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IBTBODDCTIOir 

Gas absorption generally refers to the removal of 

one constituent of a gaseous mixture by treating it with 

a liquid, although more than one constituent may be ab¬ 

sorbed 5 and the absorbing medium may be a finely divided 

solid* In order that the gas and liquid will come into 

close contact with each other, some method must be used to 

produce a large Interfaeial area between the “gas and liquid* 

This can be accomplished by forming the gas into small bub¬ 

bles and allowing them to rise through the liquid* However, 

the most common method is to extend the surface of the 

liquid over a large area and pass the gas over it. In 

this work, and in most industrial cases, the absorbing 

liquid is run in at the top of a tower filled with a mat- 

terial having an extremely large extent of surface, while 

the gas is fed in at the bottom and rises through the 

downcoming liquid* Sometimes bubble cap towers are used 

instead of packed towers* 

In order that a molecule of the gas be absorbed, it 

must diffuse from the bulk of the gas phase, perhaps largely 

inert gas, through a .gas film, across the Interface between 

the gas and the liquid, and through a liquid film into the 

bulk of the liquid phase* The two films may be equi-resis- 

tant to the diffusion of the gas, or the resistance on one 
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or the other of the two films may be so much greater that 

it becomes the controlling factor* If the gas is rather 

insoluble in the liquid, the liquid film will offer the 

greatest resistance and hence will control the rate of 

absorption. Ori the other hand, if the gas is very soluble 

in the liquid the resistance of the liquid film will toe 

negligible relative to that of the gas film* In this case • 

the gas film controls the absorption process* 

In this work, cartoon dioxide was absorbed in solutions 

of sodium carbonate and bicarbonate* Previous work has 

shown that the absorption is controlled toy conditions in 

the liquid phase, since cartoon dioxide is very insoluble 

in water and diffuses through the liquid film very slowly, 

even though it does form a chemical compound with the 

sodium carbonate* 

The rate of absorption is dependent upon the driving 

force causing the gas to go into the liquid and the amount 

of interfacial area. The driving; force can toe expressed as 

the difference between two pressures or two concentrations* 

The two pressures are the partial pressure of the cartoon 

dioxide in the gas phase and the equilibrium partial pres¬ 

sure corresponding to the concentration of carbon dioxide 

in the liquid, while the two concentrations are the con¬ 

centration in the liquid and the equilibrium concentration 



corresponding to the partial pressure of the carbon dioxide 

in the gas phase. Since the two ways of expressing the 

driving force are so interrelated* either can be used. 

One can be changed to the other by multiplying by a suit¬ 

able constant. The difference in pressure is usually used 

as the driving force. The volume of gas absorbed per unit 

of time* dV/d6* is therefore* proportional to the product 

aV&P, where a is the area per unit volume of tower Packing* 

V is the packed volume of the tower* and P is the driving 

force. A proportionality constant %? termed the absorption 

coefficient* will put the above relationship in the form 

of the equation; 

m/dB sVKgabP. 

Since a and V cannot change with a given piece of apparatus* 

they may be combined with Kg to form a new constant K which 

will be hereafter referred to in this-paper as the absorp¬ 

tion coefficient. The units will be as follows! 

dVT/d6 in cubic feet per hour—dry, at €0 degrees P. * 
and at 30 inches of mercury absolute pressure. 

K in cubic feet absorbed per hour per millimeter 
of mercury driving force. 

The equation is then reduced to the forms 

dV/ci® z KA? 
There is a method of computing the rate of absorption 



involving an equilibrium curve and graphical integration* 

but it is unnecessary under conditions* They are s 

1* The solute gas must obey Henry* s Lav/, 

2. The partial pressure of the inert gas must change 

very little* 

3. The density of the absorbing liquid must change 

very little* 

4* The concentration of the liquid must change very 

little* 

If these conditions are met, the differential equation 

integrates to the simplified equations 

m/m Z KAP* 

The system studied in this research meets the above re¬ 

quirements and so the simplified equation could be used. 



HISTORICAL REVIEW 

An all-inclusive discussion of the work which has 

been done on the absorption of carbon dioxide by carbonate 

solutions would fill an extensive volume, so only a summary 

of what has been done will be given here, 

Wellford Martin (8) describes the Mamar Process using 

a solution of potassium carbonate containing a trace of 

ammonia. The ammonia* in the gaseous state, is thought to 

combine with traces of gaseous carbon dioxide remaining un¬ 

absorbed to form solid ammonium carbonate which dissolves 

in the solution. At 130 degrees F., the temperature at 

which the tower is operated, the ammonium carbonate de¬ 

composes, leaving the carbon dioxide in solution to form 

potassiuip bicarbonate and freeing the ammonia which repeats 

the cycle. Thus, the ammonia acts as a scavenger to pick 

up traces of carbon dioxide which have escaped the action 

of the carbonate solution* 

Following is a list of the factors which were found to 

affect the magnitude of K, the absorption coefficient (2): 

1. The magnitude varies inversely with the percent¬ 

age conversion of the carbonate to bicarbonate. 

2. The gas velocity has a negligible affect, showing 

that the absorption is controlled by the conditions in the 

liquid phase. 
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3® It, -varies slightly but inversely with the total 

alkali concentration due to changes in pH and viscosity. 

It varies directly with pH and inversely with viscosity, 

4. It increases as the liquor rate increases. 

50 It increases v;ith an increase in temperature * 

The above insults were obtained while working with sodium 

carbonate solutions ranging from 0.1 to 0*7 molality con¬ 

centration* 

Payne and Bodge (9), using 1*4 to 8% sodium carbonate 

solutions and gases containing 9 to 50% carbon dioxide, 

observed the following additional facts: 

1* A 16-fold increase in ©odium carbonate concentration 

had no affect on the coefficient* 

2. The coefficient is less for sodium carbonate or 

bicarbonate solutions than for pure water* 

3* The addition of small amounts of sucrose and formal¬ 

dehyde increase the coefficient slightly® 

4* The coefficient for sodium hydroxide was greater 

than for sodium carbonate. 

