053ij o086 42 170 037 86 6; 0 614 302 639 | 473 134 A TAUOENTEN STJHP A L1507 441 00214
0440 0384 |0 05630 164 66-5 :0 109 696 1 0614 0 200 1003 4 84-j 5-89j 1549 10-53 § 521 a7 351 oexTer SEAP B SLO 903 002l
0-559 0 482 01077 - o 228 67610 154 f S79 70614 0 200 £0 03 10-67 T 568 i10i !36 < ~s o A Rolk. 9540 1 @031
0825, 0746 0079 0 336 80 110269 f 38 o 30614 10 200 003 12.48 | 56-8 D151 =37 Da  <SIMIEEO BCom*E: IXse G34 ) 00307
0 192 ! 0164 o0o028"' (0069 59 41 0-041 78 O 0 441 O 144 003 S.4+ 63 2 138 1 D3 408 - 00307
0257 ! 020+ 0-038 0106 68 7 0 441 0144 003 580§ 70-9 084 + 723 yyy j D3 SHTEREO pee 72 b 00307
0524 0 442j 00S2j 0271 579 U .0441 0144 003 9-6SY 713 16 35 j 470 39 g 47 4 i40 E 1/8. ¥14. UoLg 3180 4 00307
41 !'DS  12-91 10 163 150 0638 ;0120% o 4-74 44 8 0441 o144 joo3s 23 65 j 3B-8 977 1 398 r-H
42 DS 16 32 10 159 146 0723 0 144 0 562 -9 427 0441 0144 003 29-25 % 336 36 34 5 4a NOTES- ;
43 DS 100 5 132 190 '100 o jO0-448 ! - 0385! 0179 12 1 h 0449 0146 003 598 1, 97 6 71 1 2-4 U s
|44 jD5 611 10 132 w06 m00-0i0438;; — Jo177 io0057 66 7| 0449 0146 003 1723 1 55-0 984 . 553 44 L AR | CARBON OIOXIEC.  CONCENT i ATIOM &
45 D3 b a 10 164 1610 0317 00671 O137 59-9 |' 0441 10144 0 03 toat 99 4 5§ 7 L4 '
46 D1 610 so 162 163 0317 0-067: o 194 60 9 | 0441 0144 1003 io is { 98 8 A T e s coxratins a5 e
41 A 611 8 171 164 0317 0060 0201 57 L 50441 0 144 i0.03 to 4a 65 0 168 529 | 41 WOMARENG.  attaces fevforon
|48 ) B G 10 & 16-4 169 0318 10058 0 199 573 3 0 44%1 0144 o003 990 s . 48 M OP THIS THEDLS. THE
J40 [ 610 172 150 0314 10060 0-235) 0078 | 44 6 jj 0 441 0 144 io 03 997 +13 143 * , , K
S0 ;¢ GO0y, 170 150 0339 0055 01581 0086 0 441 0144 0103 b0 a 406 5 0yt ree arvo wRna .
5 600 18-0 153 038+ 0065 02800 + j 0 441 o144 o002 3-68 ¢ 12 76 100-2 43 3  JsL
S D5 g0 10 200 163 0321 (0052 020970069 ! 0446 0145 002 o 08 343, 1213 tot 0 *513 54
S 6t 10 291 163 0325i0053 02360080 | 0446 0 145 Jo02 003 280§ 9 7% 33§ ¢ 533 S 6
57 o6 10 10 250 i60 034510054 02490085 43 5 0446 0145 jo 02 008 JO9STTI0 72 . 101 2 52 is7
53 G 10 10 155 158 0129 363 0 341 O 054 ;:0208 0 068 2 50 446 o145 goo2 o008 3975 13 76 } 98 8 50 0 S8
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