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A - ABSTRACT



A. ABSTRACT

Plate Efficiency of Bubble Cap Rectify-

ing Columns.

Rectification in bubble cap rectifying

columns is a process of material transfer by diffu-

sion in which the gas film frequently offers the

controlling resistance. Based upon this concept,

and the fundamental law for diffusion of-gases

through gases, equations have been developed for

binary mixtures which relate the enrichment of

the vapor during its passage through the plate to

the several factors influencing the material trans-

fer.

For the case of equi-molal rates of trans-

fer of the two constituents in opposite directions

through the film, the equation is:

7n = EM 7n* ' (1-EM)Yn-1 - - (1)

where yn-1 is the mol fraction of the more volatile

constituent in the vapor entering the plate, yn the

mol fraction of the same constituent in the vapor

leaving the plate, while yn* represents the vapor
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composition which would be in equilibrium with the

plate liquid. EM is the plate efficiency of the

column

From the de tion of this equation the

relation of EM to the factors influencing plate ef-

ficiency is shown to be:

EM = 1 - e kV- - - -- - --- (2)

in which km is the specific diffusion coefficient.

for a given pair of components expressed in molal

units, S the average interfacial surface area of

a bubble of vapor passing through a--pbe liquid,

Vt, the average mols of vapor contained in a bubble,

X the gas film thickness and 0 the time of bubble

contact with liquid on the plate. The factors in-

fluencing plate efficiency are thus seen to include

type of mixture, as it influences km, as well as the

interdependent terms involving film thickness, bubble

size and time of contact.

If the molal rates of transfer of the two

constituents are not equal, application of the rig-
gas

orous film equation for this case gives:

Yn
dZ

ln 1-(1-MrA )7*-
lE~~) ~ (-M )kmS@ - ---.. (3)

1-(1-yMrA 7 (TnA) T~

Yn-l B
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The additional terms involved in this equation are

MrA and MrB, the molal latent heats of the two compo-

nets. It is shown that the left-hand side of the

equation may be put into a form the integrals of which

have been evaluated over a range covering all values

of the variables ordinarily to be met in practice.

The major experimental data were obtained with

two pieces of equipment.

1. A seven plate column of semi-commercial size,

8" inside diameter and plate sections 12" high, each

plate section being provided with one f our-inch bubble

cap. The still was heated by steam condensing in a

closed coil.

2. A single plate column consisting of a still

and single plate-section mounted directly above. The

plate section was 6" in diameter and 10" high. In-

terchangeable bubble caps of various slot widths, and

provision for varying the liquid depths on the plate,

permitted the effect of these factors to be studied.

The still was heated by electrical immersion heaters.

Binary mixtures employed in the seven plate

column runs were benzene-toluene and carbon-tetra-

chloride-toluene. In the single plate columnnmixtures

of benzene-toluene and alcohol-water were used.
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The runs with the seven plate column covered

the effect of vapor velocity on plate efficiency in

the range of superficial vapor velocities from 0.25

to 1.65ft6 per second, corresponding to "nominal"

slot velocities of 3.72 to 24.6 ft. per second. The

variation in plate efficiency was from 57 to 70%.

Several runs at approximately 1 ft. per second vapor

velocity were made with carbon tetrachloride-toluene

mixtures to obtain comparative data on the effect of

the nature of components on plate efficiency'. The

carbon-tetrachloride-toluene runs gave efficiencies

of 47% versus 57% far benzene-toluene.

Runs with the single plate column covered

the range in superficial vapor velocities from 0.026

to 0.55 ft. per second, corresponding to "nominal"

slot velocities of 0.74 to 15.6 ft. per second. Plate

efficiencies between 5Q% and 90% resulted, depending

upon the slot width and liquid depth employed. Com-

parative data were obtained on plate efficiencies

obtained with benzene-toluene and alcohol-water mix-

tures under the same operating conditions. The ef-

ficiencies were 51.2% for benzene-toluene as com-

pared with 72.6% for alcohol-water. The effect of



the concentration of the plate liquid with respect

to the more volatile component was studied for

benzene-toluene between the limits of 15 and 65

mol per cent benzene; in the case of alcohol-water

the concentration limits were 28 and 55 mol per

cent alcohol. In the case of benzene-toluene the

change in efficiency for the concentration limits

noted was from 53 to 58%. For alcohol-water, no

change in efficiency with concentration was had.

Employing alcohol-water mixtures the effect of

cap slot width on plate efficiency was studied

using slot widths of 1/2", 1/4", 1/8" and 1/16",

the total free area through the slots being kept

constant at 1 square inch. For each slot width

employed, liquid depths were varied from 0.75" to

1.75" in individual runs. Efficiencies ranging

from 68% to 99.9% were obtained. Data showing

the temperatures of the vapor entering and leaving

a plate were secured in a portion of the runs.

The major conclusion to be derived from

these rectification studies is that plate effi-

ciency is satisfactorily defined by the theoreti-

cal equations presented.



In the range of vapor rates within which the

majority of the experimental data were obtained, the

mechanism of bubble cap rectification is essentially

one in which the principle source of vapor-liquid con-

tact is that due to bubbling action. At higher

vapor rates the bubbling mechanism to which the equa-

tions apply is supplemented by an additional source

of liquid-vapor contact due to spray thrown up from

the plate liquid, leading to an increase in plate ef-

ficiency.

From known data on one binary mixture, plate

efficiencies may be estimated semi-quantitatively for

another binary mixture by applying Equation 2.

The effects of variations in slot widths and

liquid depths are correctly indicated by Equation 2.

For the case of alcohol-water mixtures, at a fixed superficial

vapor rate of 0.2 ft. per second in the single plate

column, the relation of plate efficiency to slot width

and liquid depth is given by the equation:

log (1-EM) = -0*0616 ()- 0.713 (1) - 0.193(W')
in which "i" is the distance in inches from the liquid

surface to the center of the bubble stream emerging

from the slots, and w is the slot width in inches.



Additional data incidental to the major prob-

lem included determinations of the liquid-vapor equil-

ibrium relationships for carbon tetrachloride-toluene

and alcohol-water. The data for carbon tetrachloride-

toluene showed an appreciable deviation from Haoult's

law. The alcohol-water equilibrium data covered the

range in composition from zero alcohol concentration

to that of the constant boiling mixture. These data

agree well with one of the previously determined sets

of values from the literature and are believed to be

the most accurate yet obtained for the alcohol-water

liquid-vapor equilibrium relation.

Near the close of the work a method was de-

veloped for computing plate efficiencies based merely

on vapor and liquid temperatures. When the available

data were examined by this method excellent correlation

was obtained. Incidentally the efficiencies so ob-

tained were numerically almost equal to those calcu-

lated from the point of view of vapor diffusion.
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I -INTRODUCTION

The goal toward which efforts have been directed

in recent years in Chemical Engineering design is the

attainment of methods of computation soundly based upon

the fundamental principles involved. The realization

of this end means that, with proper application of data

on the physical and chemical properties of the materials

concerned, one can accurately determine the form and per-

formance of new types of equipment or the effects of mod-

ifications in equipment already in use. In certain of

the unit processes of Chemical Engineering progress has

been very rapid toward the objective, for others the

state of knowledge has remained to a great extent empiri-

cal, the latter being particularly true of Rectification.

Rectification may be broadly defined as a distill-

ation carried out in such a way that an interaction takes

place between the vapor evolved and a condensed portion

of vapor previously evolved from the same still. This

interaction involves a transfer of material, with its

accompanying heat interchange, between a vapor and a

liquid phase and serves to partially remove the less vol-

atile components from the vapor and the more volatile
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components from the liquid. The effectiveness with which

this material transfer is carried out is a measure of the

completeness of rectification.

To secure good rectification intimate contact be-

tween liquid and vapor is necessary. Plate rectifying

columns were developed through experience as one of the

best methods for securing this result,. First applied in

the alcohol industry, their use has been extended to the

industrial separation of a wide range of materials.

One of the major problems in the design of com-

mercial rectification equipment is the estimation of the

number of plates required in a column to effect a given

separation. This computation of necessity involves an

efficiency factor relating the actual performance' of the

plates to that theoretically obtainable.

At the start of the present work early in 1928

published data on the performance of rectifying columns

from vhich the efficiency of the plates could be deter-

mined were practically nonexistant. Due to this complete

lack of information the securing of good experimental da-

ta on the rectification of binary mixtures in plate columns

was believed to .be the first step necessary to place the

design of such equipment upon a firm fundamental basis.



The material herein presented covers a study of

the factors influencing the plate efficiency of bubble

cap rectifying columns handling binary mixtures from both

the theoretical and the experimental points of view.

The data has been interpreted in the light of the theo-

retical developments and the relative influences of the

several factors involved upon plate efficiency has been

shown.



II - GENERAL METHODS OF COMPUTATION OF CONTINUOUS

PLATE RECTIFYING COLUMNS

In the design of complete rectification equipment

several problems, all interdependent, must be solved.

Viewing the rectifying column separately two inter-re-

lated problems must be dealt with, namely (1) design

from the rectification or separation standpoint; (2)

design with regard to the flow of fluids, both liquid

and vapor in the column.

Considering column design frcm the rectification

point of view, several useful methods for the estimation

of the number of plates necessary to effect a desired

degree of separation have been developed. All of these

methods involve an efficiency factor which relates the

actual column .performance to that theoretically obtain-

able. The exact definition of the efficiency factor de-

pends upon the fundamental basis of development of the

method in conjunction with which the factor is used.

Methods for column computation can be classified

with respect to the principles upon which they are based

as follows:

1. Methods based upon the concept of the theoreti-

cally perfect plate.
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A. Algebraic stepwise method.

B. Graphical stepwise method, limited to binary

mixtures.

C. Differential enrichment method.

2. Methods based upon diffusional mechanism.

These methods will be considered in some detail.

The theoretically perfect plate is one in which

the vapor passing through the plate comes to equilibrium

with the liquid on the plate. This concept was first

applied by Sorel (1) (2) (3) to the stepwise calcula-

tion of a column and treated in slightly varying ways

by Hausbrand (4), Gay (5) and others (6) (7) (8), and

clarified by Lewis (9). If certain simplifying as-

sumptions are made, viz.,

1. Molal latent heats are the same for all compo-

nents.

2. No heat of mixing of components.

3. Sensible heat changes are negligible compared

with latent heat changes.

4. Heat losses from the column are negligible.

this method involves the use of two relationships in

order to work from plate to plate of a column of theo-

retically perfect plates:

(a) A material balance cutting through a section

immediately beneath the plate under consideration and
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either the product or waste streams, depending upon whether

one is considering a plate above or below the point of in-

troduction of the feed.

For plates above the feed (A) Vn-l Yn-l = Onkn + PX

" " below " " (B) Vm-l m-l = OIxm ; -

(b) The liquid vapor equilibrium relationship.

In case the simplifying assumption of equimolal latent

heats does not hold a heat balance can be applied to each

plate to estimate the change in overflow from plate to

plate.

In the case of binary mixtures for which the liquid-

vapor equilibrium data can be conveniently represented

10)_
graphically,McCabe and Thieie developed their well-known

-graphical method for computing the number of perfect

plates required in a column. This consists in plotting

equations (A) and (B) together with the equilibrium data

for the mixture on a graph of y vs. x. If the four sim-

plifying assumptions previously noted hold,equations (A)

and (B) are straight lines; in case heat balances must

be used these lines will be curves. To carry out the

column computation graphically it is necessary simply to

go in stepwise fashion between the material balance, or

operating lines, and the equilibrium curve from the com-



position of the waste to that of the overhead. The number

of steps nece.ssary to effect the desired separation then

represents the number of perfect plates required.

In the algebraic stepwise method, however applied,

plate efficiency is defined as:

ES No. of theoretical plates required x 100 - - -(C)
s 1 No. of actual plates required

If the number of perfect plates required has been computed

for a column, by dividing by the plate efficiency the numb-

er of actual plates is obtained, or given data on an ac-

tual column one can calculate the equivalent theoretical

column and thus determine the efficiency. It should be

noted in connection with this use of plate efficiency

that a common error in application consists in considering

the still or kettle as a plate. This is erroneous,as

vapor given off by boiling liquid in the still is actually

in equilibrium with the liquid. Thus if it is found by

stepwise computation that 11 theoretical steps are nec-

essary to effect a given separation the theoretical column

consists of 10 perfect plates.and a still. If,in an ac-

tual column, operating under the same conditions, 15 plates

in the column are necessary the plate efficiency of the

column is 10 x 100 = 66.6%, instead of 11 x 100 = 73.3%,
To 1 6

or 11 x 100 = 68.7%.
T9
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The differential enrichment equation developed

by Lewis Is derived from a material balance, e.g.

Xn+1 = 7n 'O----(Xc - yr) D
on+l

by subtracting xn fromboth sides and assuming that xn+1 -

xn = dx, giving dx = 7n - xn P (xc"yn) - (E)

Lewis pointed out that this equation was only safely appli-

cable where the enrichment from plate to plate is small.

Where this conditions is met such as in the upper portion

of an alcohol column this equation permits the evaluation

of the number of perfect plates by a single graphical in-

tegration. An efficiency factor can be multiplied into

the right-hand side of Equation (E) thus defining plate

efficiency as dx/dn actual which is equivalent to
dx/dn theoretic'al

EL = actual enrichment per plate - - - (F)
theoretical enrichment per plate

Id the efficiency factor is made use of in conjunction

with equation (E) the number of actual plates is obtained

by the integration.

The first published application of the material

transfer by diffusion concept to plate rectification was
(12)(13) (14)

by Murphree. By integration of the Whitman absorption

equation for conditions obtaining on a plate of a contin-

uous rectifying column he obtained the following equation,

a modified deviation of which will be given under "Devia-

tion of Equations":

n = (1)7n* + M yn-1 - - (G)
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This equation states that the mol fraction of a given

constituent yn in the vapor leaving the nth plate of a

colun, is equal to (1-M) times the vapor composition

expressed in mol fraction, which would be in equilibrium

with the liquid on the nth plate, plus M times the mol

fraction of the given constituent in the vapor from the

n-1 plate. In this equation 1-M is the factor repre-

senting the efficiency of the plate. Rearranging equa-

tion (G) efficiency is thus defined as:

EM = 1 - M = Yn - yn-l = actual enrichment of vapor --(H)
Yn* -yn- 1 theoretically obtainable

enrichment

The Murphree equation (H) may be combined with

a material balance, e.g. Vn- Yn-l = On Xn + PXc, giving

Yn = Ey* + (1-E) OnX PXc -- ()

It will be seen by inspection of Equation I that, given

equilibrium data and the value of E, the composition of

vapor, yn, given off by any plate can be calculated if

the liquid composition X. and the values of 0, P and V

are known. A material balance e.g. Equation A willthen

permit the calculation of liquid strength on the plate

above and Equation I can be again applied. In compari-

son with the algebraic stepwise method in which equili-

brium is assumed on every plate the Murphree method

replaces the liquid-vapor equilibrium relationship with

Equation I. An efficiency term having been introduced
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in the calculation of every step of the column, the total

number of stepwise calculations indicates the number of

actual plates required. In addition the Murphree method

of calculating gives the actual material compositions to

be expected upon the various plates of a column, which is

impossible by the perfect plate method.

For the case of binary mixtures the Murphree

method permits a graphical solution similar to that given
(10)

by McCabe-Thiele. The material balances for plates above

and below the feed are plotted on a y vs. x diagram as was

done by McCabe and Thiele. The liquid-vapor equilibrium

curve. however is replaced by the Murphree Equation I and

a similar equation written for plates below the point of

introduction of the feed. The curves representing these

equations intersect at the feed plate composition as do the

material balance lines. The graphical computation is then

carried out by running perpendicular and horizontal lines

in a stepwise manner between the operating lines and the

Murphree curves.

The second application of the diffusional concept
(144)

to plate column calculations was by Lewis and Wilde. While

they do not present an actual derivation such as Murphree's

they had the diffusion point of view clearly in mind when

they defined plate efficiency as the ratio of the amount

of a particular component actually absorbed from the vapor
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by the liquid to the amount theoretically absorbable under

equilibrium conditions, or

EL-WYn-l n - - (J)
Yn-1 n

It will be noted that the "Y s" appearing in equation J

represent total mols of a given component in the vapor

passing a given section per unit of time. If the usual

simplifying assumptions t-13applyx_

Vn-1 =Vn and

Yn-l n =Vn-l yn-1 n yn = Yn yn-1 - - - (K)
In1 n rn-1 Yn-1 Vn 7n* Yn*-,n-1

which is the same as the Murphree definition of efficiency.

The Lewis and Wilde equation (J) can also be com-

bined with a material balance in a manner similar to that

of the Murphree equation (I).

Summary of Definitions of Plate Efficiency:

1. Efficiency used in conjunction with the theoretically

perfect plate

Es = No. of perfect plates 100
No. of actual plates

2. Efficiency used with differential enrichment equation:

EL = actual enrichment of liquid per plate
Theoretical enrichment of liquid per plate

3. Murphree Efficiency:

EM = Actual enrichment of vapor
Theoretical enrichment of vapor

4. Lewis and Wilde Efficiency:

EL-W = Total mols of component actually absorbed
Total mols of component theoretically absorbed.



Comparison of Efficiencies: The efficiency de-

fined in terms of the perfect plate is convenient to use

and makes rapid computation possible, especially in the

case of binary mixtures. Where experience has shown

the performance to be expected from a given design of

column handling certain mixtures it can be applied with

assurance. Being an empirical factor, however, it does

not indicate the exact effect of variables which may

affect plate efficiency and therefore does not facilitate

the estimation of the efficiency to be expected from a

change in plate design, operating conditions or materials

undergoing separation.

The differential enrichment efficiency is similar

to the Murphree efficiency except that liquid compositions

are used to express enrichments instead of vapor composi-

tions as in the Murphree definition. In cases in which

the differential enrichment equation can be applied it is

to be expected that the same influence of the several

factors'upon efficiency will be had that is indicated by

the Murphree equation (G).

The Murphree relation, Equation G, will be later shown

to indicate the probable effect of the variables upon which

efficiency depends. This factor permits the evaluation of a

separate efficiency for every plate in a column and also for

the various components in a multicomponent mixture. Being
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based upon a material transfer mechanism, granted a sound

derivation, it should interpret actual data satisfactorily.

Consequently the Murphree efficiency was used as a start-

ing point in treating the investigation from the theoreti-

cal side.

The Lewis and Wilde efficiency is, as indicated

previously, identical with the Murphree efficiency if the

assumption of equal molal vapor rates passing all sec-

tions of the column can be made. If this assumption is

not valid a variation in the Murphree derivation is

necessary to obtain the Lewis and Wilde equation from

the diffusion equations.



III - EQUATIONS FOR MATERIAL TRANSFER BETWEEN
GASES AND LIQUIDSBY DIFFUSION THROUGH

INTERFACIAL FILMS.

It is now generally accepted that when- a transfer

of material takes place between a liquid and a vapor

phase that the mechanism of the transfer must consist

in diffusion through the liquid and vapor films existing

on either side of the interface. The basic laws followed

by diffusing materials must therefore apply to the trans-

fer of materials which are diffusing through interfacial

films. As rectification involves such material transfer

it is necessary to briefly summarize the theoretical prin-

ciples and applications which are available.

The law governing the rate of diffusion of one gas
(15)

through another was first derived by Maxwell from the
(16)

kinetic theory of gases and later by Stefan, employing

hydrodynamic considerations. This basic law was re-in-

vestigated and applied to the diffusion of gases in the
(16a)

steady state through gas films by Lewis and Chang and
(17)
Hanks and McAdams, the equations derived being supported

by experimental data. A similar application was made
(18)

of Fick's analogous law for the diffusion of liquids

through liquid films. Fick's law was also derived by

Stefah 6)
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IIIA- SUMIdARY OF EQUATIONS APPLYING TO GAS FILMS

For the case of the steady diffusion of two gases,

A and B through one another in opposite directions through

a cross section of unit area the differential equition may

be written:

-d A=o<A-B (A (B (u A -P B) ---(l)

To express the right-hand side of equation (1) in terms

of partial pressures to permit integration the follow-

ing substitutions may be made:

By definition A uA NA and
MA

B uB=N

From the perfect gas laws: A = PA

CB ..MB

-dpA C MB N(2AMB (PB NA -A NB) -- ~

The term ;MA,1 B can be conveniently replaced by =,,; giving

RT
-dpA 1)(pB NA - PA NB) - - (2a)

For constant total pressure pA + pB = /~. Equation 2a may

be written as:

*Footnote- The complete table of Nomenclature is
given on page 328.



-dp NA(II-PA)-NB PA - - - (3)

Rearranging equation 3:

d ALkm NA 11) - (NA+NB)PAJ - ~ (4)-

If equal numbers of mols of A and B are diffusing

per unit time per unit cross section NA =- g*. For

this case Equation (4) becomes:

-dpA = -- -
dX k-A

If one of the gases, B, is stationary its velocity,

UB, in Equation (1) is zero and there is obtained:

I.d AL= NA PB --- (6)

To apply Equations 4, 5 and 6 to material transfer

under steady conditions through a film of thickness X

upon a liquid vapor interface it is necessary to integ-

rate the equations between values of the partial pressures

at the interface, pAi, and in the main body of the gaseous

mixture, pAg, and from 0 to the film thickness X. Ex-

pressions will then be obtained giving the molal rate of

transfer of gas A per unit area through the film under

steady conditions.

For diffusion of components A and B in opposite

directions through a film of thickness X there is obtained

by integration of Equation (4)

*NA and NB are vector quantities., hence the algebraic sign
denoting direction.



N =km ( 1 ) (n7-)+NB
x 1 +NB VKA

7A T-(l+NB)A
AA

For the special case in which NA =-N integration of
B

Equation 5 gives

N A = km (pAi-pAg)--- (8)
X,

When component B is stationary, integration of Equa-

tion (6) gives

NA = km lnj1I-pAi . 9
i-pAg

NA = km lnpBi - - - (9a)
- , T~~pBg

If the ratio Bi does not differ too widely from unity,

pB can be assumed constant in Equation 6 and equal to pB

ave. This permits the integrated equation to take the

form:

NA =Xkm (PAi - PAg) - -- (10)

On account of subsequent use to be made of Equations,

7, 8, 9 and 10 it is desirable to investigate the factors

influencing the value of km and of the film thickness, X.



IB - METHODS FOR ESTIMATING km FROM DATA IN

TEE LITERATURE.

The value km, as indicated previously, replaces

(16a)
the term R T * employed by Lewis and Chang. From

o(MAMB

inspection of Equations 7, 8, 9, and 10 the units in

which km must be expressed are:

km = (gm. mols)(cm)
(sec.)(-gq.cm.)

if consistent c.g.s. units are employed.

Values of diffusion coefficients in the literature

are expressed as:

kv= (cm)2 = (cu.cm)(cm) - - - (12)
sc (ec.)(sq.cm.)

By employing the gas laws a conversion can be worked out
(19)

immediately. However it is desirable to employ Stefan's

original equations and show that the relation obtained is

consistent with the fundamental derivation of his equa-

tions
km= RT by definition.

MA MB
From Stefan's derivation:

A 

1.'FB

Therefore:
km=RTI-I T j9

0 as used by Lewis and Chang is identical with
Al- 2 used by Stefan.



Employing the gas laws

A = MA SB = MB
22405 '22400

and 22400= R T 0

II O
Therefore:

Cancelling terms there results

km = kV (//)(To) - - - (13)
122400 (/ JO ) T

which is i*dentical with the relation which may be direct-

ly determined. Equation 13 affords a means for calcula-

ting km at a given temperature, T. from the value of kv

reported at the same temperature.
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IIIC- FACTORS INFLUENCING km

Much of the data available in the literature

on kv are given for standard conditions of temperature

and pressure, viz. 000. and 1 atmosphere. It is

therefore necessary to show hoir km at any temperature

may be calculated from a reported value of kvo.

The variation of kv with temperature and

pressure is expressed in an equation due to Von Ober-

maye kv = (kvo) (T ) n(j7) - - (14)
(C o") ( ~l o ) ( 4

Von Obermayer states that the value of "n" lies between

1.7 and 2.0. Where actual data are lacking the value

of 2.0 may be assumed, bearing in mind the following

limitations. Values of kv in the literature are

plotted in Figure (1 ) against T*K , log-log paper

being employed. From the slopes of these lines the

values of n for the data available are indicated. It

will be noted that certain of the lines tend to flatten

out at the higher temperatures indicating a disappear-

ance of further temperature effect. Extrapolation for

values of kv over a wide temperature range by use of

Equation (14) is therefore at the best uncertain.

Combining Equation 14 with Equation 13 and

assuming n = 2.0 there results

km kvo (T) --- (15)
22400
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The limitations on temperature extrapolations pointed

out should be borne in mind in employing this relation

to interpret data involving diffusion coefficients.
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IIID - ESTIMATION OF kv WIE1 DIRECT

DATA ARE NOT AVAILABLE.

The bulk of the data on ko available in the

literature is for various alcohols, esters and a few

other organic compounds diffusing through air, Cos or

He. Therefore for most cases of ,diffuhion met with

in rectification direct values of kvo are not at pre-

sent available. It is therefore necessary to attempt

to find a generalization which will make possible the

estimation of kvo for a pair of substances, upon which

data are lacking. It has been noted by Chingagand

Haks that kvo is approximately proportional to

1 . The relationship ko = B is

[F~~oMAMB UMM
therefore suggested. Table (I ) gives the calculation

of the constant B for the various ethers, esters and

alcohols and also Water Vapor, Methane and Benzol di-

ffusing through Air, He and 00*. A mean value of

the constant B = 3.42 is found to have an average de-

viation from the mean of 12.7%. Therefore the equa-

tion
k-o= 3.42- - - (16)

is given as one method of estimating values of k vo



TABLE ( I )

Determination of Constant, B in kvo
Data from Landolt-Bornstein.

B

= 7iiB

System

A

Ethyl Ether

Ethyl Acetate

Ethyl Formate

Ethyl Propionate

Ethyl Valerate

Ethyl Alcohol

Ethyl Alcohol

MA MB B % Dev.
from mean

B

Air
00C
Hit
Air
C0l
He
Air
00C
Ha
Air
00*
Ha
Air
00*
Ha
Air
Cola
Ha
Air
002
Hg

0.0775
.0552
.296
*0709
.0666
*3729
.0852
.0572
.3357
.0631
.0450
.2373
.0505
.0366
.2050
.1016
.0685
.378
.0994
.0693
.3806

74*1

88.1

74.1

102.1

130.1

46.0

46.0

29
44
2.0
29
44
2.0
2.9
44
2.0
29
44
2.0
29
44
2.0
29
44
2.0
29
44
2.0

46.2
57*1
1202
50.5
62.3
13*3
4602
57.1
12*2
54.4
67.0
1403
61.5
7508
16.1
3606
44.9
9.6
36.6
4409
9.6

3.58
3*15
3.51
3.58
4.15
4.95
3094
3027
4010
3.44
3002
3.39
3.11
2077
3030
3.72
3007
3.63
3*63
3.11
3.66

+4.66
-7.85
+2.52
+4.66
+21.20
+45.8
+15.2
-4.48
+19.9
+006
-11.40
-.09
-9.1
-19.0
-3.51
+8.77
-10.20
+6.14
+6114
-9.05
+7.02

FABkvo



Table (I) (Continued

A
System

Ethyl Iso-
Butyrate

N-Amyl Alcohol

Amyl iso-
Butyrate

Amyl Propionate

N-Butyl Alcohol

Acetic Acid

N-Hexyl
Alcohol

Iso-Butyl
Alcohol

k 0

Air
Co
He
Air
00c
He
Air
002
He
Air
00C
Hie
Air
00a
He
Air
00a
He
Air
Co
Ha
Air
Cog
He1
Air
Co
He

.0552

.0400
.2237
.0589
.0422
.2351
.0423
.0308
.1694
.0466
.0341
.1891
.0751
.0527
.294
.0681
.0476
.2716
.1061
.0713
.4040
.0499
.0351
.1998
.0688
.0483
.2771

MA

116.1

88.1

158.1

144.1

78*0

74.1

60*0

102.1

74.1

IMA MB

29
44
2.0
29
44
2.0
29
44
2.0
29
44
2.0
29
44
2.0
29
44
2.0
29
44
2.0
29
44
2.0
29
44
2.0

58.*0
71.5
15*2
50.6
62.3
13.3
67*7
83.4
17*8
64.6
79*6
17*0
47.5
58.5
12*5
46.2
57.l1
12*2
41*7
51.3
10.9
54.4
67.0
14*3
46*2
57*1
12.2

B

3.20
2.68
3.40
2.98
2.63
3.12
2*86
2.57
3*02
3.01
2.72
3.22
3*57
3.09
3*67
3*15
2*72
3.32
4*43
3*65
4.40
2.72
2.35
2*86
3.18
2.76
3*35

% Dev.
from mean

-6.43
-15.80
-0.06
-12.88
-23.10
-8.77
-16.38
-24.85
-11.70
-11.70
-20.45
-5.85
+4.38
-9.65
+10.72
-7.89
-20.50
-2.92
+29.50
+6.73
+28.70
-20.45
-31.30
-16.40
-7.02
-19.30
-2*05



Table (I) (Continued)

A
System

Methanol

Propyl Alcohol

Carbon Bisulfide

Water

Methane

Methyl Acetate

B

Air
00C
He
Air
Cola
Ha
Air
C0
He
Air
00a
He
00*
Ha
Air
00C
Ha

k1o

.1325
.0880
.5001
.0803
.0577
.3153
.0883
.0630
.369
.198
.132
.687
.146
* 625
.0840
.0557
.3277

MA

32*0

60.1

76*1

18*0

16.0

74.1

MB

29
44
2.0
29
44
2.0
29
44
2.0
29
44
2.0
29
z 0
29
44
2.0

30*4
37 *5
8.0
41.7
51.4
10.9
47*0
57*9
12.3
22*8
28*2
6.0
21.7
5.6
46.2
57*1
12.2

B

4*02
3.30
4*00
3.35
2*97
3*43
4*24
3*65
4.54
4.51
3.72
4*12
3*17
3.50
3.86
3*18
3*99

Mean= 3.42

% Dev. from
mean

+17.55
-3.51
+16.95
-2.05
-13.15
+0.03
+24.00
+15.50
+32.70
+31.90
+8.77
+20.45
-7.31
+2.34
+12.88
-7.01
+16.65

Ave _ 12.65
Dev~

kvo = 3.42
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If the data given in Table (I )a 'e examined it
(17)

is noted, as was shown by McAdams and Hanks, that for

the various classes of compounds, e.g. alcohols, diffu-

sing through a certain gas, as HO, values of kvO for the

various alcohols were inversely proportional to the 3/4

power of MA* Replacing the Hg by Air, or CO changes

the proportionality constant in each case. McAdams and
(17)

Hanks suggest the equation

kvo = T b .. (17)
(MA)*75(MB).5

in which A refers to the vapor (e.g. alcohol, ester, etc.)

while B is the gas (e.g. Air, H2, 002) in the various sy-

stems for which diffusion data are available. These

authors report the following values of b.

