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INTRODUCTION AND HITCH OF LITERATURE

In most of the industrial gas absorption processes, it fre-

quently involves a chemical reaction between the solute gas and

some comoonent within the liquid phase. The mechanism of such mass

transfer process is one of physical solution followed by a chemi-

cal reaction which may take place in several ways:

Case I. Reaction taking place at the surface of liquid:

rate of absorption is controlled by the gas film and this process

is similar to that of the physical absorption.

Case II. Reaction taking place in a narrow zone within the

liquid film: this occurs when the rate of reaction is rapid com-

pared with the rate of diffusion of reactants and products. In

this case, the rate of absorption is controlled by diffusion in

the liquid.

Case III. Reaction taking place during the diffusion of the

dissolved gas through the liquid film: rate of absorption is con-

trolled by both the reaction and diffusion rate.

Case IV. Reaction taking place in the main body of the liq-

uid: there are again two possible ways for this mechanism: (a)

the reaction proceeds at a moderately slow rate and the concentra-

tion of the dissolved gas in the liquid film has such a value that

the rate of removal of the solute gas by reaction is balanced by

the rate of diffusion of solute gas to the liquid; (b) the reac-

tion proceeds very slowly and the concentration of the dissolved

gas in the liquid may be saturated relative to the gas phase. The
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rate of absorption is entirely controlled by the reaction veloc-

ity.

The gas absorption mechanisms based on the two-film concept

are illustrated in a series of idealized sketches in Fig. 1. In

purely physical absorption where there is no chemical reaction in-

volved, the solute gas is the only diffusing molecular species.

In such case, it is convenient to represent the resistance to mass

transfer by some "effective" thickness of the stagnant films on

either side of the interface even though the actual existence of

such stagnant films under packed column conditions Is questionable

and will be discussed later. When there are chemical reactions

Involved, in addition to the net movement of solute gas across the

interfacial boundary, the reactant is moving into the "reaction

zone" where the reactions take place, and the product and unreact-

ed solute are moving out of the "reaction zone." The depth of the

reaction zone varies from zero in Case I to infinity in Case IV.

There is no straight-forward correlation between the reaction zone

and the assumed stagnant films of finite resistance but negligible

holding capacity. Furthermore, unless the reaction is instantan-

eous and irreversible, the concentration gradient across the films

or throughout the zone varies with time. This means that the

depth of the reaction zone is a function of the history of the

film. Therefore, the extension of the two-film concept to cover

the simultaneous chemical reaction and physical absorption is not

as simple as it may appear. Consequently, the diagrams in Fig. 1

only represent the probable presence of solute gas, reactant and

product at various distance from the Interface at some finite time



No chemical reaction; both gas

and liquid side resistance
are appreciable.

Case 1. Instantaneous chemical
reaction taking place at the
liquid surface.

Case II. Fast reaction taking
place in a narrow zone in the
liquid film.

Case IJI. Reaction taking place
at moderate rate during the dif-
fusion through the film.

Case IV. Slow reaction taking
place in the bulk of liquid

(a) Rate of the diffusion of the
solute gas into the film equals the
rate of removal from the film by
chemical reaction.

(b) Liquid film is saturated with
tae solute gas.
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after the gas-liquid contact has been made.

Theoretical treatment has been made for some particular cases

of these reaction mechanisms by various authors. A brief review

of the theories and previous work on the gas absorption with chem-

ical reaction is presented as the background of the current in-

vestigation.

Based on Hatta»s (7) equation which was developed from his

experiment of batch absorption of CO2 in KOH solution, Sherwood

and Pigford (20) derived an equation for rapid second-order, ir-

reversible reaction taking olace in a narrow zone of the liquid

phase. (Case II)

N m (4>/h)-*(Db/p*)<?

* (x*/tH>*(i/k*) (1)

where N. rate of mass transfer per unit area

p = partial pressure of solute gas

H = Henry's law constant, defined by p = HC

I>B,A - diffusivity of the dissolved gas molecule and liquid
reactant, respectively

x
L

= fictitious liquid-film thickness

kg. = gas-phase coefficient

q = concentration of liquid absorbent

By eliminating the gas phase resistance, the following equation

results

* - ffa * £'7J (2)

where CAi = concentration of the dissolved gas molecule at the in-
terface at equilibrium with the solute partial pres-
sure over the interface.
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The liquid film coefficient is defined on the assumption that

there is no free gas in the main body of the liquid.

*>-*(***£] (3)

The term Da in the equation is the liquid film coefficient for

physical solution under the same operation condition.

Hata (7) presented another equation for slow first-order re-

action by assuming the concentration of the free dissolved gas was

zero or negligible. (Case III)

J DA (4)

where k
T

= first-order reaction rate constant

Ct = bulk liquid concentration

Van Krevelen and Hoftizzer (30) considered that the gas ab-

sorption orocess with a slow first-order reaction is rare. They

derived an equation for k^ for packed towers with the assumptions

made that the reaction is of slow second order and that the con-

centration of the dissolved solute gas in the liquid film is near-

ly constant. (Case III)

p
— = oots (-ajri {-jpj tanhx

a *«- a,*--W (5)

*-&rW
and CA concentration of dissolved solute

M - viscosity of the liquid



p density of the liquid

L liquid rate, mass/tine, area

k_ T = second-order reaction rate constant

a effective area, ft. 2/f*»3

D = dlffuslvity of solute pas in liquid

When kIT
= 0, this equation reduces to

D \ */* ; v f d J
(6)

This is identical with that for physical absorption. When kjjCA

is relatively large, equation (5) can also be simplified to

They used the data of Tope and Dodge (25), Payne and Dodge

(14), Furnas and Bellinger (3) as well as their own data on ab-

sorption of C02 in alkaline solution and in ammonical solution.

The kjj was calculated and an average value was found to be

0.019 + 23#.

As shown in these theoretical developments, the filn coeffi-

cient for a chemical absorption process may be expressed as some

function of a number of variables as defined previously:

kL = f(ReL , ScL , k, C, eia Db, DA ). (8)

In reviewing the previous experimental determinations, the rate of

transfer has been found to be dependent on some of the factors in

equation (8). Some of the data gave support to the theories qual-

itatively. Jenny (10) used a stirred batch absorber to study the



absorption of ethyl acetate, methyl formate and CO2 in NaOH. He

found that the rate of absorption of ethyl acetate by NaOH was

controlled by the gas phase resistance, but the time required for

reaction to complete was appreciable. The absorption of methyl

formate in NaOH was, however, affected by concentration of the

NaOH. The transfer coefficient, he found, was proportional to

the normality of NaOH and inversely proportional to the solute gas

partial pressure. In his experiment on the absorption of CO2 in

NaOH using the same apoaratus, he found that the transfer coeffi-

cient was constant at a value of 0.028 lb. mole/hr. ft.^ atm. when

the concentration of NaOH was above 1 N. Thi3 should be the gas

film coefficient, according to Hatta's assumption of a rapid

second-order reaction in a narrow zone of the liquid film. Hatta

pointed out that, if the liquid concentration is over a certain

value, th8 liquid phase resistance is unimportant, and the rate of

transfer is controlled by the gas-phase resistance. However, kq.

turned out to be 0.187 lb. mole/hr. ft. 2 atm. in a separate exper-

iment on absorption of ammonia in water, which would predict a con-

siderably higher rate than what was observed. Jenny explained, in

this case, that the absorption was limited by the rate at which

COg was able to combine chemically vrith OH ions.

Pozin (17) used a wetted wall column for studying the systems

of COg in NaOH, KOH or N^COg as well as CI2 in NaOH. His data

showed that the rate of transfer was proportional to the ratio of

the normality of liquid and the solute gas partial pressure, which

was in agreement with Hatta's assumption of rapid second-order re-

action within a narrow zone in the liquid film.
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Tepe and Dodge (25) carried out an extensive study on the ab-

sorption of CO2 in KOH or NaOH using a 6-inch packed column with

0.5 in Raschig rings. Their data indicated that the rate of

transfer was not affected by the rate of gas flow, but it was af-

fected by the liquid rate. The transfer coefficient increased

with increasing alkaline normality up to 2 N. Above this value,

the transfer coefficient decreased slightly because of the in-

creasing value of the liquid viscosity. In all concentrations,

the absorption rate increased with temperature. They also found

in their experiment that the reaction of CO2 and NaOH was a slow

pseudo first-order reaction occurring throughout the entire liq-

uid film simultaneously with diffusion (Case III). Soector and

Dodge (23), with the same system, found that the transfer coeffi-

cient was 20-30 per cent greater when absorbing CO2 in KOH instead

of NaOH. They found that the gas film coefficient was significant

but not predominate.