Comstock and Bodge (2) presented the following empir¬ 

ical equation involving some of the variables which affect 

the absorption: 

Kga = (c-b log z)(pH-S.O), 

Kga - the absorption coefficient where 
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c s 0.0127 4- 0.00009 s 
b s 0.000001237 s1*9 

s - liters of liquor/min./sq. meter 
z z viscosity of liquor in centipoises 

The equilibrium partial pressures in this research 

were computed by means of the equation (5). 

x2 c1.23 
P ~ (10) S (1-X) (185-t) 

where 

C s the total Ha concentration expressed as normality 

X £ the fraction of the Ha in the form of the bicarbonate 

S r the solubility of COg in water in gram mols/liter 

at 1 atmosphere partial pressure 

t z temperature in degrees C* 

P x partial pressure of COg in atmospheres 

Below is a table showing the variation of S with tr 

t S t s 

16 6.0465 63 0.0161 

26 0,0336 75 0.0120 

35 0.0262 85 0.0090 

45 0,0216 100 0*0066 

55 0,0175 



EQUIPMENT 

This work was done upon a 15 foot Knight stoneware 

tower packed with h inch raschig rings* A centrifugal 

pump was used to circulate the liquor* The carbon dioxide 

was obtained by burning natural gas in a meeker blast 

burner in an enclosed steel chamber, the flue gas being 

drawn from the combustion chamber, through a cooling coil 

surrounded by water, and pumped up the tower. 

Continuous gas samples were taken in automatic syph¬ 

oning bottles, All rates of flow were determined by means 

of orifice meters, 

A cast iron kettle placed at the base of the tower 

was used as a supply tank for the absorbing liquid, which 

was pumped directly from there to the to$ of the tower. 

An auxilliary tank was used to receive the discharge liquor 

from the bottom of the tower, 

A schematic flow sheet is shown on page ID, 





EXPERIMENTAL PROCEDURE 

Several methods were tried to force the gas up the 

tower. First an attempt was made to draw natural gas 

through an air-operated aspirator? but this required too 

much air to get a good flame* 

Then the aspirator was operated with water in an 

attempt to draw natural gas continuously from the mains 

into a tank under a pressure sufficiently high that the 

flue gas? obtained by burning the methane? could be forced 

directly up the tower* It was thought that the water' 

could be allowed to flow out at the bottom of the tank at 

the same rate at which it went in? thus allowing the pro¬ 

cess to be carried on continuously* However? the aspirator 

would not work against a high enough pressure* 

.After the failure of these two attempts? apparatus 

was constructed to bring the methane from the mains into 

steel tanks and place it under pressure by passing water 

into the tanks* The gas was then to be burned in a steel 

combustion chamber under pressure? forcing the flue gas 

directly up the tower, A few trials showed that the flame 

would be very difficult to maintain under pressure* 

Then the plan of burning the methane at atmospheric 

pressure and drawing it into the tanks where it could he 

placed under pressure by running in water was tried. 
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Pressures of 50 pounds per square inch gauge could be ob¬ 

tained in this way* After making several runs, the great 

disadvantage of this method was found to be that not enough 

gas could be stored to operate the tower until a state of 

equilibrium had been reached* 

Finally a pump was installed to take the flue gas from 

the atmospheric combustion chamber, through a cooling coil, 

and force it directly up the tower. In this way a condition 

of equilibrium could be easily obtained, since this system 

could be kept operating indefinitely* 

After several preliminary' runs using the pump were 

made, the following procedure was evolved. A solution of 

sodium carbonate was placed in the kettle and part of it 

was pumped to the top of the tower to wet the rasehig rings 

and to fill the base of the tower in order to remove the 

dead air space below the flue gas inlet* This space was 

filled with water so that the gas fed to the tower would 

not be diluted by air diffusing from this space* If this 

space were not filled it would not be safe to assume that 

the partial pressure of the carbon dioxide at the base of 

the tower were the same as the partial pressure in the 

sample collected from the gas line before reaching the 

tower. The gas burner was then started and flue gas was 

pumped through the tower, with no liquor flowing, until 
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all of the residual air in the tower was replaced by the 

flue gas. The existence of equal percentages of carton 

dioxide at the base and top of the tower, as shown by 

o'reat analyses* was used as an indication of equilibrium* 

After a state of equilibrium had been reached, the liquor 

at the base of the tower was drained into the kettle and 

thoroughly mixed with the rest of the liquor* The liquor 

feed to the top of the tower was then begun, starting the 

run* As soon as the liquor had reached the base of the 

tower* a siphon sampling device was started, taking a con¬ 

tinuous sample of the exhaust gas from the tower through¬ 

out the duration of the run* Another continuous sample 

was taken of the gas fed to the base of the tower. The 

feed and discharge liquors were sampled for the determination 

of the amounts of carbonate and bicarbonate present. The 

data taken also included the water and room temperatures* 

the barometric pressure* and all rates of flow* The gas 

samples were analyzed for carbon dioxide content with an 

orsat apparatus. The liquor samples were titrated with 

tenth normal hydrochloric acid solution to the phenol— 

phthalein and methyl orange endpoints to determine the 

amounts of carbonate and bicarbonate present* The same 

batch of sodium carbonate solution was put through the 

tower for successive runs until all of the carbonate had 
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bee n changed to bicarbonate by the carbon dioxide absorbed* 

Then the tower was well flushed with fresh water before 

starting out with a new batch of carbonate solution, A 

series of runs was made In this way, holding all the vari¬ 

ables constant except the strength of the solution and the 

ratio of carbonate to bicarbonate. 