System
A

Alcohols, 1 to 6
C atoms
Water Vapor

Esters

B
Air, H* or
Coa

Air, He or
00a

Air, He or
00c

b

8.91

8.49

10.1

Ave. deviation

7.6

6.6

8.4

Equation (17) thus represents the data satisfactorily for

given types of vapor diffusing through Air, Ha or CO.

In interpreting data to be presented on plate ef-

ficiencies obtained with different mixtures it will be

necessary to estimate values of kvo for mixtures of Alco-

hol-Water, Benzene-Toluene and CC14 -Toluene. The extra-
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polations are here given affording a means of compari-

son of Equations 16 and 17.

1. uEmploying Equation 16:

(a) Alcohol-Water:. kvo =

kvo =3.42

3.42

(b) Benzene-Toluene: kO= 3.42

1f78 x 92

= 0.1194

= 0.0405

(c) CC14 -Toluene: kO = 3.42 . = 0.0287
Vf154 x92

2. Using Equation 17: kvO = b
(MA).7(MB

(a) Alcohol-Water. Data available are

kvo (Alc.-Air) = (.1016)ave
(.o9941005

kvo (HaO-Air)

kvo (Ale-COg) = (.0685)ave . k1o (HeO-COg)
( .0693). 0684

kvo (Alc.-He) : (.378) ave.
(.3806).3793

kvo (H0-Ho)

On the alcohol basis the values of b would be -

determined from the data on alcohol and Equation 17

applied replacing MB by the molecular weight of

water vapor.

Calculation of b (Alcohol basis)
System

Alcohol-air

He

k
vo

0. 1005
.0684
.3793

MA

46
46

M
29
44

46 20

.75 .5
B b = kvo iAMB

9.51
S7.96

0 24.6 (Rejected)
Ave, 3.

= 0.198

= 0.132

= 0.687



kvo .alcohol-water (Alcohol basis):

kvo= 8.73 = 0.1170

(46).75(18).5
Calculation of b: (Water basis)

System

Water-Air
" CO
" Hg

kcvo

0.198
.132
.687

MA

18
18
18

MB

29
44
2.0

b = kvo m A75mB.5

9.29
7*64
8048

Ave ~

kvo, Alcohol-water (Water basis)

k = 8.47
(18).7'(46).*5

(b) Benzene-Toluene:

= 0.1432

Data are available only on kvo

Air, Hs and COg.

Calculation of b:

for Benzene vs.

System

Benzene-Air
" COS

"Hg

vo MA

0.0751 78
.0527 78
.294 78

M
B

29
44
2.0

b = kvo MA75MB5

10.64
9*19

10.95
Ave,. 10.*3

kvo, Benzene-Toluene:

k = 10.3

(78) (92)
(c) CC14-Toluene:

= 0.0408

No values of kvo for either component are avail-

able. Data for CSg are therefore used to compute b.

Calculation of b:

System

CSe - Air
" - COP,
" - Ho

MAkvo

0.0883
.0630
.3690

MB b = kvo MA 75IAB 5

76.1 29
76.1 44
76.1 2.0

12.50
10.78
13*72

Ave T26



CC14 - Toluene:

12.

(154).',10(92).05

= 0.0293

t38

kvoI,

kvo



III E- FACTORS INFLUENCING THE GAS FILM THICKNESS

Inspection of Equations 7, 8, 9 and 10 shows

a film thickness, X, to be involved. As the rate of

material transfer for any fixed driving force is pro-

portional to both km and 1/X it is desirable to sum-

marize briefly the factors influencing X.

From both heat transfer and absorption data

the factors influencing film thickness are found to

include a shape factor for the apparatus, the tur-

bulence of the fluid and the viscosity of the fluid

in the film. Turbulence in a given type of appara-

tus is a function of the mass velocity of the fluid

but the nature of the function changes for different

types of apparatus, hence the shape factor differs.

Assuming that for geometrically similar types of ap-

paratus film thickness is defined by a function of a

shape factor, the film fluidity and the mass velocity

of the fluid, Greenawif? has shown by dimensional

analysis that, similarly to heat transfer,

For turbulent motion in heat transfer work it has been
(21)

shown that the function, is represented by a power
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function of the modulus.

(18) = a D( n

The constant, a, and the exponent, n, are characteris-

tics of the type of apparatus and must be experimentally

determined for each geometrically different type. n is

approximately 0.8 for turbulent flow inside tubes.
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IIIF - SUMMARY OF EQUATIONS FOR LIQUID FILM DIFFUSION

Application will be made of the gas film equa-

tions only,for reasons to be presently discussed. The

liquid film equations are derived in a manner similar

to that outlined for the gas film equations except that

the partial pressure gradient, dA_ is replaced by the

concentration gradient, dvA, while the partial densi-

ties,.dA andJB, refer to the liquid state. The in-

tegrated equations follow:

Equation for the rate of diffusion of 2 liquid

components, A and B, through a liquid film.

(19) NA= 1 1 +MBdANB)AL]
A=(B MidBX9)(1+ 11BdANB) MAdBNA"

A B)B AB))AiMAdBNA) 1(+'BAB) AiL

When one component, B, is stationary.
(2 0) NA =1ln1VAL

B MAdBX VAi

If VA is small compared unity equation (20)

becomes:

(21) NA = 1 1(CA - C)

If the gas film is absent an equation similar

to 21 is obtained from (20)

(22) N A =ag - CAL)
B MBdAmX ,
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Equations 7, 8, 9, 10 and 19, 20, 21, 22 are for

steady conditions, i.e., the values of the driving

forces, partial pressures or concentrations, do not

change with respect to time. To apply these equa-

tions to actual equipment such as absorption towers

or plate rectifying columns it is necessary to integ-

rate them for the conditions involved or to introduce

the proper average values of the driving forces.



IV-A- INTRODUCTORY:

Granting that rectification must be inherent--

ly a diffusional process it is evident that any mathe-

matical treatment must be based upon the fundamental

laws of diffusion. In applying the film diffusion

equations of ChA and HU l to the present purpose

two objectives were borne in mind:

1. The relations should be capable of interpreta-

tion in terms of experimental rectification data.

2. The equations obtained should permit'of suffi-

cient simplification to make them readily applicable

for engineering purposes.

In rectification as carried out in plate columns

bubbles of vapor pass up through a depth of liquid on

each plate. Conditions on a plate are always such

that the vapor entering the plate is leaner in the

more volatile constituents of the mixture and richer

in the less volatile than would correspond to equili-

brium with the liquid on that plate. Furthermore, if

the column is in continuous, balanced operation the

composition of the liquid on any plate is fixed. Dur-

ing the bubble passage material transfer between the

IV -DERIVATION OF EQUAT ION
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the vapor and liquid takes place causing the vapor to

emerge from the liquid enriched in the more volatile ma-

terials, and stripped of a portion of the less volatile.

On any single plate the process is thus continuous with

respect to the liquid but batch with respect to the vapor.

(22)
It was noted by Lewis and Whitman that gas

bubbles passing through a liquid furnish a case in which

the film on the liquid side of the interface would tend

to be very thin due to the shearing action to which such

a film would be subjected during the progress of the

bubbles. On the other hand the vapor in a bubble would

be subjected to little disturbance tending to cause tur-

bulence. Therefore when material interchange takes

place between vapor in a bubble and a liquid,conditions

favor a small or negligible liquid film resistance com-

pared with that of the vapor film. On the plate of a

rectifying column agitation is usually very thorough

tending to cause considerable bubble deformation which

in turn favors further thinning of the liquid film. In

addition to these effects, the fact that the liquid on

any plate of a column is at or near its boiling point

and that materials subjected to rectification are usual-

ly ones completely soluble in one another also tend to

cause low liquid film resistance. In view of these con-
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siderations the working hypothesis was adopted that in

plate rectification the resistance of the liquid film

is negligible compared with that of the gas film.

Concurrently with the material transfer involved

in rectification there must be a latent heat interchange

taking place at the liquid-vapor interface. The less

volatile material condenses continuously and the latent

heat so liberated must be absorbed by the evaporation

of an amount of the more volatile sufficient to absorb

this heat quantity if the temperature conditions are

steady at any given point in the process. This means

that the ratio of the molal rates of transfer of the

two components in a binary mixture must be defined by

a latent heat balance, i.e., (neglecting changes in
sensible heat)

MrANA=-MrB NB

or NA (2MrB3)

BA

IV-B -DERIVATION OF EQUATIONS FOR THE RECTIFICATION OF
A BINARY MIXTURE IN A RLATE COLUMN.

Summary of Assumptions:

1. Rectification in plate columns is a process in which

the gas film is the controlling resistance to diffusion.

2. On any plate of a column mixing is so thorough that

the plate liquid composition is constant throughout and
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equal to that of the overflow from the plate.

3. Sensible heat changes are negligible compared with

latent heat changes.

4. The heat of mixing of the components is negligible.

5. Heat losses from the column are negligible.

Case I - The molal latent heats of the two components,

A and B, are equal, i.e. NA = - NB.

Consider a bubble of vapor rising through the liquid

on the nth plate of a continuous rectifying column. Call-

ing VI the mols of vapor contained in the bubble and S

its interfacial area it is obvious that=-

= NA -(24)

For this case Equation 8 expresses NA for point condi-

tions. Therefore

3 m PAi -PAg) (25)

By assumption 1 pAi equals the partial pressure of A in

the vapor which would be in eqiilibrium with the liquid

on the plate. Calling this value pA*, pAi = pA*. By

Dalton's Law pA* =iy * and pAS =ly. V' is obviously

a constant. Neglecting the effect of the small 4ydrosta-

tic pressure change on S, there results:

dy km de-(26
dG - - -(6



If the mol fraction of the more volatil.e 'component in

the vapor entering the nth plate is called 7n-1 while

that in the vapor leaving the nth plate is denoted by

yn, and the total time of liquid-vapor contact of the

bubble, 9, Equation 26 may be integrated between the

limits noted:

-dy = kMS do - - - (26a)
fY*Y- 7 x V'

In-l

Performing the integration there results:

ln iyn* - Yn _ kmSQ3yn* - iyn-l/ xV'

which may be written as

7* -yn =e - -km

X V'
Yn* - yn-l

Subtracting unity from both sides and transposing:

7n - 7n-1e -kmS(yn-~l =l- - - - - - (27)

Yn*- 7n- X V'

(This method of derivation is similar to that originally

given by Murphr 2 )except for differences in the defini-

tions of the terms S and Vt and the employment of the

rigorous gas film diffusion equation applying to this

case).
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kmQ - E
Equation (27) may be written, calling 1 - e X t~ M

Yn=Em y* + (1-EM) -(28)

which is identical with Equation (G) given previously.

Case II - The molal latent heats of the two compo-

nents, A and B, are not equal. By Equation 23, NA = -MrB
NB MrA

If V1 is called in this case the average mols of vapor

per bubble during its rise through the liquid and S the

average interfacial area of contact, as in Case I:

N - - - - (29)

For this case however, Equation 7 defines NA for point

conditions. Employing Equation 7 and noting that

NA MrB, ~i YA2 AA =- ,p =yA* 7'
B 71r_

VIdy = km ( 1 ) ln .l-.r. 7 ---(30)
Sdo X (--mrA- )MrB

1-(1-MrA y
[I wMrB

Transposing and placing the same limits on the integration

as in Case I:

Yn km (S)(l)- - (30a)

in 1- (1-MrA-ky* A 7)(-dQ
EF~~JMrB

T-(1-MrA)yMr

Yn-1 ~r

The left-hand side of Equation 30ais not directly integra-

ble. By the following treatment however it can be thrown



into a form for which integrated values have been obtained

and are available.

For simplificati

Then

fy

Let in c
c-y

on let 1 = C
1 - MrA

is the forii to be integrqted,Y n dy -

c-y

n-l

= 2

d 

-y - y* (c 7 ),en

C -

er

dy =2d2

Substituting,

dy

S-y
yn-1

- ~~j((cy*)

lime

limle e

lirn *i

limit- in c - y*

-in yn-

limitl i= n c - ZI'
a- - yn

The integral -udu
u

has been evaluated by

and



(23)
Jahnke and Euide and termed EiX. Values of EiX for

various values of X are plotted in Figure (2) for ready

interpolation. It follows that

-

XA

2 -ue du = EiX2 - EiX
u

Applying to the left-hand side of Equation 30a=

Yn dy - _ _-y Ei1 l-MrA
_ _ -Y*1- AMrA

Yn-lr7 FLn
1A l -MrA

MrB

-Ei (ln 7*

lyn-1

1-MrA

3-MrA
4)

Equation 30a may be rewritten in integrated form as:

( - -

~ 7 N

( 1-MrA

Ei -ln Y* ~C yni

Ei -ln 1

B

MrB
1

1-
kmS9Q

WB x v'

1-MrA

Thus while for the case of unequal molal latent heats no

zimple definition of plate efficiency may be given, Equa-

tion 31 permits the evaluation of the term km8 9

x VI

50

- - ( 31)
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which is the exponential equivalent of plate efficiency.

IV-C - APPLICATION (F GAS FILM DIFFUSION EQUATION TO
CONTINUOUS STEAM DISTILLATION IN STEAM STILL.

Consider a steam still in which bubbles of steam

are blown through a mixture of a volatile material with

a nonvolatile one. The steam entering contains no

volatile material while it leaves carrying with it a

partial pressure of the volatile determined by the na-

ture of the materials and the conditions of the distil-

lation.

Case I: The materials in the still are immisci-

ble with water. Assume that the latent heat of vapor-

ization of the volatile material is supplied by a source

other than by condensation of a portion of the open

steam. Assume further that the amount of volatile

picked up by the steam is small so that average values

of V. and S may be employed. Employing the five gen-

eral assumptions noted on page (45) suitably modified

in terminology and applying the same concepts made use

of in the derivation of the Rectification Equations one

can write:

V I = NA - - - - (32)

NA for this case is defined for point conditions by Equa-
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tion (10) derived for the case of 1 component stationary.

Employing Equation (10) and recalling that PAi =liy* and

PAg=1y

Vdkm ( L) (y* - y)-------(33)
X- (PBave)

Upon integration of (-33) between the limits y = 0 to

y = ys and 0 to 9 there is had:

ln y* - 7s = - kmSQ (_1 ) - - - -(34)
7j* X V' (PB ave)

Or, writing in exponential form

7* - Ys=e -kmS9 (_1 ) - - - (35)
._=e XV("PBave)

Defining efficiency of steam distillation as follows,

1 -EV 'y -y 8l-E~= y*y

-knS 1. - - - (36)EV=Ys= p 1 - e XV PBAve
y* p*

gquation 36 is identical with the "Vaporization Efficiency"

used in Steam Distillation. Hence an exponential term

contains the factors which may be expected to influence

Vaporization Efficiency.

Case II: The materials in the steam still are miscible

with water. In this case water may be expected to pass
of

from the steam to the liquid and condense. A case\two

components diffusing in opposite directions through a film

is then had. Assuming for simplification that the molal



latent heats of the steam and volatile material are equal,

Equation 26 may be integrated between the limits y = 0

and y = 7., giving:

ln y* - ys= km- - (37)

Or writing in exponential form

_ _s = e -kM---- --- (38)

Therefore Ev = Y =_ = 1 - -kmS@

p* V*

IV-D - INTEGRATION OF NEWTON'SLAW FOR TRANSFER OF SENSI-
BLE HEAT FROM A BUBBLE CF VAPOR TO THE LIQUID ON A PLATE:

In addition to previous terminology, Me, denotes the

molal specific heat of the vapor, tL, the plate liquid

temperature, tj/i the temperature of vapor entering the

plate, tg the temperature of vapor leaving and H the co-

efficient of sensible heat transfer vapor to liquid.*

MVIdt = H S (t-tL)
d o

dt 
= H S

. L -tL do

ti C

Integrating

in tltL ="RS
te tL MV'

tL =e -HS9- - ---- -(40)
tCntc o - L . H d

*Constancy of Mc, V1i, H and S are assumed



Calling "temperature efficiency", ET, equal to t1 - te

Et -t - tL
ET = l - t2 - HS9 41

te - tL M0V - -- - (41)

Equations 40 and 41 are identical with that found by

Walker, Lewis and McAa21s for adiabatic dehumidifica-

tion.

IV-E - DIMENSIONAL EXAMI1ATION CP EFFICIENCY:

From Equation 27, EM = l-e -kmeQ
X V1

Efficiency is a dimensionless quantity hence the term

km89  should be shown to be dimensionless.

Dimensionally:

kmSQ = (m. mols)(cm) (cm) (see)
x Vr- (sec.)(cm I cm. gm.mols)

The terms on the right all cancel which shows the group

to be dimensionless.

For the values of EM to approach unity, kmSQxrV1
must approach minus infinity. This will be realized

only for an infinite value of km, an infinite time of

contact, 9, infinitely small bubbles or an infinitely

thin film.
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V- METHODS OF APPLYING DERIVED EQUATIONS

Equations 28, 31, 36, and 39 have been derived

for the several cases of rectification and steam dis-

tillation. These equations may be utilized for two

purposes:

1. Calculation of plate efficiency, or its equiva-

lent, from experimental data.

2. Granted the existence of data enabling the effi-

ciency , or its equivalent, to be estimated the equa-

tions may be directly applied to column or still design.

V-A - CALCULATION OF PLATE EFFICIENCIES OR THEIR
EQUIVALENTS:

(a) By use of Equation (28): For this purpose

the equivalent form of Equation (28) may be convenient-

ly used EM = Yn - Yn-l

yn*- yn-1

By inspection it is seen that data giving the composi-

tions of the vapor entering and leaving the plate, to-

gether with the composition of the plate liquid are the

quantittes it is necessary to determine. It is also

necessary to have available liquid-vapor equilibrium

data.



In a column under actual operating conditions,

measurement of the liquid compositions on two adjacent

plates to~ ether 'rith a knowledge of the relative amounts

of the overflow, vapor, and product or waste stream en-

able Yn-1 and yn to be computed.. Consider the nth and

n+ lth plates of a column continuous operation. Assume

the values of xn and xn+l have been measured, and the

relative quantities of 0, V and P are known. Material

balances, V,,4, = ~0nrn+~Pr and

Vn Yn - On+,lxn+l + Px ,enable

yn-l and yn respectively to be calculated.

It has been found in calculation of actual

lolumn data that the efficiencies of individual plates

computed in this way vary rather widely (e.g. + 15-20%)

from a mean value for the efficiency of the column as

a whole. However if the Murphree Equation (28) be

applied in conjunction with the necessary material

balances, by assuming values for the efficiency term,

EM, and calculating up or down the column, by txial

and error a value of EM will be found which enables

the actual measured compositions on each plate to be

calculated. This method is recommended for the ,de-

termination of the plate efficiency of an operating

column.



(b) Application of Equation 31: It will be recalled

that for the case of unequal molal latent heats no

simple definition of efficiency is possible but that

evaluation of the term km3S can be carried out from ex-

perimental data. In general, the same quantities must

be determined as in the application of Equation 28. In

addition a knowledge of the molal latent heat ratio is

necessary in this case.

(c) Use of Equations 36 and 39 for Steam Distilla-

tion: Inspection of these equations indicates that

the molal ratio of steam to volatile vapor must be de-

termined and lta on the liquid-vapor equilibrium rela-

tionship of the liquid mixture being subjected to steam

distillation must be known.

V-B - APPLICATION OF EQUATIONS TO DESIGN IF EFFI..
CIENCIES FOR THE CONDITIONS IMPOSED ARE KNOWN OR CAN BE
ESTIMATED:

(a) Application of the Murphree Equation (28). The

general method of application of this equation in con-

junction with material balances if the efficiency term

is known has already been discussed in the section on

General Methods of Computation, p.p. (12-21).

(b) Application of Equation 31: If the term kmSQ

is known Equation 31 may be used similarly to the



Murphree Equation. A trial and error solution is

necessary in the calculation of each step or plate.

Consider the nth plate in a continuoUs column.

Assume yn - 1 is known. x, may then be computed by

applying a material balance:

Vn-1 n-l = On Xl + PXc

The determination of xn fixes yn* from the liquid-

vapor equilibrium. Inspection of Equation 31,

11

T1 jE Ei -ln f 1-MrA ) Ei -ln n- A

A l [EMrA
VB = kr1 - M r A......A - RIV

79 Mr B )

L kmSQ
X VT

shows that various values may then be assigned to Yn

until the numerical value of the left-hand side of the

equation equals that of the right, fixed by previously

determined data.
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VI - SUMMARY OF EXPERIMENTAL WORK

The experimental work to be described in the

following sections was undertakeft to investigate the

effect of .,various factors which tnay be expected

to influence plate efficiency.- The studies were con-

fined to binary mixtures in order to provide a firm

foundation for future work with mixtures of greater

complexity. The work may be grouped in four major

divisions.

A. Runs with seven plate column:

The. initial experimental work consisted of a

series of runs made with a seven plate column of semi-

commercial size. These data will be utilized to dis-
Srshow

cuss Athe following:

1. A comparison of Sorel (basis of theoretical

plate), Murphree plate to plate and Murphree overall

efficiencies.

2. The effect of vapor velocity upon plate effi-

ciency in the range 0.25 to 1.7 ft. per second super-

ficial vapor vel6city.

3. The effect of different components on plate

efficiencies, CC14-Toluene compared with Benzene-Toluene.

6



4. Actual plate liquid temperatures compared with

theoretical boiling temperatures.

5. Overall coefficient of heat transfer from steam

in closed coil to boiling organic liquids.

B. Runs with single plate column.

Following the work upon the seven plate column,

a single plate column -reproducing one plate of an actual

column was designed and built. A long series of runs

were carried out, resulting in data which may be used

to show:

1. The effect of concentration of components on

plate efficiency.

2. The influences of cap slot *idthl and depth of

immersion of cap slots.

3. The effect of the nature of components on plate

efficiencyz aelcohol-water c ompared with 'Benzene-Toluene.

4. Effect of vapor velocity at low vapor rates (.026

to .2 ft./sec. superficial vapor velocity). Rectifi-

cation secured with no bubbling action and zero cap

slot immersion.

5. Effects of vapor velocity at higher ronges

(.2 to .55 ft/sec. superficial Uapor velocity).

6. Comparison of efficiencies obtained with

differing numbers of slots per cap all of same with.

(Variable free area through slots.)



7. Comparison of triangular with rectangular slots.

8. Experimental results on temperature drop (sensi-

ble heat loss) of vapor passing through a plate and com-

parison with plate efficiency.

C. Measurements of spraying and pressure drop

effects obtained by blowing air through a bubble cap

immersed in water. Data shows:

1. Grams of water per minute per sq. ft. thrown

up as spray at several heights above the liquid.

2. Overall pressure dropsthrough a bubble cap and

pressure drops through the cap slots.

3. A motion picture record of the effects of dif-

ferent air rates on bubble cap action. was made.

D. Data required in carrying out the mqjor problems.

1. Experimental verification of Benzene-Toluene

boiling point curves.

2. Specific gravity - composition curves for analy-

sis of C014 - Toluene mixtures.

3. Determination of equilibrium ( y vs. x) diagram

for CCl4 - Toluene mixtures.

4. Determination of equilibrium diagram for Alcohol-

Water mixtures.



VII- GENERAL DISCUSSION OF EQUIPMENT,

MATERIALS AND TECHNIQ$EX.

The general nature of the equipment and tech-

nique employed and considerations governing the

choice of mixtures used will be briefly treated at

this point as an introduction to the discussion of

results which will be taken up in the following sec-

tions. Detailed descriptions of the several pieces

of apparatus, manipulation, and analytical Imoced-

ures may be found in the Appendix.

The seven plate column with which a portion

of the rectification data was obtained consisted of

plate sections of 8-inch standard pipe, joined by

flanges. The plate sections were 12"/4 inches -high

and each plate was fitted with one 4-inch Badger

bubble capt The height of the overflow pipes was

such that the depth of immersion of the top of the

cap slots was 1/8", excluding the height of the

liquid weir. Heating of the liquid in the still

was by means of. steam condensing in a closed coil.

The vapors passed to a total condenser from which

they were returned as liquid reflux through a trap

to the top plate of the column, i.e., the operation

was at total reflux, introducing no feed and with-

*For dimensions -of cap see p. 178.



drawing no product or bottom streams. The column was

well lagged with magnesia lagging. Heat input to the

still was measured by collecting and weighing the con-

densate from the steam coil. For the runs in which re-

liable condenser data were obtained a heat balance was

made on the column and the magnitude of the heat loss

thus determined. Thermometers set into wells in the

plate sections permitted plate temperatures to be read.

Sample pipes were provided to obtain samples of the va-

rious plate liquids as well as of the bottoms and reflux

during each run.

The general method followed in the operation of

the seven plate column was to bring it to steady operating

conditions, as determined by constancy of plate tempera-

ture readings, by holding the steam pressure in the coil

steady. This usually required about forty minutes. Samples

were not taken until conditions had remained constant for

approximately one hour. During this period the data nec-

essary for the heat balance were obtained. The data ob-

tained as a result of runs with this apparatus consisted

of:

1. Steam pressure mad temperature.

2. Weight of steam condensate over a measured time

interval.
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3. Temperature rise of cooling water.

4. Weight of cooling water through condenser over

a measured time interval.

5. Temperatures on the several plates.

6. Analyses of samples taken of the liquids from the

plates, reflux and still.

The single plate column, developed in order to

study the influence of certain factors such as bubble

cap design and slot immersion, consisted of a boiler, or

still, the plate section and vertical total condensers.

The plate section was of sheet copper, cylindrical in

shape, 6 inches in diameter and 10 inches high. A

vapor riser of 1-inch standard pipe introduced the vapor

from the still underneath the single bubble cap on the

plate. A series of interchangeable bubble caps with

varying slot widths were provided. An-overflow pipe,

adjustable in height returned liquid overflow from the

plate section to the still. The top of the plate sec-

tion was bolted in place through a gasket to permit its

removal for interchange of the bubble egpps and adjust-

ment of the overflow pipe. Vapor from the plate see-

tion, passed through a vapor take-off, located at the

side of the chamber near the top, to vertical reflux

condensers which returned all condensate as reflux to



to the plate section through a trap. Operation of this

apparatus was thus also based upon the principle of total

reflux. Sample pipes suitably located permitted samples

of plate liquid and of reflux to be obtained. Heat loss

from the apparatus was reduced to a negligible quantity

by an insulation of magnesia lagging upon which was wound

an electric heating element followed by another layer of

lagging. The lagging temperature could thus be maintain-

ed at a temperature very close to that obtaining inside

the apparatus. Temperatures of the vapor leaving the

plate, or in certain runs both liquid and vapor tempera-

tures, as well as lagging temperatures could be read by

means of thermometers. Heating of the still was by means

of electric immersion heaters thus permitting close con-

trol and accurate measurement of the heat input.