Turkhan (29) measured rates of absorption of CO2 from air in

sodium hydroxide in a batch process. He found that the rate of

transfer was not affected by the normality of the alkali when its

concentration exceeded a critical value. This result confirms

Hatta's assumption, as explained previously (p. 7).

Theories based on the unsteady-state-diffusion concent pro-

posed by Hlgbie (8) have been developed for slow first-order re-

action and for rapid second-order reaction taking place in the

liquid film. These have been reported by Sherwood and Pigford

(20).

Danckwerts (2) suggested, without experimental Droof, a new
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concent of the gas absorption mechanism. The assumption of a

stagnant film of liquid at the Interface was abandoned. Instead

it was supposed that the surface was continually being replaced

vith fresh liquid, and on this basis equations for the absorption

rates have been derived for the following cases: (a) Surface con-

stantly saturated, no chemical reaction; (b) Gas-film resistance,

no chemical reaction; (o) Surface resistance, no chemical reac-

tion; (d) Solute destroyed by first-order reaction with solvents;

(e) Instantaneous reaction between dissolved gas and reagent in

solution; (f) Second-order reaction between dissolved gas and re-

agent in solution.

Equations were developed to express the rate of mass transfer

as a function of a number of physical constants:

For physical absorption,

II F (s, D, C, Tsq, ka ) (9)

where s m the rate of renewal of the liquid surface

ks = surface transfer coefficient

and for chemical absorption,

NA = pi (s, D, C, kfc, k) (10)

where k = reaction rate constant

Hox^ever, the verification of this new mechanism seems awkward in

t^e present state of knowledge because of the lack of the necessary

information such as the turbtilence condition ard the surface trans-

fer coefficient.

From the review of the present state of development, two con-

clusions can be drawn: (1) quantitative formulations have been
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worked out only for a few idealized chemical reaction mechanisms;

and (2) the experimental data have been established for only a

few simple systems, and even these simple systems cannot all be

correlated by the theoretical formulation.

For design purpose, data must be obtained from experimental

determination of the transfer coefficients by means of suitable

apparatus . Among all the existing apparatus for industrial ab-

sorption process as well as for research, the packed column is one

of the most common and most important units, but the behavior of

which is relatively complex, since it involves two fluids flowing

over the packing in direct contact. The behavior of each stream

will have some effect on the other. Furthermore, based on the

two-film concept, the transfer coefficient is a function of the

film thickness. Much of the factors, such as viscosity, density,

flow rate, etc., that affect the films will in turn affect the co-

efficients. Also, the wetting condition in the column of this

type is scarcely known. The actual wetted area of the Dacking is

uncertain. The experimental work for final design must be car-

ried out through a semi-work scale column packed *rtth the same

packing and operating at the same condition as that being designed

for. and the cost for constructing and operating the column is

high.

Wetted wall column has been widely employed in the laboratory

to study the gas absorption problems. The advantage of this col-

umn is that the wetted area is known and the turbulence condition

in the gas stream are reproducible. With this advantage, the

wetted wall column can be used as a tool for testing the various
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correlation methods and to establish the mechanism of gas absorp-

tion for the systems studied. Extensive work has been done with

the wetted wall column for systems in which the rate of transfer

is controlled by the gas phase resistance, such as Gilliland and

Sherwood's (4) measurement of the rate of evaporation of several

kinds of liquid in air. Their result could be correlated by the

simple empirical equation:

-&£* =0.023 (to)'
' 7 (3c)-

"
(11)

where kg gas-film coefficient

^BM = mean partial pressure of inert gas

Re Reynold number, defined as V
J[ , v, relative velocity

to the liquid surface; d, diameter to the gas flow;

f*,
density of gas mixture;^, viscosity of gas mix-

ture.

Sc = Schmidt group, defined a? ^ -

t

d, diffusivi'ty of solute gas in gas phase.

Gw = mass rate of gas, mass/time, area

which is similar to the correlation of heat transfer by convection

in a round pipe. This also gave support to the film concept of

mass transfer mechanism. However, use of wetted wall column data

to correlate the liquid film transfer coefficient has not been so

successful. Orimley (5), in his extensive study on absorption of

carbon dioxide, found that the resistance to transfer was less

than that would be exoected from the theory. He explained that

this discrepancy was caused by the ripole formation at the liquid

surface. Also the transfer coefficient is dependent on the length

of the column.
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A new type of research column was designed by Stephens and

Morris (24). It consists of a single strand of small discs

(threaded edgewise) suspended vertically at the center of a small

pyrex column (about 1 inch In diameter). The liquid flows down-

ward over the discs. The surface of the liquid Is interrupted

while flowing from disc to disc. Thus, the flow condition is sim-

ilar to that of the packed column. (Particularly the Stedman type

packing.) The surface of the absorption element is always wetted

and the contact area of which can be estimated. Therefore, it pos-

sesses the advantage of both packed and wetted wall column. The

construction and operating cost is low because of the small size.

In their experiment on absorption of COg or NH3 in HgO, Stephens

and Morris found that the transfer coefficient did not vary by

varying the number of discs. The result obtained was similar to

those by Sherwood and Holloway (21) and by Gilliland and Sherwood

(4). These indicated the suitability of this tyoe of column for

research as well as for design purpose. This column is particu-

larly suitable for the determination of liquid film coefficient,

especially for systems involving chemical reaction in the liquid

layer.

Stephens and Morris (24) used the disc column for the system

of Clo In air and the aqueous solution of ferrous chloride and

ferries chloride. Tn.eir result Indicated that the effect of the

ferrous chloride concentration Cg could not be separated from the

effect of the concentration of dissolved chlorine at the interface.

The fractional increase in liquid film coefficient due to chemical

reaction was found to be
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k a7^ (—

/

(12)

within a range of Cg/C^ .from to 1,200,

where k^ liquid-film coefficient for chemical absorption

k' = liquid-film coefficient for ohysical absorption alone

C^ = bulk concentration of liquid

G^ dissolved solute gas concentration at the interface

Several months after the construction of the disc column for

the present investigation had begun, Roper (10) in England re-

ported his study on the absorption of chlorine from air by solu-

tion of 2-ethyl hexene-1 in carbon tetrachloride in presence of

iodine as catalyst. He used the same method a3 employed by Ste-

phens and Morris. The fractional increase in liquid film coeffi-

cient due to chemical reaction was found to be

-if - 1 = 39.2 (Cc + 0.00005) °' 5

where C« is the concentration of iodine content.

(13)

PURPOSE AND SCOPE OF STUDY

The objective of this research was to design, construct, and

calibrate a disc column as a versatile piece of research tool and

to perfect the operational and analytical procedures as a guide to

subsequent studies on various new chemical systems.

The absorption of CO2 in water was studied with this column

to determine the liquid phase transfer coefficient because COo is
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relatively Insoluble In water and the gas phase resistance is not

appreciable (21). The overall transfer coefficient based on the

liquid concentration obtained was considered to be equal to the

liquid phase transfer coefficient. Also the absorption of dilute

NH3 in air by water was studied to determine the gas phase trans-

fer coefficient of this column. The total resistance to transfer

for this system had been considered to be on the gas phase side

previously until Whiteman and David (31) pointed out that there

was an appreciable resistance on the liquid phase. This was con-

firmed by Sherwood and Holloway (22). Therefore, overall resist-

ance based on the partial pressure of the solute gas is the sum of

the resistance contributed by the gas film and the liquid film.

The gas phase transfer coefficient could be obtained by deduction

of the liquid phase transfer coefficient which was determined by

the CO2 runs from the overall coefficient. Empirical equations

similar to those obtained by Sherwood and Holloway (21) and Crilli-

land and Sherwood (4) relating the transfer coefficients with the

possible variables were developed for this column for use in sys-

tems other than those employed in the present experiment.