DISCUSS 1015 OF EESULTS 

The carbon dioxide analyses of the flue gases used in 

this work ranged, from 5% to 10%, while sodium carbonate 

solutions of from 0.02 normal to 0*35 nomal were used as 

the absorbing media* 

The magnitude of the absorption coefficients, K, covered 

a range from almost zero for a strong solution of bicarbon¬ 

ate to a value of about 0*24 cubic feet of carbon dioxide 

absorbed per hour per millimeter of driving force for very 

dilute solutions of sodium carbonate* 

Page 16 shows curves of K plotted against per cent 

conversion to bicarbonate for various concentrations of 

sodium carbonate* The highest curve corresponds to the 

lowest sodium normality* As the normality of the sodium 

was increased the curve dropped until it seemed to reach 

a limiting position in the vicinity of the curve for 0*25 

normal sodium carbonate. In the individual curve the mag- 

nitude of the coefficient devreased as the per cent con¬ 

version to bicarbonate increased, as was to be expected* 

These were the only variables considered, all others being 

held as near constant as was possible under the existing 

conditions* 
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CONCLUSIONS 

After the procedure used was finally organised and 

certain experimental difficulties were obviated} some good 

data was obtained on the tower* Of course ? on a tower of 

this size and under conditions such that all of the vari- 

bles cannot be kept under absolute control} the results 

will vary somewhat. Therefore individual results bear 

such less significance than do general trends followed by 

the data. As a whole the results compared quite favorably 

with those of other experimenters, 
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ISTEODUCTION 

Fractionationj or fractional distillation, is the 

name applied to processes for separating two or more 

liquid components of a solution by utilising a difference 

between their boiling points* There are several methods* 

The first methods and the one commonly used in 

elementary chemistry laboratory courses, is to merely 

place the solution in a flask and boil it over a flame 

or on a steam or bot water bath* Provision is made for 

a thermometer bulb to be entered into the vapor line 

so that the temperature of the vapor might be determined* 

Then, knowing the boiling points of the individual com¬ 

ponents, different fractions of the distillate boiling 

between certain temperatures are collected in separate 

receiving flasks. This gives a very crude and incom¬ 

plete separation. If purer products are desired, the 

individual fractions collected are then subjected to the 

same treatment separately and the fractions boiling at 

the same temperature range are mixed* This process can 

be continued indefinitely until the desired degree of 

separation has been accomplished* 

Since the above method is a very tedious process 

for laboratory use and certainly impossible for commercial 

exploitation, better methods had to be devised. The 



growth of better processes was Drought about larged by 

the producers of alcoholic beverages 9 as their*a is prob¬ 

ably the- oldest industry requiring the separation, of the 

eoispdueuts of liquid mixtures* file ultimate result of ibis 

development was tbs bubble-plat© fraefioimting column*: The 

liquid is boiled is m kettle called a still mA the vapors 

are sent tip a verical tuba? or column, in which are placed 

a number of horizontal plates m constructed that the va¬ 

por passing up the column isuat bubble through a layer of 

liquid on each plate® The design of the bubble plate is 

tmm or loss a mechanical problem* The plat©: must be de¬ 

signed so as to bring the vapor into intimate contact with 

the liquid* k certain amount of liquid is bold on each 

plat® by sean© of an over-flow pipe leading to the plate 

below* The excess liquid goes through this over-flow pipe 

to the plate below If* Thus, in the fractionating coluan 

we find imm wtmms flawing counter-curreutly mA coining 

into very close contact with each other*. Thera is a 

stream of vapor flowing ■ upward against a straasi of liquid 

cosing down* 

The vapor going up the column bubbles through the 

liquid on a bubble plate* Part of the higher boiling 

component of the vapor condenses and .gives up its heat 

to the liquid* This heat causes port of the lower 



boiling constituent of the liquid to vaporise and go on 

up the column with the rest of the vapor. In this way 

the vapor keeps getting richer in the more volatile com** 

penent and leaner In the less volatile component of the 

original mixture. To obtain the best separation by this 

method the vapor passing up to the next plate must be in 

equilibrium with the liquid on the plate and dropping to 

the plate below it. Thus, the fractionating column is 

really a raechanieal device which carries out the old labor¬ 

atory distillation in a single, continuous operation. 

A plate on which the vapor is in perfect equilibrium 

with the liquid is known as a theoretical plate* In 

actual practice the effectiveness of the plates may be well 

below this criterion of theoretical efficiency. There are 

various methods in vogue to calculate the number of theo¬ 

retical plates which would be required to effect a certain 

separation. All of them are based upon material and energy 

balances made over an individual plate. The ratio of the 

number of theoretical plates required to the actual number 

of plates used is known as the plate efficiency. 

The first method of computing plate efficiencies was 

that of Sorel. A rigorous derivation of his theory may be 

found in "Elements of Fractional Distillation11 by Robinson 

and Gilliland. The McCabe-Thiele method, which is simpler 
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to use, is nothing more than a graphical solution of 

Sorel's method 9 which is entirely mathematical, Lewis 

has a method for calculating plate efficiency which is 

based upon the increase in the concentration of the more 

volatile component from one plate to the next. He denotes 

this increase by the derivative, dx/dn. These methods 

will all give the total number of theoretical plates re¬ 

quired from which the overall plate efficiency can be cal¬ 

culated. Another experimenter, Murphree, however, has de¬ 

vised a method whereby the efficiency of each individual 

plate can be calculated. Fenske derived an equation which 

will give the total number of theoretically required plates 

with a great deal less calculating. However, it applies 

only to total reflux runs, in which the entire amount of 

vapor rising off the top plate is condensed and sent back 

into the column. In commercial practice a part of the 

vapor from the top plate is condensed in a partial condenser 

called the dephlegmator and is reintroduced into the column, 

usually at the top, This condensate returned to the column 

is known as the reflux. The remainder of the vapor, of 

course, is condensed as the product. Dodge and Huffman 

derived an equation very similar to Fenske*s® 

In all of these methods, the assumption is made that 

there is no heat loss through the walls of the column. 
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In other words ? all of Hie latent beat given up by the 

condensation of part of the vapor is utilized in the 

vaporization of part of the liquid. This assumption is 

false* even if the column is well insulated thermally. 

Hence the problem of resupplying the lost heat by means 

of electric heating coils is justified. Of course3 this 

isn't the only wrong assumption. It is highly probable 

that the vapor does not have sufficient contact with 

the liquid in commercial columns to bring about a con¬ 

dition of equilibrium. This last problem refers to bubble- 

plate design and has no bearing upon the subject of this 

paper. 



HISTORICAL REVIEW 

Practically all of the major petroleum refining 

companies use adiabatic fractionating columns, but* 

nevertheless, there is very little information to be 

found in the literature concerning their operation. 

Even the data on laboratory scale work is very meager. 

Around 1915, M* A* Rosanoff and C* W. Bacon <1) 

did some work on mixtures of carbon disulfide and 

carbon tetrachloride with a still head maintained at a 

constant temperature. Mo mention was made of the method 

used to maintain a constant temperature but it probably 

was done by means of a constant temperature liquid bath. 

