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I. Introduction 

A large volume of literature has been published in connection 

with the problems associated with the absorption of gases into 

liquids. In this literature two principal models have been used 

to describe mass transfer: the two-film theory of Whitman( 1S)and 

the penetration model developed by Higbie( 11 ). While there have 

been numerous experiments attempting to verify these theories, 

these experiments have been limited to systems of rather simple 

design such as wetted-wall columns and laminar liquid jets. 

Attempts to analyze more complicated systems, particularly those 

of industrial importhnce, have yielded negligible results. 

One of the ultimate purposes for developing accurate mass 

transfer models was to facilitate the design of process equipment; 

however, in the design of gas absorption equipment exact theoretical 

analysis was complicated by the inability to completely describe 

the complex flow characteristics of such apparatus. For this. reason 

most absorption theories have been principally used in the 

correlation of data, rather than for design of proces-s equipment. 

Models for predicting mass transfer rates generally involved 

such parameters as interfacial contact area and effective contact 

time. The latter ref erred to the time interval during which the 

fluid elements were in contact with the soluble gas. In industrial 

apparatus, such as sieve-trays or packed columns, these quantities 
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could only be roughly approxim&ted. It wus then, not the lack of 

an adequ~te absorption model, rather it was lack of knowledge 

describing the physical st&te of the system which prevented rigorous 

equiµnent design. This suggested that further improvement in 

basic design techniques depended upon better understanding of the 

physical behavior of apparatus. 

The objective of this investigation was then to determine if 

existing absorption-with-reaction theory could be applied to a 

sieve-tray and obtain meaningful values of interfacial area and 

contact time. The method used in determing these characteristic 

parameters for a sieve-tray was to measure the rates of absorption 

for several different chemical systems and then force the theory to 

give results consistent with the observed absorption rates. If the 

theoretical parameters were found to depend only upon th~ physical 

parameters of the tray, it could then be concluded that the value$ 

determined were truly characteristic of the operation of the tray 

and hence could be used for "a priori" predictions of absorption. 



II. UTERATURE REVI11'l 

The literature pertinent to this investigation was divided 

into two distinct ~reas - first that which dealt with mass transfer 

and secondly that which considered bubble mechanics. The section on 

mass transfer included summaries of the two-film and penetration 

theories of mass transfer. The summary of bubble behavior included 

sections on bubble size distribution and rate of rise of bubbles 

in froths and foams. 

Mass Transfer 

In reviewing the mechanisms for the transport of solutes from 

interfaces, the relatively straightforw&rd theories for diffusion 

in stagnant fluids and diffusion in fluids moving in laminar flow 

were considered prior to the more complex problem of transport to 

mobile interfaces. This placed the theories in rough chronological 

order and also arranged them in order of decreasing importance which 

each theory assigned to molecular diffusion. 

Theoretical Basis. The various theories of mass tr&nsf er which 

have been proposed to fit. experimental d~ta were based on Fick 1 s 

laws for diffusional processes. Fick's first law, which was 

applicable for steady state conditions was expressed empirically as: 

N = A ( 1) 



where; 
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NA = molar flux of A with respect to fixed 

coordinate system, mole / cm2 sec 

k = mass transfer rate constant, cm / sec 

cA = saturation concentration of A, mole / cm3 
s 
c = point concentration of A, mole / cm3 

The assumption implied in the use of the above concentration 

difference as the overall driving force was that a saturation 

concentration of the absorbing gas always existed at the interface. 

For high rates of mass transfer. in which the interface concentration 

fell short of saturation th~mean driving force would be substantially 

reduced. 

Film Theory. The two film theory of Whitman( 1S) was the 

first significant attempt to interpret conditions which occurred 

when material was transferred from one fluid streom to another. 

Although the two-film theory did not represent the physical 

conditions which existed in most industrial equiµnent, it gave 

relatively simple expressions which could be used to interpret 

the available experimental data. For this reason the film theory 

has enjoyed wide use. 

In this theory it was assumed that turbulence had completely 

diminished at the interface and that a 1CJ11inar layer existed in 

each of the two fluids. Outside the laminar layer turbulent 

eddies supplemented the action caused by the random movement of the 

molecules; thus, the resistance to transfer in this region was 

assumed to be negligible. This theory was best applied to the 
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specific case of equimolar counter diffusion in which the concentration 

gradient was essentially linear close to the interface and decreased 

to zero at a finite distance. This was represented in Figure 1 by the 

full lines ABC and DFE. The total resistance to mass transfer was 

considered to be concentrated in these two hypothetical films in 

which molecular diffusion controlled all mass transfer. The broken 

lines in Figure 11 AGC and DHF, indicated the hypothetical concentration 

distributions for the films of thickness 11 and 12• Since equilibrium 

was assumed to exist at the interface, the concentration at points 

C and D was determined by the equilibrium relationships for the phases. 

For this case Whitman( 1S) has shown that the flux may be expressed 

as: 

where: 

D 2 
= binary diffusion coefficient in phase i, cm / sec 

1 = film thickness in phase i, cm 

With the possible exception of mass transfer from solids dissolving 

in a stagnant fluid, the film theory did not describe any physical 

situation. Thus the most serious deficiency of the film theory was 

(2) 

its failure to predict the variation of absorption rate for transient 

contact times. 

Penetration Theory. 
( 11) 

The work of Higbie formulated the 

basis of the penetration theory for transient mass transfer between 

two phases. In this theory it was assumed that fresh fluid was 

brought to the phase boundary for each new contact time where it was 
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exposed to the second phase for a specific interv~l of time after which 

the surface element was remixed with the fluid bulk. In this manner 

fluid whose initial composition corresponded to the bulk fluid far 

from the interface was suddenly exposed to the second phuse for 

a finite period of time. In this model it was assumed that equilibrium 

was attained inunediately at the interface; that in the ensuing 

time a process of transient molecular diffusion occured; and that 

the element was remixed after a fixed interval of time. Inherently, 

it was assumed that the depth of liquid was infinite; this was 

justified as long as the time of exposure was sufficiently short 

so that only the surface layers were penetrated by the diffusing 

species. Additionally, the existance of velocity gradients within 

the fluids was ignored and thus the fluid at all depths was 

considered to be moving at the same velocity. For this model 

Higbie(tt) has shown the average rate of mass transfer to be: 

where; 

D 

ci = interface concentration of A, mole / cm3 

c0 = bulk fluid concentration of A, mole / cm3 

t = contact time, sec c 
Thus for a given concentration gradient, the shorter the contact 

time the greater the rate of mass transfer. At present a precise 

value can not be assigned tot in any type of industrial equipnent;. c 
however, its value would clearly decrease as the amount of turbulence 

was increased. If it were assumed th~t each fluid element resided 

(3) 
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at the surface for the same contact time, t ; equation 3 gave the c 

overall rate of mass trunsfer. It should also be noted that the 

mass transfer rate was predicted to be a linear function of the 

concentration gradient - as was the case in the two-film theory. 

However, in the penetration theory, the flux was proportional to 

the square root of the diffusivity and inversely proportional to 

the square root of the time of contact. 

Surface Renewal Theory. In a modification of Higbie's work 

Danckwerts(4) suggested that each element of the liquid was not 

exposed to the gas phase for the same time, but that a Poisson 

Distribution of ages existed. He assumed that the probability of 

any element of surface becoming destroyed through mixing with the 

bulk of the fluid was independent of the age of the element .• 

Danckwerts 1 modification yielded the following equation: 

D s 

where: 

s = fractional rate of surface renewal, sec -1 

Here ag&in it was seen that the mass transfer rate was proportional 

to the concentration gradient and to the square root of .the 

diffusivity. A numerical value of the fractional rate of surface 

renewal, s, was extremely difficult to estimate for any sort of 

gas contactor; however, s would clearly be a direct, increasing 

function of the degree of turbulence. 

(4) 
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Penetr~tion-Film Theory. 
( 16) 

Toor and Marchello have developed 

a theory of muss transfer which incorporated the principals of 

both the two-film and penetration theories. In their model all 

of the resistance to transfer was reearded ~s lying within a laminar 

film at the interface, as in the two-film theory, but the mass 

transfer takiz:ig place was considered to be a transient process in 

that materi~l which traversed the film was instantaneously mixed 

with the bulk of fluid. It was assumed that fresh surface was 

formed at intervals from fluid which was transported from the 

bulk of the fluid to the interface by the action of turbulent eddies. 

Mass transfer wus then assumed to take pl~ce as in the penetration 

theory, except that the resistance to mass transfer was confined 

to a finite film next to the interface. For short contact times, 

when none of the material had reached the far side of the layer, 

the model was identical to that postulated in the penetration theory. 

For long periods of exposure, when a steady concentration gradient 

had developed, the model approached the two-film theory in form. 

The final form of the Toor-Marchello model was: 

N = 
A 

D [ 1 + 2 exp(-L2 / Dt 0 )] 

As before the difficulty in applying equation 5 was that not all 

parameters, i.e., the contact time and the film thickness were 

(5) 

known quantities. Toor and Marchello also showed that equation 5 was a 

a simplification or the boundary layer theory of mass tre.nsfer. 
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Other Theories of Mass Transfer, Kishinevshij( 1J) has sugGested 

a model for m~ss transfer across interfaces in which there was 

no contribution due to molecular diffusion. He assumed that fresh 

mGterial was continuously supplied to the interface as a result of 

turbulence within the fluid and that 1 after exposure to the second 

phase, the fluid element attained equilibrium with the second 

phase and then became mixed again with the bulk fluid. This 

model thus proposed surface renewal without penetration and 

therefore the effect of molecul<i.r diffusion should be negligible. 

However 1 there was no data avuilable to substantiate this theory. 
(1) . Bakowski has also considered the rate of mass transfer 

from a turbulent gus to a liquid interf~ce. He proposed that the 

transfer rate would be a function of the number of molecules 

of the diffusing component in the gas in contact with the liquid. 

The absorption of mole~ules by the liquid was assumed to be very 

fast so that the rate of replacement of the component in the surface 

layer was the rate controlling factor. Thus, the velocity of the 

gas stream over the surf ace directly influenced the mass transfer 

rate in that it affected the transfer of the gas molecules to the 

surface layer. 

Mass Tr~nsfer Coefficients. In each of the theories discussed 

the rate of mass transfer in the absence of bulk flow was directly 

proportional to the driving force expressed as a difference in 

molar concentration. Thus for the general case the following 

equation was obtained: 

N - k1 (c - c ) A i o 
(6) 
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where: 
I 

k = general mass transfer coefficient, cm / sec 
I 

In the two-film theory k was directly proportional to the diffusivity 

and inversely proportional to the film thickness. The penetration 
I 

theory predicted that k varied as the square root of the diffusivity 

and, when all elements were exposed for the same period of time, 
I k was inversely proportional to the square root of the time of 

I 
exposure. For surface renew~l theory, k was a simple function 

of square root of the diffusivity and rate of surface renewal. 

In the film-penetration theory, the mass transfer coefficient 

was a complex function of the diffusivity, the film thickness, 

and the time of exposure. For the majority of applications the 

mass transfer coefficient could not be ev~luated from first principles-

this was, for the most part, due to lack of adequate knowledge 

of the physical parameters describing the system in question. 

Variation of Mass Tr~nsfer Goefficient. For the absorption 

of carbon dioxide in water Gibbs(9) has shown that the total 

resistance to mass transfer lay within the liquid phase, i.e., 
I 

the total mass transfer coefficient, k , was identical with the 

liquid phase mass transfer coefficient. The variation of the 

liquid phase mass transfer coeficient, k11 with the physicGl 

parameters of the syster has been the subject of several investigations. 

D . (8) 1 avies has shown that k1 , for bubbles sma ler than 0.20 cm 

in diameter, was independent of the degree of agitation and bubble 

size. Davies also showed th~t for these bubbles k was proportional 
L 

to the two-thirds power of the molecular diffusivity; this variation 

was very close to the square root relationship predicted by the 
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(16) 
penetr~tion theory. For larger bubbles Toor has also shown 

that k1 was independent of size and degree of mechanical agitation. 

Chemically speaking both the penetration theory and the two-film 

theory predicted that the overall mass transfer coefficient would 

vary as a function of the diffusivity. However, the variation of 

the diffusion coefficient with ionic strength was not satisfactorily 

predicted by theory. Hence, the variation of k1 with concentration 

had to be experimentally detennined. 