For each new column, because of the particular dimensions and

the nature of the surface of the discs, it may have a set of trans-

fer coefficients numerically different from another coltimn. Thus,

the "calibration" procedure was necessary. The studies on CO2 and

NHg were designed to accomplish two things: (1) to ascertain that

the characteristics of the disc column do resemble those of the

conventional oacked column; that is, to see if the observed trans-

fer coefficient can be correlated by the enuations similar to those
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proposed for packed column; and (2) to establish the characteris-

tic gas-film coefficient of the column. Once this is done, it is

proposed that for any other new system under study the liquid-film

coefficient can be estimated by subtracting the gas-film coeffi-

cient from the observed overall transfer coefficient. Note that

the coefficient thus estimated would not apply to the final column

design directly. For that purpose, the quantitative correlation

between the disc column performance and other packings must be es-

tablished first. Although such correlation has been deemed prom-

ising (24), the nrimary concern of this research was to provide a

laboratory tool for evaluating the effect of concentration and

flow variables uoon the liquid-film coefficient, thereby throwing

some light on the combined mechanism of diffusion and chemical re-

action in the liquid phase.

CONSTRUCTION OF EQUIPMENT

The equipment used is shown in Plates I and II. The general

arrangement of the disc column is shown in Plates III and IV, and

the principal dimensions are given in the appendix (p. 71). The

absorption column was made of Pyrex with an inside diameter of

1 1/8 inches, a wall thickness of 1/16 inch, and a height of 34

inches. Two side arms with a bore of 1/2 inch were located near

the two ends. They were bonded in right angle so that it would be

possible for the addition of a water .jacket for further absorption

studies at controlled temperature levels.

Thirty-five ceramic discs with unglazed surfaces were used in
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EXPLANATION OF PLATE III

Close-up View of Disc Column

A. Pyrex tube

B. Ceramic discs

C. Supporting Fiberglas cord

D. Liquid feed jet

E. Long stem funnel

F. Oas inlet

G. Gas outlet

H. Liquid feed cylinder

I. Effluent to liquid sampler

J. Drain for liquid lost by splash



21



EXPLANATION OP PLATE IV

Arrangement of Disc Column

A. Pyrex tube, 1 i/8 in. i. d., 34 in. long

B. Ceramic disc, 1.5 cm. in diameter and 0.4R cm. in thickness

C. Distance between jet and first disc to be 4-5 cm.

D. Liquid feed jet

E. Long stem funnel

F. Supporting Fiberglas cord, held externally

G. Gas inlet

H. Gas outlet

I. Liquid inlet

J. Effluent to liquid sampler

K. Drain for liquid lost by splash
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this study. The discs v/ere threaded edgewise upon a 1.5 mm. Fi-

berglas cord, and successive discs were maintained at right angles

by means of Duco cement. The series of discs were mounted verti-

cally and centrally in the column and maintained under tension by

a spring attached on the top of the feed cylinder.

Liquid was pumped from two stainless steel storage tanks by

a one-half horsepower centrifugal pump through a Fisher and Port-

er C-Clamp Flowrator, then into a Pyrex feed cylinder with 45 mm.

inside diameter located directly above the column. The Flowrator

was calibrated by collecting and weighing the discharge. Liquid

then flowed by gravity through the "feed jet" into the top of the

disc column. The jet consisted of a straight piece of Pyrex tub-

ing with a bore of 10 mm. and an opening of 4 mm. at one end. Ex-

truding from the base of the feed cylinder, the restricted end was

placed about 4 to 5 cm. above the uppermost disc. After flowing

downward on the surface of the discs, the liquid was withdrawn

through a long stem funnel into the liquid sampler at adjustable

level. The height of the feed cylinder and the opening of the

feed jet were dictated by the flow rate and the operating gas pres-

sure inside the column.

The sampler, as shown in Plate V, consisted of an overflow

arrangement with two Pyrex tubes placed concentrically. The dia-

meters of the outer tube and the inner tubes were so chosen that

the inner tube was small enough to reduce the chance of longitudi-

nal mixing of the effluent but large enough for the orovisions of

temperature measurement as well as sampling. The liquid sample

was siphoned off with a piece of rubber tube which was connected



EXPLANATION OP PLATE V

Arrangement of Liquid Sampler

A. Inner, overflow tube

B. Liquid from column

C. Overflow to drain

D. Siphon tube

E. Drainage

P. Buret for measuring sample volume
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PLATE V



27

through a glass tee to a buret for measuring the volume of samole.

The liquid was kept flowing continuously through the sampling sys-

tem daring operation.
.

Daring the absorption runs of CO2 in H20, GOg from the cylin-

der was passed into the column directly through a Brooks rota-

meter. The method of calibration of the rotameters is given in

the Appendix (p. 54). Provision was made for the measurement of

wet-bulb temperature of the exit COg. Ghromel-alumel thermocoup-

les were used in temperature measurement. The thermocouple serv-

ing as the wet-bulb thermometer was wrapped, at the junction, with

cotton yarn which was kept wet constantly. The pair of dry-bulb

and wet-bulb thermocouple wires were supported with 8-inch sec-

tions of Pyrex tubing, and the joints were placed In direct pass-

age of the exit gas from the column. To increase the linear ve-

locity of the gas stream, the exit gas was first forced through a

3 ram. jet (Plate VI).

Mixtures of air and NH3 were used In the absorption of NH3 in

water to investigate the gas phase transfer coefficient by this

column. The concentration of NH3 in the gas mixture was about 2

to 5 per cent by volume. High pressure air from the power plant

was passed through a surgo tank then a filter containing silica

gel and glass wool in order to remove or reduce the moisture, oil,

and other entrainment. The flow was controlled by two nressure

reducers and a 1/4-inch needle valve and measured by a Fisher and

Porter type Flowrator. NH3 from cylinder was measured and con-

trolled by Flowrator and e needle valve respectively. The two

streams of gases were brought together and well-mixed in a 2000 cc.



EXPLANATION OF PLATE VI

Arrangement of Wet-bulb Thermometers

A. Dry-bulb thermocouple

B. Wet-bulb thermocouple wrapped with cotton yarn

C. Jet

D. Exit gas from column

E. Pyrex tube

P. Supporting glass tubing

G, I. Beaker containing distilled water

H. Cotton yarn for supplying water to wet-bulb thermocouple
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Erlenneyer flask. The gas mixture then entered at the base of the

disc colunn and released to atmosphere . Gas pressures were mea-

sured by means of manometers located downstream from the Flowrat-

ors. Column pressures were measured by manometers at the gas in-

let and exit of the column. Hither water saturated with solute

gas or mercury was used for the medium in the manometers accord-

ing to the operating pressure range.

The temperature of the gcs mixture was measured with a mer-

cury bulb thermometer inserted in the mixing flask, and that of

the liquid was measured by two chrome 1-alumel thermocouples dinned

in the feed cylinder and in the sampler,

A Pyrex tube 3 feet long with 45 mm. inside diameter and

packed with £-ineh Berl Saddle packing was nrovided for scrubbing

the NH3 in exit gas. An aspirator was used to create vacuum in

this small packed column in order to reduce the inlet gas pressure

at the disc column. However, in the actual NH3 runs, the exit NH3

concentration was found to be so low that the scrubbing process

was not considered necessary,

OPERATION PROCEDURE

In starting up, the sampler was moved up 9nd down to flush the

air bubbles out of the effluent passage. Then, placing the samp-

ler at the lowest oossible level, water was pumped into the feed

cylinder at a high rate (about 45 lbs./hr.) in order to wet the

surface of the discs entirely. Next, gas was turned on slowly. A

sudden increase in the gas rate would cause the gas to rush out of
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the column through the feed jet before a liquid head was built up

in the liquid feed cylinder to balance the gas pressure inside

the column. Meanwhile the sampler was raised to a position to

bring the liquid level up to the neck of the long stem funnel in-

side the column in order to avoid any additional absorption sur-

face formed by a liquid film on the inside of the funnel stem. In

the runs of absorption of ammonia in water, inert gas was turned

on first and then the solute gas.

The flowmeter readings were checked from time to time to in-

sure the rates of gas and liquid were constant. Steady state con-

ditions would normally be reached in one hour after starting the

operation. Samples were then taken every ten minutes. The opera-

tion was not completed until three successive analyses of the sam-

ple showed consistency. Gas and liquid rates were regulated to

another range and the next run was continued. Tamneratures, pres-

sures, and flowrates were duly recorded during the run.

CHEMIGAL ANALYSIS

Ammonia in HgO

The analysis of ammonia in water was accomplished by running

the liquid samnle into a 250 cc. Erlenraeyer flask containing a

measured amount of standard H2SO4 (19). After a few minutes with

occasional shaking, the excess HgSO^ was back titrated ^ith stand-

ard NaOH to a methyl orange end-point. One cc. of 0.1N HoSO* con-

sumed is equivalent to 0.0017 gm. of H%«



32

Ammonia in Air

A Gow-Mac thermoconductivity cell (Gas-Master Unit) was orig-

inally attempted for the analysis of Ng-NH3 and air-NH3 gas mix-

tures. However, since the thermal conductivity of these compo-

nent gases are so close together (kNH^ = 0.0095, at -76° P., kNg =

0.0095 at -1480 P., kalr 0.0095 at -148° P.) and the composition

of NH3 in gas mixture was so low that this means of analysis was

not successful. Therefore, no attempt was made to establish the

material balance across the column. All the calculations were

based on the liquid analysis.