They found that with this apparatus they could obtain 

a product identical in composition to that of the vapors 

evolved by a mixture whose boiling point was equal to 

that of the still head. 

A few years later Frederick M. Washburn (13) used a 

constant temperature still head for light oil fraction¬ 

ation. He maintained a constant temperature by means of 

an oil bath. 

About 1934, M. Mizuta (8), a Japanese experimenter, 

built a glass laboratory scale fractionating column on 

which he kept a constant temperature difference between 

the inside and outside of the walls by means of an elec- 
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trie heating coil. In this way no partial condensation 

occurred in the upper part of the column and he was able 

to obtain a condition of perfect equilibrium throughout 

the still and column. 

However, the v/ork of these experimenters differs a 

little from the problem attacked in this research. The 

goal in this work was not a constant temperature column, 

but really a column with no heat loss. Thus, as the 

boiling point of the liquid at the top of the column dif¬ 

fered from the boiling point of the liquid at the bottom, 

so it was desired to maintain a like temperature difference 

between the top and bottom of the column. 
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EXPERIMEHTAL EQUIPMEIIT 

All of the equipment described herin was not used, 

hut since it really all belonged to the complete fractio- 

sting apparatus upon which this work was done, a description 

of it should be included in thes discussion. The discussion 

of the experimental procedure will make clear which of the 

parts were actually used* 

The experimental work was done on a fifteen-plate 

copper bubble eap column manufactured by the F* J* Stokes 

Machine Company. The charge was vaporized in a steam 

jacketed copper kettle* The column was equipped with a 

dephlegmator, a condenser, a feed preheater, and two pro¬ 

duct tanks, all of copper. Auxiliary equipment consisted 

of a galvanized iron mixing tank, two overhead supply tanks 

of galvanized iron, and a Gould centrifugal pump with which 

to pump the solutions to be used from, the mixing tank to 

the feed tanks. Each plate in the column was equipped with 

a thermometer well and provisions for taking samples of the 

liquid and the vapor. Five pairs of thermocouples, evenly 

spaced up the column, provided a means of determining the 

direction of heat flow through the walls of the column* 

Each pair was wired so as to cause the individual thermo¬ 

couples to work against each other, with the hot junctions 

separated by a layer of lagging. The inside hot junction 



-10- 

of each pair of thermocouples was placed next to the 

column vmllj while the other hot junction was attached to 

a copper plate in order to minimize the danger of a lo¬ 

calized hot spot falsely indicating the direction of heat 

flow* Thus j a galvanometer showing no current flowing 

through the thermocouples would indicate a temperature 

gradient of zero across the layer of lagging, A zero 

temperature differential would, make a flow of heat im¬ 

possible* If a current were flowing through the thermo¬ 

couple circuit its direction would indicate the direction 

of the temperature gradient} and hence the direction of 

heat flow. 

The thermocouple leads were connected to a sensitive 

galvanometer by means of two multipole switches ? making 

it possible to coicmect any one of the pairs of thermo¬ 

couples to the galvanometer at will. 

Also evenly spaced up the column were five nichrome 

heating elements connected in parallel} each controlled 

by a separate 100-ohm rheostat. The heating elements 

were so spaced that each one heated the part of the column 

over which one of the five pairs of thermocouples indicated 

the direction of heat flow. The rheostats and galvanometer 

were manufactured by the G. M. Laboratories. 

The lagging on the column consisted of a layer of one- 
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fourth inch asbestos rope over the inside hot thermocouple 

junctions, another layer over the outside hot junctions, 

and an approximately one-fourth inch layer of 85% magnesia 

plaster over the heating elements, which were wound directly 

over the second layer of asbestos rope. The total amount 

of lagging was thus about three fourths of an inch of 85% 

magnisia. 

Provisions were made for reading rates of flow through 

all pipe lines. Rotameters indicated the reflux and feed 

rates. An orifice in a glass sight box was provided to 

indicate the rate of product. Rates of cooling water were 

read on mercury-filled, Meriam U-tube manometers. 

Thermometers were provided for reading the temperatures 

of liquid and vapor in the kettle, vapor going to the deph- 

legmator and condenser, and steam to the kettle jacket. The 
•n. 

steam pressure was shown on a Bourdon gauge. All necessary 

parts of the system were equipped with safety valves to 

guard against excessive pressures. 

All of this equipment was available at the beginning 

of this research except the nichrome heating elements, 

the design of which will be discussed as part of the 
* 

experimental procedure. 
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Following is a list of data concerning the fraction-* 

ating column and its auxiliary equipments 

Number of plates.................*15 
Number of bubble caps per plate..*.2 
Distance between plates........*•..5” 
Dimensions of bubble caps 

1§" in diameter at bottom 
if11 in diameter at top 
18 slots f 1/8" x -Jr" 
caps If" high 

Dimensions of vapor pipes 
if" diameter 
1-3/8" above plate 

Data on Kettle 

Capacity........................,25 gallons^ 
Maximum pressure in kettle......25 lbs./inf 
Maximum pressure in jacket..... .40 'lbs./in? 

Data on dephlegxaator 

Internal diameter...............5^n 

Distance between header plates..24" 
19 tubesf diameter 

Data on Condenser 

Internal diameter...............4" 
Distance between header plates.,24" 
19 tubes j, Jr" diameter 

Data on Feed preheater 

Internal diameter...............5" 
Distance between header plates..36" 
16 tubes5 5/8" O.D., 18 gage copper 
Baffles 10" from header plates 
Vertical baffle separating feed and exit spaces 
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Miscellaneous data 

Rated capacity of column*....3 gallons of ethyl 
alcohol per hour 

Feed rotameter size   
Maximum capacity.*...*19 gallons per hour 

Reflux rotameter sise......3/8n 

Maximum capacity......45 gallons per hour 

Pages 14 and 15 show drawings of the equipment. The 

mixing tank . and pump are behing the product tanks and are 

not shown on the drawings. 
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EXPERIMEHTA1 PROCEDURE 

Design of Heating Elements 

The first problem attacked was that of the design of 

the heating elements* This involved, first of all, an 

estimate of the total amount of heat loss from the column* 

The area of the column was roughly twelve square feet, 

and plans were to have it lagged with approximately five- 

eighths of an inch of 86% magnesia lagging, the heat 

transfer coefficient of which was assumed to be 0*04 as 

given in Perry* The maximum temperature range assumed 

was from 60 degrees to 212 degrees Fahrenheit, giving a 

total temperature drop of 162 degrees from the center of 

the column to the air in the laboratory* A temperature 

drop of thirty-five degrees was assumed across the air 

film outside the lagging. The emmissivity coefficient 

of the aluminum paint to be applied to the outside of 

the lagging was taken as 0.5 from Perry. 