Operation of the single plate column consisted of

a warming up period during which the apparatus was brought

up to steady operating conditions at the desired distilla-

tion rate, governed by the rate of heat input. Conditions

were considered satisfactory when the plate temperature,

liquid or vapor, remained constant and the lagging temper-

atures closely approached the respective temperatures in-

side the still and plate sections. Conditions were main-
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tained constant in most of the runs for approximately 1

hour before samples were withdrawn. Samples of plate

liquid and reflux were taken simultaneously, a time study

showing the time required for actual withdrawal of samples

was from three to five seconds. Data obtained were:

1. Heat input to still measured electrically.

.2. Plate liquid or vapor temperatures, or both.

3. Temperatures in the lagging around the plate section

and still midway between the heating elements and the walls

of the apparatus.

4. Height of the liquid overflow pipe and cap slot

width employed during the run.

5. Analyses of liquid and reflux samples.

The principle cf operation of a column at total

reflux originally suggested by Professor W. H. McAdams was

employed throughout this work. This greatly simplifies

operation and has the following advantages for experiment-

al work:

1. Steady operation with regard to material flow can

be secured if the heat input to the still and the conden-

ser cooling water rate are maintained constant. In a

column to which feed is introduced continuously and pro-

duct and waste streams are withdrawn, true continuous op-

eration at any instant is had only if these three streams



are exactly balanced, e.g.

Feed = Product + Waste.

Variations in one or more of these streams together with

changes in the rate of heat input undoubtedly explain the

difficulty in some cases of securing good material balances
(24.)

from tests of plant equipment. If the scale of the op-

eration is reduced to laboratory size these problems be-

come more serious. With operation at total reflux, how-

ever, constancy of heat supply remains as the chief re-

quisite to the attainment of steady conditions. To the

close regulation possible with electric heating is attri-

buted the consistently reproducable results obtained with

the single plate column.

2.' A second and minor advantage of operation at total

reflux is that calculations are greatly simplified. If a

material balance is drawn around the nth plate section

cutting the vapor streams from the n-lth plate and the

overflow returning to the (n-l)th plate, of necessity:

n1 =n

A balance on the more volatile component requires that

Vn-1 yn-1 = On 7-4 or 7n-l = xn

In terms of the McCabe-Thiele diagram, the operating lines

thus coincide with the 450 line.
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Operation at total reflux in no manner alters

the factors influencing plate efficiency, however de-

fined. It should be noted that earlier writers on

bectification, particularly Mariler confuse degree

of separation with the efficiency of a column. Degree

of separation however depends both upon the reflux

ratio and the plate efficiency.

Several requirements govern the choice of mix-

tures for experimental studies in rectification:

1. The liquid-vapor equilibria relationships for

all mixtures of the components must be accurately

known.

2. The mixtures should lend themselves to rapid and

accurate analysis.

3. The relative volatilities of.the components

should be such that a fairly wide degree of separation

in each step of the rectification is possible. (E.g.

CC14 and Benzene, boiling points at 1 atmosphere being

760C and 800C, respectively, were not considered suit-

able for the present purpose whereas CC14 and Toluene

mixtures covering the range of atmospheric boiling

points from 760C to 1100C were satisfactory).

4. The temperature level of the rectification, gov-

erned by the vapor pressure of the mixtures employed,



should be neither too high nor too low to avoid experi-

mental complications.

5. Latent heat of vaporization data for the components

of a mixture should be available.

6. The materials should preferably be noncorrosive.

These requirements were fairly satisfactortly met

by the three binary mixtures chosen, viz. Benzene-Toluene,

C014-Toluene and Alcohol-Water. In each case however

the liquid-vapor equilibria was investigated. In the

(26)
case of Benzene-Toluene mixtures data in the literature

as well as experimental boiling point determinations showed

that these materials followed Raoult's Law closely. For

Carbon Tetrachloride-Toluene mixtures no equilibrium data

were available. An experimental determination of the

equilibrium ( y vs. x) diagram showed the assumption of

Raoult's Law for these mixtures to be inaccurate. Ex-

amination of the literature revealed several sets of

data on Alcohol-Water liquid-vapor equilibria, none of

which agree closely. Consequently an experimental set

of y-x values, which is believed to accurately represent

the true y-x curve, was determined. Determinations of

the equilibrium data will be fully treated in Section
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The method of analysis employed with the Benzene-

Toluene mixtures was by observation of the boiling point

of the same under barometric pressure and reference to

experimentally verified boiling point curves. The alco-

hol-water mixtures were analyzed by specific gravity de-

terminations making use of the published specific gravity

data for these mixtures. In the case of CCl4-Toluene

mixtures analysis by specific gravity is especially good

due to the wide difference in the specific gravities of

CC14 and Toluene. An experimental curve of composition

versus specific gravity at several different temperatures

was determined for these mixtures.



VIII - RESULTS AND DISCUSSIONS0F PLATE EFFICIENCY

STUDIES.

A. EFFECT OF VAPOR VELOCITY:

1. Results obtained with seven plate column.

Results of runs made with Benzene-Toluene mixtures

in the seven plate column at superficial vapor velocities

varying from 0.25 to 1.65 ft. per second are shown in

Figure ( 3 ), in which Fg the overall Murphree plate ef-

ficiency required to trace the benzene concentration

through the column, is plottedagainst the superficial

vapor velocity. Examination of Figure (3) shows ef-

ficiency to be independent of vapor velocity in this ap-

paratus over the range from 0.25 to slightly over 1 ft.

per second. The several runs reported at vapor veloci-

ties greater than 1 ft, per second indicate an increase

in efficiency with vapor velocity in this range.

From Equation 27, E = 1 - e .km Of the

factors influencing efficiency km can be safely consid-

ered constant. 'While the composition of the plate

liquids and hence the plate temperatures varied from

run to run the widest variation in the overall average

of the column temperatures was 10 0C. For given compo-

nents temperature is the only factor influencing km. A

numerical illustration of the theoretical influence of
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temperature differences in these runs can be given as

follows: Assume an efficiency, EM, of 0.57 is obtained

at a temperature of 950C. To determine the extent to

which the efficiency will be affected by a drop in tem-

perature to 8500 considering only a change in km, Equa-

tion 27, rearranging and taking the logarithms of both

sides, may be written as:

log (1 -EM) = . 1 kmSQ

But km= kvo T

22400To

log 1 - .57) = 368
log ( l - Em850) 35~

log (1 - EX850) = .356

EM850 = 0.56 or a difference of 0.01 in

efficiencies which is within the experimental error of

these runs.

Examining the remaining terms of the group an

explanationfor the constancy of the ratio So over the

range in vapor velocity covered by the flat portion of

the curve of Figure (II. is necessary to justify the re-

sults on a theoretical basis.

It will be noted that the ratio of .S, the. inter-

facial area per bubble, to the mols of vapor per bubble

can be interpreted as the reciprocal of the maan effective



diameter of the bubble stream. It is desirable there-

fore to consider if bubble size may be expected to change

appreciably with vapor rate through the cap. Harkins
(27)

and Brown rederive the expression for the disengaging

weight of a drop of liquid formed on the end of a dropping

tip and give the following relation:

W 2 frr in which W is the dis-

engaging weight of the drop, r the radius of the tip,

7 the surface tension of the liquid and 1 a linear di-

mension of the drop. The term If) (r) is thus a shape

factor correction. Applying this relation qualita-

tively to the formation of bubbles from an orifice

under the surface of a liquid the term W must be inter-

preted as the difference in weight between the displaced

liquid and the vapcrin a bubble. If the radius and shape

factor of the submerged orifice from which the bubble

emerges do not change, increase in rate of bubble form-

ation might be expected to decrease the size of bubbles

formed due to a crowding effect preventing the bubbles

attaining full growth before disengaging. However, in

the case of a bubble cap the amount of opening in the

slots is a function of the rate of vapor passage through

the cap, the greater the vapor rate, the lower the liquid
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level inside the cap and the greater the slot opening.

Experiments in which air was blown through a bubble cap

immersed in water showed the slot opening to be a power

function of the vapor rate. This will obviously in-

crease the "r" term in the formula of Harkins and Brown,

and also alter the shape factor, the effect of these

changes pointing to larger bubble size/ An additional

influence upon bubble size in the case of the Badger

caps used in the seven plate column is that the slots

were cut at an angle of 450 to the peripheryof the cap.

A motion picture study of one of these caps through

which air was blown at various rates while the cap was

immersed in water showed these caps to produce a pro-

nounced rotary agitation of the liquid especially at

the higher vapor rates. The net effect of these

counterbalancing influences upon mean bubble size in

the case of the caps used in this column is probably

that bubble size is not greatly affected by vapor rate

through the cap provided, however, that bubbles are not

escaping beneath the bottom of the slots. This was

roughly confirmed by visual examination of the bubble

streams in the experiments with a bubble cap immersed in

water.



The gas film thickness, X, is probably also

not appreciably influenced by vapor rates. Increase in

vapor rate can have little influence upon the turbulence

of the vapor inside a bubble, once the bubble has disen-

gaged and is rising through the liquid. On the other

hand, if the liquid film had an appreciable influence upon

the diffusional process the liquid film thickness would

be markedly affected by the greater agitation of the liquid

as the vapor rate is increased.

Finally time of contact, G, undoubtedly remains

practically unchanged with change in vapor rate. The

greater the vapor rate the greater the horizontal velocity

with which the bubble enters the liquid. Time of rise

however depends only upon the buoyant force exerted upon

the bubble by the liquid and the retarding force due to

frictional resistance to the passage of the bubble through

the liquid. This is analogous to knocking a marble from

,a table horizontally. No matter how far the horizontal

travel of the marble may be it will reach the floor in

the same time.

Additional considerations apply to the portion

of the curve in Figure (3 ), for superficial vapw velo-

cities above 1.0 ft. per second in which &n increase in

efficiency with vapor velocity is noted. It will be re-

called from the derivation of Equation 27 that the mechan-



ism to which it applies is bubbling action. At the

vapor rates in which an increase in efficiency was noted

appreciable amounts of spray undoubtedly began to be

thrown into the vapor spaces above the liquid on the re-

spective plates. This furnishes an additional source

of contact by means of which rectification may take

place. The individual factors entering into this mechan-

ism are such that adequate mathematical treatment is

difficult.

As vapor rate is increased in the region beyond

the highest value indicated in Figure (3 ) a point will

undoubtedly be reached beyond which sufficient quant'i-

ties of spray will be carried over to the plate above

as entrained liquid to cause a falling off in efficiency

with higher vapor rates. The limiting case can be vis-

ualized at that vapor rate at which all of the liquid

will be blown from plate to plate of the column which

would reduce the efficiency to zero. With the column

with which these data were obtained the "pulfing point"

was only slightly above the highest vapor velocity re-

ported so that the entrainment effect could not be ob-

tained. Results of tests on large scale refinery equip-

merit operated both at atmospheric pressure and under

vacuum showed the efficiency increase and entrainment



(28)
effects to follow one another.

2. Results obtained with single plate column:

Figure (4 ) shows the results of a series of

runs in which vapor velocity effects were studied in

the single plate column employing alcohol-water mixtures.

Three different liquid depths were used, which accounts

for the three curves obtained. A flat portion is no-

ticed in the case of each curve. At vapor velocities

below 0.14 ft. per second a rise in efficiency with de-

creasing vapor velocity is noted. This was attributed

to diffusion taking place between the vapar in the vapor

space above the liquid and the free liquid surface. To

confirm this a series of runs were made with no bubble

cap in place, i.e. the only source of liquid- vapor

contact in the plate section was between the vapor and

the free surface of the liquid. At the higher vapor

rates little rectification resulted from this source of

contact but the rapid increase of this effect at very

(Fig. 5a)
low vapor velocities is apparent. Figure ( S) shows

two curves, the upper one of which was obtained by making

runs in which the plate liquid level was flush with top

of the cap slots, in the case of the lower curve the

liquid level was 1/4" below the top of the cap slots. In

both cases the surface effect is evident.



*
u
u
ar

n
u
n
u

m
 

0

U
- 

F 
:

E
u

.-
..

,
U

0

0
 E

E
E

E
.

UF

S
 

E.
E.

Ec
I**



u 
L

IL
S

 E
 

iE 
E

ao
m

 
-

w
 

* 
a

L
L

S

iii.. 
13J 

0
:z__ 

CU
V

)0-L
* 

f*** 
Z

0 
>

 C
C

_j 
' 

a-



'wo 7

S SO i5 .55555 5 i5FIGURES

50 giS

40 -*S



Figure (6) shows the results of runs made with

the same single plate section in which superficial vapor

velocities were carried to higher values than previously,

i.e. to 0.56 ft. per second. The lower four curves were

obtained at the same liquid depth but with several cap

slot arrangements, while the upper curve represents re-

sults at a deeper liquid depth.

As previously obtained a fairly flat region in

which vapor velocity has little effect upon efficiency

is noted. These curves shcw a falling off in efficiency

at the higher rates employed, however, instead of the

rise obtained in the runs with seven plate column. Con-

sideration of differences in conditions in the two sets

of experiments will show why this may be expected. The

maximum superficial vapor velocities attained in these

single plate column runs were only roughay half those

obtaining in the seven plate column at the point where

efficiency began to increase with vapor velocity. There-

fore little contact due to spray in the vapor space was

likely to be afforded. The slots in the bubble caps

used in the single plate columnso cut that the bubble

streams emerged radially whereas in the seven plate

column the slots were cut at an angle to radii drawn

from the center of the cap. Therefore in the case of the
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single plate bubble caps at the higher vapor rates it

is likely that the bubble streams took the form of con-

tinuous curved cylinders describing parabolic paths from

the slots to the liquid surface. If this is the cor-

rect picture of the mechanism the mean effective bubble

size would be thus increased and a lower efficiency to

be expected.

B. EFFECT OF PLATE LIQUID COMPOSITION:

A number of references to changes of plate ef-

ficiency with concentration occur in the literature.
(29)

Peters reports a change in efficiency with concentra-

tion for alcohol-wateb mixtures when the alcohol con-
(30)

centration is above 90% in the mixture. Courtney re-

ports an increase in efficiency with increasing alcohol
(31) (32)

concentration, as does Noyes. Vivian does not mention

the influence of concentration in the case of the recti-

fication of ammonia-water mixtures. Examination of 41

of these data indicate that efficiencies in terms of the

differential enrichment equation, (Equation E) were re-

referred to.

Figure (7) shows the results obtained in the

single plate column with varying concentrations of Ben-

zene in the plate liquid, for Benzene-Toluene Mixtures.
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A marked trend of efficiency with concentration is apparent.

To test these data values of - kmSQ were calculated em-

X V'
ploying Equations (Z7) and (31) for the cases of equal and

unequal molal latent heats. In employing the Equation (31)

the molal latent heat ratio of Benzene to Toluene was taken

as 0.87 from an examination of values reported in the lit-

erature for these materials. The results of these calcu-

lations are shown in Figure (0) and Tables (2 ) and (3).

It will be noticed that the values of - k)mSO calculated

from the rigorous Equation (31) show no change in this term

with concentration.

It is desirable to show that from the nature of Equa-

tions (27) and (31) these results are to be expected. These

Equations may be written in differential form as:

km (y*-y) ---- (42)
X

k ( 1 )ln l- (1- A)y)
SOX (1- MrA ) )-- (43)

( rB1-(1MrA)Y'*)

For the equations to yield the same results the ratio of the

right-hand sides should equal unity. Dividing the right-hand

sides of Equations (4) and (43) the ratio is:

(1-MrA )ln 1-(1-KrA)
( rB Y)

--- r )

I)
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Table 2

Calculation of k'jnSe from Murphree

Efficiency Benzene-Toluene Data

1 2 3 4 5 6 7

Run Xp E log 2.3 log Plate kf--SG
No. (1-E) (1-E) Temp. w

=-k,6SO 0K reduced
WVT to basis

of t=95*.

1
2
10
12
13
14
19
25
26
34
45
49
50
51
52
53
54

0.476
0.461
0.168
0.146
0.245
0.233
0.199
0.599
0.597
0.575
0.664
0.362
0.362
0.362
0.256
0.254
0.248

0.574
0.548
0.533
0.549
0.532
0.521
0.537
0.569
0.578
0.555
0.555
0.580
0.555
0.551
0o506
0.552
0.541

-00370
-0.345
-0.351
-0.346
-0.330
-0.319
-0.334
-0.364
-0.374
-0.352
-0.352
-0.377
-0.352
-0.348
-0.306
-0.348
-0.338

-0.850
-0.793
J0.761
-0.795
-0.758
-0.733
-0.767
-0.836
-0.860
-0.809
-0.809
-0.866
-0.809
-0.800
-0.704
-0.801
-0.777

365.9
366.4
375.8
377.8
374.2
374.5
375.1
364.5
364.7
365*5
362.9
371.3
371.3
371.5
374.6
374.8
374.8

-0.856
-0.797
-0.745
-0.775
-0.746
-0.721
-0.753
-0.845
-0.868
-0*815
-0.820
-0.859
-0.802
-0.792
-0.691
-0.788
-0.764



TABLE 3

Calculation of by Yn

in

Yn-1

dy
1- 1-MrAIY*

1- (1-MrA)-y

2 3 4S- -- 7 -A 1( -11 12 13
N yn-1 n Yn* -* -* Ei Ei Item 7 -**k*9- Pbsbe kA

(Item 5) Item 6) minus Temp XVT
Item 8 'K

1
2
10
12
13
14
19
25
26
34
45
49
50
51
52
53
54

0.476
0.461
0.168
0.146
0.245
0.233
0.199
0.599
0.597
0.575
00664
00362
0.362
0.,362
0.Z56.
0.2540
00248

0.601
0.581
0.252
0.225
0.3490
0.332
0.293
0.707
0.707
0.685
0.758
0.489
0.489
0.483
0.356
0.363
0.353

Note-*
5- ln Y* l-rA

n - - 1

00694
0.680
0.326
0.290
00440
0.423
0373
00790
0.789
0.774
0.834
0.581
0.581
0.581
0.454
0.452
0.443

0.0132
000140
000100
000088
0.0124
0.0125
0.0110
0.0120
0.0118
0.0127
0.0110
0.0128
0.0131
0.0136
0.0134
0 .0122
0.0123

0.0307
0.0308
000212
000193
0.0265
0.0259
0.0235
0.0274
0.0275
0.0283
000244
0 .0303
0.0303
0.0303
0.0269
0.0269
0.0266

-3.725
-3.665
-4.018
-4.135
-3.790
-3.790
-3.910
-3.825
-3.840
-3.770
-3.910
-3.760
-3.735
-3.700
-3.710
-3.810
-3.800

-2.885
-2.883
-3.256
-3.355
-3.020
-3.050
-3.145
-2.990
-2.986
-2.960
-3.105
-20890
-2.890
-2.890
-3.010
-3.010
-30020

Y . 1
-ln 1-MrA

7n 1- -1 -yrA

-0.840
-0.782
'-0.762
-0.780
-0.770
-0.740
-0.765
-0.835
-0.854
-0.810
-0* 805
-0.870
-0.845
-0.810
-0.700
-0.800
-0.780

0.910
0.912
0.958
0.963
0.943
0.945
0.952
0*897
0.898
0.899
0.892
00925
0.923
0.926
0.942
0.941
0.943

-0.763 365.9
-0.713 366.4
-0.730 375.8
-0.750 377.8
-0.725 374.2
-0.700 374.5
-0.728 375.1
-0.750 364.5
-0.766 364.7
-0.728 365.5
-0.719 362.9
-0.796 371.3
-0.780 371.3
-0.749 371.5
-0.660 374.6
-0.752 374.8
-0.735 374.8

10-*** 1

MrA

-0.768
-0*716
-0.715
-0.730
-0.713
-0.688
-0.714
-0.758
-0*773
-0.734
-0*728
-0.790
-0.774
-0.742
-0.649
-0.722
-0.722
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Table (4 ) shows the results of testing this ratio

assuming the molal latent heat ratio to be 0.87 its value

for Benzene-Toluene. Item 1 gives values of y from.05

to 0.90. In item 2 are recorded values of y* correspond-

ing to the various values of y (=X) from Benzene-Toluene

equilibrium data. (N.B. y, the mol fraction of Benzene in

the vapor was assumed to be the same as X, the mol fraction

of Benzene in the liqyuid. For the single plate column

data this relation held at the instant the vapor from the

still entered the plate liquid). Items 3 and 4 show the

values of the numerator and denominator of the ratio and

item 5 the values of the ratio for the assigned values of

y. It is thus seen that Equations (27) and (3/) are not

identical and can be expected to show a progrdssive de-

viation thus indicating that the results computed from ex-

perimental data by use of these equations lie in the right

direction.



TABLE (4) MrA = 0.87

(1) (2) (3) (4) (5) = (3)

y 7* (1-MrA )(y-y*) 2.303 log1-(l-MrA)
11T

(.ovaB1)7B 1-(1-MrA)y*

0.05 0.111 0.00793 0.00800 0.991
.10 .209 .0142 .0145 .979
.20 .375 .0228 .0236 .966
.30 .508 .0270 .0286 .944
.40 .621 .0287 .0307 .935
.50 .715 .0280 .0304 .921
.60 .791 .0248 .0274 .908
.70 .855 .0202 .0224 .902
.80 .911 .0144 .0163 .883
.90 .959 .00767 .00875 .876

It remains to be shown that the molal latent heat

ratio is responsible for the deviations of Equations (27) and

(31) from one another. In making the calculations shown in

Table (S-) the values of y (:.X) of 0.400 and its correspond-

ing y* of 0.621 were arbitrarily chosen. Item 1 shows the

various values assigned to the molal latent heat ratio, Item

2 the numerator of the ratio, -Item 3 the denominator and

Item 5 the value of the ratio. It will be noticed that the

ratio, Item 5, is unity only if the molal latent heat ratio

be unity.
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TABLE (f) y = 0.400, y* = 0.621

(1) (2) . (3 (4) = (2)
MrA (1-MrA )(y*-y) 3-(l-MrA

Vrg- MrB 2.303 log MrR

0.70 0.0664 0.0784 0.846
.75 .0553 .0634 .871
.80 .0442 .0492 .898
.85 .0332 .0359 .92Z
.90 .0221 .0233 .947
.95 .01105 .0113 .978

1.00 - - - - 1.000
1.05 -. 01105 -. 01079 1.025
1.10 -. 0221 -. 02105 1.049
1.15 -.0332 -.03075 1.078
l.20 -.0442 -.04020 1.100

Figure (9) showsthe results of concentration studies

made with alcohol-water mixtures. Little change over the

concentration range covered was apparent. The value of the

molal latent heat ratio for temperatures in the range cov-

ered by these runs is roughly 0.95. Hence less effect

of concentration upon efficiency should be expected for

these mixtures. To test these results calculations simi-

lar to those made for Benzene and Toluene were made.

For Table (6 ) the value of 0.95 was assigned to

the molal latent heat ratio. Item 1 gives the various

values assigned to y (=X) and Item 2 the corresponding

values of y*. Item (5) shows that for a change in y from

0.1 to 0.8 the ratio changed only from 0.985 to 0.953

indicating that concentration effect may be expected to
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be small for alcohol-water mixtures.

TABLE (6)

(3)

Y* (1-1rA )(y*..y)

(4)

2.303 log 1- (1-MrA ) Y

-- MrA7*

0.01705
.01643
.01365
.01063
.00760
.00483
.00263
.00090

0.01730
.01673
.01399
.01090
.00780
.00497
.00272
.000944

(1) (2)

y

(5)
(3)
(T)

0.1
.2
.3
.4
.5
.6
.7
.8

0 .'4410
.5285
.5730
.6125
.6520
.6965
.7525
.8180

0.985
.982
.977
.975
.974
.970
.965
.953
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VIII-C EFFECT OF NATURE OF COMPONENTS:

Data on three binary mixtures are available

for comparison. Runs with the seven plate column

permit comparison of efficiencies obtained with Ben-

zene-Toluene mixtures with those had using CCl4-Toluene,

while data obtained with the single plate column yield

a comparison between Benzene-Toluene and Alcohol-Water

Mixtures. A summary of these data follows:

TABLE (7)

Apparatus Mixture EM kmSQ (experi-

(mental
7 plate Benzene-Toluene 0*57(l) -0.818

It " CCl4 -Toluene 0.47(2) -0.635

Single plate Benzene-Toluene 0.512 3-0*738

" Alcohol-Water .726(4) -1.298

(1) Average value for whole column for Benzene-Toluene

runs in seven plate column, vapor velocities .7 to 1.2

ft/sec. Average column temperature assumed at 88OC.

(2) Average value for whole column for CC14-Toluene

runs in seven plate column. Vapor velocities 1.1 to

1.2 ft/sec. Average column temperature assumed as 88*C.



(3) Average of Benzene-Toluene runs in single plate column,

corrected for concentration effect, vapor velocities 0.3

ft/sec., liquid depth 13/16", cap slot width 1/4". Average

temperature for runs = 980C.

(4) Average of Alcohol-Water data, single plate column,

vapor velocity 0.21 ft./sec., liquid depth 13/16", cap

slot width 1/4". Average temperature for runs = 81.90C.

To apply Equation 27 to the seven plate column

data, by taking the logarithms of both sides, it may be

written as:

log (1 - EM) - kmS@

2.303 x X V'

From the respective experimental values for EM for Benzene-

Toluene and CC14-Toluene the ratio of the left-hand sides

of this equation can be calculated. If on a theoretical

basis the ratio of the terms in the right-hand side of

the equation for the two mixtures can be shown to check

the experimental ratio it is obvious this method may be

used to estimate the efficiency to be expected in a given

column for a binary mixture if data on the efficiency ob-

tained in the same column with another mixture are avail-

able.

The evaluation of the experimental ratio is direct,

e.g*. log(l-EM)(Benz-Tol) log(-.-57)= 1.325
log (l-EM) (CC14-T ol) lo t l~*7 3
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For evaluation of the ratio of the kmSG terms on a theo-
XfVT

retical basis the subscript 1 refergto Benzene-Toluene,

2 to CCl4-Toluene.

km1 S1 Q

xi = kml Sl V'g 0lXP
km2 Sggo
XseV I 2 'Sa V'02 X,

If the assumption that, for a given cap design and liquid

depth, the terms Sl, Vi, l0 equal Sa, V'2, e respectively

is made the ratio becomes by cancellation: kml Xg

kmg X

kml and km2 may be estimated from values of kv in the lit-

erature. Equation 18 states that

X= aD----(18)

,The same shape Factor "D" should hold in the cases of

both mixtures. Data are for the same range in vapor vel-

ocities. Therefore, assuming n = 1, al 12.,

xi
Theref ore kml X2 - kmlZ2 ('

a 11 kmg P.6

Direct data are not available for the viscosities of the

vapors of CC14 or Toluene, therefore complete evaluation

of this ratio is impossible. However the viscosity of
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Chloroform (Figure 10) from the literature is higher than

that of Benzene, consequently that of CC14 is probably

also higher. On the other hand the vapor density of 0C14-

Toluene mixtures is greater than that of Benzene-Toluene

mixture-at the same temperatures. Since film thickness

is directly proportional to a function of film viscosity

and inversely proportional to film density these factors

probably very nearly counterbalance one another in the

ratio Xg . For these reasons the further assumption will

be made that X, = Xe. Therefore kml Xe = k

From Equation (16) as calculated on page ( ):

0014 - Toluene, kvo = 0.0287

Benzene-Toluene, kvo= 0.0405

Therefore km1 = 0.0405 361
0 2400 273

kma = 0.0287 361
22400 273

Or kml= 0.0405 - 1.41

Compared with the experimental ratio of 1.325 the devia-

tion is 6.4% which is excellent agreement in view of the

assumptions necessary.

If Equation 17 is employed to calculate the kvo

values as on page ( 37) for Benzene-Toluene, kvo = 0.0408,

for CC14 -Toluene, kvo = 0.0293, yielding a ratio of 1.39
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with a deviation of 4.9% from the experimental

In considering the single plate column data for

Benzene-Toluene and Alcohol-Water mixtures the experiment-

al ratio from Table (7 ) to be tested theoretically is:

log (1 - EM) Alc.-Water _ -1.298 = 1.76
log (1 - EM) Benz-Tol. -0.738

Employing the subscripts 3 and 4 to denote Alco-

hol-Water and Benzene-Toluene mixtures respectively,

kmaS 3 0;
X-a Va I ka

km, 4 4 = km3 X4
Xt V'4

under the assumptions previously noted as to constancy

of the terms 8, V? and 0.