Water in OO2 Gas

During the test runs, it was observed that the water evapor-

ated into the stream of COg was appreciable. The determination of

moisture content in the exit COg was made by measuring the wet-

bulb temperature depression of the exit COg with a pair of wet and

dry-bulb thermocouples as described previously. The amount of

moisture in gas was interpolated from a humidity chart (9). Par-

tial oressure of COg was obtained by deduction of the partial pres-

sure of water from the total pressure of the exit gas stream.

COg in Water

Three methods of analysis of COg in HgO were investigated and

compared during the test runs. They were: (1) method oroposed by
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McKinney and Amorosi (12) in which the solution was titrated with

0.02 N HC1 at controlled pH range with mixed indicator of methyl

red and phenolphthaiein. The results obtained were lower than

that obtained from the other methods. This was probably due to

the loss of CO2 during titration. In method (2) the CO2 was pre-

cipitated as BaC03 in excess of 0.1 N Ba(0H) 2 and in method (3)

the CO2 was converted to BaC03 in a mixture of 0.1 N NaOH and sat-

urated BaClg solution. In both methods the excess alkali was back

titrated with 0.1 N HC1 using phenolphthalein as indicator. These

last two methods are similar to each other, and the results ob-

tained gave very close check. However, the chemicals involved in

method (3) seemed relatively easier to handle. Also this method

of analysis was widely employed by number of investigators on

absorption of CO2 in H2O, such as Sherwood and Holloway (21).

Therefore, the third method was finally chosen in the present

study. The details of these three methods, including a comoari-

son with the independent analysis performed by the Analytical and

Service Laboratory of the Chemistry Department of Kansas State

College are given in Appendix (p. 57).

SUMMARY OF DATA

A total of 35 runs were made for the absorption of carbon di-

oxide in water in order to evaluate the liquid-film coefficient

for the physical absorption in the disc column. Twenty-six runs

were retained. Those discarded were the te3t runs for comparing

the method of chemical analysis. The gas rate for the entire ex-
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perlment was kept at about 10 cu. ft./hr. The liquid rate J var-

ied over the range from 100-400 lb./hr. ft. and the liquid tem-

perature range was from 24.8-28.2° C. The data obtained are pre-

sented in Table 1. Figure 2 shows the relation of k' (corrected

to 20° G.) with liquid rate,]^, which was calculated by dividing

the mass rate of liquid by the wetted perimeter for liquid flow.

The netted perimeter was defined as the surface area of the disc

divided by its diameter.

Another 30 runs were made for absorption of ammonia in water

to establish the gas-film coefficient of the disc column. Seven-

teen runs were made with varying gas rate. The liquid rate was

keot constant at a value of 77 - 247 lb./hr. ft. The remainder

were made with varying liquid rate over 77 150 to 400. The con-

centration of the gas mixture was from 2 to 5 oer cent. The liq-

uid temoerature range was from 24.5 to 27.5° C. The data obtained

are given in Tables 2 and 3. Figure 3 shows the change of the

gas-film coefficient with relative velocity of the gas to the sur-

face of the liquid, and Fig. 4 shows the change of the gas-film

coefficient with liquid rate. In both cases the coefficients were

corrected to 20° C. In the case of varying liquid rate, the coef-

ficient was corrected to a relative velocity of 5.84 ft. /sec.

RESULTS AND DISCUSSION

Tbe overall coefficient was calculated by dividing the total

mass of carbon dioxide absorbed per hour by the logarithmic driv-

ing force based on the liquid concentration. This coefficient was
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taken as the liquid-film coefficient since the solubility of car-

bon dioxide in water is small and since the gas phase resistance

for absorption of carbon dioxide is not appreciable as verified

by Sherwood and Holloway (22). All the observed coefficients were

corrected to a standard temperature of 20° C. by means of the re-

lationship:

kt * <? (14)

obtained by Sherwood and Holloway (22). In Pig. 2, a plot of

k! vs. ~p shows considerable scattering, but there still appears a

trend that they can be represented by a single straight line. By

employing the method of least squares, the data are correlated by

the equation:

k^ = 0.0075/1,97 lb./hr. ft. 2 lb. /ft. 3 at 20° C. (15)

The slope of the straight line, being nearly unity, is much larger

than those reported in the literature. Sherwood and Holloway (22)

measuring the liquid-film coefficient for various kind of packing,

found that kL is proportional to^n , where n varied from 0.54 to

0.78. Stephens and Morris (24), in their experiment of absorption

of carbon dioxide in water by a ceramic disc column, gave a value

of n - 0.7. Roper (18) using a carbon disc column gave the same

value of "n" as Stephens and Morris. The larger value of the slope,

or the exponential "n", means that the liquid rate affects the liq-

uid-film transfer much more than those observed by the various in-

vestigators mentioned above.

Also the concentration of carbon dioxide in the outlet liquid

wts found to increase slightly with the liquid rate, while Stephen
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and Morris' data showed a decrease with increasing liquid rate.

A plot of the outlet concentration of carbon dioxide from the

author's data and those of Stephen and Morris' is shown in Fig. 5.

If we consider alone the duration of the contact time be-

tween the gas and liquid streams, then the exit liquid concentra-

tion should decrease as the liquid rate increases. However, there

is another factor which would have the opposite effect. That is,

as the liquid rate increases, the liquid stream would become more

turbulent and afford better mixing below the liquid surface aa

well as more "fresh" surfaces available for absorption.

In the light of Danckwerts mechanism of liquid film (2), the

capacity for absorption is proportional to the number of fresh

surfaces exposed to the gas. The rate of the creation of fresh

surfaces is, in turn, a function of turbulence and the rate of the

liquid flowing from one disc to the next. By visual inspection of

the flow pattern in the disc column, it was observed that the disc

surfaces could not be completely wetted until the liquid rate, ,

had reached 150 lb./hr. ft. and when was further increased, the

turbulence of the liquid layer became increasingly vigorous. Al-

so at low flow rate, the liquid tended to channel along the edge

of the disc. The excessive smoothness and the poor wetting char-

acteristics of the disc surface suggest an explanation for the

apparent contradictions with the literature data: (1) In the

present column, the packing was not completely wetted until a crit-

ical flow rate had been reached; further increase in rate produced

more turbulence and consequently higher absorption rate and higher

outlet concentration of CO2 in liquid. Roper used "carbon" discs
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and Stephen and Morris used "ceramic" discs. In either case, the

surface roughness was presumably higher so that at the same flow

rates studied a maximum turbulence was already attained. There-

fore, the outlet liquid concentration did not increase with the

rate. (2) The pronounced influence of the rate upon the liquid

film coefficient by virtue of the increased turbulence was also

manifested by the high value of the exponential (n =0.97) in

equation (14). (3) The excessive smoothness of the present discs

may also account for the comparatively low value of the liquid

film coefficient.

To test further the validity of these explanations, a series

of absorption runs should be made keeping the roughness of the

disc surface as the sole variable. That is, to use a series of

packings of increasing roughness in subsequent runs ooerating in

the same temperature, pressure, and flow ranges. According to the

reasoning mentioned above, the following correlation should re-

sult: First, plotting log kL versus log
f7 , the straight line for

the smooth surface discs should have a slope close to unity; as

the roughness increases, the line should displace to a higher po-

sition but it should have a smaller slope. Then, plotting the

outlet liquid concentration versus the liquid rate, the line for

the smooth surface discs should have a positive slope; as the

roughness increases, the lines should displace to a higher posi-

tion and the slope should decrease until it becomes negative.

These predictions are shown graphically in Pig. 6 and Pig. 7.

The liquid film coefficient of the oresent column ranges

from 0.9 to 2.7 lb./hr. ft. 2 (lb. /ft. 3 ). Under similar ooerating
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conditions, Stephen and Morris* column had a k£ value between 1.5

to 3.2. In addition to the surface roughness and wetting charac-

teristics, the variation in the disc dimensions may also have con-

tributed to this difference in column performance. For absorp-

tion of other systems with the same apparatus, the influence fac-

tor of tii e column itself should be the same. The correlation

based on the oresent experiment, k£«-»0.97 should apply. A di-

mensional equation similar to that obtained by Sherwood and Holo-

way (22) from experiments with packed towers is assumed to be ap-

plicable for estimating the liquid film coefficients for physical

absorption of other systems at any other condition.