Rates of Absorption of Carbon Dioxide. Danckwerts and Kennedy 
(5) 

have measured the transient rate of absorption of carbon dioxide 

into pure water and various aqueous solutions. Their data for 

absorption into pure water and dilute sodium hydroxide were quite 

pertinent to this investigation. Figures 2 and 3 show the transient 

rate of absorption of carbon dioxide into water and 0.085 M aqueous 

sodium hydroxide solutions. For the carbon dioxide water system 

Danckwerts and Kennedy showed that the diffusivities of all ions 

were 10-20 percent less in a solution 2.3 molar in sodium ions 

than in pure water. This decrease in diffusivity was found to 

be roughly linear with ionic strength. Thus, the correction 

required for diffusivities in a 0.085 M caustic solution was 

negligible. 

Interfacial Concentration of Carbon Dioxide. 
(10) 

Harned and Davis 

have studied the solubility of carbon dioxide into aqueous 

solutions. The results of this investigation were summarized in 

Figure 4. In this figure the solubility of carbon dioxide into 
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AT 25 •c 
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v~rious solutions of sodium chloride was plotted against temperature. 

This figure showed that solubility decreased with ionic strength; 

later investigations by these two authors showed that for dilute 

solutions of strone electrolytes the solubility was dependent only 

upon total ionic strength. 

Bubble Mechanics 

The mechanics of bubble formation from an orifice has been 

the object of many studies. The parts of this literature which 

were pertinent to this investigation were summarized in the following 

section. 

Bubble Freguency. There have been two distinct regions of 

bubble formation defined in the literature. One region occurred 

at low gas flow rates where the bubble volume was approximately 

constant and could be predicted roughly by equating the buoyant 

force to the surface tension force holding the bubble on the orifice. 

Therefore, in this region the frequency was directly proportional 

to the flow rate. The second region occurred at higher gas 

throughput where the frequency approached a constant value and 

the volume thus became flow dependent. 

Numerous investigators have noted th~t the size of the chamber 

loc~ted immediately upstream from the orifice had a marked effect 
(12) 

on bubble frequency. Hughes postulated an electrical analogue_ 

to describe this phenomena in which the electromotive force and 
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current were the equivalent of gas pressure and flow rate 

respectively. The chamber volume was interpreted as a capacitance 

effect and from these results he formulated the following 

dimensionless group: 

where: 

N = c 

N = c 
g = 

4 g 6. v 

capacitance number, dimensionless 

local acceleration of gravity, cm 

6. 3 
= jf-~ ' g;n / cm 

3 
~ = density of liquid, gm I cm 

= density of gas, g;n / cm3 fq 
volume of gas chamber, cm3 v = 

D = diameter of orifice, cm 
0 

I sec 

c = velocity of sound in the gas, cm / sec 

2 

Huehes found experimentally that when N was approximately equal c 
to unity, the chamber volume, V, had its most marked influence. 

. ( 19) Robinson has proposed that the bubble frequency was reldted 

to the resonant frequency which has been observed in all chamber-

orifice systems. His theory predicted the bubble frequency to be 

proportional to the square root of the chamber volume. Large 

chamber volumes, particularly with small orifices, produced the 

phenomenon known as 11 intermittant bubbling" or pairing in which 

bubbles were generated in groups followed by brief pauses. (This 

(7) 
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wc.s distinct from "merging" which WCiS the term applied to the 

coalescence of two bubbles in the immediate vicinity of the orifice.) 

Siemes( 15 ) and Davidson(?) have treated this separately and both 

CCiile to the same conclusion: that the first bubble did not form 

until some critical pressure was reached in the chamber below the 

orifice and that the suction created when the first bubble left 

the orifice was sufficient to drag the second bubble through the 

orifice. However, the same authors &lso observed that if the 

chamber volume were sufficiently large, or if the volume of the 

bubble f orrned was very small, the formation of the first bubble 

did not reduce the chamber pressure below the value required to 

generate a second bubble. 

Bubble Velocity. The literature pertaining to the velocity 

of rise of bubbles received a thorough review by Bowman and 
(2) 

Johnson • They noted that much of the available data were 

applicable only for single bubbles formed at low frequencies and 

thus the data were not applicable for the rather high frequencies 

encountered in most mass transfer equipment. A number of 

. . . t ( 12' 1 5 ) d . 1 . . . th d. 1nvest1ga ors have stu ied ve oc1t1es in e me iurn 

frequency range; but, as of yet, no systematic observations have 

been reported. However, it was possible to state that in general: 

a. the velocity for single rising bubbles did not change 

with increasing bubble size. 

b. for very small bubbles the frequency had a marked 

effect on the velocity. 
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Bowman and Johnson( 2) have shown that the velocity of rise of 

carbon dioxide bubbles in water was a direct function of the seal 

depth; this is shown in Figure 5. 
(2,11,17) 

Bubble Shape. Many workers studying mass transfer 

in a bubble column have made.the assumption that the bubbles studied 

were spheres or so close to being spheres that calculation of 

interfacial area on this basis was a good approximation. Indeed, 

until a sphere has flattened to an axis ratio of 2 to 1 the surface 

area did not increase by more than ten percent. 
( 16) 

Siemes b.nd Gunther studied the bubble size distribution 

which resulted from the break-up of the bubble jet which occurred 

at high gas rates; they catagorized the bubbles which fonned from 

this break-up into three groups: 

a. spheres - volume less than 0.05 cc 

b. oblate spheriods - volume 0.05 to 0.78 cc 

c. flat bottom domes - volume greater than 0.78 cc 

Rennie and Evans( 14) have studied this swne break-up on a sieve 

plate in which they studied the gas hold-up and the average bubble 

diameter. The averuge bubble diameter was based on the assumption 

that the bubbles were spheres. The results of this investigation 

were presented in Figures 6 and 7. 

Interfacial Area. Chu et al(J) have studied interfacial area 

and contact time for bubbles fanned at single vertical slots in 

aqueous solutions. While this work was intended to be applied 

to mass transfer in a bubble-cap system, the results could only 
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645 BUBBLES I MINUTE 

339 BUBBLES I MINUTE 

159 BUBBLES I MINUTE 

L69 BUBBLES I MINUTE 

o.oo 5.08 10.16 15.24 

SEAL HEIGHT, CM 

FIGURE 5. EFFECT OF SEAL HEIGHT ON VELOCITY OF 

RISE OF COz BUBBLES_ IN WATER AT CONSTANT VOLUME 



-21-

0.6 

o.s 

0.4 

>-f- 0.3 U5 z w 
0 

:c 
5 0.2 
a; u.. 

0.1 

o.o 
0.0 0.1 0.2 0.3 0.4 0.5 

PLATE F-FACTOR, ( LBMIFT-SEc2 ) V2 

FIGURE 6. FROTH DENSITY VERSUS PLATE F~ FACTOR 



~ 
u 

"" a: w 
...... w 
~ 
<( 
0 

w 
--' co m 
::::> co 

-22-

o.ao 

0.60 

0.40. 

0.20 

0.00 _._--------..-------.-----'"!"'-....,.....,...-T""l,..,....r---------r-
lpOO 10.000 

ORIFICE REYNOLDS NUMBER 

FIGURE 7. BUBBLE DIAMETER VERSUS ORIFICE REYNOLDS 

NUMBER 



-23-

be qualit~tively applied to this investigation. The plot of 

static slot submergence versus interf aciGl area per volume of 

vapor for various slot velocities was shown in Figure 8. In this 

plot it was seen that the interfacial area per volume of vapor, 

a, was essentially constant for static submergences of greater 

than 2.0 inches and increased rapidly for slot submergence of less 

than 2.0 inches. Figure 9 showed the influence of liquid viscosity 

on a; this figure demonstrated that a increased with increasing 

viscosity and that doubling the viscosity could increase a by as 

much as an order of magnitude. Chu also demonstrated that smaller 

holes produced smaller bubbles and hence a larger value of the 

interfacial area; this was consistent with previously reported 

data. 

Choice of Data. The data presented in Figures 2 through 7 was chosen 

for its int~rnal consistency EJld reproducibility. In addition the data in 

Figure 6 was determined tor a column or quite similar design to the one used 

in this investigation. 
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The plan of investig<tion, a list of materials and appc;.ratus 

used, the procedures employed in operating the equipment ~nd 

an~lyzing the d~ta obtained, the data and results obtained, and 

the sample calculGtions were included in the following section. 

Plan of Investig&tion 

The plan of investigation consisted of a literature review, 

developnent of a method of interpreting the data, construction of 

the ~pp~ratus, measurement of rates of absorption, and evaluation 

of the experimental d~ta. 

Literature Review. The liter~ture review for this investieation 

included a review of the fundamental models for gas absorption 

accompanied by chemical re~ction as well as a generul review of 

transient rate of absorption data. In addition, since a sieve-

plate was used for the gas-liquid contacting, a seurch was made 

concerning the mechunics of gas bubbles in a liquid. 

Method of Interpretating Dt.ta. From previous mea.surements(4) 

of tr&nsient Gbsorption rates on simple devices, a general method 

WGS developed to metsure the effective contact time for transient 

~bsorption on complex apparatus. The interf&cial area wls also 

detennined fran these same measurements· .• 
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Construction of App~ratus. A single.sieve-plate, gus absorption 

tower with the auxillary equipnent necessary to give data consistent 

with the literature was constructed. 

Measurement of Rates of Absorption. The measurement of the 

rate of absorption was detennined by acid-bose titration. The 

end point of each titration, a pH of 7.0, was detennined by a 

pH meter. 

Ev~luation of Data. The data obtained from the experiments 

were compured to estimates of the contact· time and interfacial area 

d b . . t• t (2,3,14) ma e y previous inves iga ors • 

Materials 

The materic.ls used in this investigation were listed in the 

following section. 

Carbon Dioxide. Technical grade. Obtained from Air Reduction 

Compressed Gas Co., ~chburg, Virgini~. Used as a reactant gas 

for the r~te tests. 

Hydrochloric Acid. Reagent grade, lot no. 23,933. Obtained 

from the .Industrial and Biochemicals Dep~rtment of E. I. DuPont 

and CompGny, Chicago, Illinois. Used in titrations of reacting .. 
liquid. 

Nitrous Oxide. Techni~al gr~de. Obtained from Air Reduction 

Compressed Gos Co., ~chburg, Virginia. Used as a react~nt gas 

for the rate tests. 
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Phenolphthalein. Re~gent grade, lot no. 11244. Manuf~ctured and 

distributed by J. T. Baker Chemical Comp~ny, Phillipsburg, New Jersey. 

Used as an indicator in titrations. 

Sodium Hydroxide. Reagent grb.de, lot no. 19,335. Obtained 

from Fischer Scientific Company, Silver Spring, Maryland. Used to 

make aqueous sol~tions for reaction on a sieve-plate h.lld for 

titration. 

Water. Distilled. Obtained from the water still in the 

Dep~rtment of Chemical Engineering of Virgini~ Polytechnic Institute, 

Blacksburg, Virgini~. Used to make aqueous reaction solutions 

and titration solutions. 

Apparatus 

The app~ratus used in this investigation were listed and 

described in the following section. 

Balance. Analytical, dampered, 0 to 500 gr&ms, 0.001 increments, 

11Chainomatic 11 • Manufactured by Seedner-Kohlbush Company, Jersey 

City, New Jersey. Used to weigh reagents for titrating solutions. 

Blower. High speed, model NHP, serial no. 101164, 110 v, ac. 

Mo.nufc..ctured by Clements Cadillac Corp.• Jersey City, New Jersey;. 

Used to provide continuous circulation of carbon dioxide. 

Buret. Titration, 50 ml, 0.10-ml gradu~tions. Obtained from 

the stockroom of the Department of Chemical Engineering of Virginia . 

Polytechnic' Institute, Blacksburg, Virginia. Used to hold and measure 

titrating solutions. 
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Buret Stand. Dual stand. Obtained from the stockroom of the 

DepQrtment of Chemical Engineering of Virginia Polytechnic Institute, 

Blocksburg, Virginia. Used to support the titration burets. 

Column Stand. Cast iron and plywood construction. Made by the 

Dep~rtment of Chemic'l Engineering of Virginia Polytechnic Institute, 

Blacksburg, Virginia. Used to support reaction tower and its 

auxillary apparatus. 

Flanges. Aluminum, catalog no. 441B014, 4 inch Diameter. 

Manufactured by Fischer ~nd Porter Co., Hatboro, Pennsylvania. 

Used to join gl~ss pipe. 

Flasks. Round bottom, glass 125 ml. Obtained from the stockroom 

of the Department of Chemical Engineering of Virginia Polytechnic 

Institute, Blacksburg, Virginia. Used in titrating solutions. 

Pipe. Kimax glass, 4 inch diameter, two 12 inch sections, two 24 

inch sections. Manufactured by the Fischer and Porter Co., Hatboro, 

Penn3ylvania. Used to make the reaction column and the water 

saturation columns. 