With this data in mind the first estimate of the heat 

loss was made. The radiation loss was calculated by the 

equations 

assuming Steffen’s Law to hold. The emmissivity factor is p, 
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qr is the heat loss? and the temperatures are given in 

degrees Rankine. The radiation loss was calculated to 

he 212 B.T.U. per hour. The heat loss due to conduction 

through the copper, lagging, and various films was cal¬ 

culated to he 937 B.T.U. per hour. This gave a total 

heat loss of 1185 B.T.U. per hour as the first estimate. 

The individual temperatures of the different films 

and resistances assumed in making the above calculations 

were checked by cross calculating, using the Steffen’s 

Law equation and the equation for the temperature drop 

across the air film given by Walker, Lewis, McAdams, and 

Gilliland which is: 

t = - fl   
(hc+hj»)A « 

The value first used for (hc-hr), the combined coefficient 

for radiation and conduction was 1.7, from the above mentioned 

reference. The final result of the calculations gave a 

value of 1180 B.T.U. per hour heat loss as against the 

initial estimate of 1185 B.T.U. The final results are 

given in tabular form below: 

Temperature inside the column............212° F. 
Temperature in room.     60 
Total Temperature drop    152° F. 

Temperature drop across air film......... 53.3° F. 
Temperature drop across vapor film....... 0.5 
Temperature drop across lagging.......... 98.2 
Total Temperature drop.^.....152.00 F. 
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The temperature drop across the column walls was neglected 

because of the extremely high conductivity of copper* 

Heat loss due to conduction, 871 B.T.U. per hour 
Heat loss due to radiation,........309 B.T.U. per hour 
Total heat loss.,1180 B.T.U. per hour 

A total heat loss of 1180 B.T.U. per hour from the 

column meant that one fifth of 1180, or 236 B.T.U.' per 

hour* would be lost over each section* since there were to 

be five separate heating units. A safety factor of four 

was used* making it necessary to design each heating coil 

to supply a maximum of 944 B.T.U. per hour. 

After looking over the different sizes of nichrome 

wire available it was decided that number twenty-six would 

be best suited for the purpose at hand. It had a bum- 

out current of thirteen amperes and a resistance of 2.7 

ohms per foot. A safety factor of five was used to pre¬ 

vent ary possible failure of the wire. This allowed a 

current of 2.6 amperes. Using the equations 

B.T.U. per hour = 3.421 I2 R 

and Ohm’s Law, a value of eighteen feet was found to be 

satisfactory for the length of wire in each heating 

element. 

Before wrapping the entire column, an experimental 

coil was placed on section four and covered with several 

thicknesses of asbestos paper. All numbers which refer 
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to parts of the column in this paper are based on a system 

starting with number one at the top of the column. About 

fifteen gallons of water were placed in the kettle and 

five pounds of steam pressure was put on the jacket. The 

column was operated under total reflux conditions. A 

rheostat was connected in series with the heating element 

and an alternating current potential of 110 volts was 

applied. The leads from the thermocouple number four 

were attached to the terminals of a galvanometer. It 

v/as found that a condition of absolute zero heat flow 

could be maintained with about one half of the total 

resistance of the rheostat in the circuit. 

Since it was found possible to maintain the desired 

heat balance with the experimental coil, the remaining 

four heating elements were wound around the column and 

covered with about one-fourth of an inch of magnesia 

plaster* The five coils, each in series with a 100-ohm 

rheostat, were connected in parallel to a 110 volt, 60 

cycle line through a double pole switch. The thermocouple 

leads were then connected,, through two multipole switches, 

to the galvanometer. It was found necessary to use switches 

for both leads of the thermocouples because the inside hot 

junctions were in electrical contact with the column, and 

thus with each other. The leads were attached to the 
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terminal so chosen that a deflection of the galvanometer 

needle to the right indicated heat flowing into the column 

and a deflection to the left indicated a heat loss. The 

rheostats were then mounted and connected so that a shift 

of the rheostat knob to the right would cut resistance out 

of the circuit, thus allowing more current to flow and 

thereby producing more heat. Conversely, of course, a 

shift of the knob to the left would increase the resistance, 

and decrease the current and the heat. The connections 

were made in this way to facilitate maintenance of the 

heat balance. A shift of the galvanometer needle in 

either direction could be brought about by a shift of the 

rheostat knob in the same direction. The rheostats, switches, 

and galvanometer were mounted in a control box. 
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Operation of the Column 

After all the equipment had been designed and in¬ 

stalled the actual experimentation on the column was begun. 

The charge used was a solution of methanol and water with 

a concentration of about five per cent methanol by weight. 

For the first run} about twenty-five gallons of this 

solution were placed in the kettle from the overhead feed 

tanks. Steam was run into the jacket at a pressure giving 

the desired vapor velocity. The switch leading to the 

heating elements was closed and the current was adjusted 

with the rheostats until the galvanometer indicated zero 

heat flow through the column walls. Samples were then 

taken from the bottom four plates during a period,of a 

half hour with no thought of the heat balance. Upon 

checking the thermocouples with the galvanometer it was 

found that the rapidity with which the samples were taken 

had upset the heat flow equilibrium. It was evident that 

more care had to be taken in sampling the contents of the 

plates of the column. 

A series of runs was then made at different vapor 

velocities. The kettle was charged with about twenty-five 

gallons of the five per cent methanol solution for each 

run. Each complete run required a full day. During the 

first half of the day the heat flow was carefully balanced 
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to zero. Samples were taken during the afternoon while 

the heat balance was checked, and adjusted if necessary, 

before and after taking each sample* The specific gra¬ 

vities of the samples were taken at 20 degrees C. on a 

"chainoraatic** specific gravity balance* The mol fraction 

of methanol in -each.sample was then read from a curve of 

specific gravity plotted against mol fraction* The curve 

is shown along with the results. The "Oc" diagrams (mol 

fraction of methanol in the vapor versus mol fraction in 

the liquid supposedly in equilibrium with it) were plotted 

for each run and compared with a curve obtained by Cornell 

and Montanna, of the University of Minnesota* This curve, 

which will be referred to hereafter in this paper as the 

“theoretical*1 curve since it represents just about the 

nearest approach to perfect equilibrium between liquid and 

vapor, was obtained as a result of extremely careful and 
* 

accurate work with glass ‘laboratory equipment. This curve 

is shown on the same page with the specific gravity-mol 

fraction curve. 