From Equation 16, as calculated on 'page (36),

.for Benzene-Toluene, kvo = 0.0405

for Alcohol-Water, kvo = 0.1194

From Table (7), the average temperature for the Alco-

hol-Water runs is 81.90C, for the Benzene-Toluene runs,

980C. The values for km may be calculated by use of

Equation (15).

kma = 0.1194 354.9 = 0.00000693
22400 273

km4 = 0.0405 371 = 0.000002455
22400 273

k = 0.1194 354.9 = 2.82
0.0405 71~
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Employing Equation (17) to estimate kvo these re-

sults (page 37) for Benzene-Toluene, kvO = 0.0408

" Alcohol-Water (Alc. basis),kvo = 0.1170

" " (Heo basis), kvo = 0.1432

Values of kma/km4 are therefdre,

(Alcohol basis), kma = 0.1170 354.9 = 2.74
km- 0.0408 371

(Hgo basis), kma = 0.1432 354.9 = 3.36
Ym 0.0408 371

It is obvious that in this case values of the

ratio km3 cannot alone account for the experimental ratio

of 1.76. Therefore examination of the ratio:

km3X4 _ kmZ 4  3 U.3

km4 Xe3 km+ Z 3 j u4

must be undertaken to account for the discrepancy.

The mean arithmetic average film composition for

the Benzene-Toluene runs was 0.487 mol fraction Benzene,

that for the Alcohol-Water runs 0.564 mol fraction Alco-

hol.

Employing the Equation of Meyer to calculate the

viscosity of the Alcohol-Water film,, 2 = 1130 x 10'

poises at the temperature in question, 81-90C. Viscosity

data for Toluene being lacking its viscosity- was assumed

to be the same as that of Benzene, e.g.2 4 = 930 x 10'

poises at 980C.
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For the three values of k available from

different methods of extrapol tjon:

km eu .= 2.82 930 33.8 x 371 0.21 = 0.675
km~ . 4 us. 1130 85.1 x 354.9 0.0

6e 80 0 '
All of these are values less than the experimental

ratio of 1.76. However, the arbitrary assumption that

the exponent of the power function of the moxdiulus

* was unity was made in evaluating relative f ilm

thickness. This is undoubtedly far from correct. A

value of n in ( *) n of approximately 0.33 will make

the theoretical ratios check the experimental, 1.76,

in the first two calculations, while n = 0.45 is re-

quired if the ratio km = 3.36 is assumed correct.

The results discussed in this section thus

indicate that exact calculation of the plate efficiency

to be expected with a given binary mixture granted data

on another mixture is rendered difficult due partly to

lack of fundamental diffusional data and in part to the

unknown nature of the function evaluating film thickness.

However, in all cases the results are in the right di-

rection and are therefore of use in estimation. It is

reasonable to believe that estimations between mixtures

of the same general type of compounds, e.g. hydrocarbons

will be more accurate than when for example alcohol mix-

tures are compared with hydrocarbons.
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VIII-D. EFFECTS OF LIQUID DEPTH AND BUBBLE CAP SLOT WIDTH.

The results of runs 12A to 43A inclusive with

Alcohol-Water Mixtures in the single plate column are

shown in Figures (1I) and (12). In Figure (1//) 1 - EM

on a logarithmic scale is plotted against total liquid

depth, measured from the plate to the top of the over-

flow pipe, plotted on a straight scale. Figure (/a)

shows 1 - EM on a logarithmic scale plotted against

the reciprocal of the slot width on a straight scale.

For all of these runs the bubble cap slots were 1/2

inch high, while the total free area through the

slots was kept constant at one square inch. Vapor

velocity, controlledby heat input to the still, was

maintained constant at 0.21 ft./sec.

In discussing these data, Equation (27) written

in logarithmic form will be required:

( 1 ) kmSQ
log (1 - EM) = - ( 3 37 S

As previously pointed out the factors S can be in-
VT

terpreted as a mean effective diameter of the bubble

stream. Evidence is ample ( cf. page 7E) that bubble

size is directly proportional to cap slot width.

Therefore other factors remaining constant log (1 - El)

should be linear in the reciprocal of cap slot width.

as shown by Fig. (12).
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The factor influenced by variation in liquid

depth is time of contact, 0. Figure (11) shows that 0

is directly proportional to liquid depth. The ratio

of liquid density to vapor density under the conditions

in these experiments is high, roughly 700 to 1. The

buoyant force acting on a vapor bubble is thus large

compared with the mass of the bubble which means a very

high initial acceleration as the bubble enters the li-

quid. It therefore followsthat a bubble will practi-

cally instantaneously reach a uniform upward velocity

in which the buoyant force acting on the bubble is just

balanced by the frictional resistance of the liquid.

Granted a uniform upward velocity, the time of contact

of a bubble will depend directly upon liquid depth.

It was observed that if the lines of Figure

(11) were prolonged to the left a well defined point

of intersection was obtainedat a point corresponding

to a liquid depth of 0.35 inch and a value of 1 - EM

of 0.64. This led to the following interpretation.

The height of the cap slots used in these runs

was, as noted, 0.5 inch. The value of hb = 0.35" de-

fined by the point of intersection on Figure (11) must

therefore correspond to zero cap slot immersion, i.e.

the liquid depth at which bubbling action just ceases.



Reference to the lower curve of Figure (rw) page ( EL),

shows that for runs made with 1/4" of the cap slots

open above the liquid surface 1 - EM = 0.52 for the

same vapor rate as used in the present experiments,

which is reasonably close to the value 0.64 defined

by these data.

Time of contact due to bubbling action depends

upon the vertical distance from the centers of the

bubble streams, as they emerge fram the slots to the

surface of the liquid on the plate. Defining this

distance as cap slot immersion and interpreting ho as

the distance from the plate to the .center of the bubble

stream,

i = h - h ----- (44)

h being the total liquid depth on the plate. Referring

to Figure (/J) if L is the total slot length, L' the

length of slot open under givenconditions and b the dis-

tance from the plate to the bottom of the slots:

L' = 2 FL -(ho - b) -(45)

For conditions in which all of the slot is warking the

limiting value of ho - b is obviously L'

In the arrangement used, b = 0. Thus, had all

of the slot been open, from Equation 45, ho would have

been 0.25 inch. For an ho of 0.35 inch L' = 0.3 inch.
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From Figures (11) and (14) the following equations may

be written:

log (1 - EM) = kI (i) + a ----- (46)

ki = 0,

a, = log( l - EO)

log (1 - EM) = ke (1) + a + a - - (47)
(WT

ks = C (i)

an is the value of log (1-E) when cap slots are in-

finitely wide. It should be noted that when cap slots

are infinitely wide the reciprocal of cap slot width is

zero. However, bubbles of infinite size rising through

various depth of liquid will show differences in the de-

gree of approach of efficiency to a limiting value. From

Figure (/Z)

a. = c. (i)

Adding Equations 46 and 47 and dividing by 2 there results:

log (l-EM) = C',(i) + Cs (i) + log (1-Eo) (48)
(W)

Determining the constants in Equation 48 from the present

data:
C' =4.0616

CA = - 0.713

(1-E0 ) = 0.64, a1 = -0.193

ho = 0.35, i = h- 0.35



ill

These data are well represented by the following equa-

tions:

log (1-%1 ) = - 0.0616 (il - 0.713 (i)
(;)

- 0.193 - - - - (48a)

Figure (14+) shows values of (1-EM) for Runs 12A

to 43A plotted agdinst the terms in Equation 48a in-

volving i and w.

The results of a previous set of liquid depth and

slot width studies made by Messrs. Page and Wicker to-

gether with those plotted in Figures (11t/4 are shown on

Figure ( i4), 1 - EM on a log scale being plotted against

the reciprocal of slot width on a straight scale. It

will be noticed that while the earlier data yields

straight lines on this plot liquid depth does not appear

to have much effect at the deeper liquid depths. It

was suspected that the overflow from the plate section

was running down the vapor riser thus preventing the

liquid depth building up to the height of the overflow

pipe. This was confirmed by making runs (Runs 167 to

187) at lower vapor velocities. A decrease in effi-

ciency at lower vapor velocities was obtained. At the

lower vapor rates a smaller head of liquid sufficed

to cause liquid to run down the vapor riser thus de-

creasing the liquid depth. For runs 12A to 43A, the
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the height of the vapor riserwas increased to 2 5/8",

a height greater than the highest liquid depth studied.

This change yielded the consistent results already dis-

cussed.

The correlation yielded by the data discussed

in this section furnishes conclusive proof of the cor-

rectness of the manner in uhich the terms involving

bubble size and time of contact appear in the efficiency

equation. The mechanism of the rectification process

is undoubtedly entirely confined to babbling action in

these experiments, the superficial vapor velocity be-

ing sufficiently low, e.g. 0.2 ft/sec., so that no

spraying effect should be involved while data shows

the free liquid surface contact effect to be negligible

at this vapor velocity.
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VIII-E. EFFECT OF LIQUID DEPTH ON EFFICIENCY OF STEAM
DISTILLATION.

(34)
Data obtained by Fielding include the effect of

liquid depth on the efficiency of steam distillation of

Aniline. These data were obtained in a small steam

still surrounded by a thermostatic bath, the tempera-

tures of the bath being maintained slightly higher than

the temperature of the Aniline in the still. The steam

was passed into the Aniline in the still by means of a

bubble tip consisting of an inverted glass funnel about

0.5 inch in diameter. Fielding concluded that liquid

depth had very little effect above a depth of 1 cm., but

that below 0.5 cm. efficiency drops off rapidly with de-

crease in liquid depth.

Equations 36 and 39 show that the same f actors

influence vaporization efficiency in steam distillation

as are involved in plate efficiency. Therefore for a

given material a plot of log (1 - Ev) against liquid

depth should yield a straight line, if times of contact

is proportional to liquid depth. Certain of Fielding's

data are so plotted in Figure (16). The liquid depths

reported are evidently measured from the bubbler tip

to the liquid surface. Fielding carried the liquid

depths up to 10.9 cm., but in all cases for liquid depths
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greater than 3 cm. the efficiencies reported are 100%

or greater. Inspection of Figure (16) shows that for

a depth of 3 cm. efficiency may be expected to be 99+%.

The probable experimental error and inaccuracies in the

vapor pressure data used render these data at the deep-

er liquid depths of little value.

It may be safely concluded from this interpre-

tation of Fielding's data that an equation of the f orm

of Equations 36 or 37 correctly relates the several

factors influencing the efficiency of steam distilla-

tion in a steam still. More data are required to ex-

amine the other factors in the efficiency relation quan-

titatively however.

VIII-F. LIQUID AND VAPOR TEMPERATURE RELATIONS ON THE
PLATE OF A RECTIFYING COLUMN.

Ror Runs 1B to 45B in the single plate column

temperatures of both the plate liquid and of the vapor

leaving the plate were measured. It was observed that

the liquid and vapor temperatures only approached one

another when conditions were such that plate efficiency

approached 100%. Consequently Newton's Law for the

transfer of sensible heat from vapor to liquid was in-

tegrated for conditions on a plate resulting in Equa-
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tion (41)
-HSG

ET= ttle MVET ti - t2L

Comparing with Equation 27, H replaces km while MC is
3r

introduced into the denominator of the exponential term.

The factors S, Q and V1 remain the same.

Table (8) affords a means for comparison of the

several temperatures measured and calculated. Item 3

gives the composition of the vapor entering the plate,

which by a material balance is identical with the compo-

sition of the plate liquid. Under Item 4 are the compo-

sitions of the vapor leaving the plate, these being the

same as the compositions of the reflux liquids returned

to the plate. The temperatures of the vapor from the

still determined from the composition of the liquid in
(35)

the still- by use( of Noyes and Warfl s boiling point

data for alcohol-water mixtures are listed under Item 5.

Item 6 gives the observed plate liquid temperature,

while Item 7 gives the boiling temperature of the plate

liquid from Noyes and Warfle's data. Item 8 gives the

observed temperature of the vapor leaving the plate. Item

9 gives the temperature of the reflux estimated from Noyes
data

and Warfle'sAe (Vertical reflux condensers returned the

vapor from the plate as total reflux so the assumption



TABLE d

Comparison of Temperatures at Various Points in

Single Plate Column

1 2 3 45- 6 7 i9210
Run Heat Mol. frac. Mol. frac. Temp. Temp. Boiling Temp. Temp. E
No. Input Aloe in Ale. in Vapor liq. on Point Vapor Reflux

Watts Vapor from Vapor from from plate 0C Plate leaving *C
still plate = still 0C (Obs.) Liq. 0C Plate C (calb.)
=xP XR (cale. (cale.) (Obs.)

1B 2200 .3355 .5555 90.2 81.2 81.2 82.1 79.3 87.6
2B 2180 .3380 .5565 90.0 81.3 81.1 82.1 79.3 87.3
3B 3780 .3035 .5285 91.2 82.0 81.6 83.3 69.5 83.3
4B 3780 .2950 .5255 91.4 82.1 81.7 83.4 79.5 83.6
5B 4260 .2690 .5150 92.6 82.4 82.2 83.9 79.7 84.3
6B 4260 .2665 .5055 92.6 82.4 82.3 84.0 79.8 81.5
7B 1600 .2965 .5320 91.8 81.8 81.8 82.8 79.6 85.5
8B 1600 .2950 .5330 91.8 81.9 81.8 82.9 79.5 86.2
9B 1100 .3050 .5405 91.4 81.8 81.7 82.5 79.5 87.3
10B 1080 .3080 .5420 91.4 81.8 81.7 82.5 79.5 87.3
11B 3160 .2655 .5025 92.6 82.2 82.2 83.6 79.8 80.9
12B 3200 .2575 .5010 92.8 82.2 82.4 83.7 79.8 81.3
13B 2680 .2730 .5055 92.4 82.2 82.1 83.4 79.8 80.5
14B 2640 .2515 .4925 93.4 82.5 82.6 83.9 80.0 79.9
15B 2120 .2600 .5085 93.0 82.4 82.4 83.6 79.8 83.7
16B 1640 .2770 .5185 92.5 82.3 82.1 83.3 79.8 84.2
17B 2020 .2510 .4635 93.4 82.6 82.7 85.4 80.3 70.2
18B 3040 .2410 .4446 93.7 82.9 82.8 86.0 80.4 66.0
19B 2000 .3000 .4880 92.0 82.2 82.0 84.7 80.2 68.8
20B 3040 .2835 .4745 92.5 82.4 82.3 85.0 80.3 67.6



Table 8 (Continued)

1 - . ?, 3A ---4 .5 197 - A Q- --- () -
Run Heat Mol. frac. Mol. frac. Temp. Temp. Boiling Temp. Temp. EM
No. Input Ale, in Alc. in Vapor liq. on Point Vapor Reflux

Watts Vapor from Vapor from from plate 0C Plate leaving -0c
still plate = still 0 (Obs.) Liq. 0C Plate C (Cale.)

.= xp XR (Cale.) (Cale.) (Obs.)

21B
22B
23B
24B
25B
26B
27B
28B
29B
30B-
31B
32B
33B
34B
35B
36B
37B
38B
39B
40B
41B
42B
43B
44B

4040
4360
4400
3900
2960
2000
1980
2000
2980
2960
3900
3900
4340
1480

960
1940
1480

950
4340
3480
2960
1520
2060
3080

.2790

.1635

.1455

.2545

.2790

.2840

.2825

.2832
.2715
.2695
.2600
.2505
.1645
.2845
.2950
.2685
.2750
.2968
.2362
.2430
.2585
.2885
.2760
.2670

.4580

.3595

.3470

.4460

.4680
.4740
.4730
.4775
.4485
.4510
.4320
04300
.3600
.4775
.4880
.4570
.4635
.4885
.4290
.4420
.4575
.4975
.4850
.4686

92.7
96.1
96.2
92.9
92.2
9200
9203
92.3
92.7
92.7
93-0
93.3
95.7
91.8
91*5
92.4
92*2
91*6
93.3
93.2
92.8
92.1
92.4
92.6

82.6
84.5
84.8
8204
82.2
82.0
82.2
82.2
82.4
82.4
82.6
82.6
84.3

-- m
82.3
82*2
81.9
82.9
82.6
82.6
82.4
82.5
82.

82.3
84.3
84.4
82.4
82.0
82.0
82.1
82.0
82.3
82.3
82.4
82.6
84.2
8108
81.7
82.2
82.1
81.8
82.7
82.6
82.4
82.0
82.2
82.'s

85*5
89.3
89.3
85.5
85.0
84.7
84.9
8409
85.7
85.8
86.4
86.4
88.7
84.3
83.8
84.9
84.7
83*9
86.5
85.9
85.3
83.8
84.3
84.8

80.4
81.3
81.2
80.2
8000
80.0
80.1
80.1
80.3
80.3
80.5
80.5
81.2
79.8
79* 8
80.1
80.1
79.8
80.4
80.3
80.1
79.8
7909
80*0

62.7
57.2
58.0
63.7
66.2
67.3
67.1
68.7
61.1
62.3
57.8
59.3
57.0
68.2
69.9
64.5

65*4
69.7
59.0
64.9
66.7
74.6
72.8
68.7



Table S (Continued)

1 2 3 4 5 6 7 8 9 10

Run Heat Mol. frac. Mol. frac. Temp. Temp. Boiling Temp. Temp. EM
No. Input Ale, in Ale. in Vapor Liq. on Point Vapor Reflux

Watts Vapor from Vapor from from plate 0C Plate Leaving 0.
still plate still 0C (Obs.) Liq. *C Plate C (Cale.)
= Xp = XR (Calc. (cale.) (Obs.)

45B 4080
46B 1980

47B 1940

12A
13A
14A
15A
16A
17A
18A
20A
21A
22A
23A
24A
28A
29A
30A
31A
32A
36A
37A
38A

1600
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600
1600

.2450

.2778

.2700

.3422

.3395

.3265

.3145

.2910.

.2880

.3270

.3225

.3185

.3140

.3055

.2900
.3125
.3080
.2908
.2860
.2800
.2905
.2855
.2865

.4515
.5535

.5390

.5636

.5675
.5805
.5800
.5315
.5335
.5712
.5635
.5680
.5770
.5750
.5520
.5335
.5265
.5518
.5475
.5275
.4855
.4835
.5290

93.3
93.2*
92*8
93.4*
93*1
89.7
89.08
90.3
90,08
91.5
91.6
90*3
90.w6
90.7
90.9
91.2
91*8
91.01
91*2
91*8
91.9
92.2
91.9
92.0
92.0

82*6
82.3

82*3

81.2
81*2
81*5
81*6
81e8
81.*9
81*5
81*6
81*6
81*6
81*8
81*9
81*6
81*7
82.1
82*3
82*4
82.2
82*3
82*5

82.6
82o4

82.5

81.0
81.1
81.2
81.3
81.6
81.7
81*2
81*3
81*4
81.4
81*5
81.8
81. 5
81.6
81.8
81.9
82*0
81.9
82.0
82*0

85.6
82.45

82*5

8108
8198
81.5
81.6
82.7
82.8
81.7
81.9
81.9
81.7
81.8
82,3
83.1
83.1
82.6
82.8
83.6
84.7
84.8
83*5

80.2
79.8

79.9

79.1
79*1
79.*1
79.0
79.4
79.4
79.1
79.2
79.2
79.1
79.*1
79.3
79.5
79.5
79*4
79.4
79.6
79.9
79.9
79.6

67.7
96.2

92.5

89.5
91.5
98.8
100.0
86.2
87.7
95.1
92.9
95*3
99.5

100.0
93.9
83.2
81.6
93.6
92.9
86.8
70.0
70.3
86.2

*Observed



that the reflux returns at its boiling point is warranted).

By reference to Table (B8 ) it will be noted that

the vapor entering the plate is always a number of degrees

above its dew point. The compositions of entering vapor

and plate liquid being identical, Item 7 gives the dew

point of the entering vapor. During the passage of the

vapor through the plate liquid it loses in sensible heat

but rectification is enriching the vapor in more volatile

material causing the dew point to fall. Consequently the

vapor emerges from the plate liquid above its dew point

in all cases.

If Items 6 and 7 are compared, it is seen that the

temperature of the plate liquid is its boiling temperature

within the limits of the accuracy of the boiling point

data and the observed temperature. That the temperature

of the plate liquid should be nearly identical with its

boiling point may be explained for this case as follows.

Comparison of Items 6 and 9, Table (8) shows that the re-

flux must be warmed from 20 to 300. to reach plate temp-

erature whereas the temperature drop of the vapor is from

70 to 90C. Consequently the sensible content of the

vapor is sufficient to heat the reflux up to plate tempo*

erature, as may be shown by a sample heat balance employ-

ing Run 17B as an example:



Datat:

Compositions entering vapor = 0.2510 m.f. alcohol

exit = 0.4635 "

Temp. entering = 93.40C.

exit " = 85.40C.

plate liquid = 82.60C.

reflux " = 80.30C.

Map Alcohol vapor = 20.9

MOp PH0 "= 8.3

me reflux liquid = 0.95

Basis 1 mol vapor entering plate sectiont

Heat content entering vapor above 80.3*C =

(0.2510 x 20.9 + 0.749 x 8.3)(93.40-80.30) = 140.3 cal.

Heat content exit vapor above 80.3*C =

(0.4635 x 20.9 + 0.5635 x 8.3)(85.40 - 80.30) = 72.0 cal.

Sensible heat loss of vapor = 140.3 - 720 = 68.3 cal.

Heat required to warm reflux from 80.30C to 82.60=

0.95 x (.4635 x 46 + .5365 x 18)(82.60-80.30)= 67.5 cal.

Unaccounted for = 68.3 - 67.5 = 0.8 cal. or -1.2,.

Fall of the liquid temperature below its boiling point is

impossible as this would furnish additional temperature dif-

ference for sensible heat transfer. Transfer of sensible

heat in excess of the amount required to warm the reflux to



4

plate temperature will be absorbed by boiling off the

liquid with release of equilibrium vapor. This latter

effect however cannot have an appreciable effect on plate

efficiency as sensible heat changes are always small com-

pared with latent heat changes. For example the total

sensible heat loss of the vapor per mol from the heat

balance given = 68.3 calories, compared with a molal

latent heat of 9500 calories.

A comparison of plate temperature data for runs

in the 7 plate column with the boiling points of the liquid

samples shows the plate temperatures to be on the average

several tenths of a degree higher than the boiling tempos

eratures of the plate liquids. This can be ascribed to

two causes: (1) the bubble streams probably impinged on

the thermometer bua.bs resulting in a higher temperature

reading than corresponded to actual plate temperature.

(2) the pressure gradient through the column was suffi-

cient to raise the boiling point of the liquid slightly

above its value under existing barometric pressure. There-

fore, the plate liquid temperature was undoubtedly at its

boiling point in these runs. (N.B. Allen and Eaton meas-

ured vapor temperatures rather than liquid so their data

should be excluded from this comparison).



Generalizing as to probable plate liquid temper-

ature in a column, it is reasonable to assume that the

temperatures will be close to the boiling temperatures of

the plate liquids under the pressure conditions in the

column. Any considerable fall of liquid temperature

below its boiling point will result in partial condensa-

tion of vapor tending to restore the temperature to a

higher level while the boiling point of the liquid fixes

the upper temperature limit.

Figure ('/) and Table ( 9) summarize the data on

"Temperature Efficiency" and its comparison with plate

efficiency. From Figure (17) in which "Temperature Effi-

ciency" is plotted against plate efficiency it is seen

that the one is directly proportional to the other, both

reaching 100% together, i.e. the temperature of the vapor

leaving the plate is the same as that of the plate liquid

only when conditions are such that plate efficiency is

100%. (Cf. Runs 15A and 23A, Table (8 ) ). The line

drawn through the experimental points is displaced slight-

ly both in slope and position from a 450 line passing

through the origin, temperature efficiency being higher

than the corresponding plate efficiency. This is due to

the fact that in the integration of Newton's Law of heat

transfer, resulting in Equations 40 and 41 constancy of
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TABLE 9

Calculation of ti - ta and Comparison with

ti tL -

1 2 3 4 5 6
Run Temp. Temp. Temp. t1 - ta E
No. Vapor Vapor Liq. on

Entering Leavini Plate 0C l ~ i
Plate C Plate C X 100

ti t2 t;L

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

10B
11B
12B
13B
14B
15B
16B
17B
18B
19B
20B
21B
22B
23B
24B
25B
26B
27B
28B
29B
30B

90.2
90.0
91.2
91.4
92*6
92.6
91.8
91.8
91.4
91.4
92.6
92.8
92.4
9304
9300
92.5
93.4
93.7
92.0
92.5
92.7
96.1
96.2
92.9
92*2
92.0
92.3
9203
92.7
92.7

82.1
82.1
83.3
83.4
83.9
84.0
82.8
82.9
82.5
82.5
83.6
83.7
83.4
83.9
83*6
8303
85.4
86.0
84.7
85.0
85.5
89.3
89.3
85.5
85.0
8407
84.9
8409
85.7
85.8

81.2
8103
82.0
82.1
8204
82.4
8108
81.9
81.8
81.8
8202
82.2
8202
8205
8204
8203
8206
8209
8202
82.4
8206
8405
84.8
8204
8202
82.0
8202
8202
8204
8204

90.0
90.8
85.8
86.0
85.4
84.3
90.0
89.9
92.8
92.8
86.5
86.0
88.1
87.0
88.6
90.1
74.l
71.3
74.5
74o2
71.3
5806
60.5
70.5
72.0
73.0
7303
7303
68*0
67.0

87.6
87.3
83.3
83*6
84.3
8105
85.5
86.2
87.3
8703
8009
81.3
80.5
7909
83.7
8402
70.2
66.0
68.8
67.6
62.7
5702
58.0
63.7
6602
6703
6701
6807
6101
6203

E



1 2 3 4 5 6
Run t t1 to t, t;[--to ENot t. -st

x 100
31B 93.0 86.4 82.6 63.5 57.8
32B 93.3 86.4 82.6 64.5 59.3
33B 95.7 88.7 84.3 61.4 57.0
34B 91.8 84.3 81.8 75.0 68.2
35B 91.5 83.8 81.7 78.5 69.9
36B 92.4 84.9 82.3 74.2 64.5
37B 92.2 84.7 82.2 75.0 65.4
38B 91.6 83.9 81.9 79.5 69.7
39B 93.3 86.5 82.9 65.4 59.0
40B 93.2 85.9 82.6 68.8 64.9
41B 92.8 85.3 82.6 73.5 66.7
42B 92.1 83.8 82.4 85.6 74.6
43B 92.4 84.3 82.5 82.0 72.8
44B 92.6 84.8 82.5 77.2 68.7
45B 93.3 85.6 82.6 71.9 67.7
46B 93.2 82.5 BZ 3 2.1 96.2
47B 93.4 82.5 82.3 98.2 92.5
12A 89.7 81.8 81.2 92.9 89.5
13A 89.8 81.8 81.2 93.0 91.5
14A 90.3 81.5 81.5 100.0 98.8
15A 90.8 81.6 81.6 100.0 100.0
16A 91.5 82.7 81.8 90.7 86.2
17A 91.6 82.8 81.9 90.7 87.7
18A 90.3 81.7 81.5 97.7 95.1
20A 90.6 81.9 81.6 96.5 92.9
21A 90.7 81.9 81.6 96.8 95.3
22A 90.9 81.7 81.6 98.9 99.6
23A 91.2 81.8 81.8 100.0 100.0
24A 91.8 82.3 81.9 96.0 93.9
2aA 91.1 83.1 81.6 84.2 83.2
29A 91.2 83.1 81.7 85.3 81.6
30A 91.8 82.6 82.1 94.8 93.6
31A 91.9 82.8 82.3 94.8 92.9
32A 92.2 83.6 82.4 87.7 86.8
36A 91.9 84.7 82.2 74.2 70.0
37A 92.0 84.8 82.3 74.2 70.3
38A 92.0 83.5 82.5 89.5 86.2



the molal heat capacity of the vapor was assumed. The

concurrent rectification process causes a considerable

change in molal specific heat as the vapor passes through

the plate. The molal heat capacity of alcohol vapor be-

ing greater than that of water vapor (20.9 vs. 8.3) the

vapor emerges from the liquid at a lower temperature

than would be required for the transfer of a given amount

of sensible heat were the molal heat capacity constant.
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IX - CONCLUSIONS

The major conclusion to be derived from

the rectification studies discussed is that plate

efficiency is satisfactorily defined by an equa-

tion obtained by integration from the rigorous

film diffusion equations under the hypothesis

that the gas film resistance is controlling:

E =yn - 7n-l = - e -kM
M XV

7n*- Yn-1

For conditions where the ratio of the

molal rates of material transfer in opposite di-

rections through the film deviates appreciably

from unity the following expression defines the

variables influencing plate efficiency:

Yn
dy
-(-MrA)7* =(km) (S) 1

ln Mr ) (T) TVT)(l-MrA)
l-(l-MrA *yB

Bn-1
7n.1



At higher vapor rates the bubbling mechanism to

which these equations apply is supplemented by an ad.-

ditional source of liquid- vapor contact due to spray

thrown up from the plate liquid leading to an increase

in plate efficiency.