Pump. Centrifugal, model D11, type 100, serial no. C4BOJJ9. 

Manufactured by F..astern Industries Inc., Hamden, Connecticut. Used 

to pump water fran s~turation column through constant temperature bath. 

Pump. Positive displacement, model 1106, type 1258, serial no. 

AD56089. Manufactured by Proportioneer Inc., Providence R. I. Used 

to pump reaction solution from constant temperature bath to the 

reaction column. 

Rotameter. Float, serial no. P4-1100/1, tube no. B4A-25. 

M&nufactured by Fischer and Ported Co., Hatboro, Pennsylvania. Used to 

me, sure flow of aqueous solutions from constant temperature bath to 

reaction column. 
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Sieve-Plate. Stainless steel, shown in Figure 11. Obtained from 

Whitehead Metal Products, Philadelphia, Pennsylvania. Used to contact 

gas and liquid. 

Tank. Stainless steel, 50 gal. Obtained from Alsop Engineering 

Corp., Milldale, Connecticut. Used to hold aqueous solution of sodium 

hydroxide and provide a constant temperature bath. 

Tank. Stainless steel, 100 gal. Obtained from Celanese Corp., 

N~rrows, Virginia. Used as a surge tank for carbon dioxide. 

Tubing. Copper, 3/8 inch and 3/4 inch inside diameter. 

Obtained from shop of Department of Chemical Engineering, Virginia 

Polytechnic Institute, Blacksburg, Virginia. Used to provide piping 

for carbon dioxide and aqueous sodium hydroxide solution. 

Valve. Brass gate valves for 3/8 inch tubing. Obtained 

from shop of Dep~rtment of Chemical 1ngineering, Virginia Polytechnic 

Institute, Blacksburg, Virginia. Used to control flow of aqueous 

solutions. 

Valve. Brass gate valve for 2 inch pipe. Obtained from shop 

of Department of Chemical Engineering, Virginia Polytechnic Institute, 

Blacksburg, Virginia. Used to control gas flow. 

Procedure 

The procedure employed in this investigation consisted of assembly 

of equipment, preliminary tests and calibrations, operation tests, 

and derivation of method to analyze the data. 
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Assembly of Equipment. The reaction column, schematic diagram 

in Figure 101 was fabricated from two twelve-inch sections of 

four-inch diameter, Kimax, double strength, flanged glass pipe 

with a sieve-plate placed between the two sections of glass pipe. 

The top and bottom of the column were blanked with quarter-inch 

steel plate. The liquid lines running to and from the column 

were f abric~ted fran three eights-inch, stainless-steel tubing. 

The gas lines were constructed from one-inch, thin wall copper 

tubing. 

The.water saturation column, schematic diagram in Figure 

10, was constructed from two two-foot sections of four-inch diameter, 

Kimax, double strength, flanged, glass pipe. The top and bottom 

of the column were blanked with qu~.rter-inch, stainless-steel 

plate. The gas and liquid lines to and from the column were 

constructed in the same manner as for the reaction colwnn. 

The feed tank was constructed from 16 gauge stainless-steel 

~nd mounted on a stand constructed from angle iron. The tank 

w~s thirty-inches high and twenty-inches in diameter. 

The surge tank was fabricated from quarter-inch stainless-steel 

and mounted on a.stand constructed from angle iron. The tank 

was fifty-inches long and thirty-inches in diameter. The gas 

lines to and from the tank were constructed from one-inch diameter 

copper tubing. A high speed, variable output blower was placed 

in the gas line and attached to the side of this tank. 
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All glass pipe was joined with stand~rd aluminum pipe flanges 

and fastened with six three-inch long quarter-inch diameter machine 

bolts. Teflon gaskets were ~sed between the sections of glass 

pipe; neoprene gaskets were used between the flanges Lnd glass 

pipe. 

The columns were mounted on a specially prepared displ~y 

stand which was constructed from one-inch plywood and angle iron. 

The liquid circulation pumps, rotameters, and manometers were also 

attached to this display panel. 

Sieve-plates for the various tests were constructed from 

stainless-steel. A detailed diagram of a sieve plate was shown 

in Figure 11. 

Caribration of Gas Orifice. The gas orifice w&s calibrated 

with pure c~rbon dioxide saturated with water. The test was 

performed with a wet test meter and checked with a bubble column. 

The results of these tests were presented on Table I and Figure 

12. 

Calibration of Feed Rotameter. The calibration of the feed 

rotarneter was made with pure w~ter and 0.085 M aqueous solution 

of sodium hydroxide. The results of this calibration were shown 

in Table II and Figure 13. 

Calibration of Pressure Drop Across Dry Sieve-Plate. The 

pressure drop for gas flow &cross several dry sieve-plates used 

in this investigation wLs determined by using water satur~ted 

c~rbon dioxide as the gas. The results of these tests were presented in 

Tei.ble III Lmd Figure 14. 
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TABLE I 

a 
Calibration of Orifice ££!: Vapor Flow 

Pressure Drop 
Jicross Orifice,, 
in H2o 

1.10 
2.25 
2.50 
3.00 
4.15 
4.60 
8.10 

6.50 
10.00 
10.00 
10.00 
10.00 
10.00 
10.00 

a o 
Temperature of calibration was 25 C. 

Time of 
Flow 
min sec 

1 :43 
1: 50 
1 :43 
1 :40 
1 :22 
1: 19 
0:55 

Velocity of 
co2 through 
Column 
ft/sec 

0.650 
0.935 
1.003 
1.030 
1.255 
1.305 
1.875 



(.) 2.0 w 
(/) 

' .... 
LL .. z 
::E 
::::> 
...J 
0 
(.) 

::c 
(!) 
::::> 
0 
~ 1.0 
t-
w 

~ 
3: 
0 
..J 
LL. 

o.o 

-36-

PRESSURE DROP, IN. ~O 

FIGURE 12. ORIFICE PRESSURE DROP VERSUS 

FLOW THROUGH COLUMN 



Rotameter 
Reading 

0.135 
0.275 
0.285 
0.350 
0.410 
0.440 
0.535 
0.660 
0.660 
0.740 
0.770 
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TABLE II 

Calibration& of Liquid Feed Rotarneter 

Time of 
Flow, sec 

100.0 
60.0 
60.0 
50.0 
50.0 
45.0 
35.0 
JO,O 
30.0 
25.0 
25.0 

-

a 
Quantity 
of Flow, cc 

94D.O 
1060.0 
1110.0 
1100.0 
1203.0 
1116.0 
1170.0 
1185. 0 
1150.0 
1092.0 
1137.0 

a o 

Rate of 
Flow cc / sec 

9.49 
17.80 
18.50 
22.00 
24.10 
24.80 
33.50 
.39.40 
38.80 
43.70 
45.50 

Rotameter w&s calibrated with distilled w~ter at 25 C. 
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TABLE III 

Determination of Pressure Drop Across .!2!:£ Sieve-Plate 

Flow Rate 
Through the 
Column ft/sec 

0.797 
0.675 
0.505 
1.000 
1.575 
1.600 
1.255 
0.985 
0.727 
o.685 
1.389 
1.089 
0.915 

a 

Pressure Drop a 
Across Plate A 
in H20 

0.35 
0.25 
0.15 
0.40 
0.80 
0.75 
0.55 
0.40 
0.30 
0.25 
0.60 
0.50 
0.45 

Pressure Drop b 
Across Plate B 
in H2o 

0.30 
0.23 
0.13 
0.35 
0.70 
o.67 
0.48 
0.35 
0.27 
0.22 
0.53 
0.45 
0.40 

Pressure Drop c 
Across Plate C 
in H2o 

0.28 
0.20 
0.12 
0.32 
o.65 
0.62 
0.45 
0.33 
0.25 
0.20 
0.50 
0.40 
0.37 

Plate A is 1/8-inch thick with thirty-six 1/8-inch diameter holes. 
b 

Plate B is 1/8-inch thick with nine 1/4-inch diameter holes. 
c 

Plate C is 1/8-inch thick with four 3/8-inch diameter holes. 
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Calibration of Positive Displacement Pum2. The results for 

the calibre:.tion of the positive displC:t.cement pump were presented 

in Table IV and Figure 15. 

02erational Test. The procedures outlined in this section 

ref er to Figure 10. It was assumed that the system was completely 

empty. 

Testing was started by turning on the carbon dioxide cylinder 

and adjusting the flow so th~t the flow of curbon dioxide from 

the vent was sufficient to extinguish a m~tch held six inches 

away from the vent. Next the water circulating pump on the 

saturation column was started. This circuhted water fro:n the 

saturation column thrcugh the constant temperature reservoir, the 

feed tank, and back into the saturation column. After this the 
0 + 0 feed solution, at 25.0 C _ 0.1 C, was placed in the feed tank. 

At this point the gas blower was turned on and the vent w~s 

rechecked to insure that carbon dioxide was still flowing out of the 

vent. wnen thi~ check was completed, the pump from the feed tank 

was started and the feed flow rate was adjusted to the desired 

value. Next the gas flow rate was adjusted to the value desired 

for the test. At this point the sampling procedure was begun. 

Sampling Procedure. After all flow conditions had been set 

at the desired values, ~ period of ten minutes was allowed for 

the system to come to steady state. Then the effulent from the 

sieve-plate was collected for ~ period of ten minutes. The swnples 

to be titrated, 25 ml aliquots, were taken from the ten minute 

composite sample. Feed samples were taken directly from the feed tank. 
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TABLE IV 

Calibrc;tion .2£. 11 Proportioneer" Pump 

Pump Setting 

100 
90 
80 
70 
60 
50 
40 
30 
20 
10 

Time, 
sec 

600.0 
600.1 
600.0 
600.3 
600.0 
600.0 
600.2 
600.1 
600.2 
600.0 

a o Flow is cc of water at 25 C. 

Flow a 
cc 

500.3 
450.0 
400.8 
349.9 
300.1 
250.7 
200.2 
150.6 
100.9 
53.1 

Flow Rata 
cc/min 

50.0 
45.0 
40.0 
35.0 
30.0 
25.0 
20.0 
15.0 
10.0 
5.3 
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Analyticeil Procedures. The 20 ml aliquots, taken with pipets, were 

placed in sample bottles in a constant temperature bath maintained at 

25 °c. The samples were removed from the constant temperature bath and 

titrated with suitable titrating solutions - either 0.0340 M caustic or 

0.0340 M hydrochloric acid solutions. The end point of the titrations, a 

pH of 7.00, was measured with a pH meter. 

Developnent of a Method for Jineilysis of Data. From the data of 

Danckwerts( 5) in Figures 2 and 3 it was observed that the rate of 

absorption of carbon dioxide into dilute caustic solutions was always 

greater than the rate of absorption into pure water. This difference in 

rates existed because the absorption into the dilute caustic involved a 

coupling of pure absorption and chemical re~ction; whereas, the absorption 

into the water was a case of pure absorption. However, as the times of 

contact approached zero the rates of absorption into the two liquids 

approached the sc:Jne limiting rate. Since the rates of absorption were 

equal at zero contact time and were greater for the absorption into the 

dilute caustic at finite contact times, it was apparent that the ratio of 

the r~te of absorption of carbon dioxide into a dilute caustic solution to 

the rate of ~bsorption into water was a function of contact time. Figure 16 

on page 45 shows a plot of this ratio for the absorption of carbon dioxide 

into a 0.085 M caustic solution and pure water. 

Multiplying Equation 3 through by the interfacial area, a, yielded 

the following equation: 

where: 

QA = 2 a (c1 
D 

QA = quanity of A absorbed, mol I sec 

a = total interf acial area, cm2 

(8) 
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AT 2s·c 
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CONTACT TIME, SEC 

FIGURE 16. CONTACT TIME VERSUS RATIO OF CO 2 
ABSORBED IN 0.085M NAOH TO C"2 ABSORBED lN H20 
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From Equation 8 the ratio of the amount of carbon dioxide absorbed in 

dilute caustic to the carbon dioxide absorbed in pure 1-: <.i. t er would be: 

c~) ~ 
D' eff. 