Since kl^-0.97, therefore, m in the above equation should take a

value of 0.97. n in this case was taken to be 0.5, since, accord-

ing to Higbie (8), \d is proportional to the square root of the

diffusivity, D, and according to Sherwood and Holloway (22), k^ is

proportional to the 0.5 power of the Schmidt group. The constant

tta w was calculated by substituting the values of the dimensionless

groups and comparing the equation (15). The resulting equation

is:

The calculation is shown in Appendix (p. 62).

The overall coefficients for absorption of ammonia in water

were calculated from the weight of ammonia absorbed per hour and

the logarithamic mean driving force in terms of solute partial
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pressure (Appendix, p. 62). The coefficients obtained were cor-

rected to a standard liquid temperature of 20° C. by the method

of Molstad, et al (13). Their equation for temperature correction

was rearranged by the author as follows:

%<* 24.3 - 0.175t (18)

The liquid-film coefficient was then calculated by equation (17)

and corrected to a liquid temperature of 20° C. The value of dif-

fusivity was taken from p. 540, Perry's Handbook (15). The vis-

cosity and density were assumed to be those of pure water because

of the low concentration of the exit solution. Then the gas-film

coefficient were calculated by the equation

*q kQ kL (19)

The Henry's law constant were obtained by means of the equation de-

rived by Kowlke et al (11). A plot of the gas-film coefficient

against the relative velocity is shown in Pig. 3. They are well

correlated by the equation:

ko 3.32 V °* 65
(20)

This result checks closely with that obtained by Stephens and Mor-

ris (24). They found in their disc column that

*-**•*'
(21)

The coefficients obtained were about 100 per cent lower than those

of Stephens and Morris. Figure 4 shows the influence of liquid

rate upon kg. The line exhibits the same trend indicated by Ste-

phens and Morris' data, and again, the liquid flow has much more

effect on the kg. for the present column than that of Stephens and

Morris. The correlation of the present data gives
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kG = 2.96 77
- 26 (22)

While that of Stephens and Morris gives

lefc
m 11.IT70

' 13 (23)

This is consistent with the observation from the CO2 runs that the

liquid rate has muoh more effect upon the performance of the ores-

ent disc column than that employed by Steohens and Morris.

For extrapolation of this result to another system at other

conditions, a dimensional equation was developed. The equation

was considered to take the following form:

kcrPsH _ h f t/JP X*" ( M \
'n

Vfi \ A' J \ PO J
(24)

which is the general correlation for wetted-wall column. The ex-

ponent ra is equal to 1-0.65 0.35, since

k(j ot V°»65 (25)

and the value of n =0.56 was selected, based on Gilliland and

Sherwood's (4) conclusion. Inserting the physical constants in

equation (24), the constant "b" for constant liquid rate and a

relative velocity of 5.84 ft./sec, which was the common condition

to Fig. 3 and Fig. 4, was found to be 0.12. The coefficient is

proportional to 0.26 power of the liquid rate. Incorporating

these constants, the final correlation becomes

Jj£* ^^VfJ*^" (26,

The detailed computation is shown in Appendix, p. 66 .
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CONCLUSION

The results of the present work and the conclusions derived

therefrom are summarized as follows:

1. A disc column with its necessary accessories has been

constructed and calibrated. The operational and analytical pro-

cedures have been tested.

2. The liquid-film coefficients, kf,, of the column ranging

between 0.7 and 2.7 lb./hr. ft. 2 lb. /ft. 3 were determined in a

series of experiments of the absorption of CO2 in water, k^ was

found to be proportional to the 0.97 power of the liquid rate,/1/,

over the range of 7? from 100 to 400 lb./hr. ft. The following

correlation is proposed to include the other liquid properties

such as viscosity, density, and diffusivity:

4 -*• W" Owf* **

3. The gas-film coefficients, Icq, of the column ranging be-

tween 7 to 13 lb./hr. ft. 2 atm. were determined in a series of ex-

periments of absorption of dilute NH3 in water. k& was found to

be proportional to the 0.65 power of the "relative velocity" be-

tween the gas and liquid at a constant T^of 247 lb./hr» ft. and

to the 0.26 power of 7? over the range of ~V from 150 to 400. The

following correlation has been developed:

4. The performance of the column is considered satisfactory

for the use in further investigations on the absorption processes
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with simultaneous chemical reaction. For an unknown gas-liquid

system, the overall absorption coefficient can be experimentally

determined. Then the liquid-film coefficient, kj,, can be compu-

tated by eliminating the kg value predicted by the correlation in

3 above. The ratio between k^, the liquid-film coefficient with

chemical reaction thus commuted, and kj^ the liquid-film coeffi-

cient of pure physical absorption as predicted by the correlation

in 2, may be used as a guide in the actual column design where the

value of ki for the packing is known but the knowledge of kL is

completely lacking. However, a more useful function of this col-

umn would be for the study of the influence of liquid concentra-

tion and gas partial pressure as well as the flow rates upon k]>

Such information can be used to establish the combined mechanism

of diffusion and chemical reaction in the absorption process.



50

ACKNOWLEDGMENTS

The author wishes to express his gratitude to the Kansas

State College Engineering Experiment Station for the financial

assistance which made this research possible, and to:

Drs. S. L. Wang and Henry T. Ward for frieir advice and en-

couragement during the course of thi3 work;

Mr. Chi Tien, Graduate Assistant, and Mr. George Ghahra-

manian, a senior student, both of the Department of Chemical En-

gineering, Kansas State College, for their assistance.



51

BIBLIOGRAPHY

(1) Carlson, H. C, Ind. Eng. Chem. 41, 12, 1949.

(2) Danokwerts, P. V., Ind. Eng. Chem. 43, 1460, 1951.

(3) Furnas, C. C, and F. Bellinger, Trans. Am. Inst. Chem.
Engrs. 34, 264, 1938.

(4) Cilliland, E. R., and T. K. Sherwood, Ind. Chem. Eng. 26,
516, 1934.

(5) Grimlev, S. S., Trans. Inst. Chem. Engrs. (London), 23,
228, 1945.

(6) Hatta, S., Techol. Repts., Tohoku Imp. Univ., 3.1, 1928-
29. Original not seen. Reported by Sherwood and Pig-
ford (20).

(7) Hatta, S., Techol. Repts., Tohokue Imp. Univ., 10, 119,
1932. Original not seen. Reported by Sherwood and
Pigford (20).

(8) Higbie, R., Trans. Am. Inst. Chem. Engrs. 31, 365, 1935.

(9) Hougen, 0. A., and K. M. Watson, Chemical Process Princi-
ples, Vol. I, pp. 100. New York: John Wiley and Sons.

(10) Jenny, F. J., Thesis in Chemical Engineering, M. I. T.

Origins! not seen. Reported bv Sherwood and Pigford
(20).

(11) Kowalke, 0. L., 0. A. Hougen, and K. M. Watson, Bull. Univ.
Wis. Eng. Expt. Sta. 68, June, 1925.

(12) McKinney, D. S., and A. M. Amorosi, Ind. Eng. Chem., Anal.
Ed., 16, 315, 1944.

(13) Molstad, M. C, J. F. McKinney, and R. 0. Abbey, Trans. Am.
Inst. Chem. Engrs. 39, 605, 1943.

(14) Payne, J. W., and B. F. Dodge, Ind. Eng. Chem. 24, 630,
1932.

(15) Perry, J. H., Chemical Engineers' Handbook , 3rd Ed., New
York: McGraw-Hill Co., 1950.

(16) Pigford, R. L. , Ind. Eng. Chem. 42, 17, 1951.

(17) Posln, M. E., J. Applied Chem. (U. S. S. R.), 20, 345-352,
353-359, 963-975, 754-61, 1947. Original not seen.
Reported by Carlson (1).



52

(18) Roper, G. H., Chemical Engineering Science (London) 2, 18,
1953.

(19) Scott, W. W., Standard Methods of Chemical Analysis , 5th
Ed., pp. 2270, New York: D. Van Nostrand Co.

(20) Sherwood, T. K. , and R. L. Pigford, Absorption and Extrac -

tion , New York: McGraw-Hill Co., 1952.