During each run in this series- the heat balance was 

checked frequently and very carefully maintained, but no 

notice was taken of the temperatures on the various plates. 

It was assumed that the liquid-vapor equilibrium condi¬ 

tion was reached during the half day required for balancing 

the heat flow. The fact that that this assumption may have 
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been erroneous was evidenced by a run made with no heat 

balance attempted. Since the heat balance was not main¬ 

tained, some other criterion of equilibrium was sought. 

It was decided that the plate temperatures would be checked 

periodically until each approached a constant value* 

The first run of this series was attempted, with a 

very low vapor velocity. The kettle was charged with dilute 

alcohol as before. Beginning at the time when the vapor 

velocity was adjusted to the desired magnitude, the plate 

temperatures were read at fifteen minute intervals and 

tabulated against time. During a period of two hours, 

while the temperatures at the top and bottom of the column 

did not change, the temperatures on some of the middle 

plates dropped as much as twenty degrees Centigrade, and 

the column still hadn’t reached a state of equilibrium. 

In order to increase the rate of approach to- an equilibrium 

condition the vapor velocity was increased and the column 

was brought to a state of equilibrium in two hours. How¬ 

ever, it was then too late in the day to begin taking sam¬ 

ples, so the run was discontinued, 

It was decided that, considering the long period of 

time required to bring the column to equilibrium at a slow 

vapor velocity, the vapor velocity would be maintained at 

a relatively high value until equilibrium was reached, 
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and then decreased to the desired magnitude before taking 

samples. This procedure was attempted on the next run, 

but by the time equilibrium was reached at the high vapor 

velocity the time remaining was deemed insufficient for 

decreasing the vapor velocity, since it was almost certain 

that the decrease would affect the equilibrium to some 

extent* Samples were taken with the column operating at 

the high vapor velocity, but the amount of alcohol taken 

out of the column in the samples was sufficient to upset 

the equilibrium, as evidenced by the fluctuating temperatures 

on the plates. 

The two previous runs gave evidence of two major 

problems to be overcome before a perfect equilibrium run 

could be made. The first problem was that of getting the 

column in equilibrium and the second was to maintain that 

equilibrium while samples were being removed from the 

column* 

In order for the column to be in perfect equilibrium 

it was found that the contents of the kettle must be pure 

water and all of the alcohol in the system must be cir¬ 

culating up the column and through the dephlegmator and 

the reflux line* Evidence of this condition having been 

attained would be equality of temperatures of the liquid 

and vapor in the kettle, since only a pure liquid or a 
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constant boiling mixture will give a vapor of the same 

temperature in equilibrium with it. Methanol and water 

do not form a constant boiling solution. This condition 

was necessary because as long as there was any alcohol 

in the kettle it would slowly vaporize and go up the column* 

causing the temperatures of the individual plates to drop 

slowly. An equilibrium condition could be brought about 

by charging the kettle with dilute alcohol as was attempted 

previously, but this method required a long period of time. 

Another method suggested was to charge the kettle with pure 

water and introduce alcohol into the column while the pure 

water was refluxing. In this method the alcohol must not 

be allowed to reach the kettle. 

To overcome the second problem, that of maintaining 

the equilibrium while samples were being taken, arrange¬ 

ments were made to introduce back into the column an amount 

of alcohol approximately equal to the amount removed in 

the sample. The alcohol was introduced through a vapor¬ 

sampling cock by means of a glass funnel and rubber tube. 

During the first run in which this procedure was used 

difficulty was encountered in determining the correct 

amount of alcohol to place back into the column. This 

problem was, however, easily solved later. It was found 

that the alcohol should be reintroduced near the bottom 
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of the column, since it required less time for the alcohol 

vapors to rise in the column and restore the equilibrium 

than for liquid alcohol to drop from the top. The pressure 

of the vapor at the base of the column was too great to 

allow entrance of the alcohol without considerable head* 

However, it was found that, under a head of about twelve 

inches, the alcohol could be placed in the column through 

the vapor cock on plate number eight. 

The plates seemed to be rather efficiently designed, 

since just about all of the actual fractionation was per¬ 

formed by about six or seven plates, although the column 

has fifteen plates* This gave a rather small cumber of 

points for the equilibrium eurve, so in an attempt on one 

of the runs to obtain a few more points, the equilibrium 

was shifted slightly by changing the total alcohol content 

of the column. This plan gave a few more points but they 

all fell on the curve drawn through the first set of points 

and didn't facilitate the drawing of the curve, so the 

procedure was discontinued. 

As a result of studying the previously encountered 

problems the following procedure was evolved and was fol¬ 

lowed in all remaining runs* 

The kettle was charged with approximately ten gallons 

of distilled water which was brought to boiling. The vapor 
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velocity was brought to the required magnitude as shown 

on the reflu.% rotameter* The column was brought to 

equilibrium as indicated by the plate temperatures. 