Qlc I 
'l( tc 2 a' (ci -

R = = 
QAW 2 a (ci - c0 ) ~ D 

'1( t c 

where the primed values ref er to the caustic solution and: 

R = the point value of the ratio of carbon dioxide absorbed 

in dilute caustic to carbon dioxide absorbed in water 

Qlc = rate of absorption into caustic, mol / sec 

QAW c rate of carbon dioxide absorption into water, mol / sec 
D' eff. = effective diffusion coefficient for the absorption and 

chemical reaction of carbon dioxide into caustic solution; 

a complex function of the time of contact, reaction rate 

constant and binary diffusion coefficient; cm2 / sec 

Since the physical parameters describing the flow characteristics on the 

sieve-tray were the same for each of the two cases the interfacial areas 

and contact ti.fies canceled leaving the following equation: 

R = (ci - c~) 
(ci - co) 

D~ff. (8b) 
D 

For the case plotted in Figure 16, page 45, in which the two liquids were 

exposed for only one contact time the concentration differences also 

c~nceled leaving the ratio as a simple function of the two diffusivities. 

The diffusivity of carbon dioxide in water has been meQsured by many 

investigators( 5, 6) and was readily detennined for the conditions employed in 

this investigation. The effective diffusivity of carbon dioxide in diluta 
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c~ustic solutions could be evaluated from the data of Danckwerts( 5). 

For given liquid concentrations of carbon dioxide &nd a given ratio 

of carbon dioxide absorbed in caustic to c~rbon dioxide absorbed in 

water the contact time could be evaluated from Equation Sb. However, the 

evaluation of contact times from Equation Sb was not straightforward 

since the effective diffusivity of the co.rbon dioxide in the caustic was 

u very complex function of the time of contact. In this investigation 

times of contact were evaluated from Figure 16 thus eliminating the 

difficult solution of Equation Sb. Because the data in Figure 16 was 

based upon single contact times, extreme co.re hEi.d to be exercised to 

insure that the liquid effluent from the tray (bulk concentration on the 

tray) corresponded to pure water or 0.085 M caustic which had been 
·; 

exposed for a single contact time. This necessitated a triea.l and error 

solution in which a contact time was assumed and a test made using this 

assumed contact time; the results of the first triea.l were used to 

evaluate a second approximation to the contact time fron Figure 16. This 

method was continued until sucessive approximations yielded the same 

contact times. 

The experimental value of the interf acial area can be estimated from 

Equation 8. The interfacial area .per unit volume, a•, could be evaluated. 
( 14) 

independently from the following equation: 

a• = 3( 1 -V) 
r (9) 

where: 

' i -1 a = nterfaci~l area per unit volume of froth, cm 

V = froth density, gm / cm3 

r = meun radius of bubbles, cm 
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Data and Results 

The f ollowine section contnins the data and results obtained 

during this investigation. As a check of reproducibility and to 

insure accuracy ten samples were taken under each set of operating 

conditions. However, this additional S[.J!lpling proved superfluous 

since the max.ium variation of experimentally determined p~rruneters, 

the interfecial area ~nd contact time, was less than one percent about 

the test mean. In view of the extremely small variation of the 

experimentally determined parameters about the test mean ~nd the 

large number of observations it was felt that the d~ta could be 

presented more concisely thro~gh the use of the averages of the ten 

samples. Therefore the data taken during this investigation were 

sunnnarized and presented in Tables V through XV on pages 50 through 60. 

Effect of Liquid Rate. The effect of the liquid feed rate on time 

of penetrtition (contact) and interf~cial area was presented in Figures 

17 and 18 p&ges 61 and 62. The dat& for these figures were taken 

from Tables V, VIII, and IX on pages 50, 53, and 54. 

Effect of Hole Size. The effect of hole size on the time of 

penetration (contact) and interf~cial area was presented in Figures 

19, 20, 21, and 22 on pages 63, 64, 65, and 66. The data for these 

figures were tuken from Tables V, VI, VII, X, and XI on pages 50, 51, 

52, 55, a.nd 56. 

Effect of Free Area. The effect of free area, the ratio of the. 

area of holes to the total plate area, on the time of penetration (contact) 
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and interfacial area wts presented in Figures 22, 23, 24, 25, 26, and 

27 on pages 66, 67, 68, 69, 70, and 71. The data for these figures 

were taken from Tables X, XI, XII, and VIII on pages 55, 56, 57, and 58. 

Effect of Plate Thickness. The effect of plate thickness on the 

time of penetration (contact) and interfacial area was shown in Figures 

28, 29, 30, 31, 32, 33, 34, and 35 on pages 72, 73, 74, 75, 76, 77, 78, 

and 79. The data for these figures were taken from Tables VI, XIV, 

and XV on pages 51, 59, 60. 

Effect of Slot Velocity and Defth of Unoerated Liquid on Tray. The 

effect of slot velocity and depth of unaerated liquid on the tray, 

the major independent variables in'this investigation, on the time of 

penetration (contact) arxi interfacial area was shown in Figures 17 

through 35 on pages 61 through 79. The data for these plots came from 

Tables V ~hrough XV on pages 50 through 60. 



Run Ll.q. 
No. Feed 

Rate 
ml/sec 

1 20.0 
2 20.0 
3 20.0 
4 20.0 
5 20.0 
6 20.0 
7 20.0 
8 20.0 
9 20.0 

10 20.0 
11 20.0 
12 20.0 

TABLE V 

Absorption of Carbon Dioxide into Water and Caustic Solution ~ ~ 

lf!1 - inch Thick Sieve-Tray with Nine 1/4 - inch Holes 

Column Slot Depth of Titre a of Titrtra of Ratio Time of 
Gas Gas Ll.q C02 Abs co2 Abs Penet. 
Vel. Vel. Unair. in Water tc in Caustic 
ft/sec ft/sec in H20 ml ml sec 

0.625 22.0 1.00 95.80 138.15 1.442 0.080 
0.625 22.0 2.00 199.20 284.45 1.428 0.069 
0.625 22.0 3.00 271.55 386.95 1.425 0.067 
0.739 26.0 1.00 112.30 160.25 1.427 0.068 
0.739 26.0 2.00 225.10 .317.85 1.412 0.058 
0.739 26.0 3.00 312.10 440.05 1.410 0.057 
o.853 30.0 1.00 1.31.55 l85. 75 1.412 0.058 
0.853 .30.0 2.00 266 • .35 .372.90 1.400 0.051 
0.853 30.0 J.00 .393.00 548.70 1.396 0.049 
0.966 34.0 1.00 151. 75 212.90 1.403 0.052 
0.966 34.0 2.00 .324.00 449.85 1 • .388 0.045 
0.966 34.0 3.00 466.50 645.25 1.38.3 0.043 

a Titre is ml of 0.0340 M c&ustic necessary to titrote a 20 ml aliquot effluent. 

Expt. Cale 
Area Area 
a' I a 
cm-1 cm-1 

I 
7.3 7.0 U'l 

H 
7. 1 7.0 I 

6.3 7.0 
7.9 7.4 
7.6 7.4 
6.9 7.4 
8.5 7.6 
8.1 7.6 
7.8 7.6 
9.3 7.8 
9.1 7.8 
8.7 7.8 



TABLE VI 

Absorption of Carbon Dioxide into Water and Caustic Solutions ..9l! ~ 

.lL§ - inch Thick Sieve-Tray with Thirty-six lL§ - inch Holes 

Run llq. Column Slot Depth Titre a of Titrea of Ratio Time of Expt. Cale 
No-; Feed Gas Gas of Liq cot abs in co2 Abs Penet. Area Area 

' a* Rate Vel. Vel. Unair. Wa er in Caustic tc a 
ml/sec ft/sec ft/sec in H 0 ml ml cm-1 -1 sec cm 

2 

13 20.0 0.625 22.0 1.00 95.75 138.05 1.442 0.080 7.3 7.0 
14 20.0 0.625 22.0 2.00 199.25 284.55 1.428 0.069 7. 1 7.0 I 

\JI 
15 20.0 0.625 22.0 3.00 271.60 387.05 1.425 0.067 6.3 7.0 ~ 

I 
16 20.0 0.739 26.0 1.00 112.40 160.40 1.427 0.068 7.9 7.4 
17 20.0 0.739 26.0 2.00 225.05 317.75 1.412 0.058 7.3 7.4 
18 20.0 0.739 26.0 3.00 312.15 440.15 1.410 0.057 6.7 7.4 
19 20.0 0.853 30.0 1.00 131.65 185.90 1.412 0.058 8.5 7.6 
20 20.0 0.853 30.0 2.00 266.45 373.05 1.400 0.051 8.1 7.6 
21 20.0 0.853 30.0 3.00 393.05 548.70 1.396 0.049 7.8 7.6 
22 20.0 0.966 34.0 1.00 151.70 212.85 1.403 0.052 9.3 7.8 
23 20.0 0.966 34.0 2.00 324.10 449.85 1.388 0.045 9.1 7.8 
24 20.0 0.966 34.0 3.00 466.45 645.10 1.383 0.043 8.7 7.8 

a Titre is ml of 0.0340 M caustic necessary to titrate a 20 ml aliquot effluent. 



TABLE VII 

Absorption of Carbon Dioxide into Water and Caustic Solutions .2.!! 2: 

lli - .!!!£!! Thick Sieve-Tray with Four ~ - inch Holes 

Run Ll.q. Coltunn Slot Depth Titre a of Titre a of Ratio Time of Expt. Cale 
No. Feed Gas Gas of Liq co2 Abs in co2 Abs Penet. Area Area 

Rate Vel. Vel. Unair. Water in Caustic tc a' a' 
ml/sec ft/sec ft/sec in H20 ml ml cm-1 -1 sec cm 

20.0 0.625 95.60 137.85 0.080 7.0 I 
25 22.0 1.00 1.442 7.3 1....n 
26 20.0 0.625 22.0 2.00 199.05 284.25 1.428 0.069 7. 1 7.0 I\) 

I 
27 20.0 0.625 22.0 3.00 271.75 387.25 1.425 0.067 6.3 7.0 
28 20.0 0.739 26.0 1.00 112.20 160.10 1.427 0.068 7.9 7.4 
29 20.0 0.739 26.0 2.00 225.20 318.00 1.412 0.058 7.3 7.4 
30 20.0 0.739 26.0 3.00 312.20 440.20 1.410 0.057 6.7 7.4 
31 20.0 0.853 30.0 1.00 131.65 185.90 1.412 0.058 8.5 7.6 
32 20.0 0.853 30.0 2.00 266.40 372.95 1.400 0.051 8. 1 7.6 
33 20.0 0.853 30.0 3.00 393.05 548.70 1.396 0.049 7.8 7.6 
34 20.0 0.966 34.0 1.00 151. 70 212.85 1.403 0.052 9.3 7.8 
35 20.0 0.966 34.0 2.00 323.90 '449.55 1.388 0.045 9 .1 7.8 
36 20.0 0.966 34.0 3.00 466.45 645.10 1.383 0.043 8.7 7.8 

a Titre is ml of 0.0340 M caustic necessary to titrate a 20 ml aliquot effluent. 



TABLE VIII 

Absorption of Carbon Dioxide into Water and Caustic Solutions .2!! ~ 

.!L§ - inch Thick Sieve-Tray with Nine ill - inch Holes 

Run Liq. Column Slot Depth Titrea of Titrea of Ratio Time of Ex.pt. Cale 
No. Feed Gas Gas of Liq COt Abs in co2 Abs Pennet. Area Area. 

Rate Vel. Vel. Unair. Wa. er in Caustic tc a' a' 
ml/sec ft/sec ft/sec in H 0 ml ml sec cm-1 cm-1 

2 
I 

V1 
VI 
I 

37' 10.0 0.625 22.0 1.00 95.85 1.38.20 1.442 0.080 7 • .3 7.0 
.38 10.0 0.625 22.0 2.00 199 • .30 284.60 1.428 0.069 7 .1 7.0 
39 10.0 0.625 22.0 J.00 271.55 .386.95 1.425 0.067 6 • .3 1.0 
40 10.0 0.739 26.0 1.00 112.25 159.95 1.425 0.067 7.9 7.4 
41 10.0 0.7.39 26.0 2.00 225.15 .317.45 1.410 0.057 7.6 7.4 
42 10.0 0.7.39 26.0 .3.00 .312.20 440.20 1.410 0.057 6.9 7.4 
43 10.0 0.85.3 JO.O 1.00 1.31 .45 185 • .35 1.410 0.057 8.5 7.6 
44 10.0 0.85.3 JO.O 2.00 266.35 .372.90 1.400 0.051 8. 1 7.6 
45 10.0 0.85.3 .30.0 3.00 .39.3.05 548.70 1.396 0.049 7.8 7.6 
46 10.0 0.966 34.0 1.00 151.80 212.95 1.40.3 0.052 9.3 7.8 
47 10.0 0.966 34.0 2.00 .324.05 449.80 1.388 0.045 9. 1 7.8 
48 10.0 0.966 .34.0 3.00 466.50 645.15 1.383 0.043 8.7 7.8 

a Titre is ml of 0.0340 M caustic necessary to titrate a 20 ml aliquot effluent. 