(21) Sherwood, T. K., and F. A. L, Holloway, Trans. Am. Inst.
Chem. Engrs., 36, 21, 1940.

(22) Sherwood, T. K., and F. A. L. Holloway, Trans. Am. Inst.
Chem. Engrs., 36, 39, 1940.

(23) Soector, N. A., and B. F. Dodge, Trans. Am. Inst. Chem.
Engrs., 42, 827, 1946.

(24) Stephens, E. J., and G. A. Morris, Chem. Eng. Prog. 47,
232, 1951.

(25) Tene, T. B. , and B. F. Dodge, Trans. Am. Inst. Chem. Engrs.
39, 255, 1943.

(26) Theory of the Flowrator, Catalog Section 98-A, Fisher and
Porter Company, Hatboro, Pennsylvania.

(27) The F & P Tri-Flat (Low flow rate) Variable-Area Flow meter
Handbook, Fisher and Porter Company, Hatboro, Pennsyl-
vania .

(28) Treadwell, F. P., and W. T. Hall, Analytical Chemistry,
Vol. II, p. 520, New York: John V.'iley and Sons, Inc.

(29) Turken, E. Ya., J. Anplied Chem. (U. S. S. R.), 21. 927,
1948. Original not seen. Reported by Pigford (14).

(30) Van Krevelin, D. W.
f
and T. J. Holtizger, Chem. Eng. Prog.

44, 529, 1948.

(31) Whitesnan, W. G., and D. S. David, Ind. Eng. C>iem. 16, 1233,
1924.





54

Calibration of Flowmeters

The Brooks rotameters were calibrated for COg gas and for N2

gas against a wet test meter of the Precision Scientific Company.

Before the calibration was made, the wet test meter itself was

checked by displacement of water to test its accuracy. The rota-

meter to be calibrated was set in series with the wet test meter.

Gas first passed through the rotameter, then entered the wet test

meter and exit to atmosphere. The water in the wet test meter

was saturated by passing the gas through for about two hours or

more before each series of calibration runs was started.

The flow was controlled by a |-inch stainless steel needle

valve. The volume as indicated by the wet test meter and the

pressures and temperatures at the downstream of the rotameter and

at the wet test meter were recorded. Calculations were made to

present the data as flow rates of gas in cu. ft./min., at 0<> C.

and 760 mm. Hg. An example from the calibration runs is given as

follows:

Rotameter § 4(4-15-2), C02 , Monel Float

Data: Rotameter reading, 9.00
Gas temperature at rotameter, 92.5° F.
Atmospheric pressure, '''.'•SO. 12 mm. Hg (corrected)
Gas pressure at rotameter, 83 mm. RgO above atmos-

pheric
Time of run 252.5 sec.
Gas flow 0.5 cu. ft. as read on the wet test

meter
Gas pressure at wet test meter psi
Gas temperature at wet test meter 91.0° F.

Gas flow rate at 0° C. and 760 mm. hg is (assuming gas law

holds at this temperature and pressure)
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P2*l

730 . 12 x 0.5 x 60 x 492=
7S0 x 551 x 262 .S

0.102 cu. ft./min.

It will be noted that this is the flow rate in cu. ft.

C02/min. measured at 0° C. and 760 ram. Hg. Actually, the gas is

flowing through the rotameter under a pressure of 83 mm. H2O above

atmospheric and 92.5° F. This will be the approximate pressure

and temperature in actual runs of absorption operation. However,

if there is much difference in pressure and temperature between

the operation condition and the calibration condition, the rota-

meter readings must be corrected by (26)

Q2 = Qi VFITg"

Where 0^, 2
= flow rate at calibration and operation condi-

tions, respectively

pl» 2 = Pre ssui*e at calibration run and operation run,

respectively

1» 2 = temperature at calibration run and operation
run, respectively.

Calibration curves of scale rending against flow rate for the

F & P Tri-Flat Flowrators were calculated by the method and pro-

cedure furnished by the manufacturer (27). In order to check the

accuracy of the calculated curve, experimental calibrations were

also made for Ng using the already calibrated Brook's rotameter as

a standard. The experimental and the calculated calibration curves

were plotted in Fig. 8 for comparison. It was shown from the plot

that the two curves were almost superimposed. Thus, the accuracy

of the calculated calibration curves was considered satisfactory.
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Evaluation of Chemioal Analysis

During the test runs, three methods of chemical analysis of

CO2 in H2O were compared.

1. Determination of Carbon Dioxide in H20. This method was

proposed by MoKinney and Amorosi (12) for determination of CO2 in

industrial water. The procedure of this method is given as below:

(1) Select two 250 ml Erlenmeyer flasks. Place 100 ml of pH

8.5 buffer solution in one and 100 ml of pH 5 in the other. To

each, add 0.4 ml of mixed indicator (methyl red and phenolphtha-

lein were used in the test runs) and cork the flasks.

(2) In the third flask, add 0.4 ml of mixed indicator to

100 ml of the water to be tested.

(3) Titrate the sample to pH 8.5 by using standard NaOH (us-

ually 0.02 N). If the sample is more alkali than pH 8.5, standard

FC1 will be used in this nroeedure. Record the volume required as

V^ if NaOH is used.

(4) Titrate the sample from pH 8.5 to pH 5 with HC1. Record

the volume used as V^,

(5) Acidify by adding 20 per cent more of the acid than was

required for V]_. Boil the solution vigorously for two minutes ov-

er a strong flame.

(6) Cool the flask rapidly in running water to room temper-

ature. Add NaOH until the pH is 8.5, and record the volume of

base required as V2x . Now titrate the sample from pH 8.5 to pH 5

with HC1, and record the volume of acid used as Vg.

For correcting the COg content in NaOH, the following t>roce-
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dure was proposed by McKinney:

(1) To 80 ml of COg free distilled HgO, add 0.4 ml of mixed

indicator and sufficient N10H to bring the pH to 8.5. Then ti-

trate to pH 5 using Hg. Let A be the volume of acid used. Add

immediately 20 ml of NaOh and again titrate with acid, noting the

volume required to change the pH from 8.5 to 5. Let this volume

be B. Disregard the volume of NaOH required to titrate the 20 ml

of base to pH 8.5. The correction faction is then:

B - A _ Y—SIT ~ X

The carbon dioxide in the sample is calculated by the follow-

ing formula:

COg (PW) K x i°£2. x N (Vx - V-^X) - (V2 - V2xX)

V.here K 45.56, if titration from pH 8.5 to 5 is used,

K = 43.95, if titration from pH 9 to 5 is used,

Vs= Sample volume in ml (usually 100 ml),

N = Normality of HCl solution,

V"l» Vg= ml of acid required to titrate respectively, unboiled
and boiled sample from pH 8.5 to 5.0, (or pH 9 to 5
if this end pt. are used),

vlx» v2x= m^ °* hase used to adjust unboiled and boiled sample,
respectively, to pH 8.5 or 9,

V = ml of acid required to titrate COg in 1 ml of base
from pH 8.5 - 5 (pH 9.5).

(2) Precipitate the COg as C03 in exoess 0.1N Ba(0H)g. Then

titrate the excess of Ba(0H)g by 0.1 N HC1 with phenolphthalein

indicator.

(3) Precipitate the COg as BaCOg in a mixture of 0.1 NaOH
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and saturated Bacl2 . The excess of NaOH was then titrated with

0.1 HC1 to a phenolphthalein end point.

A set of analysis data for the same !3ample by three methods

are given as follows:

Table 4. Data of Method 1.

Sample No,. : V-l : V1v : Vg : Vsx : X :C0;> P.n.m.

1 15.94 15.20 1.16 4 .19 0.0525 255
2 14.19 12.78 1.63 2,.29 " 217
3 14.90 13.15 0.98 4 .19

M 241
4 15.84 15.20 1.02 4,.00

n 256
5 17.32 16.55 1.10 4 .38

n 280

A = 0.2, B = 1.25, Y . B - Ax
-nar

= 0.0525

Reagents used = 0.02 N. NaOH, .02 N.HC1, mixed indicator I3f
methyl red and phenolphthalein. Volume of sample = 50 ml.

Table 5. Data of Method 2.

Sample No. : 0.1N.Ba(OH) 2 1 0.1NHC1 : 0.1N Ba(0H) 2 : C02
• < 1

: Consumed : ppm

la 15.32 2.70 12.62 555
2a 13.50 1.14 12.36 544
3a 13.66 1.24 12.42 547
4a 13.52 1.22 12.30 541
5a 13.57 1.13 12.44 547

Volxime of sample 50 cc.