Plate efficiencies for a given column may be

estimated with a fair degree of accuracy for various

binary mixtureaif the efficiency obtained with one

mixture is known.

The quantitative effects of variationS in cap

slot width and liquid depths upon plate efficiency are

correctly indicated by the efficiency relation, and

the importance of these factors in design are emphasized.
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X- APPENDIX



A. LIQUID-VAPOR EQUILIBRIA DATA

1. Liquid-Vapor Equilibria of Benzene-Toluene Mixtures.

It has been generally assumed that Benzene-Toluene

mixtures represent a case in which Raoult's Law may be

expected to hold with little deviation. Since in prob-

lems of rectification liquid-vapor equilibria are most

conveniently represented on a plot showing the composi-

tion of vapor given off by boiling liquid mixtures (i.

e. pressure constant, variable temperature), the soo-

called y - x diagram for Benzene-Toluene was computed

from the vapor pressure data of Young and Kahlbaum re-

spectively, assuming Raoultss Law. These results are

given in Table (/0) and Figure (18). A search of the
(26)

literature revealed that Rosanoff, Bacon and Schulze

had made a series of isothermal measurements of the

total vapor pressures of Benzene-Toluene mixtures, as

given in Table (11). Employing thermodynamic rea-

soning these authors then calculated the y - X values

for these mixtures at their boiling points under con-

stant pressure. These data are given in Table (/2)

and are shown plotted on the diagram calculated by

assuming Raoult's Law, Figure (16). The points from





TABLE /

Calculation of Boiling Points and y - x Values for Benzene-Toluene Mixtures.

Basis - Raoult's Law

4 5 11

Temp. p
*C m.m.Hg.

82.00
84.00
86.00
88.00
90.00
92.00

94.00
96.00
98.00

100.00
102.00
104.00
106.00
108.00

802.0
852.0
903.0
957.0

1016.1
1078.0
1140.0
1204.0
1271.0
1344.3
1419.0
1495.0
1575.0
1659.0

PT
mem. Hg.

312.0
333,0
355.5
379.5
404.5
43200
462.0
492.5
525.0
559.0
591.0
625.5
663.5
704.5

m.m.Hg.

760
"

"

n"
"

"

"n
"

"

"

"t

"f

"t
nt

y
~77-

00'9143
0.8227
0*7388"
0.,6589
045813
0.5077
0.4395
0.3760
0b3150
0.2560
0.204-1
01547
0.1059
0 0581

0.9648'
0.9223
0 8778
048297
0'7722
0.7201
0.6593
0.5957
0.5268
0. 4528
0.3811
0.3043
0.2195,
0.1278

7 . 8
X- P

mom.Hg. -P T

if

'It

I,
~"tt

14

1t

Ii

It
if

if

II

It

7-

0,8939 0.9559
0.8035 0.9128
0.7205 0.8675
046416, 0.8187
0.5649 0.7653
0.4923, 0.7076
0.4248 0.6457
0.3619. 0.5810
0.3016 0.5111
0.2432 0.4359
041920 0.3633-
0.1432 0.2854
0.0949 0.1-993
0.0477 0.1055

-- V.

2

m*M*Hg

19

770
"t

"f

"f

It

'I

"f

"f

"

"t

"f

"

It

I,

Y=PBX

0.9735
0.9317
0.8879
0.8404
0.7886
0.7325
0.6726
0.6098
0.5421
0.4691
0.3982
0.3227
002389
0.1478

0.9347
0. 8420
0.7571
0.6762
0.5976
0.5232
0.4543
0.3900
0. 3284
0.2687
0.2162
0.1662
0.1168
0.0686

X= '-PT

Vg:"P,"rr
BPT
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TABLE /4-

Benzene-Toluene Equilibrium Data (IsopiesticJ &750 m.m.)
Calculated from Isothermal Data by Rosanoff, Bacon &

Schulze, J.A.C.S. XXXVI, 1999 (1914)

Mol %
COHe in
Liquid

0
10
20
30
40
50
60
70
80
90
95

100

Mol %
Celle in
Vapor

0
2008
37.2
50.7
61.9
7103
7901
85.7
91.2
9509
98.0
100.0

Calculated by:

d P1 - Pe
=~ lo~g P-.ogPa

B. P. at
750 m.m.

0c

109.59
104.85
101.00
97.55
94.60
91.85
89.30
86.85
84.55
82.55
81.00
79.70

by (21(_-x)]
Pax
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TABLE /

Benzene-Toluene Equilibrium Data (Isothermal, t=79.700C

Data of Rosanoff, Bacon & Schulze, J.A.C.S. XXXVI,
1999, (1914)

C le in C oHe InObserved Calculated
Liquid Vapor m.m.Hg. m.m. Hg.

100.00
95.65
91.89
82.43
73027
63.44
54.51
43.52
33.83
22.71
11.61
-- 0

100.00
98.27
96.72
92.49
87.82
81.97
75.74
66.56
56.75
42.95
25.30

0

748.7
729.0
711.4
668.0
624.9
579.2
537.5
487.0
443.1
392.8
341.5
288.5

= 288.438 + 466.519X - 56.464X2
100.281xo - 49.971X*

748.8
728.9
711.6
667.7
625.0
579.2
537.8
487.2
443.0
392.5
342.0
288.4

+



TABLE /'

ORIGINAL DATA, EXPERIMENTAL DETERMINATION OF BOILING POINTS OF

BENZENE-TOLUENE MIXTURES.

2 35
Wt. Flask Wt.
+ Toluene Flask

gins.

82.4073

83.0857

74.6736

76.8779

68.8354

59.0223

46.2640

52.5545

49.8398

gins.

42.5344

46.2364

41.9359

49.1891

42.5008

39.7062

30.3973

42.3630

44.5583

wt.
Toluene

gms.

39.8729

36.8493-

32.7377

27.6888

26.3346

19.3161

15.8667

10.1915

5.2815

No.

6

Sample
gms.

9;
wt.

Flask+
Sample
9 s.

86.9120

91.5843

87.4855

97.5643

89.2234

84.8539

76.2484

88.5077

90.5444

7
wt.

Benzene
gMs.

4.5047

8.4486

12.8119

20.6864

20.3880

25.8316

29.9844

35.9532

40.7046

8
Mol. Frac

Ce.He

0.1176

0.2138

0.3158

0.4684

0.4773

0.5722

0.6903

0.8062

0.9008

9
Barometer-
Corr. to
C)M.i.Hg.

760.9

761.4

762.2

763.0

763.3

Boiling
Point

*C(corr.)

105.30

101.71

98.19

93029

93000

89.21 4

87.25

84.46

82.29

"Pure" Benzene

"Pure" Toluene

44.3776

45.3479

45.5496

48.3752

46.7226

45.1477

45.8511

46.1447

45.9861

1

2

3

4

5

6

7

8

9

759.9
763.3

80.07
110.41

a..-M-mM."-m"
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Rosanoff, Bacon and Schulze's data fall nearly exact-

ly on the curve computed from Raoult's Law.

For analysis of the Benzene-Toluene mixtures

it was desired to employ the known boiling points of

mixtures under barometric pressure. These data were

calculated on the assumption of Raoultts Law and are

given in Table (10) and Figure (19). As a further

verification of Raoultis Law a series of known mix-

tures were made up and their boiling points deter-

mined. These data are given in Table (13) and are

plotted with the calculated curves in Figure (1?).

It is seen that the experimental points check the

computed values within the experimental errors of the

boiling point readings.

From the data from these two sources it was

concluded that Benzene-Toluene mixtures follow

Raoult's Law and equilibrium values calculated on

this basis are correct.



2. Liquid-Vapor Equilibria of Carbon-Tetrachloride
Toluene Mixtures.

No data were available on the vapor-liquid equil-

ibria of these mixtures. The assumption of Raoult's Law

was considered of doubtful accuracy due to the differ-

ence in molecular structure between CC14 and Toluene.

A set of eight determinations of liquid-vapor equili-

brium compositions was obtained employing the method

of Othm rusing an apparatus designed by Mr. G. L.

Mathieson and similar in principle to that to be de-

scribed in connection with the Alcohol-Water deter-

minations. The same precautions to avoid either reflux-

ing or entrainment were observed as in the case of 'the

Alcohol-Water runs.

The y - x values calculated on the basis of

Raoult's Law are given in Table (/4) and Figure (20).

The experimentally determined points are given in

Table (IS) and are plotted for comparison on the same

diagram with the curve calculated using Raoult Is Law.

The deviation from Raoultis Law is apparent. Table

(16) gives the Raoultts Law deviation factors for the

two components of these mixtures.

In the experimental rectification runs with CC14 -

Toluene mixtures equilibrium values from the curve

drawn through the experimental points were used.



TABLE f

Ca.culation of y - x Values for CC1j - Toluene

Mixturea Assuming Raoult fs Law

3- 4 5

PCC4'
M.m. Hg.

760
839
901
969

1041
1117
1196
1279
1369
1462
1559
1663
1771
1883

PT m
Mmom.

291
317
344
373
404
439
477
517
559
600
688
694
750
760

m.m.Hg.Hg.

760
"

"

"

"t

"t

"

"t

"t

"

"

"

"I

"

"t

X-=7P T
p 0c1t~ T

1.0000
0.8558
0.7586
0.6656
0.5793
0.4993
0.4241
0.3529
0.2852
0.2226
0.1668
0.0738
0.0613
000088
0

y = pccl4X

1.0000
0.9447
0.8993
0.8487
0.7936
0.7338
0 *6674
0.5939
0 5137
0.4282
0.3421
0.1614
0.1429
0.0218

0

1 2

Temp.0c

76.72
80.00
82.50
85.-00
87050
90.00
92.50
95.00
97.50

100.00
102.50
105.00
107.50
110.00
110.40



TABLE /S~

Original Data, Experimental Determination of Liquid-Vapor Equilibrium

Relationships for CC14 - Toluene Mixtures

3 4 5 6 7 8

Run Pressure in Westphal Temp Westphal Temp. Mol. Frac. Mol Frac.
Still mom. Hg. Reading

Liquid Sample

762.1 0.9002

0.9700

"I 1.0572

"t 1.1545

1.2529

1.3124

1.5483

1.4185

Liquid
Sample

24.9

24.2

25.0

25.2

25.0

25.0

2302

24.0

Reading
Vapor Sqmple

0.9452

1.0731

l2034

1.3128

1.3965

1.4407

1.5717

1.5114

Vapor C14 in CC14 in
Sample Liquid Vapor

0.0575

0.1625

0.2885

0.4260

005605

0.6425

0.9455

0.7820

0.1265

0.3105

0.4935

0.6425

0.7550

0 .8122

0.9735

0.8995

25.0

25.0

25.0

25.0

25.0

25.0

23.0

23.5

1 2

No.

1

2

3

4

5

6

8



TABLE /6

Raoult's Law Deviation Factors

For CC14 - Toluene Mixtures

0c 1 4  Y0 0 j6 y = 6CC 14 = L * fto,
-77-77 0.*

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9

0.2040
0.3680
0.5050
0.6180
0.7095
0.7835
0.8480
0.9040
0.9540

0.2100
0.3940
0.5335
0.6435
0.7345
0.8080
0.8680
0.9200
0.9645

0.970
0.934
0.947
0.961
0.967
0.970
0.977
0.982
0.990

1.008
1.041
1.061
1.071
1.094
1.128
1.151
1.200
1.295

0i
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3. Liquid-Vapor Equilibria of Alcohol-Water Mixtures.

An examination of the literature showed consid-

erable data to be available on this subject. A compari-

son of the various data however revealed wide variations

in the y - x curves obtained from the values reported by

the several authors, a comparison of which will be pre-

sently given.

Due to the disagreement of available data it was

considered necessary to obtain another set of experiment-

al determinations. Especial care was exercised in select-

ion of method and technique of application in order to se-

cure data which would stand on their own merit irrespec-

tive of checks obtained with any of the previously report-

ed data.

A survey of the literature showed the following

methods for obtaining liquid-vapor equilibrium data to

have been used or suggested.

(1) Compress a vapor mixture at constant temperature

until condensation occurs. This is one of the earliest

methods noted. It has obvious disadvantages and so far

as known none of the reliable data have been secured by

this method.



(2) Distillation.of a small portion from a large volume
(37) (58)

of liquid mixture. Von Zawidiski, Bron, Schfeld9 and

(40-)
Carveth appear to have been among the early users of

this method. Rayleg pointed out the desirability of

estimation of the change in liquid composition upon

distillation of a portion from a liquid mixture and de-

rived for this purpose his well-known batch distillation

equation. This method should yield good results if

suitable precautions are taken to avoid refluxing or en-

trainment.

(3) Saturate an inert gas with the constituents of a

mixture by bubbling it through the mixture. This was

(42) 143)
employed by Linebarger and WalRer. This method is

limited in its applicability and where applied there

may be doubt of complete saturation of the inert gas

withthe volatile vapor.

(4) Pass a saturated vapor of constant composition

through a liquid mixture of the same substance. As

long as the liqaid is not in equilibrium with the vapor

the composition of the liquid changes and therefore

both the boiling point and the composition of the es-

caping vapor change.



(5) A modification of the batch distillation method, de-
(48) (2a)

vised by Rosanoff and co-workers, consisted in batch dis-

tilling a sample, avoiding refluxing, and collecting and

analyzing separately successive fractions. The composi-

tions and weights of fraction 1, fractions 1 and 2, etc.

are determined and plotted on a composition vapor versus

weight of distillate plot. A moderate extrapolation back

to zero weight of distillate gives the composition of the

first vapor coming off. -By reversing the order of calcu-

lation, e.g. by taking composition and weight of, say, the

7th fraction, then 7th plus 6th, etc. the composition of

the first vapor returned to the residue may be obtained

by extrapolation. Thus two pairs of liquid-vapor equili-

brium compositions are had for each run made.

A number of analyses must be made for each run

in using this method. This method of estimation of the

initial vapor composition is directly obtained from ex-

perimental data.

(6) Simple continuous distillation without ref . If

conditions are constant the residue and distillate repre-

sent a liquid and its equilibrium vapor. The chief ex-

perimental difficulty with this method is insuring that

/V
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the three steams, feed, distillate and residue are

exactly balanced.

(7) Distillation in an apparatus so arranged that

after a certain quantity of distillate has collected

in the receiver, the receiver overflows back to the

still. After this point is reached liquid from the

receiver returns to the still at the same rate as con-

densate falls into the receiver. Recycling of dis-

tillate may be continued until the composition of

vapor passing over to the receiver is the same as

that of the condensate returned to the still. The

material in the receiver then represents the compo-

sition of vapor in equilibrium with the liquid in

the still and an analysis of the two liquids will

establish their relationship. The essential prin-

ciples of this method were originated by Car6 oA.,

Carveth's apparatus however was so arranged that the

boiling temperatures of the liquid and vapor samples

were depended upon to fix the composition. The first

utilizations of this recycling principle in which

provision was made for sampling and analysis of the

liquid and vapor samples were by Yamaguchi and later

by Sames mL Othm 6)employed the same principle

but with a different arrangement of apparatus.
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The survey of these various methods led to the

adoption of the last method cited due to its simple

technique and probably accuracy. Prevention of re-

fluxing and entrainment is imperative if reliable

data are to be secured however. An apparatus, i1-

lustrated in Figure (21), which was designed by E.

R. Smoley of this laboratory fulfilled all the re-

quirements for this purpose and was used in obtaining

the data. This apparatus consists of a still, con-

denser and receiver, all constructed of copper with

brazed seams and joints. The receiver, provided with

a pressure vent, permits liquid to return to the still

through an inverted U tube. The body of the still is

lagged thoroughly. Outside of the lagging an annular

space between the lagging and an external galvanized

iron shell permits the sides of the still body to be

surrounded by hot gases arising from the circular gas

burner located at the bottom of the annular space.

The special construction of the still head as illus-

trated in Figure (21) prevents any slight condensation

due to heat losses in this portion from falling back

into the still, To guard against entrainment and to

permit observation of any refluxing occurring in the
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still the vapor was taken off by a tube set into the

still head and projecting nearly to the middle of

the still body. A thermometer inserted through a

stopper projected into this central vapor takeoff.

Observation of the lower tip of the vapor takeoff

pipe was possible through the peep sights provided.

When drops of liquid no longer collected on this

tip refluxing was safely assumed to be absent. An-

other peep sight in the receiver permitted obser-

vation of distillation rate. The major dimensions

of the apparatus are indicated in Figure (2)).

The alcohol used in these determinations

was a good grade of 95% reagent alcohol. Before

use it was redistilled through a short Hempel

column, the first and last 10% portions being re-

jected. Application of the usual qualitative tests
(53)

qs given by Murray showed all ordinary impurities

to be, absent.

In making a run a charge of approximately

315 c.c. of alechol-water mixture, of suitable cam-

position depending upon the point on the y - x curve

to be determined, was introduced into the still.

A pressure regulating device was then connected to

the vent pipe and so adjusted with respect to the
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barometric pressure that the pressure in the still was

760 m.m. After cooling water was started eirculating

through the condenser jacket heat was applied to the

bottom of the still by means of a Bunsen burner and

the hot gas jacket was brought up to temperature. Dis-

tillation was carried on at a rate of from 10 to 15 c.

c. of condensate per minute. The rate was judged by

observing drops of condensate falling into the receiv-s

er by means of the peep sight set into the upper part

of the receiver. At this rate of distillation the

superficial vapor velocity in the still was never more

than 0.15 ft. per second which obviated any possibility

of entrainment. The peep sights in the still body were

utilized to observe any indication of refluxing. Usu-

ally 15 minutes served to bring the gas jacket and lagg-

ing up to temperature causing a cessation of refluxing.

Runs were continued for at least 1/2 hour after reflux-

ing stopped. This insured that the contents of the re-

ceiver were completely changed at least six times, in

some of the runs more. At the conclusion of the run

the burner was withdrawn from the still and samples of

liquid from the still and the receiver, respectively,

immediately withdrawn into stoppered test tubes, vented



through air condensers, the tubes being imersed

in ice baths. The cooling of the samples was

nearly instantaneous so -that no loss from flashing

of alcohol-rich vapor was had.

Analysis of the liquids was by specific

gravity determination using carefully calibrated

50 c.c. pycnometers of the type provided witth ther-

mometers set into the ground glass stoppers. The

pycnometer thermometers were checked against a

standard thermometer. Specific gravity data were

therefore accurate to the fifth decimal place. The

compositions corresponding to the observed specific

gravities were obtained from the specific gravity

tables of the U. S. Bureau of Standards, Circular

No. 19. Before making the final weighings of the

pyonometers filled with the samples they were per-

mitted to stand for an hour and a half in a thermo-

static bath maintained at constant temperature. This

assured the samples being at the uniform temperature

indicated by the thermometers in the pycnometers.

The data and results of these determinations

are given in Tables (17) (/6) ( ) and (./9). Figure (24)

shows the determined curve together with points from
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TABLE /7

Original Data, Alcohol-Water Equilibria Runs

Date Time Temp. at
Still
Head *C

Jacket
Temps.0c

Baro-
meter
m.m.Hg.
Corr.

Press.
Regula-
tor cm.
Water

Press.
in Still
m.m.Hg.

1 7/2/29 3:55
4:10
4:35

2 7/2/29 6:20
7:00

3 7/3/29

4 7/3/29

12:25
12:35
1:05

2:45
3:00

3:05
3:20
3:30
3:35

5 7/3/29 5:10
5:20
6:00

6 7/4/29 11:15
11:25
11:35
11:50
12:00

7 7/4/29

8 7/4/29

1:55
2:35
2:45
3:00

6:20
6:25
6:30
6:35
6:45

Run
No.

79.40
79.45
79.48

80.75
80.90

78.65
78.65
78.65

78.85
78.90
78.90
78.90
78.90
78.90

79.80
79.86
79.90

81.10
80.95
80.95
80.95
80.95

81.90
82.05
82.05
82.05

83.80
83.85
83.85
83.90
83.90

752.4

752*4

758 6

758.2

759.2

763.0

761.7

760.4

84.78
75.80
75.80

75.78
80.78

75.70
78.76
82.78

65.76
94.75
80.75
78.75
78.75
78.77

61.70
73.78
73.90

66.73
79.75
79.77
79.78
77.78

70.75
74.80
77.80
80.82

77*75
78.76
78.75

78.77

+10.3

+10.3

+ 1.9

4 2.5

+ 1.1

- 4.1

- 2.3

- 0.5

760.0

760.0

760.0

760.0

760.0

760.0

760.0

760.0
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TABLE /7 (Continued)

Run Date Time
No.

Temp. at
still
Head *C

Jacket
Temp s40C.0

Baro-
meter
m.m.Hg.

Press.
Regula-
tor cm.

Press.
in Still
m.m.Hg.

Corr. Water

9 7/5/29

10 7/5/29

11 7/5/29

12 7/5/29

13 7/6/29

14 7/6/29

10:15
10:20
10.40
10:55
11:05

1:15
1:20
1:45
2=05
2:15

4:00
4:20
4:40
4:50
5:00

6:55
7:40
7:55

9:00
9:15
9:55

10:05

10:40
11:10
11:34

86.80
86.40
86.40
86.40
86.40

96.50
95.18
95.18
95.18

79.56
79.71
79.75
79.75
79.75

82.4
82.40'
82.40

83.75
85.00
84.50
82.30

86.00
86.20

70.50
74.90
80.90
82.88
81.92

64.67
75.70
90.80
90.88

60.73
78.73
79.74
77.77
78.78

90.75
90.77

53.64
68.68
75.75
70.75

70.70
74.74

761.0

761*1

761.8

762.5

765.3

765.3

-1.*4

-1.5

-2*4

-3.4

-7*2

-792

760.0

760.0

>60.0

760.0

760*0

760*0



TABLE /7 (Continued)

Analytical Data, Alcohol-Water Equilibria Runs

Run Pyonometer Wt. Pyc.
No. No. + Liquid

78.8625-
80.6360
77.5773
78.0991
79.5432
80.8324
81.7266
83.1239
84.0967
85.2796
78.6677
82.0689
83.7217

84.4268

Temp.
Sample*C

21.80
20.65
20060
20025
20.15
20.45
20.70
21.40
22.10
20.85
21.85
21045
21.65

Volume
Pyc.

49.6473
49.6451D
49.6450
49.6440
50.5750
50.5760
50.5760
50.5775
50.5790
50.5760
50.5780
50.5780
50.5780

S.0.
t/40c.c

0.84769
0.88343
0.82186
0.83236
0.86144
0.90148
0.91914
0.94678
0.96598
0.98934
0.85867
0.92588
0.95856
0.97250

Pyonometer Wt. Pyc. Temp.
No. + Vapor Sample

Sample Gms. 0*.
1
1
1
1
1
1
1
1
1
1
1
1
1
1

77.2006
77.8008
76.5617
76.8718
77.5112
78.1312
78.3259
78.7815
79.4698
83.0224
77.4452
78.3881
79.1232
80.0047

32.45
21.85
20.65
20.60
20.20
20005
20.55
20065
21.65
22.05
21.10
22.00
21.65
21.85

Voluime

c.c.0*
.56.5796
50.5784
50.5760
50.760
50.5750
50.5750
50.5760
50.5760
50.5780
50.5790
5005770
50.5790
50.5780
50.5780

*Volumes Read from Figure ( )*for given temperature.
Wt. Pycnometer 0, gms. = 36.7768
" "1, = 35.2399

Wt. in Air.

36.7768
t

35.2399
"

Calibration of Pyonometers
Wt.+ Wt. Temp. Density

Dist.Water Water 'Water
86.3313 49.5545 20.00 0.998203
86.3033 49.5265 23.10 0.997514

85.6945
85.7238

50.4546
50.4839

23.05 0.997526
20.00 0.998203

Absolute
Volume pyc.c.c.
49.6437
49.6499

50.5807
50.5747

I-
2
3
4
5
6
7
8
9
10
11
12
13
14

0
0
0
0
0
1
1
1
1
1
1
1
1
1

S.G
t/4 c

0.82958
0.84149
0.81703
0.82316
0.83582
0.84808
0.85191
0.86092
0.87449
0.94471
0.83448
0.85309
0.86764
0.88507

Pyc.No.

0
0

1
1
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TABLE /8

LIQUID AND VAPOR COMPOS IONS, ALCOHOL-WATER EQUILIBRIA RUNS

2
Specific
Gr. Liq.
Samles
t/4 C.

0.84769
0.88343
0.82186
0.83236
0.86144
0.90148
0.91914
0.94678
0.6598
0. 98934
0.85867
0.92588
0.95856
0.97250

3

0c

22.45
21.80
20.65
20.60
20 . 25
20.15
20.45
20.70
21.40
22.10
20 85
21.85
21.45
21.65

Alcohol
in Liq.

77.44
62.68
88.31
84023
72.51
55.43
47.42
33.74
21.47
4.72
73.45
43 80
26.53
16.57

Mo . Fra.
Alcohol in
Liquid

0.5732
0.3965
0.7472
0 6763
0.5079
0.3273
0.2608
0.1661
0.0966
0.0190
0.5198
0.2337
001238
0.0721

Sp. Gr.
Va;. Sample
t/4 C.

0.82958
0. 84149
0.71703
0.82316
0.83582
0.84808
0.85191
0.86092
0.87449
0. 94471
0.83448
0.85309
0.86764
0.88507

emp.
Oc.

22.45
21 85
20.65
20.60
20.20
20.05
20.55
20.65
21.65
22.05
21.10
22.00
21.65
21.85

Alcohol
in Vapor

84.70
80.14
90.14
87.83
83.00
78.11
76.34
72.59
66.53
34.36
83.22
75.34-
69.42
61.95

Mo. Frac.
Ale. in

Vapor

0.6841
006122
0.7815
0.7385
0. 6564
0.5826
0.5580
0 .5089
0.4375
0.1700
0.6599
0.5445
0.4704
0.3891

1~

No.

1
2
3
4
5
6
7
8
9

10
11

12
13
14

~0----lW-* 0:I



TABLE /9

Co-Ordinate of Curve Drawn Through Experimental

Points, Alcohol-Water Equilibria Data

Mol. Frac.
Alcohol in

Liquid
x

0.0190
0 0400
0.0600
0.0800
0.1000
0.1200
001400
0.1600
0.1800
0.2000
0.2200
002400
0.2600
0.2800
0.3000
0.200
0.3400
0.3600
0.3800
0.4000
0.4200
0.4400
0.4600
0.4800
0.5000
0.5200
0.5400
0.5600
0.5800
0.6000
0.6200

Mol. Frac.
Alcohol in

Vapor

0.1700
0.2870
0.3460
0.4065
0. 4* 5

0.4875
0.5040
0.5175
0.5285
0.5390
0.5485
0.5570
0.5650
0.5725
0.5805
0.5885
0.5965
0.6045
0.6125
0.6200
0.6280
0.6365
0.6440
0.6520
0.6600
0.6690
0.6775
0.6870
0.6965
007065



TABLE /Y (Continued)

Mol. Frac.
Alcohol in
Liquid

0.6400
0.6600
0.6800
0.7000
0.7200
0.7400
0*7600
0.7800
0.8000
0.8200
0.8400
0.8600
0.8800
0.8943

Mol. Frac.
Alcohol in

Vapor

0.7175
0.7290
0.7410
0.7525
0.7650
0.7775
0.7905
0.8040
0.8175
0.8320
008470
0.8640
0.8820
0.8943
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the data of other workers.

Reference to the data shows that the present ex-

perimental determinations only cover the range in com-

positions below that of the constant boiling mixture, as

this was the only portion of the curve required in the

present work. Due to the small differencesin liquid

and vapor compositions in the region above the constant

boiling mixture composition the exact detenmination of

this portion of the curve is difficult. The composi-

tion of the constant boiling mixture at 760 m.m. has

(54)
been fixed by Young and Fortey at 95.5% alcohol by

weight (0.8941 mol fraction alcohol) and by Wade and
(55)

Merriman at 95.59% by weight (0.8945 mol fraction al-

cohol) which values are in excellent agreement.

A comparison of the curve drawn through the

points of the experimental data here presented with

the data of several other investigators is given by

Figure (22). The curve agrees well with the data of

Bergstrom as given by HausbrAA in the left-hand por-

tion of the curve. In the middle portion the curve

lies above Bergstrom's data while in the right-hand

portion all data converge to practically the same curve.
(56)

The data of Evans are shown on Figure ()

for the reason that they are the values given in the
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International Critical Tables. Reference to the

original paper shows that Evans unquestionably per-

mitted rectification to take place in the determin-

ations, this explaining the high and inconsistent

values obtained.
(41)

Lord Rayleigh does not give the rate of

distillation employedin his determinations, but the

lower values of vapor composition reported by him

indicate that entrainment may have reduced the vapor

composition.
(57)

The curve given by Lewis was extrapolated

108)LAY
from data due to Wrewaiy. The data given Wrewsky

consisted of several sets of isothermal measurements

of vapor-liquid compositions. For each liquid compo-

siti6n Lewis plotted vapor composition against temp-

erature and extrapolated to the boiling point at at 2

mospheric pressure. Change in Vapor composition with

change in boiling point was determined by Lewis from

the slope of the temperature-vapor composition curves

and plotted as a correction curve expressed as change

in composition per degree decrease in boiling point

to the vapor composition urve.