TABLE IX 

Absorption of Carbon Dioxide into Wu.ter and Caustic Solutions .£!! ~ 

Ji§ - inch Thick Sieve-Trey with Nine 1iJz. - inch Holes 

a a Run Ll.q. Column Slot Depth Titre of Titre of Ratio Time of Expt. Cale 
No. Feed Gas Gas of Ll.q COt Abs in co2 Abs Penet. hr ea Area 

Rate Vel. Vel. Unair. Wa er in Caustic tc a' a' 
ml/sec ft/sec ft/sec in H20 ml ml -1 cm-1 sec cm 

I 
\Jl 
~ 
I 

49 30.0 0.625 22.0 1.00 95.75 137.90 1.440 0.079 7.3 7.0 
50 30.0 0.625 22.0 2.00 199. 15 284.40 1.428 0.069 7. 1 7.0 
51 30.0 0.625 22.0 3.00 271.60 387.55 1.427 0.068 6.3 7.0 
52 30.0 0,739 26.0 1.00 .112.35 160.30 1.427 0.068 7.9 7.4 
53 30.0 0.739 26.0 2.00 225.15 317.90 1.412 0.058 7.6 7.4 
54 30.0 0.739 26.0 3.00 312.10 439.90 1.410 0.057 6.9 7.4 
55 30.0 0.853 30.0 1.00 131.55 185.75 1.412 0.058 8.5 7.6 
56 30.0 0.85.3 30.0 2.00 266.40 372.95 1.400 0.051 8. 1 7.6 
57 30.0 0.853 30.0 3.00 392.95 548.55 1.396 0.049 7.8 7.6 
58 30.0 0.966 34.0 1.00 151.80 213.00 1.403 0.052 9.3 7.8 
59 30.0 0.966 .34.0 2.00 323.95 449.65 1.388 0.045 9. 1 7.8 
60 30.0 0.966 34.0 3.00 466.45 646.50 1.386 0.044 8.7 7.8 

a Titre is ml of OP340 M caustic necessary to titrate a 20 ml aliquot effluent. 



TABLE X. 

,Absorption of Carbon Dioxide into Water and Caustic Solutions .2.!1 ~ 

1L§ - inch Thick Sieve-Tray with Eight ~ - inch Holes 

Run Liq. Column Slot Depth Titre a of Titrea of Ratio Time of Expt. Cale 
No. Feed Gas Gas of Liq COt Abs in co2 Abs Penet. Area Area 

Rc..te Vel. Vel. Unair. Wa er iri Caustic tc e.' a' 
ml/sec ft/sec ft/sec -1 cm-1 in H20 ml ml sec cm 

61 20.0 1.250 22.0 1.00 115.45 166.25 1.440 0.079 8.8 8.2 I 

62 20.0 1.250 22.0 2.00 248.20 354.45 1.428 0.069 8.6 8.2 IJ1 
1,)1 

63 20.0 1.250 22.0 3.00 336.25 479.85 1.427 0.068 7.8 8.2 I 

64 20.0 1.478 26.0 1 .• 00 133.70 190.80 1.427 0.068 9.4 8.4 
65 20.0 1.478 26.0 2.00 271.40 383.20 1.412 0.058 8.8 8.4 
66 20.0 1.478 26.0 3.00 381. 95 538.55 1.410 0.057 8.2 8.4 
67 20.0 1.706 30.0 1.00 154.70 218.15 1.410 0.057 10.0 8.6 
68 20.0 1. 706 30.0 2.00 315.70 442.00 1.400 0.051 9.6 8.6 
69 20.0 1. 706 30.0 3.00 468.50 654.05 1.396 0.049 9.3 8.6 
70 20.0 1.932 34.0 1.00 176.25 247.30 1.403 0.052 10.8 8.8 
71 20.0 1.932 34.0 2.00 377.05 523.35 1.388 0.045 10.6 8.8 
72 20.0 1.932 34.0 3.00 546.65 756.00 1.383 0.043 10.2 8.8 

a 
Titre is ml of O. 0340M caustic necessary to titrate a 20 ml aliquot effluent. 



TABLE XI 

Absorption of Carbon Dioxide into Water and Caustic Solutions .9.!! ~ 

1L!! - inch Thick Sieve-Tray with Eighteen lLb. - inch Holes 

Run Ll.q. Colli.IIln Slot Depth of Titre a of Titre a of Ratio Time of Expt. Cale 
No. Feed Gas Gas Ll.q cot 1.bs in C02 Abs Penet. J..rea Arec. 

Rate Vel. Vel. Unair. Wa er in Caustic tc a• a• 
ml/sec ft/sec ft/sec -1 cm-1 in H20 ml ml sec cm 

I 

73 166.40 8.8 8.2 Vl 20.0 1.250 22.0 1.00 115.40 1.442 0.080 0\ 

74 20.0 1.250 22.0 2.00 248.25 354.50 1.428 0.069 8.6 8.2 I 

75 20.0 l.250 22.0 3.00 336.25 479.15 1.425 0.067 7.8 8.2 
76 20.0 1.478 26.0 1.00 133.75 190.85 1.427 0.068 9.4 8.4 
77 20.0 1.478 26.0 2.00 271 .45 383.30 1 .412 0.058 8.8 8.4 
78 20.0 1.478 26.0 3.00 381.90 538. 50 1.410 0.057 8.2 8.4 
79 20.0 1. 706 30.0 1.00 154.75 218.20 1.410 0.057 10.0 8.6 
80 20.0 1. 706 30.0 2.00 315.70 442.00 1.400 0.051 9.6 8.6 
81 20.0 1.706 30.0 3.00 468.55 654. 10 1.396 0.049 9.J I 8.6 
82 20.0 1.932 34.0 1.00 176.JO 247.35 1.403 0.052 10.8 8.8 
83 20.0 1.932 34.0 2.00 377.05 523.35 1.388 0.045 10.6 8.8 
84 20.0 1.932 34.0 3.00 546.65 757.65 1..386 0.044 10.2 8.8 

a Titre is ml of O.OJ40 M co.ustic necessary to titrate a 20 ml o.liquot effluent. 



TABLE XII 

Absorption of Carbon Dioxide into Water and Caustic Solutions .2!! ~ 

j.Lg - inch Thick Sieve-Tray with Four 1Ll± - inch Holes 

Run liq. Coltunn Slot a Depth of Titre of Titrea of Ratio Time of Expt. Cale 
No. Feed Gas Gas liq COt Abs in co2 Abs Penet. Are&. Area 

Rate Vel. Vel. Unair. Wa er in Caustic tc a' a' 
ml/sec ft/sec ft/sec -1 -1 in H20 ml ml sec cm cm 

I 
V1 
-.;i 
I 

85 20.0 0.278 22.0 1.00 81.35 117.15 1.440 0.079 6.2 6.1 
86 20.0 0.278 22.0 2.00 168.30 240.35 1.428 0.069 6.0 6. 1 
87 20.0 0.278 22.0 3.00 219.80 313.65 1.427 0.068 5 .1 6. 1 
88 20.0 0.328 26.0 1.00 96.65 137.90 1.427 0.068 6.8 6.3 
89 20.0 0.328 26.0 2.00 188.10 265.60 1.421 0.058 6. 1 6.3 
90 20.0 0.328 26.0 3.00 256.20 361.25 1.410 0.057 5.5 6.3 
91 20.0 0.379 30.0 1.00 113.00 159.55 1.412 0.058 7.3 6.5 
92 20.0 0.379 30.0 2.00 230.20 322.30 1.400 0.051 7.0 6.5 
93 20.0 0.379 30.0 3.00 332.55 464.25 1.396 0.049 6.6 6.5 
94 20.0 0.429 34.0 1.00 133.80 187.70 1.403 0.052 8.2 6.7 
95 20.0 0.429 34.0 2.00 284.85 395.40 1.388 0.045 8.0 6.7 
96 20.0 0.429 34.0 3.00 407.50 564.80 1.386 0.044 7.6 6.7 

a Titre is ml of 0.0340 M caustic necessary to titrate a 20 ml aliquot effluent. 



TABLE XIII 

Absorption of Carbon Dioxide into Wciter and Caustic Solutions .2!1 ~ 

lL!! - inch Thick Sieve-Trciv with Sixteen .!L§ - inch Holes 

Run Ll.q. Column Slot Depth of Titrea of Titre a of Ratio Time of Expt. Cale 
No. Feed Gas Gas Ll.q. COt Abs in co2 Abs Penet. Area Area 

Rate Vel. Vel. Unair. Wa er in Caustic a'-1 a' a' 
ml/sec ft/sec ft/sec in H,..O ml ml -1 -1 cm cm cm. 

,(. 
I 

VI co 
I 

97 20.0 0.278 22.0 1.00 81.40 117 .40 1.442 0.080 6.2 6. 1 
98 20.0 0.278 22.0 2.00 168.35 240.40 1.428 0.069 6.0 6. 1 
99 20.0 0.278 22.0 3.00 219.85 313.75 1.427 0.068 5. 1 6. 1 

100 20.0 0.328 26.0 1.00 96.?0 138.00 1.427 0.068 6.8 6.3 
101 20.0 0.328 26.0 2.00 188.15 265.70 1.412 0.058 6. 1 6.3 
102 20.0 0.328 26.0 3.00 256.25 361.30 1.410 0.057 5.5 6.3 
103 20.0 0.379 30.0 1.00 113.00 159.35 1.410 0.057 7.3 6.5 
104 20.0 0.379 30.0 2.00 230.25 322.35 1.400 0.051 7.0 6.5 
105 20.0 0.379 30.0 3.00 332.60 464.30 1.396 0.049 6.6 6.5 
106 20.0 0.429 34.0 1.00 133.85 187.80 1.403 0.052 8.2 6.7 
107 20.0 0.429 34.0 2.00 284.80 395.30 1.388 0.045 8.0 6.7 
108 20.0 0.429 34.0 3.00 407.55 564.85 1.386 0.044 7.6 6.7 

a Titre is ml of 0.0340M caustic necessary to titrate a 20 ml aliquot effluent. 



TABLE XIV 

Absorption of Carbon Dioxide into W~ter and Caustic Solutions ..Q!! ~ 

J..L.1§ - inch Thick Sieve-Tray with Thirty-six lL§ - inch Holes 

Run Uq. Column Slot Depth Titre a of Titre a of Ratio Time of Expt. Cs.le 
No. Feed Gas Gas of Ll.q COt Abs in co2 Abs Penet. Area Area 

Rate Vel. Vel. Unair. Wa er in Caustic tc a' / a' 
ml/sec ft/sec ft/sec in H20 ml ml sec cm-1 cm-1 

I 
IJ1 
\0 

109 20.0 0.625 22.0 1.00 95.75 138.25 1.444 0.081 7.3 7.0 I 

110 20.0 0.625 22.0 2.00 199 .15 284.80 1.430 0.070 7 .1 7.0 
111 20.0 0.625 22.0 3.00 271.50 387.70 1.428 0.069 6.3 7.0 
112 20.0 0.739 26.0 1.00 112.35 160.30 1.427 0.068 7.9 7.4 
11.3 20.0 0.739 26.0 2.00 225.15 318.15 1.414 0.059 7 .J 7.4 
114 20.0 0.739 26.0 J.00 312.20 440.85 1.412 0.058 6.7 7.4 
115 20.0 0.853 30.0 1.00 131.60 185.80 1.412 0.058 8.5 7.6 
116 20.0 0.85.3 30.0 2.00 266.45 373.05 1.400 0.051 8 .1 7.6 
117 20.0 0.853 30.0 3.00 393.05 550.25 1.400 0.051 7.8 7.6 
118 £0.0 0.966 34.0 1.00 151.75 212.90 1.403 0.052 9.3 7.8 
119 20.0 0.966 34.0 2.00 324.00 450.35 1.390 0.046 9 .1 7.8 
120 20.0 0.966 34.0 3.00 466.50 646.10 1.385 0.044 8.7 7.8 

a Titre is ml of 0.0340 M caustic necess&ry to titrate a 20 ml aliquot of effluent. 