Table 6. Data of Method 3.

Sample No. : 0.1N NaOH : O.'lNHCl : O.lNNaOH : C02
•
•

1
• : Consumed : pom

lb 14.0 1.25 12.75 561
2b 14.0 1.45 12.55 552
3b 14.0 1.40 12.6 555
4b 14.0 1.55 12.45 548
5b 14.0 1.43 12.57 553

Volume of sample 50 cc. Saturated BaCL2 LOcc.
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Inspecting the foregoing analysis results, there is much dis-

crepancy in results between that obtained by method 1 and those

obtained by methods 2 and 3. Perhaps this can be exnlained by the

loss of C02 during titration in method 1. The solution bar] to be

brought to a pH value of 8.5 by NaOH before it was titrated with

HC1 and it took about 1 or 2 minutes to do this. Therefore, it

allowed the C02 a chance to escape as the COg concentration in the

effluent was much higher than that in equilibrium with the room

air.

The second and third methods are essentially the same. Data

obtained by the two methods showed consistency, however, the

third method was chosen because the problem of storage and prepa-

ration of the reagents are relatively sinoler.

Sample Calculation

A. Absorption of Carbon Dioxide in Water

1. Calculation of the liquid-film coefficient

Run No. 21

Observed data:

Absorption surface = 0.22 ft. 2

Liquid rate = 37.1. lbs./hr. = 292 lb./hr.ft.
Mean liquid temperature = 27.9°C»
Henry's law constant = 1795 (interpolated from

Perry's Handbook).
Atmospheric pressure (corrected) = 737.93 mm Hg.
Manometer reading at inlet of column = 66.5 mm H20

= 4.89 mm Hg.
Manometer reading at outlet of column =37.5 mm HpO

= 2.76 ram Hg.
Wet-bulb temperature of the exit gas = 80,5°P.
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Dry-bulb temperature of the exit gas = 82.8°F.
Humidity of exit gas (9) = 0.0345 mole of HgO

mole of C02
Concentration of C02 in inlet water =0
Concentration of C02 in outlet v/ater = 0.0462 lb./cu.ft.

Total pressure at inlet = partial carbon dioxide at

inlet = 737.93 + 4.89 = 742.82 mm Hg = 0.977 atm.

Total pressure at outlet = 737.93 + 2.76 = 740.69 mm Hg
Partial pressure of HgO at outlet = 0.0345 ^4Q gg

1.0345
= 24.66 mm Hg.

Partial pressure of C02 at outlet = 740.69 - 24.66
= 716.03 = 0.942 atm.

The equilibrium concentration of carbon dioxide at the inter-

face at the ends of the column is

B,* = £477= 0.000544
lb-mole of C02

1 1,795 lb-mole of solution

* . A naov lb. of CO2
Xf = 0.0827

cu.ft. of solution

Xo* = °.' 942 = 0.000525
1,795

X2 = 0.0796

Xi = 0.0462

X2 =0
^Y) (0.08ZT-o<94b2)~o.o796 ,, , ,

/*? 00827-oo46Z ' T
•

Carbon dioxide absorbed per hour = 0.0276 lbs.

<kL') = ° ' 0276 = 2 27
obs. 0.22 x 0.0552

Since ^i*. e oo2Sf~

(k-JtO*. =(k'JoAj
. e O<X3X*7.9 =/<39 **/**&*fb./ff?
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2, Evaluation of the constants for fie empiric al equa-

tion

By employing the method of least squares to <jorrelate the ex-

perimental results,
, the following equation was obtained

*' = o.oo7S-p° 9 ~r

(15)

An equation of the following form was selected

P -*ww *•
(16)

Let n 0.5, m = 0. 97. Equation became

D -W'dgrf «'
(16')

Comparing equation (16*) to equation (15), the following rela-

tionship resulted

O.ooJS -•r^rftsr (16")

at 20°C

D = 1.5 y: 10 cm.^/sec.

= 5.81 x 10"5 ft. 2/sec.

M = l.OOE i centlpoise

= 2.43 lb.Ar. ft.

M .

-pjr = 670 (dimensionless)

a = 0.0075/^*///0-f ( ±)°"(iz-F]
= 3.08

Therefore, the i final equation is

D ««WW fr: (17)

B. Absorption of Ammonia in Water

1. Calculation of the overall transfer coefficilent
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Run No. 3 of absorption of ammonia in water with varying

liquid rate

.

Observed data:

Atmospheric pressure (corrected) = 728.88 mm Hg.
Room temperature = 24.5°C.
Mean liquid temperature = 27.4°C. = 541. 2°R.
Air rate = G = 4.1 lb./hr.
Ammonia rate = 0.0686 lb./hr.
Water rate, L 45.8 lb./hr. = 360 lb./hr.ft.
Concentration of ammonia in inlet liquid, Xg =
Concentration of ammonia in outlet liquid, X-^ 0.00102

lb. of NHg/lb. of solution

Inlet gas concentration, Y, = °'0686 = 0.0167 lb
*
of NH5

1 4.1 lb. of air
Outlet gas concentration, Y2 was found by material

balance.
Since

L(XX - X2 ) = GfY-L - Y2 )

for dilute solution, the outlet gas concentration

y2 - n -
I *t

= 0.0053 lb. of NH3/lb. of air

Manometer reading at inlet of the column =58 mm Hg.
Total pressure at inlet of the column 728.88 + 58

= 786.88 mm Hg.
Manometer reading at outlet of the column = 19 mm Hg.
Total oressure at outlet of the column = 728.88 + 19

= 747.88 mm Hg.
Partial pressure of ammonia at inlet

_ (0.0686/17) „_ A" (0.0686/17 + (4. 1/29)
786 « 88

21.8 mm Hg.
Partial pressure of ammonia at outlet •

(o!o053/17) + d/29)
747 - 83

!"
6 ' 7 ^ *•

The equilibrium pressure of the solute ga3 was calculated by

the following equation
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where p 1 = equilibrium pressure of ammonia, atn.

c = concentration of ammonia in molarity

= X x 1000
17

log l£ll s -1.694 = 2.306
U)i

l2~- = 0.02023
(c )i

Pl
« = (0.00102) i

1

^ ? (0.02023) (760) 0.92 mm Hg.

Pg' = 0, since X2 = 0.

e*L- "",;*%:£ -<**—* ~m»o-**u

where A absorption surface, for this liquid rate, it

was found to be 0.248 ft. 2
. The method of calculation is given on

p. 63.

m 4.1 x 0.0114 m n 45 lb ./hr . ft# 2atrn#^ 0.248 x 0.0164

Since

KqcX 24.3 - 0.175 t

Kq at 20°C is

11.45 24.3 - 0.175 X 20 m 12 , 2 lb./hr.ft.
2atm.

24.3 - 0.175 x 27.4

2. Calculation of the gas-film coefficient

The gas-film coefficient is calculated by the equation

*G *§ kL

The value of H was calculated by the following equation (11)



65

log £l - 4 699 -
5> ' 6°

c
4,b" T°R

H = £l = 0.02023 atm./(g-mole of 'IH^/1,000 g. of H
g0)

0.02023^x 1,000 aW(lb- Qf N%/lb . of „20)

_ 0.02023 x 1,000 tim%m m mm , .. ~ „ n »

17 x 6274 atm/(lb. of NF3/ou.ft. of H20)

= 0.013 atm/(lb. of NH3/cu.ft. of H20)

k.
7 was estimated by using equation (17)

where D = 6.82 x lo"5 ft. 2/hr. (P« 540, Perry's Handbook)

— -S70

M « 0.8545 centipoise (p. 374, Perry 1 s Handbook)

77 360 lb./hr.ft.

k£ = 2.98

Corrected k£ to 20°C by the relation

k£ * ******

<kL>20*C " 2 ' 521

p- = 0.00525

i- = 0.0820

i- = 0.0820 - 0.00525 0.0768
*G

Icq 13.02 lb./hr.ft. 2atm.

The surface velocity of this liquid rate ^7as

v^^ = 1.825 ft. /sec.

The method of estimating the liquid surface velocity if given

on p. 63. The gos linear velocity was
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v =3.52 ft. /sec.

The relative velocity to the liquid surface was

3.52 + 1.825 = 5.345 ft./sec.

The correction of kg to a relative velocity of 5.84 ft./sec.

was made by means of Fig. 3. From Fig. 3, k£ at v = 5.84 is 10.4,

and kj at 5.345 is 9,870.