Item (3) Table (20) gives the increase in

vapor strength, expressed as wt. % alcohol, per de-



TABLE (2Z0)

S 1
Wt. %
Alcohol

0

10

20

30

40

50

60

70

80

90

100

2
Mol Increase in Vapor
Fraction Strength, Wt. % Ale.
Alcohol per 0 decrease in

Boiling Point

0 0

0*043 0.032

.078 .044

.145 .050

.208 *052

.282 .052

.370 .049

.480 .039

.612 .027

.782 .014

1.000 0

4 - 5
Increase in Vapor Slope of Temp.
Strength, M.J. Ale. Total Press.
per *0 decrease in Cur ve 0C/m.m.

Bolling Point

0

0.000141

*000220

.000310

.000338

.000405

*000500

.000452

.000394

*000272

0

0. 0497

0.0426

0.0396

0.0376

0. 0367

0.0357

0.0346

0.0327

0.0265

0.0286

0.0283

Increase in Vapor
Strength, M.F. Al-
cohol per m.m. de.-
crease in pressure.

0

0.00000601

.00000871

.00001165

.00001240

.00001445

*00001730

.00001478

.00001045

.00000778

0

mmo.=



gree C decrease in boiling point. Item 4 gives the

same values expressed as mol fractions alcohol.

Item 5 gives the slopes of the total vapor pressure-

temperature curves from Wrewsky's data. Multiply-

ing Item 4 by Item 5 one obtains the increase in

vapor strength expressed as mol fraction of alcohol

per m.m. decrease of total pressure. From the slopes

of the total vapor pressure-temperature curves the

boiling point curves (Fig.23) for 750 and 770 m.m.
(35)

were estimated from Noyes and Warfles boiling point

data.

The experimental values of Alcohol-Water

liquid-vapor equilibrium relations reported in this

section are believed to be the most reliable yet ob-

tained. Experimental technique was such that the

pressure at which they were determined was 760 m.m.

+ 0.2 M.m. Hg. The changes in vapor composition

for change in pressure calculated from Wrewsky's

data and tabulated in Table (20) will be found use-

ful in estimating shifts in the equilibrium values

for small changes in pressure and corresponding

boiling temperatures. However, this correction

data should not be used for a wide change in pressure

where accuracy is desired.
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B. METHODS OF ANALYSIS

1. Benzene-Toluene Mixtures:

The mixtures of Benzene and Toluene were

ahalyzed by observation of the boiling points of the

samples employing an apparatus developedby the De-

(59)
partmdnt of Physical Chemistry, M. I. T. The ther-

mometer bulb is so located in this apparatus that

slugs of liquid and vapor from the boiling sample

impinge continually on the bulb. About fifteen min-

utes are required to obtain a constant temperature

reading. A record of the barometric pressure and re-

ference to the boiling-point composition curves of

Figure (19) thus determine the composition for a

given temperature reading. As was noted in the dis-

cuss ion of Benzene-Toluene liquid-vapor equilibria

these curves were checked experimentally. The ther-

mometers used in the boiling point determinations

were fractionating thermometers calibrated to 0.1*C

enabling hundredths of a degree to be estimated. The

calibrations were carefully checked against a standard

thermometer.



The accuracy of the analyses by this method

is approximately + 0.002 mol fraction.

2. CC14 -Toluene Mixtures: These mixtures are

well adapted to analysis by specific gravity due to

the wide separation in the specific gravities of the

two constituents. No reliable data were found giving

the specific gravities of these mixtures. Hence a

series of known mixtures were made up and their

specific gravities at several temperatures read with

a Westphal balance. For each experimental composi-

tion a plot of specific gravity versus temperature

enabled the specific gravities at 200 and 25* re-

ferred to water at 150 to be determined. These data

are plotted in Figure (2f) for the temperatures 200

and 250 affording a ready means of interpolation be-

tween these temperatures and obviating the necessity

of bringing a sample exactly to a specified temper-

ature.

It should be noted that an accurately made

plummet for a Westphal balance is so adjusted that

the instrument reads unity when the plummet is im-

mersed in recently boiled distilled water at 150C.

This point was checked with the instrument employed.
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In the neighborhood of 150 C, the instrument reads

specific gravity of a liquid at t*/15*, t being t1le

temperature of the sample* The slight change in

volume of the plummet with temperature is the ouly

factor which may cause an error. Up to temperatures

of 25*C this error is within the experimental error

in reading the instrument. However, a small rider

placed on the balance arm served to correct for this

factor.

The temperatures of the samples were read

by means of the thermometer enclosed in the Westphal

plummet. This thermometer was calibrated against a

standard thermometer.

In carrying out the specific gravity read-

ings on the samples the latter, contained in stopper-

ed 6" test tubes were placed in a water bath for 20

minutes. Experience showed that with occasional stirring

of the bath this served to bring the samples to a uni-

form temperature. The bath was so adjusted that the

temperature of the samples was always between 200C

and 250C when the specific gravity was read. After

the samples came to temperature the specific gravities

were quickly read by removing the stoppers from the
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test tubes in turn and immersing the dried plummet

in the liquid and adjusting the weights on the balance

arm, the tubes remaining in the water bath during the

reading.

The accuracy of the analyses of CC1 4 -Toluene

mixtures was within + 0.0002 mol fraction.

3. Alcohol-Water Mixtures: These mixtures were

also analyzed in the rectification runs by specific

gravity readings obtained with a Westphal balance.

In the case of the liquid-vapor equilibria runs, the

greater accuracy secured by use of pyonometers was

required, as described in Section A.

The specific gravity-composition data for al-

cohol water mixtures contained in Circular 19, U. S.

Bureau of Standards were employed. These data are

given for various temperatures of mixtures referred to

water at 40C and the compositions given in weight per

cent. To put the data in a form convenient for use

in conjunction with the Westphal balance readings the

data were calculated to the basis of water at 15"C,

compositions also being converted to mol fractions.

These values were plotted ih Figure (Z) for the tem.

peratures 200 to 250 to render temperature interpola-
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tion easy. The method of reading the specific grav-

ity of the samples was the same as in the case of the

CC14-Toluene mixtures. The same temperature correc.

tions were applied.

The accuracy of the analysis of the alcohol-

water samples was within + 0.0002 mol fraction in

the range of composition covered in the experimental

work.
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C. DESCRIPTION OF SEVEN PLATE COLUMN AND
OPERATING TECHNIQUE.

1. Description of Apparatus.

The seven plate column was originally assem-
(60)

bled by Messrs. Allen and Eaton and the writer and

used by the former to secure a portion of the data

here given. In subsequent work, modifications in the

original apparatus were made by the writer and Messrs.
(61)

Page and Wicker.

The apparatus as used in the work subsequent

to that of Allen and Eaton is shown in elevation in

Figure (46). It consisted of a still and seven plate

sections. The still was a section of 8" standard

pipe serewed into flanges at either end, bolted

through a gasket at the bottom to a 1/2" iron plate

which in turn rested upon a brickwork setting. The

still was provided with a steam coil, gage glass and

drain pipe flush with the bottom.

The entering steam line passed through a

superheater consisting of several Meker burners en-

closed in brickwork, playing directly on the steam

pipe. A hand controlled valve admitted steam to the

coil and permitted throttling to desired pressure. A

thermometer well set into the steam line after it

passed the superheater and a Bourden pressure gqge
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plus a manometer connection enabled the steam tempera-

ture and pressure to be determined. The steam coil

was a spial bend of 1" standard pipe set into the

lower portion of the still. The steam condensate was

removed through a steam trap.

The plate sections were also of 8" standard

pipe screwed into flanges. Thermometer inlets were

provided in each plate sectian. In Allen and Eaton's

work the tbrmometers were svt into wells projecting

into the vapor space above the liquid on each plate.

In the later work the thermometers were introduced

through pressure gaskets so that the bulbs of the

thermometers were immersed in the plate liquids. Each

plate had holes drilledfor the vapor riser of the

bubble cap, the overflow pipe and the sample pipe.

The sanple pipe on each plate except the first was

flush with the plate and was led out through the plate

section below. In the case of the first plate the

sample pipe was of inverted U shape. (This pipe was

not installed for all runs so that in some cases

analyses of first plate liquid is lacking.) An extra

opening in every plate section permitted vapor sam-

ples to be taken when desired.



The condenser used by Allen and Eaton consist-

ed of standard 2" pipe immersed in a galvanized iron

trough. This did not permit of accurate measurement

of the rise in temperature of the water so that for the

later work a two pass double pipe condenser was install-

ed. The condensate ran by gravity from the condenser

into a trap, vented to the atmosphere through an up-

right Leibig condenser which prevented loss of vapor

from the system. From the trap the total condensate

was returned to the top plate through a U.

The colium, still, metal base, condenser, reflux

trap and steam condensate trap were well lagged with

magnesia lagging.

Dimensions of Apparatus

Inside diameter still and column 8"
Height of still 32"
Distance between plates 12 1/4"
Thickness of plates 3/32
Indide diameter bubble cap vapor riser 1 1/4"
Outside diameter buble caps 4 1/84
Overall height 2"
Number of slots per cap 36
Height of slots 3/4"
Width slots (approx.) 1/8"
Angle of slots with radii of cap 450
Outside diameter overflow pipe 1 3/16"
Inside " " " 1"
Distance from plate-to top overflow pipe 1"

" "i " " "vapor riser 1 1/4"



Distance from plate to end of overflow pipe
from plate above

Distance between centers of overflow pipe
and vapor riser

Diameter sampling pipes
Distance between centers sample pipes and

vapor riser
Outside surface area heating coil
Inside diameter inner condenser pipe,

outside ""
Length 1st pass of condenser

" 2nd " " "I

Inside diameter vapor pipe to condenser
Inside diameter reflux return pipe

5/8"

3 1/2"
1/4'

3"
2.7
2.07
3.07 "
6', 1"
7', 1"
3.07 "
0.62"

2. Experimental Technique:

In preparing for a run the column was charged

with about 15 liters of the mixture. The condenser

water was turned on and the steam line cleared of water

by allowing steam to blow out the ondensate trap. The

steam pressure was then adjusted to the value shown by

experience to cause sufficient heat transfer to give

the desired vapor velocity. The superheater was reg-

ulated to give the entering steam several degrees of

superheat. Steam pressure was held reasonably con-

stant by hand control of the inlet valve. After about

an hour the column was found to reach steady operating

conditions as determined by constancy of the plate tem-

peratures. A run of one hour's duration was then made

I;79

ft.
"t

"f

"f

"'



in which the steam condensate was weighed in tared

buckets, the cooling water rate determined by

weighing in a tared barrel, and the temperatures of

inlet and outlet cooling water, steam pressure and

temperature and plate temperature were read.

At the conclusion of the period in which heat

data were taken samples of liquid in the still, re-

flux, and liquid on each plate were withdrawn rapid.

ly into sampling tubes immersed in ice baths. The

size of samples was 50 c.c. The'order of samp-

ling was studied but was found to have no effect

on efficiency results.



D. DESCRIPTION OF SINGLE PLATE COLUMN AND
OPERATING TECHNIQUE.

1. Description of Single Plate Column.

The major dimensions of the apparatus as

used in Runs 1 to 229 inclusive are given in Figures

(27), (28) and (30). The same plate section was used

in Runs 12A to 43A and 1B to 44B with certain modifi-

cations to be noted. Figure (Z) gives a photograph-

ic view of the apparatus as used in later runs.

The apparatus consisted of a still and plate

section with condensers arranged to return all vapor

from the plate back to the plate as reflux.

The plate section was constructed of sheet

copper. A vapor riser in the center of the plate

introduced vapor from the still underneath the in-.

terchangeable bubble caps, while an overflow pipe

adjustable in height returned overflow from the plate

section to the still. A wicket of heavy steel wive

held the bubble cap in place. The overflow pipe was

in two sections joined by a union between the still

and plate section. The adjustment of height of the

overflow pipe by means of the locknuts at the points

of its introduction to the plate section and the still
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will be apparent from Figure (27). The vapor takeoff

left the side of the plate section near the top and

was sloped slightly away from the column to prevent

any condensed material returning through the vapor

pipe. The vapor line extended to a three way tee

(later replaced by a funnel shapedheader) to which

were connected three vertical reflux condensers.

The refluxed liquid passed through a trap of suffi-

cient height to prevent plate liquid from flowing in-

to the reflux line. This trap had a sample cock at

its lowest point. The sample pipe for the plate

liquid was located at the bottom of the plate section,

immediately back of the overflow pipe and diametrically

opposite to the point at which the reflux pipe from

the' reflux trap returned liquid to the plate section.

The plate section had a removable top, bolted in

place through a gasket.

The still used in Runs 1 to 229 was cylindri-

cal in shape and of copper construction. The overflow

pipe from the plate section projected to within a

short distance of the bottom of the still. This still

was provided with one immersion electrical heating

unit of 2 K.W. capacity set into the bottom of the

still.
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For Runs 12A to 44A and 1B to 44B greater heat

input was desired so the original still was replaced

by one constructed from a five gallon square can in

the bottom of which were introduced four 2 K. W.

heaters.

The entire apparatus was lagged and wound with

Nichrome resistance wire which was followed by snother

layer of lagging. The temperature of the lagging mid.

way between the still or plate sectin walls could be

maintained at a temperature closely approximating that

inside the apparatus by regulation of the heater cur-

rent, thus rendering heat losses negligible.

Thermometers were employed to measure the tem-

peratures in the plate section and in the lagging.

Heat input was measured by an indicating watt-

meter and regulated by rheostats of suitable capacity

combined with the three heat control permitted by the

heating elements used.

Dimensions of Single Plate Section

Diameter plate section 6"
Height " " 10"
Overflow pipe (standard steel) 3/8"
Vapor rise " - " 1
Distance center plate section to

center overflow pipe 2 1/4"



Vapor take-off (standard steel)
Plate sample pipe ( " " )
Reflux trap pipe "
Maximum height reflux trap above plate
Height vapor riser (Runs 1 to 229)

(Runs 12A to 43A)
(lB to 44B )

Still dimensions:

Runs 1 - 229:
Diameter
Height
Runs 12A - 43A, 1B to 44B:

9 1/4" x 9 1/4" x 14u high.

Bubble caps:
Runs 1 - 229:
Total height
Height of slots
Total free area through slots
Diameter

Runs 12A - 43A, lB - 44B:
Total height caps
Height slots
Diameter caps

1 1/2"
1/2"
1 s in
2 l1i"

3 1/4"
1/2"
2 3/8"

Heaters - General Electric Helicoil Immersion,

2 K. W. 3 heat.

1"
1/8"
3/8"
41
11/16"

2 5/8"

7"
12"
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2. Experimental Technique.

The column was charged with sufficient mixture

of the desired composition, the condenser cooling water

turned on, and the current to the immersion heaters and

the lagging elements switched on. After ebullition

started the heat input was regulated to the value giving

the vapor rate desired and the current to the lagging

elements adjusted to bring the lagging to temperature.

Constancy of the temperature inside the plate

section whether that of liquid or vapor was found to

be and excellent criterion of whether or not steady

conditions were established. In all cases when a ris-

ing temperature was noted after the initial warming up

period a check would reveal a leak at some point in the

apparatus, which when remedied, permitted a constant

temperature to be obtainedin the plate section.

The standard length of runs after steady condi-

tions were reached was approximately 1 hour. Fifteen

minutes before the conclusion of the runs a "purge" -

sample of 10 c.c. was withdrawn from the plate sampling

pipe and 2 c.c. from the reflux sample cock, these

amounts having been found by calibration ample to flush

the respective pipes. At the end of the hour period

samplesof reflux liquid from the trap and plate liquid
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were simultaneously withdrawn into test tubes surround-

ed by ice baths. The test tubes were immediately

stoppered. A time study, using a stop watch, of the

time required for the simultaneous withdrawal of the

two samples was made showing that the time required

lay between 3 and 5 seconds. This insured the samples

being "snap" samples and representative of the re-

spective compositions at the time of sampling.

After analysis the samples were returned to

the system and the qpparatus was in readiness for an-

other run.
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E. SAMPLE CALCULATIONS, 7 PLATE COLUMN:

1. Murphree plate to plate efficiencies.

ExampleRun 1A (Carey) plates 2 to 3:

X8 = 72 = 0.900

xe = y1 = 0.836

yg*= 0.928 (From Equilib. Diagram)

E * 71 = 0.900 - 0.836 = 0.695M 2-* Yl E6928

2. Murphree Overall Efficiencies.

Example, Run No. 4 (P & Wi).

See Figure (31).

Plate No. 1, x, = 0.410

y = EM Yn* + (1-E) yn-1

Yn =0 x = xn

(a) Assume EM = 0.6

7, = x= 0.6 x 0.630 + 0.4 x

Y2 = x.= 0.6x 0.748 + 0.4 x

S= x4 = 0.6 x 0.835 + 0.4 x

74 = X5 = 0.6 x 0.894 + 0.4 x

y5 = xe = 0.6 x 0.932 + 0.4 x

76 = x7 = 0.6.x 0.958 + 0.4 x

7= xc = 0*6 x 0.974 + 0.4 x

0.410

0.542

0.666

0.767

0.843

0.896

0.933

= 0.542

= 0.666

= 0.767

= 0.843

= 0.896

= 0.933

= 0.968
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These values when plotted on Figure (31) lie above the

actual plate composition curve. Therefore a lower ef-

ficiency must be assumed

(b) Assume EM= 0.55

71 = xa = 0.55 x 0.630 + 0.45 x 0.410 = 0.531

79 = xa = 0.55 x 0.740 + 0.45 x 0.531 = 0.646

ya = x4 = 0.55 x 0.821 + 0.45 x 0.646 = 0.742

y4 = X5 = 0.55 x 0.880 + 0.45 x 0.742 = 0.818

y5 = xe = 0.55 x 0.920 + 0.45 x 0.818 = 0.874

ye = x7 = 0.55 x 0.947 + 0.45 x 0.874 = 0.914

y7 = x = 0.55 x 0.966 + 0.45 x 0.914 = 0.942

These values agree well with the actual composi-

tion curve, therefore the assumed EM is correct.

3. Efficiency in terms of perfect plates.

Graphical solution:

xl (actual) = 0.141

Using Figure (S') starting on 450 line at x1 = 0.141,

running up vertically to equilibrium curve yl = 0.282,

going horizontally to operating (450) line, xa, = 0.282,

going vertically to equilibrium curve yj = 0.486, hor-

izontally to operating line xe = 0.486, vertically

7a = 0.702, horizontally x4 = 0.702, y4 = 0.856, x5 =

0.*856.
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x actual = 0.784

Number of steps required = 4 +

To estimate the fractional plate, it is assumed to be

given by,

x Q - X 0.784 - 0.702 = 0.53 plates
X5 - X4 0.856 - O.702

Therefore, the number of theoretically perfect plates

= 4.53, Actual plates = 7

Es = 4.53 x 100 = 64.7%
-7-

4. Heat Balances and Heat Transfer Coefficient.

Example Run 1A (Carey)

Steam pressure = 22.72#/in2 Abs.

Superheat = 3.30F.

Lbs. steam condensate (41 min) = 29.87#

Latent heat steam = 955.6 B.t.u./lb.

Basis 1 hour,

Heat input = 955.6 x 29.87 x 60 + 0.45 x 3.3 x 29.87 x 60T IT

= 41865 B.t.u./hr.

Steam temp.-- -- --------- -=234.80 F.

Temp. Boiling Liquid in Still - --- 194.9

H 3909
= 41865 = 388 B.t.u.

At2.7 x 39 (r.)(Sq.ft)T(*F)

Lbs. cooling water to condenser/41 m.m. = 282.4
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Temp. Rise = 89.30F. ave.

Heat appearing in condenser, B.t.u./hr. =
60

282.4 x 89.3 x I = 36950

Heat loss B.t.u./hr. = 41865 - 36950 = 4915

5. Vapor Velocity.

Example Run 1A (Carey)

Still temp. = 910C

Latent heat Benzene = 13020 B.t.u./lb.mol

" Toluene = 15190 "

Pressure in still 774.8 m.m. Hg.

Vap. Vel, ft./sec.
41865 359 x 760 x 358.4 144
13020 x .576 + 15190 x .424 3600 x 774.8 x273 .785 x 64

= 1.11

6. Vapor Velocity, basis 1st plate.

Due to heat losses in runs with the 7 plate

column the vapor velocity changes somewhat up the

column. To place values reported on the same basis

they were calculated on the basis of plate 1 by assum-

ing that 20% of the total heat loss occurred at and

below this point.

Therefore:

Sup. Vap. Vel. =
(Heat Input - 0.2 x heat loss) 359 Ti 760
5600 x Latent Heat 275 .785 x (.667)
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Example Run 1

Sup. Vap. Vel =

(21955 - 0.2 x 6692) 359 378.3 760
14100 x 3600 273 782.5 .7B5-x (.667)w

= 0.569 ft./see.

F. SAMPLE CALCULATIONS, SINGLE PLATE COLUMN:

1. Plate Efficiency:

EM = n - Yn-l = xR p
3 T n* 70 -

Example, Run #34:

xp = 0.575

xR = 0.685

7p* = 0.774

E = 0.685 - 0.575 = 0.553
0.774 - 0.575

E 1  . e - kmSQ
.T-v

2.3 log (1 EM) = - kmSe = 2.3 x (.3495) = -0.802
X VI

2. -rkSG calculated from:

yn-l



As shown in Equation 31:

(1-MrA)(4-y*
Ei (-ln

1
7* - -Y

yn- 1
1-MrA

mr B

-Ei -1n

Using Run 34:

Xp = Yn-1

XR = 7n

= 0.575

= 0.685

7* = 0.774

=M0.87

1
- ln 1-MrA

E

Y*- 1
L-VFA

Yn-l 1

F Mrg
From Fig,..

Ei (0.0127)

Ei (0.0283)

1 = 7.692

= -- n 6.9185 = 0.0127
7.a007

= - l 6.9185 = 0.028379117

= - 3.770

= - 2.960
-0.810
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kmSQ )

)

1

Yn-l1
.L-MrA

)

)

)

)

)

)

)



-kmSG = (-0.810)
"x ~V,

1- MrA-* (-0.810)(6.918)= 0.728

TM r y (7 )

1-I--

3. Vapor Velocity:

Example - Run No. 1

Tj = 365.9 OK (data)

= 766.4 m.m. Hg.

Watts input = 1770

Ave. latent heat

0.475 x 12780 = 6060

0.525 x 14850 = 7800
1389p Btu./lb.ipVol

Superificial Vap. Vel.=

1700 x 4.18 365.9 760
13990 .273 766.4 .785 (.5)2

= 0.294 ft./sec.

198



G.- CALCULATED RESULTS, 7 PLATE COLUMN



TABLE eI

Operating Characteristics - Seven-Plate Column

1 -3 4 5 A7
Run Data taken Mixture B.t.u./hr. Temp. Superficial Pressure

No. by frbm steam Plate 1 Vapor Drop
*C. Vel. Basis Column

Plate 1 Inches Water
1b ul9C

Benz-Tol
"

"

"

"

"

CC1-Tol
"f

"

Benz-Tol
if

It

11
i""f

"

"

"

"

"

21955
44860
59790
18156
53180
58600
38300
38080
34800
39500
16920
24450
27000-
25800
29180
24400
21400
25200
30250
28700
31300

104.9'k'
106.3(1)
105.6
97.2

106.0
100.4
103*0

9409
95.0
9604
9604
9506
95.8
9708
98.4
9508
97.3
9907
100.0

1
2
3
4
6
7
8
.9
10

1A
2A
3B
4A
5A
5B(1)
5B(2)
5B(3)
50
6A
6B
7

P & w
"

"
"t

"

"

"t

"I

"t

A & E
It

"

"f

"

"

"

"

"

"

"t

"

7.5
7.5
6.6
3.3

15.4

12.7
10.7

--s

--o
--a
--o
--
--t

--ft
--m

0057
1023
1.61
0048
1.47*
1.52
1014
1020
1010
1010
0047
0.68
0.76
0073
0.81
0.69
0060
0070
0085
0081
0089



TABLE XI ( Continued

2 3 4 5 6 7

Run Data taken Mixture B. t. u. /hr. Temp. Superficial Pressure
No. by from steam Plate/ Vapor Vel. Drop

0c Basis Plate 1 Column
ft. per see. Inches Water

A & E
"

"

if

"f

Carey
if

"f

"

if

"

"I

"f

"

Benz-Tol
"

"

'I

"

"

"f

"f

"

"

"f

"f

if

"f
"

"

"f

"f

19100
23400
11980
10300
25400
20240
10025
16400
41865
44211
58500
61500
59400
63900
40000
33380
4-0850
32400

96.8
95.5
95.6
9601
9502
96.6
97.6
9902
86.3
87.1
8703
8801
88.5
90.4
93.6
92.0
92.7
94.3

0.53
0.65
0.33
0.29
0.68
0.57
0.28
0.46
1.08
1.14
1.53
1.64
1.56
1.65
1.03
0.90
1.37
0.82

5.6
6.3
10.9
1201
11.2

5.1
301
8.2
3.4

1

8A
8B
9
9A
10
10A
11
12
1A
2A
3A
4A
5A
6A
7A
8A
9A

10A



TABLE A I

Heat Balances on Seven-Plate Column

1 2 3 4 5 6 7 8
Run Data B.t.u. per Ave. Temp. Lba. Water Heat Transfer Heat Loss Room
Noe taken by hour from Diff. Cooling to condenser in condenser from colimn- Temp.

steam water OF per hr. B.t.u. per hr. B.t.u.OF
per hr..