TABLE XV 

Absorption of Carbon Dioxide into Water and Caustic Solutions .£!:! .§: 

1f.2:. - inch Thick Sieve-Tray with Thirty-six .1L!1 - inch Holes 

Run Liq. Column Slot Depth Titrea of Titre a of Ratio Time of Expt. Cale 
No. Feed Gas Gas of Ll.q COt Abs in co2 Abs Penet. Area Area 

Rate Vel. Vel. Unair. Wa er in Caustic tc a' a' 
ml/sec ft/sec ft/sec in H20 ml ml -1 -1 sec cm cm 

I 
0\ 

121 20.0 0.625 22.0 1.00 92.90 133.05 1.432 0.072 6.7 7.0 0 
I 

122 20.0 0.625 22.0 2.00 187.55 266.35 1.420 0.063 6.4 7.0 
123 20.0 0.625 22.0 3.00 363.95 515.70 1.417 0.062 5.6 7.0 
124 20.0 0.739 26.0 1.00 107.20 151. 70 1.415 0.061 7. 1 7.4 
125 20.0 0.739 26.0 2.00 213.05 299.10 1.404 0.053 6.6 7.4 
126 20.0 0.739 26.0 3.00 296.55 416.05 1.403 0.052 6.0 7.4 
127 20.0 0.853 30.0 1.00 124.95 175.30 1.403 0.052 7.4 7.8 
128 20.0 0.853 30.0 2.00 253. 10 351.80 1.390 0.046 7 .3 7.6 
129 20.0 o.853 30.0 3 .oo 373.75 519.50 1.390 0.046 7.0 7.6 
130· 20.0 0.966 34.0 1.00 144.05 200.65 1.393 0.047 8.4 7.8 
131 20.0 0.966 34.0 2.00 307.95 424.95 1.380 0.041 8.2 7.8 
132 20.0 0.966 34.0 3.00 442.35 609.10 1.377 0.040 7.8 7.8 

a 
Titre is ml of 0.0340 M caustic necessary to titrate a 20 ml aliquot effluent. 
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O•UQUID FEED RATE OF 10.0 Ml./SEC 

e•UQUID FEE'D RATE ~ 20.0 Ml./SEC 

X•LIQUID FEED RATE OF 30.0 ML/SEC 
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SV•22 FPS 

SV•26 FPS 

SV•30 FPS 

SV•34 FPS 
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POINTS ARE AVERAGE OF TEN ~PLES 
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DEPTH OF UNAERATED LIQUID, IN. H20 

FIGURE 17. EFFECT OF LIQUID FLOW RATE, SLOT 
VELOCITY, AND DEPTH OF UNAERA TED UQUO ON 
TRAY AS A FUNCTION OF CONTACT TIME FOR 

118-IN. THICK PLATE, NINE V4-IN. HOLES 
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O• FEED RATE OF 10.0 ML/MIN 

••FEED RATE OF 20.0 ML/MIN 

X•FEEO RATE OF ~.O ML/MIN 

__ o;x ___ _ 
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DEPTH OF UNAERATED LIQUID, IN. H20 

FIGURE 18, EFFECT OF LIQUID FLOW RATE, DEPTH OF 

UNAERATED LIQUID ON SlEVE-TRAY, AND SLOT VELOCITY 

AS A FUNCTION OF INTERFACIAL AREA FOR 118-IN 

THICK PLATE. NINE 114-IN HOLES 
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O• THIRTY-SIX 118-IN. DIAMETER HOLES 
ea NINE 114-IN, DIAMETER HOLES 

X• FOUR 318-IN, DIAMETER HOLES 

"x.o ~ - -------'-......._ - >00 - SV • 22 FPS 

' ~eox ~·~ ----eox- SV•26FPS 

oex.............., XDO----~ 0<9- SV•30FPS 
eco ----oex- SV•34FPS 

SV= SLOT VELOCITY IN FEET PER SEC 

POINTS ARE AVERAGE OF TEN SAMPLES 

2 

DEPTH OF UNAERATED LIQUID, IN. H20 

FIGURE 19. EFFECT OF HOLE DIAMETER, DEPTH OF 

UNAERATED LIQUID ON TRAY, AND SLOT VELOCITY 
ON CONTACT TIME FOR A FREE AREA OF 3.52 % 

AND PLATE THICKNESS OF 118-IN. 
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0 • THIRTY-SIX VS-IN. DIAMETER HOLES 

e• NINE 114-IN, DIAMETER HOLES 

X• FOUR 3/8-IN. DIAMETER HOLES 

---. •Xo-----
--xoo-

-------- )CIC) -------..!~---SV•34 FPS ---OK..• oox ----..----&_ -sv•30FPS 

-- 'OL --------- &<-- SV• 26 FPS -------eox--SV•22 FPS 

SV • SLOT VELOCITY IN FEET PER SEC 

POINTS ARE AVERAGE OF TEN SAMPLES 

2 3 

DEPTH OF UNAERATED LIQUID, IN H20 

FIGURE 20. EFFECT OF HOLE SIZE, DEPTH OF 
UNAERATED LIQUID, AND SLOT V8-0CITY ON THE 
INTERFACIAL AREA FOR A 118-IN. THICK PLATE 

WITH 3.52 % FREE AREA 
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O• EIGHTEEN 114-IN. DIAMETER HOLES 
X• EIGHT 3/8-IN, DIAMETER HOLES 

"~ "---"XO XO -"-_ ------.:.:~- SV • 22 FPS " ~)() ~~XO ------xo- SV• 26 FPS 

...........__ XO - SV• 30 FPS 

----....__XO---- i SV• a4 FPS 
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DEPTH OF UNAERATED LIQUID, IN. H20 

FIGURE 21. EFFECT OF HOLE SIZE, DEPTH OF LIQUID 
ON PLATE, AND SLOT VELOCITY ON CONTACT 
TIME FOR A 118-IN. THICK PLATE WITH A 7.04 % 

FREE AREA 
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O• EIGHTEEN 114-IN, DIAMETER HOLES 

X• EIGHT 318-IN, DIAMETER HOLES 

ox ---ox-
---------ox~-------- -sv•34 FPS 

-xo_ - SV•30 FPS 

ox -------------- &I• 26 FPS 

- SV• 22 FPS 

SV •SLOT VELOCITY IN FEET PER SEC 

POINTS ARE AVERAGE OF TEN SAMPLES 

2 3 

DEPTH OF UNAERATED LIQUID, IN. H20 

FIGURE 22. EFFECT OF HOLE SIZE, SLOT VELOCITY, 
AND DEPTH OF UNAERATED LIQUID ON TRAY ON THE 

INTERFACIAL AREA FOR A 118-IN. THICK PLATE WITH 

A 7.04°1. FREE AREA 
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O• FOUR 1/4-IN. DIAM. HOLES, FREE AREA-1.56 •1. 
e• NINE V4-IN. DIAM. HOLES, FREE AREA-3.52 •1. 

X• EIGHTEEN V4-INeDIAM. HOLES, F.REE AREA-104•!. 

\ 
~'-----'\.x oox_ ox 
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o I 2 3. 
DEPTH OF UNAERATED LIQUID, IN. ~O 

FIGURE 23. EFFECT OF FREE AREA, SLOT VEL.DCITY, 
AND DEPTH OF UNAERATED LIQUID ON TRAY ON THE 
CONTACT TIME FOR 114-IN, DIAMETER HOLES IN 

A 118-IN, THICK PLATE 
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O• FOUR V4-IN. DIAM.HOLES, FREE AREA· 1.56 •1. 
e• NINE V4-IN. DIAM. HOLES, FREE AREA-3.52 •1. 
X• EIGHTEEN 114-IN, DIAM. HOLES, FREE AREA-7.04 •1. 

--x 

x----

POINTS ARE AVERAGE OF TEN SAMPLES 

0 -+--------------------,---------...,.------
0 2 

DEPTH OF UNAERA TED LIQUID, IN. H20 

FIGURE 24. EFFECT OF FREE AREA AND DEPTH OF 

UNAERATED LIQUID ON TRAY ON INTERFACIAL AREA 

AT A SLOT VELOCITY OF 22 FEET PER SEC FOR 

114-IN. DIAMETER HOLES IN A 118-IN. THICK PLATE 
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0 =FOUR 114-IN. DIAM.HOLES, FREE AREA-1.56 •1. 
10 e •NINE 114-INi DIAM. HOLES, FREE AREA-3.02 •1. 

--- X• EIGHTEEN V4·1N.OIAM.HOL.ES, FREEAREA-7.04•J. x----..____ x 
---------

8 ----. x -------
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POINTS ARE AVERAGES OF TEN . SAMPLES 

0 ..,_ __________________________________ ___ 

0 2 

DEPTH OF UNAERATED LIQUID, IN. H20 

FIGURE 25. EFFECT OF FREE AREA AND DEPTH OF 
UNAERATED LIQUID ON TRAY ON THE INTERFACIAL 
AREA FOR 114-IN. DIAMETER HOLES IN A 118-IN. 

THICK PLATE WITH A SLOT VELOCITY OF 26 FEET 

PER SECOND 
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O• FOUR l/4·1N. DIAM. HOLES, FREE AREA-1.56 •1. 
e • NINE 114-IN. DIAM. HOLES, FREE AREA-3.52 •/. 

X• EIGHTEEN 114-IN. DIAM. HOLES, FREE AREA-7.04 •t. 

-x-~.._..__ -x-------
··-0-

---------0------~oL_ __ _ -

POINTS ARE AVERAGES OF TEN SAMPLES 

2 3 

DEPTH OF UNAERATED LIQUID, IN. ~O 

FIGURE 26. EFFECT OF FREE AREA AND DEPTH OF. 

UNAERATED LIQUID ON TRAY ON THE INTERFACIAL 

AREA FOR l14·1N. DIAMETER HOLES IN A· 118;.IN. THlCK 
PLATE WITH A SLOT VELOCITY OF 30 FEET PER 

SECOND 
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x 

--·------·- -·---
0 •FOUR 114-IN. DIAM. HOLES, FREE AREA- l56 •t. 
••NINE 1/4-IN. DIAM.HOLES, FREE AREA-~52 •t. 
X•EIGHTEEN 1/4-IN. DIAM. HOLES, FREE AREA-7.04•1. 

POINTS ARE AVERAGES OF TEN SAMPLES 

2 3 

DEPTH OF UNAERATED LIQUID, IN. H20 

FIGURE· 2 7. EFFECT OF FREE AREA AND DEPTH OF 
UNAERATED LIQUID ON TRAY ON INTERFACIAL 
AREA FOR 114-IN. DIAMETER HOLES IN A 118-IN. 
THICK PLATE WITH SLOT VELOCITY OF 34 FEET 

PER SECOND 
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O•THIRTY-SIX Ver-IN.DIAM. HOLES IN Vl6·1N. THICK PLATE 

O•THIRTY-SIX Ve-IN.DIAM. HOLES IN l/8·1N.THICK PLATE 

X•THIRlY-SIX 118-IN. DIAM. HOLES H 112-IK THICK Pl.ATE 

'· ' x......._ i '-..... ----x----x-

POINTS ARE AVERAGES OF TEN SAMPLES 

0.00 -t---------------------r-----------i--------
0 2 3 

DEPTH OF UNAERATED LIQUID, IN. H20 

EIGURE 28. EFFECT OF PLATE THICKNESS AND DEPTH · 

OF UNAERATEO LIQUID ON TRAY ON THE CONTACT 

TIME FOR A SLOT VELOCITY OF 22 FEET PER SEC. 
AND 118-IN. DIAMETER HOLES 
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0 • Vl6-IN. THICK PLATE 

e • 118-IN. THICK PLATE 

X• 112-IN. THICK PLATE 

i 
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POINTS ARE AVERAGES OF TEN SAMPLES 
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DEPTH OF UNAERATED LIQUID, IN. H20 

FIGURE 29. EFFECT OF PLATE THICKNESS AND DEPTH 
OF UNAERATED LIQUID ON THE CONTACT TIME 
FOR THIRTY-SIX, 118-IN. DIAMETER HOLES IN A. SIEVE· 
PLATE WITH SLOT VELOCITY OF 26 FEET PER SEC 
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0 • 1/16-IN. THICK PLATE 

e • VS-IN. THICK PLATE 

X • V2-IN. THICK PLATE 

tO 

'~:::--~-----a-------x --- x __ _ 

POINTS ARE AVERAGES OF TEN SAMPLES 

0.00..,....----...-----~----....----

o 2 3 

DEPTH OF UNAERATED LIQUID, IN. H2o 
FIGURE 30. EFFECT OF PLATE THICKNESS AND DEPTH 
OF UNAERATED LIQUID ON TRAY ON CONTACT TIME 
FOR THIRTY-SIX, VS-IN. DIAMETER HOLES IN A SIEVE-
TRAY WITH SLOT VELOCITY OF 30 FEET PER SEC. 
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0 • 1116-IN. THICK Fl.ATE 

e • 118-IN. THICK PLATE 

X• V2-IN. THICK PLATE 

' ex...........__ 
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o .... - ---o- ---