There always remained a small amount of alcohol on the 

plates from the previous run. In fact, in one run the 

amount was sufficient to make the run, making it unneces¬ 

sary to add more* This, however, was an exceptional case, 

and was only encountered once. After the column came to 

equilibrium while operating at the desired vapor velocity, 

dilute alcohol was fed in on plate number six at a slow 

rate. This was the highest plate connected to the feed 

line and was chosen to minimize danger of any alcohol 

reaching the kettle. It was found that the feed, being 

very dilute, could be run in at a rate of 100 pounds per 

hour without any of the alcohol reaching the kettle. As 

soorn as the amount of alcohol in the column was great 

enough to show the complete temperature range from 65 

to 100 degrees Centigrade the feed was discontinued. The 

boiling point of pure methanol is 65 degrees. After the 

feed was stopped, the plate temperatures were read every 

fifteen minutes and recorded. During all this time the 

current had been passing through the heating elements at 

the maximum rate, bringing them to full heat. After the 

feed was discontinued and while waiting for the column to 
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reach a state of equilibrium the current through the heat** 

ing elements was carefully adjusted with the rheostats to 

balance the heat flow through the column walls* 

As soon as the column reached perfect equilibrium, 

as indicated by constant plate temperatures and zero de¬ 

flection of the galvanometer on all thermocouples, the ... 

process of taking samples was begun. The results of pre¬ 

vious runs showed that time could be saved by not taking 

samples from each of a series of plates at the same 

temperature, since the specific gravities of the samples 

taker from those plates would all be the same* Thus, there 

were usually three or four plates at the top of the column 

having a temperature of 65 degrees and an approximately 

equal number at the bottom showing a temperature of 100 

degrees Centigrade* Samples were taken from the top to 

the bottom as to order* Sampling was begun at the last 

plate from the top having a temperature of 65 degrees and 

continued to the first plate with a temperature of 100* 

Immediately after’ taking the first sample, an amount of 

pure alcohol equal to the amount of the sample was intro¬ 

duced into the column. The sample from the first plate 

sampled was pure, or very nearly pure, alcohol in each run. 

The specific gravity of this sample was determined so that 

it could be put back into the column immediately after 

taking off the next sample. By putting the previous 
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sample back into the column after taking each sample, an 

amount of alcohol very close to that removed, was always 

readded. The heat balance and the plate temperatures 

were checked periodically and occasionally a-small amount 

of pure alcohol was added to the column to make up for 

losses occurring in sampling. Several runs, some of which 

are discussed in this paper, were made at different vapor 

velocities. A few runs were made without the heat balance 

being maintained, but their results approached those of 

the adiabatic runs so closely that no more were made. 

The column was quite well lagged and therefore there was 

little heat loss. Check runs were made to show that the 

data could be duplicated at will, and also to prove quite 

conclusively that the column really was in equilibrium 

during the various runs. 



DISCUSSION OF EESULTS 

A large number of runs was made at quite a number 

of vapor velocities, but runs at only three different 

vapor velocities will be discussed here* There are a 

number of reasons why these three, and only these, runs 

were chosen. In the first place, nothing could be gained 

by a lengthy discussion of a great number of experimental 

runs, the conditions of each differing only a very slight 

amount from the two on either side. These three particular 

runs were chosen because the vapor velocities at which 

they were run differed widely and because their results 

have been checked. Thus, the data obtained from them can 

be duplicated at will. 

The curves on page 31 show the theoritical liquid- 

vapor equilibrium curve and a curve of specific gravity 

plotted against mol fraction of methanol. The curve here¬ 

in referred to as theoretical is really an experimental 

curve, as was previously explained in this paper. The data 

for the specific gravity-mol fraction curve was obtained 

from Perry’s "Chemical Engineers’ Handbook" as per cent by 

weight data and was calculated over to mol fraction. The 

data for these curves follow the curves. 
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Mol Fraction CK3OH—Equilibrium Data 

In Liquid In Vapor In Liquid In Vapor 

0.010 0.075 0.480 0.768 
0.020 0.133 0.500 0.778 
0.030 0.184 0.52© 0.787 
0.040 0,228 0.540 0.797 
0.050 0.268 0.560 0.806 
0.060 0.303 0.580 0.815 
0.080 0.365 0.600 0.825 
0,100 0.417 0.620 0.834 
0.120 0.460 0.640 0.843 
0.140 0.497 0.660 0.852 
0.160 0.528 0.680 0.862 
0.180 0.555 0.700 0.871 
0.200 0.579 0.720 0.880 
0.220 0.600 0.740 0.889 
0.240 0.620 0,760 0.898 
0.260 0.638 0,780 0.907 
0.280 0.654 0.800 0.915 
0.300 0*669 0,820 0.924 
0.320 0.683 0.840 0.933 
0.340 0*696 0.860 0.941 
0.360 0*708 0,880 0.950 
0.380 0.718 0.900 0.959 
0.400 0*729 0.920 0.867 
0.420 0*739 0.940 0.976 
0.440 0.749 0.960 0.984 
0.460 0*759 0.980 0.992 

Data for Mol Fraction-Specific Gravity Curve 

% CH3OH Mol Fraction Sp. Gr. CP' 
% Mol Fraction Sp. Gr, 

5 0.0288 0.9896 55- 0,4075 0.9052 
10 0.0589 0.9815 ' 60 0.4575 0.8946 
15 0.0903 0.9740 65 0.5110 0.8834 
20 0.1232 0.9666 70 0.5675 0.8715 
25 0.1580 0.9592 75 0.6280 0.8592 
30 0.1944 0,9515 80 0.6930 0,8469 
35 0.2325 0.9433 85 0.7420 0.8340 
40 0.2725 0.9345 90 0.8360 0.8202 
45 0.3166 0.9252 95 0.9150 0.8062 
50 0.3604 0.9156 100 1.0000 0.7917 

0 0.0000 0.9982 
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Page 34 shows a set of curves comparing the data 

obtained from the three runs considered with the theo¬ 

retical curves. The data with which these curves were 

plotted is given below. 

Mol Fraction Methyl Alcohol 

Curve II Curve III Curve IV 
Liquid Vapor Liquid Vapor Liquid Vapor 

0.935 0.967 0.895 0.947 0*907 0.966 
0.845 0.930 0.795 0.902 0.850 0.927 
0.650 0.835 0*665 0.815 0.750 0.850 
0.310 0.640 0.440 0.672 0.600 0.745 
0.025 0*150 0.155 0.415 0.376 0.595 