1A
2A
3A
4A

5A
6A
7A
9A

10A
1
2
3
4
6
7
8
9

10

Carey
"

"

"

"t

"f

"t

"

"

p & w
"

"t

tt

"t

"f

"t

"f

"

41865
44211
58500
61500
59400
63900
40000
50850
32400
21955
44860
59790
18156-
53180
58600
38300
38080
34800

89030
90.43
85*00
81*50
79.40
85*40
84.30
88.40
90.40
62.23
64 * 60
43.81
66.00
54.87
65.55
93.02
97.99
69.70

282.4
425.0
624.0
698.0
706.0
670.0
414.0
489*0
287.5
245.25
633.25
643.56
204.70
950.00
832.20
359.00
355.00
438.50

36950
38450
53000
56800
56100
57200
34850
43300
26000
15263
40800
56390
13510
52150
54500
33400
34780
30400

75.2
73*4
75.2
74*9
63*5
63.5
64*8
70*0
69.0

--

--o

--a

4915
5761
5500
4700
3300
6700
5150
7550
6400
6692
4060
3400
4646
1030
4050
4900
3300
4400



TABLE A

Overall Coefficient of Heat Transfer; Steam to Boiling Organie Liquid

13 4 7
Run Data taken Mixture 13.t.u.per Ave. Temp. or Overall Temp. H
No. by hour Temp. Liquid Diff. 0 F.B.t.u.-r

transferred Steam *F. F (ft")(uF)
IA A & E Benz-Tol. 39500 256.2 209.4 46.8 312
2A
3B
4A
5A
5s(1)
5B(2)
5B(3)
50
6A
6B
7
8A
8B
9
9A

10
10A

11
12

It

if

It

if

II

It

It

if

if

if

It

if

if

I.

if

if

It

It

U

if

if

if

if

if

if

It

if

'I

It

It
II

if

if

It

if

if

It

16920
24450
27000
25800
29189
24400
21400
25200
30250
28700
31300
19100
23400
11980
10300
25400
20240
10025
16400

241.0
246.0
251.8
243.6
243*6
244.0
244.3
252.4
249*6
250.1
253.8
236.1
235.9
231.6
230.4
243.2
241.2
234.4
240.6

21302
214.2
217.8
220.1
210.4
214.6
214.8
21106
21304
216.1
21704
208.0
208.1
208.7
209.4
209.7
212.0
213.2
215.2

27.o8
31*8
34.8
2305
3302
29.4
2905
40.8
36*2
34*0
35.4
2801
2708
2209
21.0
3305
2902
2102
2504

226
285
286
407
326
308
269
229
310
313
319
252
312
178

182
281
257
175
240



T ABLE -2 ( COT INTUE')

1 2 3 4 5 7 8
Run----~Data taken re B.t.u. per Ave. Temp. of Overall Temp. H
No. by hour Temp. Ligaid Diff.0 F B T -h

transferred Steam OF*. F (ftg)(F)

1.
2
3
4
7
8
9

10
lA
2A
3A
4A
5A
6A
7A
8A
9A
10A

P & w
"

"1

"

"

"

"

"

Carey
"

"

"

"

"t

"

U

"I

"

Benz-Tol

CC14-Tol
It
i

Benz-Tol
"

"

"

"

"1

"

II

"

"

21955
44860
59790
18156
58600
38300
38020
34800
41865
44211
58500
61500
59400
63900
40000
33380
50850
32400

249.8
267.3
274.0
237*7
275.8
258.8
264.5
259 * 0
234.8
238.4
242.6
248.2
248.6
252.3
242.6
246.8
250*7
242.6

222.7
227.3
224.2
210.7
275*8
215*0
224.1
221.3
194.9
196.5
195.5
199.1
199.5
203.0
204.6
206.5
209.2
209.5

2791
40.0
49*8
27*0
48.6
43.8
40*4
37.7
39.9
41.*9
47*1
49*1
49*1
49,o3
3890
40*3
41.5
33*1

299
415
444
250
446
326
350
342
388
391
460
464
448
480
390
306
454
362
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TABLE 2

Actual Plate Concentrations and Murphree Efficiency Required
To Trace the More Volatile Component Through the Column

Mol Fraction More Volatile CoMponent
Run Data Still Plate 1 Plate 2 Plate 3 Plate 4 Plate 5 Plate 6 Plate 7 Conden- E
No. taken sate (Column)

by

I P & W 0.109 0.141 0.263 0.376 0.476 0.600 0.698 0.784 -- 59.0
2 0.046 0.095 0.143 0.225 0.314 0.459 0.564 0.695 0.789 55.0
3 0.073 0.139 0.205 0.322 0.486 0.618 0.737 0.853 0.907 62.0
4 0.278 0.360 0.538 0.615 0.731 0.813 0.866 0.912 0.940 55.0
6 "- -- 0.660 0.772 0.835 - --
7 0.089 -- 0.250 0.363 0.500 0.614 0.746 0.851 0.911 62.0
8* 0.188 -- 0.226 0.264 0.559 0.650 0.727 0.780 0.811 47.0
9* 0.134 -- 0.276 0.446 0.543 0.653 0.714 0.771 0.801 47.0
10* " -- -- 0.261 0.385 0.481 0.604 0.672 0.724 0.778 47.0
1A Carey 0.576 0.742(1) 0.836 0.900 0.934 0.966 0.980 0.995 0.998 65.0
2A 0.542 0.700(1) 0.810 0.880 0.920 0.954 0.972 0.986 0.994 65.0
3A 0.549 0.700(1) 0.814 0.894 0.934 0.964 0.984 0.990 1.000 68.0
4A 0.500 0.694(1) 0.780 0.868 0.939 0.948 0.967 0.985 0.994 68.0
5A 0.472 0.650(1) 0.774 0.862 0.916 0.950 0.966 0.984 0.990 68.0
6A 0.412 0.575(1) 0.714 0.818 0.875 0.930 0.949 0.978 0.986 68.0
7A 0.393 o.540(l) 0.661 0.769 0.828 0.895 0.926 0.953 0.972 62.0
8A 0.348 0.516(1) 0.658 0.762 0.828 0.902 0.922 0.948 0.966 60.0
9A 0.306 0.490(1) 0.638 0.747 0.815 0.886 0.917 0.950 0.966 60.0
10A " 0.296 0.465(1) 0.608 0.726 0.792 0.868 0.904 0.936 0.958 60.0
1A A & E 0.294 M 0.505 0.705 0.773 0.854 0.902 0.914 0.957 60.0



TABLE 4( Continued)

Run Data Still Plate 1 Plate 2 Plate 3 Plate 4 Plate 5 Plate 6 Plate 7 Conden- E
No. taken sate (Column)

by

2A A &
3B
4A
5A
5B(l) "
5B(2) "
5B(3) "
50
6A
6B
7 "
8A
8B
9 "
9A
10
10A "
11
12 "

E 00235
0.216
0.179
0.137
00278
0.217
0.215
0.264
0.234
0.200
00187
0.323
0.320
0.320
0.303
00291
0.255
0.230
0.209

0.516
00479
0.406
0.236
0.563
0.487
0.515
0.536
0.479
0.478
0.445
0.630
0.636
0.632
0.627
0.589
0.557
0.599
0.490

0.626
0.599
0.526
0.305
0.696
0.632
0.610
0.684
0.648
0.590
0.547
0.719
0.728
0.726
0.714
0.687
0.644
00654
0.592

0.736
00697
0.647
00387
0.780
0.731
0.726
0.776
0.754
0.707
0.628
0.822
0.836
00829
0.825
0.774
0.754
0.760
0.723

0.820
0.803
0.746
00564
0.853
0.811
0.799
0.842
0.833
0.773
0.760
0.884
0.863
0.873
0.866
0.838
00814
00821
0.790

00845
0 849
0.817
0.761
0.890
0.853
0.849
0.883
0.865
0 . 839
0.813
0.917
0 .907
0.920
0 .909
0.892
0.872
0.883
0.840

0.916
0.905
0.873
0.893
0.92 8
0.895
00904
0.930
0.919
0.902
0.887
0.952
0.945
0.959
0.947
0.938
0.912

0.903

0.943
0.934
0.913
0.889
0.966
0.935
0.944
0.963
0.959
0.938
0.927
0.970
0.964
0.973
0.974
0.958
0.950
0.948
0.934

57.0
57.0
55.0
55.0
60.0
60.0
60.0
60.0
60.0
57.0
57.0
60.0
60.0
60.0
61.0
60.0
57.0
57.0
57.0

*0



TABLE A 

Murphree Plate to Plate Efficiencies

1 2 3 4 5 6 7 8 - 10. 1 12
Run Data taken El.2 E2-3 E -4 E4 -5  E5 -6  E6-7  E7 -C Ave. E to trace Superficial
No. by %%% 4 %E % component Vapor vel.

up column ft/second.

1
2
3
4
7
8*
9*

10*
1A
2A
3A
4A
5A
6A
7A
8A
9A

10A
1A
2A
3B

P & w
"t

"

"t

"

"

"

"t

Carey
"t

"I

"
"1

"

"t

"I

"

"

A & E
"

"

87.2
89.0
47.5
8106

68 1
71 0

71.
70 2

548 570.2
58.5
66.9
68.5
65.3

-- -

-- a

56.5
5707
6601
71.9
57.6
2101
85.0
63.9
6808
65.0
76.9
72.7
70.9
69. 8
63.5
60 .8
61.2
62.7
93.8
52.1
55:3

4504
4705
7703,
57.1
62:5
150.5
44.6
44.2
57.6
57.2
64.5
93.4
68.3
5509
46.8
51.1
50.0
45.8
4405
60.4
51.3

59.9
68.7
61 .1
57.7
53.0
46.6
55.3
58.0
80.0
70.8
75.0
24.3
67.9
75.3
69.8
77.0
68.9
66.1
65.3
60.0
68.0

51.8
48.0
64.3
50.4
71.0
46.1
36.7
37.4
66.7
64.3
86.9
57.5
51.6
45.2
50.0
3405
46.3
47.4
57.1
25.0
42.2

55.1
77.-0
8208:
59.7
77.2,
3804
4001
32.7
115.2
77.8
60.0
85.6
8506
87.8
60.0
5503
66.0
56.1
20.7
80.7
65.0

59.8
6403
53.8
7006
2704
25.6
3904
100.0
80.0

150.0
90.0
60.0
57.1
65.5
55.2
51.6
56.2
82.6
54.0
51.7

59.3
64.0
6602
S1.8
65*3
55.0
4709
45.9
79.5
69.4
72.8
6803
6902
65.9
59.1
5703
58.9
57.1
72.8
55.4
56.6

59.0
55.0
62.0
55.0
62.0
47.0
47.0
47.0
65.0
650
68.0
68.0
68.0
68.0
62.0
60.0
60.0
60.0
6000
57,0
57.0

0.57
1.23
1.61
0.48
1.52
1.14
1020
1010
1.08
1.14
1.53
1.64
1.56
1.65
1.03

1.37
0.82
1010
0.47
0.68

All other runs with Benzene-Toluene*CC14-Toluene mixture,



TABLE 2r~(Continued)

1 2 -3 4.9 - a ' 7 .89 i __11 12
Run Data taken E1 -2  E2 .3  E3 -4 E4. 5 E5 -6  E 7  E7% Ave. E to trace SuperficialNo. by %%E% component Vapor vel.

up column ft/second

4A
5A
5B(l)
5B(2)
5B(3)
50
6A
6B
7
8A
8B
9
9A

10
1 OA

11
12

A & E
"

"

"

"t-
"

"t
"1
"H

"

"

It

"

"H

"H

"

"

5405
36 1
66.1
6701
44.8
7161
77.9
51.6
46:4
49.1
51.4
52.2
47.8
50.5
42.8
28.8
4702

5706
3902
53.8
5500
61.7
5701
60.5
60.3
39.5
70.0
75.0
7100
74.0
5464
6205
6106
6709

56.5
8005
60.3
56.3
5003
53. 6
59.4
4304
72.5
62.0
29.3
45.8
4108
5106
45.1
46.9
4509

5202
97.8
44.0
40.0
45.0
45.6
34.1
5302
40.8
48.5
55.6
63.5
55.1
58.6
56.3
62.0
43.0

54.9
10105
58.5
50.0
64.0
6801
69.2
6902
71.1
70.0
6901
81.3
70.3
7709
54.0

.7.90

54.1

8603
64.5
7002
78.5
81.6
62.0
60.6
60.0
55.8
56*0
8403
52.6
71.7

5304

5409

61.5
55.7
56.0
62.3
6308
56.6
55.2
5909
56.0
6606
6202
57.'6
5504

.54.6

55.0
55.0
60.0
60.0
60.0
60.0
60.0
57.0
57.0
60.0
60.0
60.0
61:0
60.0
57.0
57.0
57.0

0076
0073
0.81
0069
0.60
0.70
0085
0.81
0089
0053
0.65
0.33
0029
0068
0.57
0.28
0.46

All other runs with Benzene-Toluene

--

--m

--

--

*CC14-Toluene mixture.*



TABLE 26

Theoretical Plate Concentrations and Number of Theoretically Perfect
Plates Necessary to Obtain Given Concentration in Overhead Product.
N.B. Calculated by McCabe-Thiele Method, Basis First Plate.

Run Data taken Xi XV Xe X4 X5  X No. of Theo. Overall
No. by Actual Actual Theo. Theo. Theo. Acqual Perfect Efficiency %

Plates Basis 6 plates

1
2
3
4
7
8(2)
9(2)

10(2)
1A
2A
3A
4A
5A
6A
7A
8A
9A

1OA

P & w
"1

"

"i

"

"

"t

"t

Carey
"t

"

"

"t

It

"

"

"1

"

A & E
"t

0.141
0.095
0.139
0,360

0 * 282*
0.199*
0 278*
0.578*
0.446
0.406
0.476
0.456
0.836
0.810
0.814
0.780
0.774
0.714
0.661
0.658
0.638
0.608

0.486
0.374
0.482
0.775
0.666
0 626
0.693
0.675
0.929
0.916
0.918
0.901
0.898
0.864
0.831
0.829
0.816
0.796

0.505(1)0.718
0.516(1)0.727

0.702
0.593
0.699
0 898
0.834
0.808
0.851
0.840
0.972
0.966
0.967
0.960
0.958
0.942
0.926
0.925
0.919
0.909
0.866
0.871

0.856
0.786
0 854
0.958
0.927
0.915
0.936
0.931
0.990
0.988
0.988
0.985
0.984
0.978
0.971
0.970
0.968
0.963
0.943
0.946

0.784
0.789
0.907
0.940
0.911
0.811
0.801
0.778
0.998
0.994
1.000
0.994
0.990
0 .986
0.972
0.966
0.966
0.958
0.957
0.943

4.53
5.02
5.64
4.70
3.83
3.03
2.68
2.62
5.00
4.75
5.05
4.90
4.60
4.57
4,06
3.91
3.96
3.91
4.40
3.96

64.7
71.7
80.5
67,1
63 8
50.5
44.6
43.6
83,4
79.2
84.2
81.6
76.7
76,2
67.8
65.2
66.0
65.1
73.3
66.0

(1)
(1)
(1)
('1)

0



TableW(Continued)

Data taken
by

ti

'I

it

it

it

It

'I

II

It

11

11

II

11

It

I?

It

X1
Actual

E

X Xe X4
Actual Theo. Theo.,

0.479(
0.406(
00236(
0.563(
00487(
0.515(
0.536(
0.479(
0.478(
0.445(
0.630(
0.636(
0.632 (
0.627(
0.589(
0.557(
0.599(
0.490(

1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)
1)

0.696
00626
0.427
0.764
0.703
0.727
0.744
0.696
0.695
0.665
0.811
0.815
0.812
0.809
0.783
0.760
0.790
0.706

0.B52
0.808
0.647
0.893
0.857
00871
0.881
0.852
0.852
00834
0.916
0.918
00917
0.915
0.902
0.890
0.906
0.859

X5
Theo.

0.956
0.915
0.822
0.956
0.939
0.946
0.951
0.936
0.936
0.927
0.966
0.967
0.967
0.986
0.961
0.955
0.962
0.940

x
A9tual

0.913
0.889
0.966
0.935
0.944
0.963
0.959
0.938
00927
0.970
0.964
0.973
0.974
0.958
0.950
0.948
0.934

No. of Theo.
Perfect
Plates

3.98
4.67
4.37
3 95
3.97
4 40
4.59
4.05
4.00
4.19
3.94
4029
3.83
3.95
3.92
3.75
3.93

Overall
Efficiency %
Basis 6 Plates
66.3
66.3
77.8
72.8
65.8
66.2
73.3
76.4

66.6
6908
65.7
71.4
63.8
65.8
6503
6205
6505

-*Theoretical Composition
-(1) Basis 7 plates
-(2) CC14 -Toluene Mixture

(All other runs Benzene-Toluene)

3B
4A
5A
5B(l)
5B(2)
5B(3)
50
6A
6B
7
8A
8B
9
9A
10
3DA
11
12
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H. - STUDIES OF BUBBLE CAP ACTION.

In conjunction with the rectification in-

vestigations constituting the major portion of the

present work, it was considered that a study of the

effects produced by blowing air through bubble caps

immersed in water might throw additional light upon

bubble cap rectification.

This problem was undertaken by Volantwho

constructed the apparatus shown in Figure (33). It

consisted of three plate sections of the same dia-

meter as the seven plate column used in a portion of

the rectification runs, viz. 8". Each section was

one foot in height, the top section being open to

the atmosphere. One 4" Badger bubble cap ideitical-with

those used in the seven plate column was located in

the center of each plate. A centrifugal blower pro-

vided a source of low pressure air. The air, after

metering in a sharp edged orifice, was led into the

vapor riser of the lowest plate. An Ellison draft

gage permitted the overall pressure drop through the

top cap as well as the drop through the slots to be

read.



PAPER MAT TO
CATCH ENTRAINED DROPS

ELLISON DRAFT GAUGE

STOPCOCKS

CENTRIFUGAL FAN
U-TUBE FILLED WITH H.O

u1~
MANOMETER

STANDARD PIPE

+o

DIAM. OF SHARP EDGED ORIFICE u.50

I
N
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In making a run with this apparatus, water

was placed in all three plates. The lower two

plates served to humidify the air. (In calculating

the air rates in these runs the air was considered

saturated with water vapor as it entered the top

plate). The blower was started and the air rate

adjusted by throttling until the desired orifice

reading was obtained. The amount of liquid

thrown up as spray above the top plate was deter-

mined by supporting weighed pieces of porous paper,

square in shape and slightly wider than the dia-

meter of the column, at various heights above the

plate. After a short time interval, clocked by a

stopwatch, the sheet was removed and weighed. The

porous sheets were backed with paraffin paper dur-

ing exposure and were rolled up for weighing with

the paraffin paper facing outward, thus reducing

loss by evaporation in the weighing proeess. These

entrainment data were computed to the basis of grams

of water per minute per square foot of cross sec-

tion.

A portion of the data from Volantefs runs

is summarized in Table (27).



Sup. Vap.
Vel. Ft.
per Sec.

0.753
.675
.590
.478
.358

0.739
.627
.513
.328

0.737
.630
.509
.338

Overall
Pressure drop
through cap
"Hia0

0*830
.800
.780
.740
.690

.0.865
.795
.740
.645

0.791
.770
.700
.620

Pressure
Drop through
Slots "HgjO

0.780
.770
.765
.715
.650

0 * 815
.755
.715
* 635

0.733
.735
.670
.600

Height
Above
Plate,

9.0
9.0
9.0
9.0
9.0

7.0
7.0
7.0
7.0

13*5
13.5
13*5
13.5

Gms. HIO
per min.

In. per sq.ft

19.60
8.70
4.90
1.76
0*62

91.80
25.90
11.00
2*14

0*917
.549
.208
.0573

Run No.

11

18

19

Depth
Liq. on
Plate

1 3/16"
1 3/16"
1 3/16"
1 3/16"
1 3/16"

1 3/16"
1 3/16"
1 3/16"
1 3/16"

1 3/16"
1 3/16"
1 3/16"
1 3/16"
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Figure (34) shows the result of plotting the

entrainment rate against the air rate on semi-log

paper, the entrainment rate being on the logaritbmic

scale. An empirical equation of the form:

log (Entrainment rate) = k u + C

applies, u being the air rate and k and C constants

for any given height above the plate.

In Figure (35) entrainment rate is plotted

against the height above the plate at which the de-

termination was made, both quantities being on log-

arithmic scales.

The correlations expressed in Figures (4)

and (U) are regarded at present as being entirely em-

pirical. The data, although only semi-quantitative

insofar as application to actual problems in column

degign is concerned, probably indicate the effects

on spray density of height above the disengaging sur-

face and vapor rate in apparatus of this type.

The entrainment measured by this procedure

in reality represents the spray thrown up by the burst-

ing of bubbles at the liquid surface, plus spray

particles swept along by the vapor, The surface
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energy of the bubbles, represented by the product of

bubble area and the surface tension of the liquid,

upon breaking of a bubble supplies a propulsive force

to the liquid droplets. The direction in which drops

may be thrown depends upon factors such as the point

of rupture of the bubble. This spraying action may

therefore be expected to be a function of the surface

tension of the liquid from which the vapor bubbles

emerge. Since the present data were obtained with

water at room temperature the absolute values of en-

trainment rates are probably much higher than would be

obtained in a column under working conditions, i.e. the

plate liquids being at or near their boiling pointw in

an actual column, their surface tensions would be much

lower than that of water at room temperature.

At sufficiently high vapor rates a portion of

the spray thrown into the vapor space of a plate sec-

tion of a column will be swept along by the vapor and

entrain to the next plate. This is not susceptible of

measurement by the present method. Introduction of a

nonvolatile dye on one plate of a column and sampling

the plate above to test for its appearance probably

affords the best means for measuring plate to plate
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entrainment. Copper Oleate and Ethyl Red have been

used successfully for this purpose in commercial

columns operating on petroleum fractions.

Data taken by the writer in conjunction with a

motion picture study of bubble cap action show the

variation in length of cap slots open with the vapor.

rate through the cap. These data are summarized in

Table (28).

TABLE (2)

Vapor Rate Vapor Rate Fractional Actual Velocity
Thft Can Sup.Vap.Vel. Bength Slots Length Thft Slots
cu.ft./sec. ztn 8" dia. Open Slots Ft/sec.

column,ft/sec. Open In.

0.0409 0.117 1/4 0.188 6.99
0.1278 0.366 1/2 0.375 10.91
0.3695 1.06 3/4 0.562 21.00
0.5750 1.65 1 0.750 24.60

These data show that the actual length of slot open and

the actual slot velocities are roughly proportional to

the square root of the vapor rate. Examining Table (,9;

it will be noticed that the overall pressure drop

through the caps as well as the pressure drop measured

from the inside of the cap do not change rapidly with

vapor rate. This is due to the slot apertures open-

ing up with increase in vapor rate thus preventing

frictional drop through the slots increasing as rapidly



as would be the case were the slot opening fixed

The observations in Table (2b) were made in

a modification of Volantets apparatus in which the

top.plate section was replaced by a bubble cap en-

closed in a square box with plate glass sides, open

at the top. Water to any desired depth of immersion

of the cap slots could be placed in the box and the

bubbling action observed. The length of working

slots reported in Table (26) was roughly measured by

means of a scale held against the cap while the air

rate was adjusted to the several values.

Subsequent to the writing of the discussions

of results of the rectification studies (Section VIII)

(63)
the work of Nryagl on the "Flow of Bubbles Through

Liquids" was called to the writer's attention. It is

recommended that a study be made of these data prior

to further work in the field of bubble cap.rectifica-

tion.



I - ORIGINAL DATA -

7 PLATE COLUMN



Run No. lA (Carey) - Date ll/L5/28

STEAM DATA

1 2 3 4 5 67 11

Time Barometer Steam Steam Manometer True Steam Weight Condensate
m.m. Hg. Press, cm. Hg. Press. Temp. Lbs.

Lbs. Sq.In. Right Left Diff. Lbs./in2  0C. Gross Tare Net
Gage Abs.

1:08 769.5 (24*)
1:13
1:17
1:23
1:32
1:37
1:43
1:47
1:49 768.3 (25.50)
41 min. Ave 768.9

Corr. 3.1

8.0
70.1
70.4
70.2
70.4
70.5
70.9
7006
70.6

30.0 40.1
29.8 40.6
30.0 40.2
29.8 40.6
29.7 40.8
29.3 41.6
29.5 41.1
29.6 41.0

Ave 40.75

114.0
113.8
113.6
113.7
113.6
113.6
113.7
113.7

22.72 Ave 113.69
Cbrr 0.98

Temp.Sat. St.112.8
Superheat *C 1087

19.750
19.938
18.375
10.813'

2.688
2.938
2.688
2.938

Wt. Cold Water
19.250 3.125
21.313 9.688
Net Wt. Con-

densate

CONDENSER DATA
1 2 3 4 5 6 7 8

Time Cooling Water Temp. Time Trap Time Weight Cooling Water
C Ave. Rise Temp. Lbs.

Inlet Outlet Rise cC. . Gross Tare Net

46.6
47o8
48.1
50.0
50.0

Ave.48.40

1:08 1/2
1:49 1/2
41 min.

1
q

17.062
17.000
15.687
7.875

57.*624

27.750
29.874

1:10
1:22
1:30
1:42
1:51

10.90
11.00
10.90
10.95
11.10

58.35
60.15
59.90
62.20
62.20

47.45
49.15
49.00
51.25
51.10 49.60

406.0 123.6 282.4



Run No. 1A (Continued)

PLATE TEMPERATURE AND PRESSURE DROP DATA

1 2
Time Plate 1

c.

1:15 86.4
1:25 86.4
1:35 86.4
1:45 86.4.
Ave. 86.40
Corr. -0.14
Ave.Corr.86.26

3
Plate 2

00*

84*8
84.8
84*8
84.8
84.80
-0.20
84.60

4
Plate 3

0C.

83.0
83.0
83.0
83.0
83.00
+0.04
83.04

5
Plate

0C;

-7
4

82.3
82.3
82.3
82.3
82.30

82.30

Plate 500.

8196
81.6
81.6
81.6
81.60
+0.06
81.66

Plate 6
00.

81*2
81.15
81.15
81.15
81.16
-0.23
80.93

a
Plate*C.0 7

80.5
80.5
80.5
80.5
80.50
-0.08
80.42

9 10
Trap Press. on
Ave. *. Plate2 s

Inches Water

4.8
4.8
4.8
4.8
4.8

48.40

.SAMPLE DATA

Source of Time of Observed Therm. True Barometer Mol Fraction
Sample Sampling Boiling Corr. Boilin m.m. Hg. Benzene

Point C. *C Point C
14-A1 1 1 9 A L O nrA^

84.09
82.63
81.93
81033
81.05
80.75
80.55

,-v * vi~ro

-0.043
-0.055
-0.061
-0.066
-0.068
-0.069
-0.070

#V.48o
86.25*
84.05
82.58
81.87
81.27
80.98
80.68
80.48.

767.3 (250)
-3.1

768.0 (25.5*)
3.1

0.742
0.836
0.900
0.934
0.966
0.980
0.995
0.998

*Estimated from
B.P. vs. Plate No. Curve

.L9 O.La .. L

Plate 1
2

"I 3
"' 4
"t 5
" 6
Ta7p

Trap 1:55

6



Run No. 2A (CtreE) - Date 11/16/28

STEAM DATA

2 3
Barometer Steam
m.m. Hg. Press.

Lbs./sq.in.
Gage

4 5 6
Steam Manometer

cm. Hg.
Right Left Di:

7
True
Press.

rf. Lbs./sq.in.
Absolute

8
Steam
Temp.,0C

9 10 11
Weight Condensate

Lbs.
Gross Tare Net

768.0(230) 10.0 74.6
74.8
74.6
74.8
74.8
74.8
74.8
74.8
74.8

767.5(240)

767.75
2.92

764*83

25
25
25
25
25
25
25
25
25

.6 49.0

.4 49.4
.6 49.0
.4 49.4
.4 49.4
.4 49.4
.4 49.4
.4 49.4
.4 49.4
Ave. 49.31 24.26 Ave.

Temp.Sat. St.
Superheat 0C

116.75
117.50
117.20
117.18
117.50
117.75
117.65
117.65
117.70
117.43
114.65

2.78

19.938
19.938
21.125
19-.375
14.500

2.625 17.313
2.938 17.000
2.625 19.500
2.938 16.537
2.625 11.875

82 -0211
Wt. Cold Water
22.563 3.313
20.875 3.313
13.875 3.313
Net Wt. Con-

densate

47.374
34.651

CONDENSER DATA
3 4 5

Water Temperature True
0c Ave.

Outlet Rise Rise
57.55 45.85
60.00 48.12
61.50 49.55
63.20 51.17
64.20 52.40
65.20 53.38
65.70 53.82
66.50 54.45 50.24

Ave.

*00

6
Trap
Temp.0c

50.5
52.0
53.2
54.8
55.8
56.3
5608
5608
5405

7
Time

1:07
1:50 1/2

8 9 10
Weight Cooling Water

Lbs.
Gross Tare
431.75 123.50

Net
308.*5

43 1/2min

1
Time

1:05
1:15
1:20
1:25
1:30
1:40
1:45
1:50
45 min.

Ave.
Corr.

1
Time

1:09
1:19
1:24
1:29
1:34
1:41
1:45
2:03

2
Cooling

Inlet
11.70
11.88
11.95
12.03
11.80
11.82
11.88
12.05

-4.

ft

L .J 0



Run No. 2A (Continued)

PLATE TEMPERATURE AND PRESSURE DROP DATA

1 2 3 4 5 6 7 8 8 10
Tdme Plate 1 Plate 2 Plate 3 Plate 4 Plate 5 Plate 6 Plate 7 Trap Press on

0C 0c 0 *C 0c 0 c Ave. C Plate 2

Inches Water
8.5940
83.40
83.40
83.40
83.40
+0.04
3.~4 "

82.60
82.60
82.60
82.60
82.60

82.60

81.80
81.75
81.80
81.80
81.79
+0.07

81. *20
81.25
81.25
81.25
81 * 24
-0.24
81.00

80.*55
80.66
80.55
80.55
80.56
-0.08
80.48 54.50 5.4

1
Source of'

Sample

2
Time of'
Sampling

still
Plate 1

" 2
"1 3
"I 4
"f 5
" 6

7

Trap

3
Observed
Boilin
point C

84.70
83.07
82.20
81*52
81.20
80.89'

80.64

SAMPLE DATA
4

Therm.
Corr.
*C

+0.040

-0.039
-0.049
-0.058
-0.064
-0.066
-0.069

-0.070

5
True
Boilin
Point C
91.34
87.25*
84.66
83.02
82.14
81.46
81.13
80.82

80.57

*Estimated from B.P.
vs. Plate No. Curve

6
Barometer
m.m. Hg.

768.8 (24 )
3.0

768.4(24.50)
3.0

(24.50)
3.0

767.5(240)
3.0

764.5

7
Mol
Fraction
Benzene
0.542
0.700
0.810
0.880
0.920
0.954

0.972

0.986
0.994

1: 12
1:24
1:34
1:44

Ave.
Corr.

Ave.
Corr.

87.20
87.20
87.20
87.20
87.20
-0.12
77~50 0

85.40
85.45
85.45
85.45
85*44
-0.20
85*~2~~

. 0% 4 A J*-



Run No. 3A (Carey) - Date 11/20/28

STEAM DATA

1 2 3 4 5 6 7 8 9 10 11
Time Barometer Steam Steam Manometer True Steam Weight Condensate

m.m. Hg. Press. cm. Hg. Press. Lbs./ Temp. Lbs.
Lbs./sq. Right Left Diff. sq. in. abso- Oc Gross Tare Net
in.Gage lute

11:05 757.7(24')
11:06
11:11
11:16
11:21
11:26
11:31
11:36
11;41 758.0(240)
36 min757.85

2.94
754.87

12.0 79.5
80.2
80.3
80.3
80.3
80.2
80.0
79.8

20.5
19.9
19.7
19.8
19.7
19.8
20.0
20.2
Ave.