POINTS ARE AVERAGES OF TEN SAMPLES 

0.00-1----------....,.------r------
o 2 

DEPTH OF UNAERATED LIQUID, IN. H2o 
FIGURE 31. EFFECT PLATE THICKNESS AND DEPTH OF 
UNAERATED LIQUID ON TRAY ON CONTACT TIME FOR 
THIRTY-SIX. 118-IN. DIAMETER HOLES IN A PLATE 
WITH A SLOT VELOCITY OF 34 FEET PER SECOND 
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O• 1116- IN. THICK PLATE 

e11 VS-IN. THICK PLATE 

X•l/2-IN. THICK PLATE 

~ 
-- - o _ ------

- - 0 -- ----- -ex ------- o--

POINTS ARE AVERAGES OF TEN SAMPLES 

2 
I 
3 

DEPTH OF UNAERATED UQUID, IN. H2o 

FIGURE 32. EFFECT OF PLATE THICKNESS AND DEPTH 
OF UNAERATED LIQUID ON TRAY ON THE INTERFACIAL 
AREA FOR THIRTY-SIX 118-IN. DIAMETER HOLES 
WITH A SLOT VELOCITY OF 22 FEET PER SECOND 
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0• 1/16-IN. THICK PLATE 

e:s 118-IN. THICK PLATE 

X•V2-IN. THICK PLATE 

POINTS ARE AVERAGES OF TEN SAMPLES 

0 -+---------.,.---------~--------,.----------
0 2 

DEPTH OF UNAERATED LIQUID, IN. H20 

FIGURE 33. EFFECT OF PLATE THICKNESS AND DEPTH 
OF UNAERATED LIQUID ON TRAY ON THE INTERFACIAL 
AREA FOR THIRTY-SIX 118-IN. DIAMETER HOLES IN A 
PLATE WITH A SLOT VELOCITY OF 26 FEET PER SEC 
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O= Vl6-IN. THICK PLATE 

•• VS-IN. THICK PLATE 

X• V2-IN. THICK PL.ATE 

---x --- -- x.__ 
---- x -- -- --

POINTS ARE AVERAGES OF TEN SAMPLES 
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DEPTH OF UNAERATED LIQUID, IN H20 

FIGURE 34. EFFECT OF PLATE THICKNESS AND DEPTH 
OF UNAERATED LIQUID ON TRAY ON THE INTERFACIAL 
AREA FOR THIRTY-SIX 118-IN. DIAMETER HOLES IN 
A PLATE WITH A SLOT VELOCITY OF 30 FEET PER 

SECOND 
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0 • 1116-IN. THICK PLATE 

e• 118-IN. THICK PLATE 

X • 112-IN. THICK PLATE 

----«>-______ .,_ 
---------'--x-
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--~ x ---

POINTS ARE AVERAGES OF TEN SAMPL.ES 
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DEPTH OF UNAERATED LIQUID, IN. H20 

FIGURE 35. EFFECT OF PLATE THICKNESS AND DEPTH 
OF UNAERATED LIQUID ON TRAY ON INTERFACIAL AREA 
FOR THIRTY-SIX 118-IN. DIAMETER HOLES IN A PLATE 
WITH A SLOT VELOCITY OF 34 FEET PER SECOND 
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Sample Calcul~tions 

Examples of calculations which were performed during this investigation 

were presented in the following section. 

Titre of Carbon Dioxide Absorbed. In applying equation 8 it was 

necessary to remember that this equation was applicable for liquids 

which had been exposed for only one contact time - for the case covered 

in this investigation the bulk concentration on the sieve-tray was 

adjusted to correspond to liquid which had been exposed for one contact 

time. Thus, the feed to the sieve-tray had additional caustic added 

to compensate for the mean residence time of the liquid on the tray 

being greater th&n the time of contact. The titre of the carbon dioxide 

absorbed was determined from the following formula: 

M - k + j 

where:. 

M = total titre of carbon dioxide absorbed, ml 

k = titre of carbon dioxide absorbed for one contact time, ml· 

j = titre of carbon dioxide absorbed for difference between 

feed and fresh solution (pure water or 0.085 N sodium 

hydroxide solution), ml 

For the case of test 1, Table V, page 50 this was: 

M = 7.66 + 88.14 

M = 95.80 ml 

Quantity of Carbon Dioxide Absorbed. The quantity of carbon dioxide 

absorbed was computed from the following relation: 
F MN 

Q - T ( 1000 p ) 



-81-

where: 

Q = quantity of carbon dioxide absorbed, mols / sec 

F = feed rate, ml / sec 

L = sample size, ml 

M = titre of sample, ml of sodium hydroxide solution 

N = nonnality of titrating solution 

p = equivelants of H2co3 per equivelant of Na.OH 

Substituting data from Table V, test 11 page 50: 

Q = 20 
20 ( 95.80 x 0.0340 

2 x 1000 

Q = 1.639 x 10-3 mol /sec 

) 

Detennination of Time of Penetration (Contact). The time of 

penetration (contact) was determined from the following relation: 

where: 

R = 
Qcaus. 

~at er 

R = ratio of quantities absorbed 

= quantity or titre of co2 absorbed in 0.085 N caustic 

for one contact time 
Q 
water = quantity or titre of co2 absorbed in water for 

one contact time 

Substituting data from Table V, test 1, page 50: 

R ""' 138.15 
95.80 

R = 1.442 
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The quantity t is then evaluated by using R to evaluate t from Figure 
c ' c 

16, page 45: 

t = 0.080 sec 
c 

Evaluation of Interfacial Carbon Dioxide Concentration. The 

interf acial co2 concentration was evaluated from the following 

formula: 

where: 

Pco 
2 c -C---

1 760 

= interfacial concentration of co2, mol / cc 

= partial pressure of co2, mm· Hg 

c8 = solubility of co2, mol / cc-atm. 

Evaluating for 25 °c at an atmospheric pressure of 721.50 mm Hg 

(PH 0 = 23.76 mm Hg): 
2 

c = 
i 

( 721.50 - 23.76 
760.00 

c1 = 3.10 x 10-5 mol /cc 

Evaluation of Total Interfacial Area. The total interfacial area 

available for mass transfer was evaluated from equation a·on page 45: 



where: 

a 

Q 

c. 
l. 

c 
0 

tc 

D 

= 

= 
= 
= 
= 

= 
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2 total interfacial urea for mass tr~nsfer, cm 

quantity of co2 absorbed in water, mol / sec 

interf Gcial co2 concentr~tion, mol / sec 

bulk concentration of co2, mol / sec 

time of contact, sec 
2 

diffusivity of co2 in water, cm / sec 

Substituting data from Table V, test 1, page 50: 

a = 

a = 

1.639 x 10-.3 
. 5 

2(3.10 - o.oo) x 10-

3021 2 cm 

I __ .3_. 1_4_16_( o_._s_o )_ 
~ 1.92 x 10-5 

Evalu~tion of Column F-factor. The column F-f~ctor was evaluated 

from the following formula: 

where: 
2 1/2 

F = column,F-factor, (lb mass/ ft sec ) 

U = gas velocity through column, ft / sec 
. 3 J'° = density of co2, lb mass / ft 

Substituting data from Table V, test 1, page 50: 

F = 0.625 

F = 0.206 
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Evaluation of Total Volume of Liquid on Tray. The total volume of 

aerated liquid on the tray was evaluated from the following formula: 

where: 

z = v 

Z = total volume of liquid on tray, cm3 

r = radius of sieve-tray, cm 

'h = depth of unaeroted liquid on tray, cm 

V = froth density (from Figure 6, page 21), gm/ cc 

= liquid density, gm / cc 

Substituting data from Table V, test 1, page 50: 

z = 3.1416(5.08)2(2.54) 
0.50 

Z = 411 cm3 

Evaluation of Interfacial Area per Unit Volume (ExJ?t.) The 

interracial area per unit volume was evaluated from the following 

formula: 

where: 

a' = ...!... z 

a 1 = interracial area per unit volume, cm-1 

a = total area available for mass transfer, cm2 

Z = volume of liquid on tray, cm.'.3 

Substituting data from Table V, test 1, page 50: 

a' = 3021 
411 

a' -= 7.3 cm-1 
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EvGluation of Interfucial Area per Unit Volume (Cale.) The 

. interfaciul area per unit volume w~s evaluated from the following 

fonnula (equation 9, page 47h 
a' = 3( 1-V) 

r 

where: 

a• = interfacial area per unit volume, cm-1 

V = froth density (Figure 6, page 21), gm/ cc 

r = mean radius of froth bubble (Figure 7, page 22), cm 

Substituting data from Table V, test 1, page 50: 

. a• = 3( 1-0. 50) 
0.215 

a' = 7.0 cm-1 
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IV. DISCUSSICN 

The following section contains a discussion of the problems 

encountered and the results obtained from the investigation, 

recommendations for future work, and limitations imposed during the 

investigation. 

Discussion of Experimental Work 

This section contains a discussion of the experimental work. 

Reproducibility of Data. Preliminory tests of the equipment were 

conducted to determine the reproducibility of the data and to eliminote 

possible sources of error. The preliminary results were so sc~ttered 

that it was L~possible to interpret the d&ta. The source of this variation 

was found to be the reaction column feed pump, a centrifugal pump. 

Varying depth of liquid in the feed tank (hence a variance in the 

net-positive-suction-head) coupled with transients inherent in the 

operation of the pump were found to be the principal factors causing 

this variation. Through the use of a positive displacement pump, the 

maxium variation of contact times within a ten sample test was reduced 

to less than 1.0 percent about the test mean. 
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Restrictions on the Deterr.dn~tion of Time of Fenetr~tion. Sience 

the data of Danckwerts( 5) w~s based upon exposure of the fluid for a 

single contact time, it was necess•ry that the bulk concentration 

on the tray correspond ot liquid which had been exposed for one contact 

time. If this were not true, the concentration differences (see Equation 

8, page 46) would be different for the water and 0.085 M c~ustic solution. 

In addition for contact times greater than about 0.090 seconds the 

evaluAtion of contact time from the curve of contact time versus the 

ratio of cQrbon dioxide absorbed, Figure 16, page 45, becomes somewhat 

indetenninate due to flattening of the curve. 

Discussion of Results 

The following section contains a discussion of the results obtained 

in this investigation. 

Effect of Hole Size on Interfacial Area and Contact Time. The 

effect of hole sizes on interfacial ~rea per unit volume and contact 

time was shown in Figures 19, 20, 21, and 22 on pages 63, 64, 65, and 

66. These figures fail to show any significant differences or trends 

for the three hole sizes investigated, 1/8-inch, 1/4-inch and 3/8-inch 

die.meter holes. This implied that there was no significant effect of 
(20) orifice diameter on bubble die.meter. Leibson has shown that bubble 

diCillleter varied ~s the 0.05 power of the orifice diLlileter; this would 

imply a two percent variation about the mean for bubble diameter or 

time of penetration for the variation in orifice diameter used in this 



investigation. Leibson1 s equation was for single orifices and hence 

no allowance was made for coalescence or interraction of bubbles fran 

multiple orifices; these effects coupled with errors inherent in the ~sj 

may have been suf !icient to cancel this two percent variation. 

Effect of Liquid R!te on Interracial Area and Contact Time. The 

ef !ect of liquid rate on contact time and interracial area was shown 

in Figures 17 and 18 on pages 61 and 62. These figures showed that 

the liquid feed rate had no effect upon the interracial area per unit 

volume or contact time for a sieve-tray with a constant depth of 

unaerated liquid on the tray. Preliminary calculations showed that the 

mean horizontal velocit7 of liquid across the tra7 was insufficient te 

change the rate of mass transfer from the bubbles rising in the liquid 

more than one percent.. The results of this investieation were not 

accurate enough to detect variations of this magnitude. While the 

liquid flow rate did not have a direct effect upon the parameters 

under investigation a change in liquid flow rate resulted in a 

corresponding change in the depth of unaerated liquidon the tra7. This 

effect was caused by the inadequate liquid handeling capacity of the 

downcomer; consequently the downcaner had to be adjusted for a change in 

liquid rate to keep the depth or unaerated liquid on the tray constant. 