0.037 0.117 0*130 0.335 
0.012 0.030 0*030 0.075 

0.010 0.015 

All three curves lie quite close to the theoretical 

curve and are similarly shaped. The curve for the run at 

the lowest vapor velocity lies nearest the theoretical 

curve and the highest vapor velocity curve is the farthest 

from it. Judging from the manner in which the experimen¬ 

tal curves gradually approach the theoretical curve as the 

vapor velocity decreases* it was thought that a vapor ve¬ 

locity of zero might yield a curve practically identical 

to the theoretical curve* if a run could be made at zero 

vapor velocity on this adiabatic column. The forms of the 

curves seemed to justify such an assumption* so a method 

was devised to check it. A series of curves was plotted 
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on page 36 with the composition of the vapor as the de¬ 

pendent variable and the vapor velocity as the independent 

variable, for various liquid compositions# These curves 

were then extrapolated to zero vapor velocity in order to 

obtain data for the zero velocity curve# The data for 

these curves, together with the zero velocity points 

obtained by extrapolation, are given below# 

Vapor Velocity in Feet per Second 
0.1422 0.623 0.1328 0.0000 

Mol Fraction 
CHQOH 

In Liquid Mol Fraction CHgOH in Vapor 

0.05 0,24 0.19 0.15 0.273 
0.1 0,373 0.318 0,29 0,41 
0,15 0.46 0.41 0,375 0.499 
0*2 0.535 0.472 0.44 0.568 
0.25 0,585 0.5275 0.49 0.61 
0.3 0.632 0.572 0.5325 0.666 
0.35 0.67 0.61 0.573 0.7 
0.4 0.702 0,645 0.61 0,733 
0.5 0.758 0.712 0.68 0.785 
0.6 0.827 0.775 0,748 0.853 
0,7 0,86 0.838 0,816 0,877 
0.8 0,908 0,895 0.885 0.92 

Page 38 shows a copy of the theoretical curve with 

these zero velocity points superimposed upon it. Of 

course, they are somewhat scattered, due to errors in 

extrapolation, but an average curve drawn through them 

would practically coincide with the theoretical curve. 

The plate efficiencies were also calculated for the 

three runs under discussion. Four methods were used; 

namely, Fenske, Dodge-Huffman, McCabe-Thiele, and Murphree. 
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The first three methods give overall efficiencies, while 

the Murphree method gives the individual efficiency of 

each plate* In order to correlate the Murphree effici¬ 

encies with those obtained by the other methods, a weighted 

average based upon the per cent of the total enrichment 

done by each plate was taken. Below is a table showing 

the efficiencies. 

Method of Calculating Vapor Velocity in Feet 
Efficiency per Second 

9.1422 0.623 0.1328 

Fenske . 106.8% 74.4% 69.8% 

Dodge-Hufftean 119.1 75.6 73.3 

McCabe-Theile 125 80 82.8 

Murphree 96.16 73.5 68.14 

Average Efficiency 111.8% 75.89% 73.51% 

Page 39 gives a plot of the plate efficiencies versus 

vapor velocity. The McCabe-Thiele diagrams are shown 

on pages 40 and 41. 

In each case the Murphree efficiency was the lowest, 

with the Fenske efficiency next, followed by the Dodge- 

Huffman and the McCabe Thiele efficiencies in the order 

named. They differ most widely for the lowest vapor vel¬ 

ocity runs. It Is a known fact that the mere contact 
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which the vapors would have with liquid flowing down the 

walls of an empty column produces some enrichment. This 

side wall enrichment, which is also encountered between 

the plates of a bubble plate column, should partly explain 

the discrepancies between the plate efficiencies as cal¬ 

culated by the different methods, as none of them consider 

the existence of side wall enrichment. It seems very 

reasonable to assume that the greater differences between 

the various calculated efficiencies for the low vapor vel¬ 

ocity run are due to this side wall contact, since at the 

lower vapor velocity the vapor must naturally be in contact 

with the side wall for a longer period of time. The great¬ 

er than 100% efficiency at this low vapor velocity is no 

doubt due to side wall enrichment. 

The four equilibrium curves on page 34 were plotted 

on logarithmic coordinate paper and were found to be 

straight lines, except for the lower ends of the curves, 

at the low mol fraction points. Here the curves dropped 

slightly| the drop in the curves obtained from this work 

paralleling the drop in the theoretical curve. Except for 

the lower ends of the curves, therefore, the equilibrium 

curves were of the form: 

y s xn 

where n is the slope of the logarithmic straight line, 
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y is the mol fraction of methanol in the vapor, and x is 

the mol fraction of methanol in the liquid. By finding 

the slopes of these lines, the equations of the equili» 

hrium curves were written. The following are the values 

on m 

Curve n Vapor velocity in feet per second 

I 0,34 O.G0G 
II 0,3955 0.1422 

III 0.468 0.623 
IV 0.621 1,328 

The logarithmic plots of the equilibrium curves are shown 

on page 44, 

A logarithmic plot was then made of the above values 

of n against vapor velocity. It also turned out to be a 

straight line, of the fomi 

n s kv® 

where m is the slope of the curve and k is the value of n 

when v s 1, This curve is shown on page 45, The equation 

of the curve was found to bes 

n z 0,5 

where n has the same significance as in the equilibrium 

curve and v is the vapor velocity inside the column. 

Thus, assuming any desired vapor velocity, the equilibrium 

curve which should be expected from this column can be 

constructed by means of calculated data. 



CHjQH - Hz 

Cun/**? Eau/h briutn 
•T': : j  
I~ /heoretica! farve 

- OJUB /Si 

~-0. 6?3 '/st 

13ZS '/sc 

Mo! Ft act'OX CH30H in Vapor 

■fTfc 
E Y-Xa3VS m Y--X*Si/ 

where n= stofe af hue 

AAOL Friction CHjOH in L^o\6 





—46— 

Some correlation between the constants of the equi- 

librium curve and the vapor velocity should be expected, 

since the greater the vapor velocity, the shorter would 

be the time of contact between liquid and vapor. With a 

shorter contact time, the high degree of equilibrium at¬ 

tained at almost zero velocity could not logically be ex¬ 

pected, This further bears out the fact that plate ef¬ 

ficiency should be dependent upon vapor velocity as was 

shown in this paper. 
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CONCLUSIOI© 

The construction and operation of an adiabatic 

fractionating column can be carried out as was shown by 

this paper. By means of exacting technique such a column 

can be kept In perfect equilibrium for as long a time as 

is desired during which time any desired data can be taken 

without seriously upsetting the equilibrium for ary long 

period of time. Very good data was obtained on the column 

used in this work and curves closely approximating the 

theoretical data were obtained. The striking correlation 

between the constants in the equation of the equilibrium 

curve and the vapor velocity was very interesting. It is 

further evidence of the fact that plate efficiency is 

dependent upon vapor velocity f all other factors being 

constant. 
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