1c, (corrected to v - 5.84) = 13.02 x 2&s4 " 15 ' 72" lb./hr.ft. 2 atm. 9.8^

3. The evaluation of the constants for equation (24),

p. 44 :

In equation (24)

n was selected to be +0.56, and since from the correlation of

the data k_ is proportional to the 0.65 power of the relative ve-

locity, m is equal to 1 - 0.65 0.35. The constant b was deduced

by inserting the known constants in equation (24). At 20°C, and

the common condition of both Fig. 3 and Fig. 4.

Dy = 0.892 ft. 2/hr. at 25<5C.

P = 0.075 lb./ft. 3

Pd = 0.044 lb./ft. 3

M « 4.35 x 10"2 Ib./hr.ft.

•rrr- s 0.65 (dimensionless)

ffa - 0.96 atm.

V m 5.84 ft./3eo. 21,000 ft./hr.

d = 0.0582 ft.

kQ = 10.4
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b

s been found to be

rate, from kg m 87b

= 2.96 /7°»26

(26)

1 material used in this

- 87b

b = 0.12

The relationship between Icq and p hs

kg = 2.96/7 *26

Since b is a function of the liquid

b = 0.034^0,26

The final equation is

Table V. List of orincipal apparatus anc

project.

*
•

Item : Description

•
•

: Source

Pyrex column
Ceramic disc Unglazed
Hi-pressure research kit
rotameter

F & P Tri-flat flowrator
Thermal-conductivity cell
One-half horseporer Made of sts in-
centrifugal pump less steel

CO2 gas Over 99$ ourity
NH3 gas Anhydrous
N2 gas Water pumped

Corning Glass Co.
General Ceramic Co.

Brooks Rotameter Co.
Fisher and Porter Co.
Gow-Mac Comoany

Pure Carbonic Co.
Spencer Chemical Co.

National Gas Co.
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Calculation of Surface Velocity of Palling Film

The following method was used for the calculation of the

falling velocity of the liquid layer in the disc column.

The assumption is made that, instead of the series of discs,

there is a cylindrical tube erecting in the center of the column

with an outside surface area just equal to that of the discs.

This equivalent cylinder is shown as follows:

t

Total surface area of discs

= -|| f 2 * (0.594) 2 + 0.594 *- x 0.188
J

0.22 sa. ft.

Total length of discs

35 x 0.594

20. 79 in.

= 1.73 ft.

Diameter of the equivalent cylinder

= —9jJ£— x 12
1.73 XA.

= 0.487"
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Assume that the thickness of the falling film is the same over the

entire length of the cylinder and denoted by X.

Then the volume of liquid attached to the surfaces of discs

= X x total surface area of discs

= 0.22X

Let Q denote the flow rate of liquid expressed In cu. ft./hr.

Then the surface velocity of the falling film

rl|2 »q
0722T

The film thickness is calculated by Nusselt's equation,

77 - & I
x5 ctrt

where X = thickness of the falling liquid film, ft.

g gravitation const.

£ = liquid density

/**. - liquid viscosity

17 - liouid flow rate per unit channel perimeter (lb./hr.
'

ft.)
j

or x « / £g*±

Surface velocity

1.73 x q x 7 S2

Since /7 = £ • Q/R

where R mean perimeter of liquid flow
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Mean surface velocity

-0T52
x " " J^TFqm:

Q x 3
j 0.127 fig ft./min.

! x Q x V PS3*Q.t27 ft./hr.
/ 3 £61 Mi.

1.73
0.22 X 60 v ^©^

0T22 x 60 y ^ / M*

= 34.05
4
J1L9L ft./min.

In actual operation

Flow rate 60 - 400 lb./hr. ft.

or 0.815 cu. ft./hr.

/£ m 62.4 lb./cu. ft.

>&' 1.85 lb./hr. ft.

at 77= 400 lb./hr. ft. (0.315 cu. ft./hr.)

Mean surface velocity = 34.05 x Z62 * 4^ Q' 815

- 34.05 x /-£$g

= 34.05 x 3.02

* 102.8 ft. /rain.

= 1.71 ft./sec.
V

For turbulent flow Vmax# = illE

Surface velocity

= l;.7j: = 2.14 ft. /sec.
0.8
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Principal Constants of the Disc Column

Number of discs
Diameter of the disc
Thickness of the disc
Diameter of the Pyrex column
Mean perimeter for liquid flow
Equivalent diameter for gas flow*
Absorption surface*

35
1.5 cm. (0.594 inch)
0.48 cm. (0.188 inch)
1 1/8 inches
0.127 ft.
0.059 ft.
0.22 sq. ft.

* Dry basis.

Nomenclature

a = effective area, ft. 2/ft. 3 packed volume

a<j = specific area of dry packing, ft. 2/ft. 3 packed volume

CA concentration of dissolved solute gas, lb. /ft.3

^Ai»^i = concentration of dissolved solute gas, lb. /ft.

3

C3 bulk liquid concentration, lb. /ft.3

d = equivalent diameter for gas flow, ft.

D diffusivity, ft. 2/hr.

Da = diffusivity of dissolved solute gas, ft. 2/hr.

Dg diffusivity of liquid reactant, ft. 2/hr.

G = mass rate of gas flow, lb./hr.

H = Henry's law constant, defined bf r> = TTC

k reaction rate constant

kj = reaction rate constant for a first-order reaction

kjj = reaction rate constant for a second-order reaction

kg = gas-film transfer coefficient, lb./hr. ft. 2 atra.
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kL = liquid-film transfer coefficient, lb./hr. ft. 2 lb. /ft.3

\cl = liquid-film transfer coefficient for physical absorption,
lb/hr. ft. 2 lb. /ft.

3

ks = surface transfer coefficient

Kg = overall transfer coefficient, lb./hr. ft. 2 atm.

L = liquid rate, lb./hr. ft. 2

^A = rate of mass transfer of solute gas, lb./hr. ft. 2

p = partial pressure of solute in gas, atm.

Pgjj = mean partial pressure of inert gas, atm.

q concentration of absorbent, lb. /ft.

3

s = rate of renewal of liquid surface

t = temperature of liquid, ° C.

v = relative velocity of gas to liquid surface, ft. Air.

Xj, = fictitious liquid-film thickness

X^ = concentration of solute in effluent, lb. /lb.

Xt = concentration of solute in effluent in equilibrium with
the partial pressure of the solute gas, lb. /lb.

X2 = concentration of solute in inlet liquid, lb. /lb.

X"jj = concentration of solute in inlet in equilibrium with the
partial pressure of the solute gas at outlet, lb. /lb.

Y\ = inlet gas concentration, lb. solute/lb. inert gas

Y2 = exit gas concentration, lb. solute/lb. inert gas

f> = density, lb. /ft. 3

M - viscosity, lb./hr. ft.

~f7 - rate of liquid layer, lb./hr. ft.
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The purpose of this thesis was to design, construct and calibrate a

new type of laboratory column as a versatile research tool for the study

of gas absorption with chemical reactions and to perfect the operational

and analytical procedures as a guide for subsequent investigations.

The construction has been completed for a ''disc column" with 35

ceramic discs having 1.5 cm. diameter and 0.48 cm. thickness. These

discs are threaded edgewise and suspended vertically and centrally inside

a 1.125 " i. d. Pyrex tube. In operation, liquid flows over the surface

of the discs in thin layers and gas flows in the space between the discs

and the tube wall. The construction includes also such components as

necessary for the measurement and control of flow rate, temperature and

pressure.

The performance characteristics of this column has been evaluated in

two series of experiments. The liquid film mass transfer coefficients were

determined from the absorption of carbon dioxide in water; the {*as-film

coefficients were determined from the absorption of dilute ammonia in

water. Empirical equation U\r to the general correlation of the wet-

ted wall column coefficient s were developed for the purpose of extrapola-

tion to other systems and conditions.

For the liquid-film coefficient,

+ **• m"aw ft

For the gas-film coefficient,

>.f6



The exponents ofP in both equations are hi rh as compared '< L t'
. other

columns. This indicates a pronounced influence of liquid flow rate upon

the mass transfer. Also the observed transfer coefficients are numerically

lower than those reported elsewhere indicating a comparatively slow specific

rate of absorption. The3e apparent discrepancies ars tentatively attributed

to the surface characteristics and the dimensions of the discs. Since this

column was intended for the study of gas absorption with simultaneous chemi-

cal reactions where the variation of the resistance on the liquid side was

of primary interest, these unexpected coluan characteristics may prove to

be especially advantageous.