Effect of Free Area on Contact Time and Interfacial Area. The 

effect of free area on the interracial area per unit volume and contact 

time was shown in Figures 23, 24, 25, 26, and 27 on pages 67,.68, 69, 

70, and 71. These figures showed that there was no significant influence 

of tree area on contact tinie; this would also imply that the interraction 
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of multiple orifices on a sieve-tray had a negligjble effect upon the 

average bubble di@neter and velocity. Howev~r, the free ~rea of the 

plute was shown to have h definite effect upon interfacial area of 

the tray. Since the time of penetr~tion was unaffected - implying 

that the bubble di&meter was also unaffected, it would be expected 

that froth density would decrease for an increase in plate free area 

it constant slot velocity. An increase in free area at constant slot 

velocity corresponded to an increase in column F-factor and Figure 6, 

page 21 showed that froth density did indeed decrease with increasing 

F-factor, thus implying internal consistency of the data. 

Effect of Plate Thickness on Interfacial l\rea c:nd ·Contact Time. The 

effect of plate thickness on·interfacial area and contact time was shown 

in Figures 28 through 35 on pages 72 through 79. From these figures 

it was easily seen that plate thickness had a significant influence 

upon the interfacie.l area and contact time. This interraction was 

quite small for 1/16-inch and 1/8-inch thick plates; however, for the 

1/2-inch thick plate the effect was quite pronounced. This effect 

is most readily explained through the increase in kinetic energy requirec 

for the flow through the thicker plates. The increase in kinetic energy 

brought hbout a corresponding increase in the velocity of rise of 

bubbles in the liquid, hence a shorter contact time and a lower free 

area due to the decrease in hold-up time caused by the higher velocity. 

Effect of Slot Velocity. The effect of slot velocity upon interfacial 

area and contact tiine was shown in Figures 17 through 35, pages 

61 through 79. These figures clearly demonstrated that contact 
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time was a direct, linear, decrensing function of slot velocity. Figure 

5, page 20 showed that an increase in slot velocity (this corresponded 

to an increase in frequency since bubble size was essenti~lly constant) 

increased the velocity of rise of bubbles in liquid. For seal depths 

greater than 2.0 inches (approximately 1.0 inch of unaerated liquid) the 

velocity of rise increased as a linear function of the frequency. 

This inferred that the time of contact should also be a line~r function 

of the slot velocity. Figures 17 through 35 confirmed this inference. 

Figures 17 through 35 also showed that the interfacial area increased 

with increasing slot velocity. Since bubble size was essentially constant 

and only frequency changed with velocity, it would be expected that 

the froth density would decrease w~th increasing slot velocity (a 

corresponding increase in column F-factor). Figure 6, page 21 showed 

that this occurred. 

Effect of Depth of Unaerated Liquid on Tray on Contact Time and 

Interfacial Are~. Figures 17 through 35, pages 61 through 79 

demonstrated the effect of the depth of unaerated liquid on the tray 

on the contact time and interfacial area. These figures showed that 

contact time increased slightly with decreasing depth of liquid: this 

would correspond to a decrease in the velocity of rise of bubbles. 

Figure 5, page 20 showed that velocity does decrease as the depth of 

liquid decreases. These figures also showed that the interfacial area 

increased with decreasing depth of liquid; since bubble diameter is 

approximately constant this would inf er that the froth density 
. . . (21) 

decreased with decreasing depth of liquid. Gerster has shown that 

froth density does decrease with decreasing depth of liquid on the tray. 
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Discussion of Interfacial Areas Obt<ined. The interfacial areas 

obtained in this investigation were evaluated through the use of equation 

8, page 46. These areas were compared to an independent detennination 

of interfacial area through the use of equation 9, page 47 and Figures 

6 and 7 on pages 21 and 22. The results of these evaluations were 

presented in Tables V through XV, p~ges 50 through 61. These tables 

showed that the areas predicted by equation 8 were, in general, slightly 

greater than those predicted by the independent results of equation 9. 

For the most part the difference between these two predictions was 

less than sixteen percent; however, in two cases this difference was 

twenty-three percent. 

Part of the discrepancy between the interfaci~l arebs predicted 

by equations 8 and 9 was reconciled in that the gas used to evaluate 

the parameters in Figures 6 and 7 was air; where~s, the gas used in 

this investigation was carbon dioxide. Leibson (20) has shown that 

the diameter of a gas bubble Vhried as the 0.05 power of the gas 

viscosity. Since the viscosity of air waG about forty percent greater 

than carbon dioxide, it was expected that the interfaciLl &reas for 

the carbon dioxide and water system used in this investigation would 

be about two percent greater than the values predicted using the 

independent air and water system on which F'igures 6 and 7 were based. 

In addition'data given in Figures 6 and 7 were for 1/8-inch thick 

plates with a depth of unaerated liquid of slightly more than two 

inches. Gerster(2l) has shown that the depth of unaerated liquid on 

the tray affected the froth density and hence the interfacial area. 

In evaluating the interracial ~rea from equation 9 no allowance was 
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made for the vari~tion of froth density with depth of unaerated liquid. 

This was because the data of Gerster was more qualitative than 

quantitative and could not be applied to the data from which equation 

9 was evaluated. In addition this inv~stigation demonstrated that 

plate thickness had a significant effect upon the interfacial area -

this was also not taken into account in using equation 9 as an 

independent evaluation of the interfacial area per unit volume. 

While most of these effects were rather small and only 

contributed slightly to the overall discrepency between the two 

predictions, the variation of interfacial area with depth of unaerated 

liquid was quite significant - the results of this investigation showed 

that the interfacial area increased about twelve percent for a 

decrease in depth of unaerated liquid from three inches to one inch. 

Thus the variation of interfacial area with depth of unaerated liquid 

contributed most significantly to inconsistency of the interf acial 

areas predicted by equation 8 and 9. 

Discussion of Contact Times Obtained. The times of contact obtained , 

in this investig~tion were evaluated by equation 8, page 46 and Figure 

16, page 45. The results of these evaluations were presented in Tables 

V through X:V on pages 50 through 61. These contact times varied between 

0.043 and 0.080 seconds. Higbie( 11 ) theorized and demonstrated that 

the contact time should be the time for a bubble to rise a height 

equivelant to the diameter of the bubble. The mean bubble diameter 

for the conditions used in this investigation was about 0.43 

centimeters. Bowman(2) ha5 shown that the velocity of rise of carbon 
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dioxide bubbles in water v~ried from twenty to forty centimeters per 

second for the conditions employed in this investigation. According 

to Higbie this would imply that the time of contact should vary between 

0.010 and 0.021 seconds. However, the apparatus which Hiebie used to 

develop his theory was a glass tube 0.30 centimeters in intern&l 

di0J11eter; Higbie measured the r~te of absorption of carbon dioxide 

bubbles rising in this tube. These bubbles were approximately the same 

diameter as the internal diameter of the tube and hence the walls 

exerted a significant drag on the liquid layer next to the bubble: 

this drag was sufficient to shorten the contact time significantly. 

The results of this investigation show that bubbles rising in a 

liquid with no wall effects have a contact time approximately four times 

as great as those predicted by Higbie. A more realistic estimate of 

the contact time would be the time required for a bubble to rise a 

height equivelant to half of its circumferance - this would correspond 

to liquid flowing from the top of the bubble around to the bottom. In 

actuality the liquid probably le~ves the bubble before reaching the 

bottom thus creating two zones of liquid contact in which there were 

different rates of surface renewal or times of contact. An equally 

important factor in reconciling the difference in contact times was 

that a heavy froth was formed on the tray with multiple orifices while 

the tube which Higbie used had no such froth. The gas hold up in this 

froth was up to fifty percent greater than for gas bubbles in deep 

liquids. These two effects caused the increase in contact times measured 

in this investigation. 
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Limitations 

The limitations that existed during the experimental portion of 

this investigution were listed below. 

Slot Velocity. Slot velocities of twenty-two, twenty-six, thirty, 

and thirty-four feet per second were used in this investigation. 

Depth of Liquid. Depths of unaerated liquid on the sieve-tr~y 

of one, two, and three inches of unaerated liquid were used in this 

investigation. 

Hole Didmeter. Hole diameters of 1/8, 1/4, and 3/8 inches were 

used in the sieve-trays for this investigation. 

Tray Thickness. Tray thicknesses of 1/16, 1/8, and 1/2 inches 

were used in this investigation. 

Free Area. Sieve-tray free areas of 1.56, 3.52, and 7.04 percent 

were used in this investigation. 

Temperature. The temperature of the reactants was maintained at 

25.0 °c with an accuracy of 0.1 °c. 
Liquid Rate. Liquid feed r~tes of 10, 20, and 30 cubic centimeters 

per second were used in this investigGtion. 

Recommendations 

Since viscosity has a signific~nt effect on interfacial area, 

it is recommended that the variation of interfacial area with visc~sity, 

as indicated by Figure 9, page 25, be verified. If the vari~tion of 

interracial area with viscosity is as significant as predicted by 
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Figure 9, then it is likely that the contuct time will also be a function 

of liquid viscosity. The d~ta necessary to verify these possible 

variations is presented in the article by Danckwerts and Kennedy( 5) • 
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V. CONCLUSICNS 

The determination of interfacial areas und effective contact times 

for a sieve-tray at slot velocities of 22, 26, JO, and 34 feet per 

second; plate thicknesses of 1/16, 1/8, and 1/2 inches; hole diwneters 

of 1/8, 1/4, and 1/2 inches; liquid feed rates of 10, 20, and 30 cubic 

centimeters per second; sieve-tray free areas of 1.56, J.52, and 7.04 

percent; and depth of unaerated liquid on tray of 1.00, 2.00 and J.00 

inches yielded the following conclusions. 

1. Effective contact times for a sieve-tray are greater than would 

be predicted from first principles by the method of Higbie. 

2. Interfacial areas which can be predicted from first principles 

were consistent with the effective area available for mass transfer. 

J. The liquid feed rate did not affect the contact time or 

interfacial area available for mass transfer. 

4. The hole diwneter did not have a significant effect upon the 

contact time or the interfacial &re~ available for mass transfer. 

5. A decrease in depth of unaerated liquid on the tray brou.ght 

about an increase in the interfacial area available for mass transfer 

and time of conta.ct. These increases were approximc.tely linear. 

6. An increase in plate thickness brought about a corresponding 

decrease in the time of contact e:.nd interfacial area available for 

mass transfer. 
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7. An incre~se in free area of the sieve-tray increased the 

interfacial area avuil~ble for mass transfer; however, an increase in 

free area did not .'ignificantly affect the contu.ct time. 

8. An increase in slot velocity decreased the contact time h.l'ld 

increased the interfacial area available for mass transfer. 
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VI. SUMMARY 

The purpose of this investigation was to determine meaningful 

values of interfaci&l area and contact time for mGSS transfer on a 

sieve-tray. These v&lues were determined by measuring the rates of 

absorption of carbon dioxide ~nd forcing the parameters to give answers 

consistent with the rates of absorption. These values were checked 

by comparing the interfacial area detenninations with independent 

measurements. 

The interfacial areas and contact times were detennined for 

liquid feed rates of 101 20, and 30 cubic centimeters per minute; 

slot velocities of 22 1 26, 301 and 34 feet per second; hole diameters 

of 1/8, 1/4, Gnd 3/8 inches; tray thicknesses of 1/16, 1/8 and 1/2 

inches; free areas of 1.56, 3.52 1 and 7.04 percent; and depth of 

unaerated liquid on the tray of 1.00, 2.00 1 ~nd 3.00 inches. 

The values of the interfacial area detennined in this 

investigation were consistent with independent, previously measured 

values. The values of the contact times determined were about four 

times greGter than previous estimations; this discrepency was attributed 

to.wall effects and differences in froth char~cteristics • . 
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ABSTRACT 

The purpose of this investigation was to determine meaningful 

va.:.:ues o: ir.ter:facial area and contact time for mass transfer on a 

sieve-t::::-ay. These values were determined by measuring the rates of 

absorption of carbon dioxide into aqueous solutions and forcing the 

pa.ramete::::-s to give answers consistent with the rates of absorption. 

These values were checked by comparing the interfacial area determina-

tior-..s wit...'1 independent measurements. 

The ir~terfacial areas and contact times were determined for liquid 

:eed rates of 10, 20, and 30 cubic centimeters per minute; slot veloc-

i:.ies of 22, 26, 30, and 34 feet per second; hole diameters of 1/8, 1/4, 

and 3/8 inches; tray thicknesses of 1/16, 1/8, and 1/2 inches; free 

areas of 1. 56, 3. 52, and 7 .. 04 percent; and depth of unaerated liquid 

or. the tray of 1. 00, 2. 00, and 3. 00 inches. 

The vah:.. ... s of the interfacial area determined in this investigation 

we:-e consistent with independent, previously measured values. The 

va.11.:.es of the contact times determined were about four times greater 

t:..a.YJ. previous estimations; this discrepancy was attributed to wall 

ef::ects and differences in froth characteristics. 
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