59.0
60.4
60.6
60.5
60.6
60.4
60.0
59.6
60.0

19.063 2.625
118.20 19.688 2.938
118.35 21.063 2.625
118.50 19.125 2.938
118.40
118.40 Wt.Cold Water
118.50 10.313 2.625
118.20 10.250.2.938
118.20 22.125 3.250

26.17 Ave.118.34 19.875 2.313
Temp.Sat.St. 117.00 Net.Wt.Conden-
Superheat OC 1.34 sate

16.438
16.750
18.438
16.187
.67.813

30.874
36.939

CONDENSER DATA
2

Cooling

11.50
11.52
11.48
11.45
11.28
11.55
11.45
11.40

3 4
Water Temperature
0 0

59.15
58.55
58.55
58.70
59.65
63.90
56.45
54.40

47.65
47.03
47.07
47.25
48.37
52.35
45.00
43.00

5
True
Ave.
Rise

47.22
Ave.

6 7
Trap Time

0 Temp.
c OC G

63.0 11:05 4
62.3 11:40
63.5 35 minutes
63.5
64.0'
74.5
61.9
59.2
64.0

8 9 10
Weight Cooling Water

Lbs.
5ross Tare

188.00 124.25
Net

363.75

1
Time

11:04
11:09
11:14
11:19
11:24
11:29
11:34
11:39

L-



Run No. 3A (Continued)

PLATE TEMPERATURE AND PRESSURE DROP DATA

1 2 3 4 5 6 7 8 9 10
Time Plate 1 Plate 2 Plate 3 Plate 4 Plate 5 Plate 6 Plate 7 Trap Press on

0C 0C 00 0C 0CC 0C Ave. Plate 2
0 C Inches

water
11:12 87.40 85.05 82.90 82.10 81.35 80.70 80.10 9.4
11:22 87.40 85.00 82.90 82.10 81.35 80.65 80.05 9.4
11:32 87.55 85.05 82.90 82.00 81.20 80.55 79.85 9.4
11:45 87.30 84.90 82.90 82.00 81.30 80.65 80.05 9.4
Ave. 87.41 85.00 82.90 82.05 81.30 80.64 80.02
Corr. -0.13 -0.20 +0.04 +0.06 -o.24 -0.08
Ave.Corr87.28 84.80 82.94 82.05 81.36 80.40 79.94 64.0 9.4

SAMPLE DATA

1 2 3 4 5 6 7
Source Time of Observed Therm. True Barometer Mol

of Sampling Boiling Corr. Boiling inches Hg. Fraction
Sample Point C 00 Point 0C Benzene

Still 90.83 +0.03 90.86 30.13(73"F) 0.549

84.26
82.49
81.61
81.06
80.68
80.39
80.11

-0.04
-0.06
-0.06
-0.07
-0.07
-0.,07
-0.07

84.22
82.43
81.55
80.99
80.61
80.32
80.04

30.13(670F)
29.98(730F)

29.98(730F)

29 .96(730F)

0. 700*
0.814
0.894
0.934
0.964
0.984
0.990
1.000

* Estimated from Plot
vs. Plate No.

of Composition

Plate 1
"f 2
"I 3
"n
"n
"n
"n

Trap

4
5
6
7



Run No. 4A (Carey) - Date 11/20/28

STEAM DATA

1 2 3 4 5 6 7 8 9 - 10 11
Time Barometer Steam Steam Manometer True Press Steam Weight Condensate

m.m. Hg. Press. cm.Hg. Lbs./sq. in. T8mp. Lbs.
Lbs./sq. Right Left Diff. absolute C Gross Tare Net
in.Gage

1:110
1:13 758,3(23.8O)

28 minuted
2.9

86.3
86.4
85.9
86.1
86.5
86.2

12.1
12,1
12.6
1204
11.9
12.3
Ave.

74.2
74.3
73.3
73.7
74.6
73.9
74.0

9.813
121.5 10.313
121.5 21.000
121.4 18.190
121.0
121.5 t.Cold
121.5 21.063

28.89 Ave.121.4

Temp.Sat.S.
Superheat C

120.3 Net wt.
. 1.1

2.630
2.940
3.250
2.310

Water
3.250

Conden-
sate

7.18
7.37

17.75
15.88
48.18

17.81

30.37

2 3 4
Cooling Water Temperature

Inlet
11.30
11.28
11.30
11.30
11.30
11.25

Ouilet
55.45
56.00
56.25
56.55
57.55
56.65

-Rise- -
44.15
44.72
45.95
45.25
46.25
45.40

CONDENSER DATA
5

True
Ave.
Rise OC

45.29
Ave.

6
Trap
Tamp.
C

64.1
65.0
65.2
66.8
70.8
68.3
66.7

7
Time

12:45$
1:132

28 min.

8 9
Weight Cooling Water

Lbs.
Gross Tare Net
451.50 121.75 325.75

12:45
12:46
12:51
12:56
1:01
1:06

15.0

1
Time

12:47
12:52
12:57
1:02
1:07
1:12

25 min.

10

.1 . %I



Run No. 4A (Continued)

PLATE TEMPERATURE AND PRESSURE DROP DATA

1 2 3 4 5 6 7 8 9 10
Time Plate 1 Plate 2 Plate 3 Plate 4 Plate 5 Plate 6 Plate 7 Trap Press on

00 00 00 00 C0 00 00 Ave. Plate 2
0CC inches

12:49 88.25 85.80 83.00 82.50 81.70 80.80 79.90 10.4
12:58 88.00 85.75 83.40 82.40 81.50 80.75 80.00 10.4
1:08 88.25 86.00 83.40 82.40 81.70 80.80 79.90 10.4
1:15 88.25 85.80 83.50 82.50 81.70 80.80 79.90 66.7 10.4
Ave 88.18 85.77 83.33 82.45 81.65 80.79 79.93
Corr. -0.11 -0.19 +0.04 +0.07 -0.24 -0.08
Ave 88.07 85.58 83.37 82.45 81.72 80.55 79.85
Corr.

SAMPLE DATA
1 2 3 4 5 6 7

Source Time of Observed Therm. True Barometer Mol
of Sampling Boiling Corr. Boiling Inches Hg. Fraction

Sample Point C 0C Point C Benzene
Still 92.70 40.09 92.79 0.500

85.05
83.10
82.00
81.30
80.90
80.50
80.31

-0.04
-0.05
-0.06
-0.07
-0.07
-0.07
-0,07

85.01
83.05
81.94
81.23
80.83
80.43
80.24

30.12(67F)

30.12(68 'F)

30.12 680F)
30.14 680F)

0.694*
0.780
0.868
0.939
0.948
0.967
0.985
0.994

* Estimated from Plot of Plate No. vs. Composition

Plate 1
"2

"f3
" 4
"f5

"6
ff7

Trap



Run No. 5A (Carey) - Date 11/26/28

STEAM DATA
1 2 3 4 5 6 7 8 9 10 11

Time Barometer Steam Steam Manometer True Press Steam Weight Condensate
m.m. Hg. Press. cm. Hg. Lbs./sq. in. Temp.. Lbs.

Lbs./sq. Right Left. Diff. absolute OC Gross Tare Net
in. Gage

11:07 764.5(1750C) 18.75 2.69 16.06
11:08 15.0 86.4 12.1 74.3 121.7 18.81 2.94 15.87
11:13 86.4 12.0 74.4 121.7 18.75 2.69 16.06
11:18 86.0 12.6 73.3 121.7 17.94 2.94 15.00
11:23 86.0 12.5 73.4 121.8 62.99
11:28 86.3 12.2 74.0 122.0
11:34 86.7 11.6 74.9 122.0 18.38 2.31.
11:36 86.9 11.4 75.3 122.0 10.25 3.69
29 min. Ave. 74.2 29.05 Ave. 121.83 9.88 2.94 30.57

Temp.Sat.St. 120.50 Net wt. con- 32.42
Superheat OC 1.33 densate

CONDENSER DATA
1 2 3 4 5 6 7 8 9 10

Time Cooling Water Temperature True Trap Time Weight Cooling Water
o Ave Temp.Lbs.

Inlet Outlet Rise Rise OC OC Gross Tare Net

63.0
. 62.5

61.9
62.0
62.2

44.13 62.8
Ave. 62.4

11:08
11:35
27 min.

443.0 125.0 318.011:09
11:14
11:19
11:24
11:29
11:34

9.82
9.78
9.70
9.70
9.70
9.70

55.61
55.82
55.20
55.30
55.60
55.70

45.79
46.04
45.50
45.60
45.90
46.00



Run No. 5A (Continued)

PLATE TEMPERATURE AND PRESSURE DROP DATA

9
Tj
Ai
0

10

rap Press on
ve. Plate 2

C Inches waet'

9.6
9.6
9.6
9.6
9.6
9.6

62.4 9.6

SAMPLE DATA
2

Time
of

Sampling

3
Observed
Boiling
Point OC

92.90

85.21
83.18
82.02
81.26
80.91
W. 53
80.39

4
Therm.
Corr.
OC
+0.09

-0.04
-0.05
-o.06
-0.07
-0.07
-0.07
-0.07

5
True
Boiling
Point C

92.99

85.17
83.13
81.96
81.19
80.84
80.46
80.32

6
Barometer
inches Hg

30.01(68u)

30.01(680)

7
Mol
Fraction
Benzene
0.472
0. 650*
0.774
0.862
0.916
0.950
0.966
0.984
0.990

* Estimated from a plot of Plate No.vs. Concentration

1 ,

Time

10:30
10:35
11:00
11:20
11:25
11:38
Ave.
Corr.
Ave.

Corr.

2
Plate 1
0 0

88.60
88.50
88.50
88.50
88.50
88.60
88.53
-0.10
88.43

3
Plate 2

0 0

86.35
86.40
86.30
86.30
86.20
86.35
86.31
-0.20
86.11

84
Plate 3

0 0

83.70
83.80
83.70
83.70
83.70
83.80
83.77
+0.04
83.81

Plate 7
0 0

5
Plate 4

00c

82.60
82.60
82.65
82.60
82.60
82.60
82.60

82.60

6
Plate 5

0 0

81.80
81.80
81.80
81.80
81.80
81.80
81.80
+0.07
81.87

7
Plate 6

0 c

81.10
81.10
81.10
81.10
81.10
81.10
81.10
-0.24
80.86

80.45
80.45
80.50
80.50
80.50
80.50
80.50
-o.08
80.42

1
Source
of

Sample
Still
Plate 1

"' 2
"? 3
"f 4
"1 5
" 6
" 7

Trap

J6



Run No. 6A (Carey) - Date 11/26/28

1 2 3
Time Barometer Steam

m.m. Hg. Press
Lbs./sq.
in. Gage

STEAM DATA
4 5 6 7
Steam Manometer True Press

em. Hg. Lbs./sq.in
absolute

Right
764.5(17.650C)

17.0 91.8
91.6
91.4
91.7
91.6
91.1

Left Diff.

5.6 86.2
5.8
6.1
5.7
5.9

85.8
85.3
86.0
85.7

6.4 84.7
85.6

8
team

Temp.
oC

124.9
124.7
124.6
124.6
124.5
124.5

31.25 Ave.124.6
Temp. Sat.Stl22.77
Superheat 0C 1.83

CONDENSER DATA

9 10 11.
Weight Condensate

Lbs.
Gross Tare Net

18.19 2.69
18.88 2.94
17.56 2.69
17.06 2.94

Wt.Cold Water
19.50 3.25
10.38 2.69
11.06 2.94
Net Conden-

sate

15.50
16.94
14.87
14.12
61.43

32.06
29.37

2 3
Cooling Water

OC
Inlet Outlet
9.60 56.40
9.60 56.45
9.60 56.40
9.60 56.80
9.60 57.25
9.60 58.40
9.60 56.95

-0,1Q -r.03
9.50 56.92

4
Temperature

Rise
46.80
46.85
46.80
47.20
47.65
49.80

5
True
Ave.
Rise C

47.40

6
Trap
Temp.
oc
62.0
62.2
62.3
63.0
63. 0
64.2
62.8

7
Time

12:28
12:53

8 9 10
Weight Cooling Water

Lbs.
Grosa Tare Net
404.0 124.8 279.2

25 minutes

12:26
12:27
12:32
12:37
12:42
12:47
12:52
26 min

Time

12:29
12:34
12:39
12:44
12:49
12:54

I

I



Run No.6A.(Continued)

PLATE TEMPERATURE AND PRESSURE DROP DATA

1 2 3 4 5 6 7 81 9 10
Time Plate 1 Plate 2 Plate 3 Plate 4 Plate 5 Plate 6 Plate 7 Trap Press on

00 00 00 C00 C Ave. Plate 2
CC Inches

- Water
11:45 90.70
12:00 90.30
12:15 90.60
12:35 90.50
12:45 90.30

Ave. 90.50
Corr. -0.07

Ave.Corr90.43

88.00
87.80
87.80
88.00
87.80
87.88
-0.17
87.71

84.90
84.70
84.60
84.70
84.80
84.74
+0.03
84.77

83.40
83.30
83.30
83.40
83.50
83.38

83.38

82.40
82.30
82.30
82.30
82.30
82.30
+0.07
82.37

81.30
81.30
81.30
81.30
81.30
81.30
-0.24
81.06

80.60
80.55
80.50
80.55
80.50
80.53
-0.08
80.45

11.5
11.5
11.5
11.5
11.5

62.8 11.5

2
Time of

Sampling

3
Observed
Boiling
Point SC

94.90

86.88
84.37
83.12
81.92
81.50
80.92
80.71

SAMPLE DATA
4 5

Therm.
Corr.
0C

40.14

-0.02
-0.04
-0.05
-0.06
-0.06
-0.07
-0.07

True
Boiling
Point0 C

95.04

86.86
84.33
83.07
81.86
81.44
80.85
80.64

6
Barometer
inches Hg.

30.24(680C)

30.24(68 0 F)

7
Mol
Fraction
Benzene
0.412
0.575*
0.714
0.818
0.875
0.930
0.949
0.978
0.986

* Estimated from Plot of Plate No. vs. Concentration

1
Source

of
Sample
Still
Plate 1

"' 2
"1 3
"t 4
"I 5
"- 6
"? 7

Trap



Run No. 7A (Carey) - Date 11/27/28

STEAM DATA
1 2 3 4 5 6 7 8 9 10 11

Time Barometer Steam Steam Manometer True Press Steam Weight Condensate
m.m. Hg. Press. cm. Hg. Lbs./sq./in Temp. Lbs.

Lbs./sq. Right Left Diff. absolute OC Gross Tare Net
in Gage

11:24 19.00 2.69 16.31
11:25 767.5(18.20) 12.0 79.7 20.9 58.8 118.4 18.06 2.94 15.12
11:30 79.7 20.8 58.9 118.4 19.50 2.69 16.81
11:35 79.2 21.3 57.9 118.2 48.24
11:40 79.7 20.8 58.9 119.5 Wt.Cold Water
11:45 79.8 20.7 59.1 120.1 10.31 2.69
11:50 79.9 20.7 59.2 119.7 9.81 2.94
11:55 79.8 20.7 59.1 119.7 10.32 3.19 21.62
12:00 80.1 20.4 59.7 119.5 Net wt. Con- 26.62
12:02 Ave. 58.95 26.20 Ave.119.2 densate
38 min.

CONDENSER DATA

1 2 3 4 5 6 7 8 9 10
Time uooling Water Temperature True Trap Time Weight Cooling Water

OC Ave. Temp. Lbs.
In~let OUtjet Rise Rise C OC Gross Tare Net

11:26 9.50 55.40 42.5 11.26 378.75 123.75 255.0
9.58
9.55
9.50
9.45
9.50
9.40
9.42
9.48

-0.1
9.38

56.58
57.00
56.30
55.80
55.85
56.00
56.88
56.22
-0.03

56.19 46.81

43.2
43.5
43.8
43.3
42.7
43.2
43.7

Ave. 43.2

12:03
37 min.

46.81

11:31
11:36
11:41
11:46
11:51
11:56
12:01
35 min

Ave



Run No. 7A (Continued)

PLATE TEMPERATURE AND PRESSURE DROP DATA

1 2 3 4 5 - 6 7 8 9 10Time Fiate I Plate 2 Late Piate 4 iate 5 ate b '5late 7 Trap -Press on
C C 0C 0C 0 0 0 Ave. Plate 2

OC Inches
Water

11:28 93.60 89.30 85.95 84.50 83.20 82.10 81.20 4.4
11:42 93.60 89.35 85.95 84.50 83.20 82.10 81.20 4.4
11:53 93.70 89.40 86.00 84.50 83.20 82.15 81.10 4.4
Ave. 93.63 89.35 85.97 84.50 83.20 82.12 81.13
Corr. +0.01 -0.15 +0.02 +0.01 +0.08 -0.24 -0.08
Ave.
Corr.93.64 89.20 85.99 84.51 83.28 81.88 81.05- 43.2 4.4

SAMPLE DATA
1 Tim2 3 4 5 6 7Source e of Observed Therm. True Barometer Molof Sampling Boiling0  Corr. Boiling 0 inches Hg. FractionSampling Point C 0C Point C Benzene

Still 95.70 +0.16 95.86 30.37(690F) 0.393
Plate 1.

" 2
"1 3
"t 4
"I 5'
"t 6
"f 7

Trap

88.40
85.68
84.28
82.76
82.14
81.52
81.12

-0.01
-0.03
-0.04
-0.05
-0.06
-0.06
-0.07

91.60*
88.39
85.65
84.24
82.71
82.08
81.46
81.05

30.36(690F)
30.36 "
30.36 "
30.34 f"

30.32 "n
30.31(680)
30.31 "

0.540
0.661
0.769
0.828
0.895
0.926
0.953
0.972

* Estimated from Plot of Plate No. vs. Boiling Points



Run No. SA (Carey)-Date 11/30/28

STEAM DATA

1 2 3 4 5 6 7 8 9 10 11
Time barometer Steam Steam Manometer True Press Steam Weight Condensate

m.m. Hg. Press. cm. Hg. Lbs./sq. in Tamp. Gross Tare Net
Lbs./sq. Right Left Diff.. absolute oC
in.Gage

10:53 767.0(210C) 14.0 84.6 15.0 69.6 120.6 17.69 2.81 14.88
10@58
11:01
11:08
11:13
11:18
11:23
11:28
11:33
11:331
40:5 minutes

84.6
84.0
84.4
84.7
84.6
84.4
84.8
84.9

14.8 69.8
15.6 68.4
15.2 69.2
14.8 69.9
14.8 69.8
15.0 69.4
14.7 70.1
14.5 70.4

Ave. 69.62,

120.7
120.5
132.4
127.3
122.0
121.3
121.5
121.5

28.15 Ave.123.1
Temp.Sat.S . 119.4
Superheat C 3.7

18.38
16.69

'14.88

2.94
2.81
2.94

Wt.Cold Water
9.50 2.81
8.44 2.94

20.13 3.31
18.06 14.69

Net Weight Con-
densate

15.44
13.88
11.94
56.14

32.38
23.76

2 3 4
Cooling Water Temperature

Inlet Outlet Rise

CONDENSER DATA
b 6

True
Ave.
Rise 0C

7
Trap Time
Temp.

oC

8 9

Weight Cooling Water
Lbs.

Gross Tare

50.48 50.48

49.1
49.0
48.8
48.7
49.8
50.0
50.1
50.2
50.2
50.2

10.55
11.35
40 min.

411.5 124.0

Ave. 49.61

1
Time

10: 551
10:56
11:01
11:06
11:11
11:16
11:21
11:26
11:31
11:34

10

9.07
9.03
9.15
9.30
9.30
8.82
9.13
9.35
9.40
9.42
9.20

-0.10
9.10

58.65
58*45
58.90
58.70
59,85
60.03
60.29
60.90
60.30
60.00
59.61
-0.03
59.58

Net
287.5



Run No. 8A (Continued)

PLATE TEMPERATURE AND PRESSURE DROP DATA

1 2 3 4 5 6 7 8 9 10
Time--iate I Plate 2 Plate 3 Plate 4 'Late 5 Plate 6 Plate 7 Trap Press on

00 0 00 0C0oC oC oC Ave. Plate 2

OC Inches
Water

11:05 92.00 89.50 86.00 84.55 83.20 82.15 81.35
11:15 92.00 89.42 85.95 84.50 83.20 82.20 81.35
11:20 92.00 89.42 86.00 84.55 83.20 82.15 81.35
Ave. 92.00 89.45 85.98 84.53 83.20 82.17 81.35
Corr. -0.04 -0.15 0.02 +0.01 +0.08 -0.24 -0.08
Ave. 91.96 89.30 86.00 84.54 83.28 81.93 81.27 49.61 3.1

Corr.
SAMPLE DATA

1 2 3 4 5 6 7
Source Time of Observed Therm. True Barometer Mol

of Sampling Boiling Corr. Boiling inches Fraction
Sample Point C 0C Point 0C Hg. Benzene

97.21

88.19
85.60
84.12
82.45
81.98
81.39
81.00

-0.20

-0.01
-0.03
-0.04
-0.06
-0.06
-0.06
-0.07

97.01
91. 70*
88.18
85.57
84.08
82.39
81.92
81.33
80.93

30.20(700F)

30.18(700F)
30.18 "
30.17 "
30.17 "
30.17 "
30.17 "
30.17 "

0.348
0.516
0.658
0.762
0.828
0.902
0;922
0.948
0.966

from plot of Plate No. vs. Boiling Point

Still
Plate

It
I"
It
"f
i"
I"

Trap

3
4
5
6
7

* Estimated



Run No. 9A (Carey) - Date 11/30/28

STEAM DATA

1 2 3 4 5 6 7 A 9 10 11
TIM Barometer steam Steam Manometer True Press Steam Weight Condensate

m.m. Hg. Press. cm. Hg. Lbs./sq.in. Temp- Lbs.
Lbs./sq. Right Left Diff. absolute 0C Gross Tare Net
in. Gage

12:25 764.4 14.0 17.56 2.81 14.75
12:27 (corr.) 89.1 9.2 79.9 122.8 18.69 2.94 15.75
12:32 89.2 9.1 80.1 122.8 17.13 2.81 15.32
12:37 89.2 9.1 80.1 122.8 14.69 2.94 12.75
12:42 88.9 9.4 79.5 122.8 58.57
12:47 88.8 9.6 79.2 122.6 Wt.Cold Water
12:52 89.0 9.3 79.7 122.8 10.13 2.81
12:57 89.3 9.0 80.3 122.8 9.88 2.94
1;00 Ave 79.83 30.15 Avel22.8 19.38 6.50 27.14

35 minutes Temp.Sat.gt.121.5 Net Weight Con- 31.43
Superheat C 1.3 densate

CONDENSER DATA
1 2 3 4 5 6 7 8 9 10

Time Cooling Water Temperature True Trap Time Weight Cooling Water
vC

Inlet Outlet Rise-
V.UU b.5U
9.10 57.70
9.10 58.65
9.03 58.45
9.00 58.45
9.00 58.30
9.00 58.05
9.00 59.20
9.03 58.04
0.10 -0.03
8.93 58.01 49.08

Ave. Temp.
Rise 0C 0c

52.0
52.5
52.1
52.0
52.1
52.0
52.5

Ave. 51.8

Lbs.
Gross Tate

4U&.b 124.7
1:01

35 min.

Net
B5.5-

49.08

12:33
12:38
12:43
12:48
12:53
12:58
1:01



Run No. 9A (Continued)

PLATE TEMPERATURE AND PRESSURE DROP DATA

1 2 3 4 5 6 7 8-. 9 10
Time Plate 1 Plate 2 Plate 3 Plate 4 Plate 5 Plate 6 Plate 7 Trap Press on

0 00 000 0 0 0 Ave. Plate 2
C C C C C C C oc Inches

Water
12:29 92.70 90.05 86.45 84.85 83.35 82.25 81.40 7.0
12:39 92.65 90.00 86.40 84.85 83.35 82.25 81.35 7.0
12:50 92.70 90.10 86.45 84.85 83.35 82.25 81.40 7.0
Ave. 92.68 90.05 86.42 84.85 83.35 82.25 81.37
Corr. -0.02 -0.14 +0.01 40.01 +0.08 -0.24 -0.08
Ave. 92.66 84.91 86.43 84.86 83.43 82.01 81.29 51.8 7.0

Corr.
SAMPLE DATA

1 2 3 4 5 6 7
Source Time of Observed Therm. True Barometer Mol
of Sampling Boiling Corr. Boiling inches Hg. Fraction

Sample Point C 0C Point C Benzene
Still 98.25 +0.23 98.48 30.17(700) 0.306

88.70
85.97
84.40
82.82
82.11
81.41
81.02

0. 00
-0.03
-0.04
-0.05
-0.06
-0.07
-0.07

92.60*
88.70
85.94
84.36
82.77
82.05
81.34
80.95

30.17 "0
30.17 "
30.15(710F)
30.14 "
30.13 "
30.13 "

0.490
0.638
0.747
0.815
0.886
0.917
0-950
0.966

* Estimated from plot of Plate No. vs. Boiling Point

Plate 1
i" 2
" 3
I" 4
" 5
"f 6
"f 7

Trap



Run No.10A (Carey) - Date 12/1/28

STEAM DATA

1 2 3 4 5 6 7 8 9 10 11
Time barometer Steam Steam Manometer True Press Steam Weight Condensate

Press. cm. Hg. Lbs./sq. in Temp- Lbs.

m.m. Hg. Lbs./sq. Right Left. Diff. absolute 0c Gross Tare Net
in.Gage

24.70(69uF) 12.0

40 minutes

1
Time C

80.6
80.7
80.6
80.6
80.3
80.6
80.8
80,9
81.1

751.9 m.m.Hg.
corr.

2 3 4
ooling Water Temperature

0
Inlet 0~tlet Rise

20.0 60.6
19.8 60.9
19.9 60.7
19.9 60.7
20.4 59.9
19.9 60.7
19.6 61.2
19.7 61.2
19.4 61.7

Ave60.84

119.7 18.25 2.69 16.56
119.9 17.69 2.94 14.75
119.8 16.63 2.69 13.94
119.5 45.25
119.6 Wt.Cold Water
119.5 23.13 15.63
119.9 10.94 2.69
119.8 9.81 2.94 22.62
119.8 Net Weight Con-

26.20 Ave.119.73 densate 22.63
--. 00

120.73
Temp.Sat.St. 116.89
Superheat0 C 3.84

5 CONDENSER DATA
True Trap7 Tile Weij
Ave. Temp
Rise C 0C Groc

1 10
ght Cooling Water

Lbs.
ss Tare Net

11:301
12:05
34.5 min.

288.75 123.25 165.5

11:27
11:32
11:37
11:42
11:47
11:52
11:57
12:02
12:07

11L29
11:34
11:39
11:44
11:49
11:54
11:59
12:04

9.65
9.70
9.75
9.72
9.70
9.72
9.65
9.65
9.94

-0.10
9.84

58.70
59.55
60.05
60.40
60.62
60.45
60.42
60.20
60.05
-0.03
60.02 50.18 50.18



Run No. 10A (Continued)

PLATE TEMPERATURE AND PRESSURE DROP DATA
1 2 3 4 5 6 7 8 9 10

Time Plate I Plate 2 Plate 3 Plate 4 Plate 5 Plate 6 Plate 7 Trap Press on
00 00 00 00 00 0 00 Ave. Plate 2

0 Inches
Water

11:00 92.65 90.20 86.45 84.85 83.30 82.10 81.10 2.9
11:20 92.65 90.20 86.45 84.85 83.30 82.10 81.10 2.9
11:45 92.65 90.20 86.45 84.90 83.30 82.10 81.10 2.9
11:55 92.70 90925 86.45 84.90 83.35 82.10 81.10 2.9
Ave 92.66 90.21 86.45 84.88 83.31 82.10 81.10
Corr.-0.02 -0.14 40.01 .40.01 '+0.08 -0.24 -0.08
Ave. 92.64 90.07 86.46 84.89 83.39 81.86 81.02 2.9
Corr

SAMPLE DATA

1 2 3 4 5 6 7
Source Time of Observed Therm. True Barometer Molof Sampling Boiling0  Corr. Boiling inches Hg. FractionSample Point C 0C PointoC Benzene
still 98.35 +0.23 98.58 29.82(730f) 0.296
Plate 1

"2
"f3
"4
"5
"6
"7

Trap

89.24
86.31
84.70
83.00
82.20
81.50
81.00

O .00
-0.03
-0.04
-0.05
-o.06
-0.06
-0.07

93. 20*
89.24
86.28
84.66
82.95
82.14
81.44
80.93

29.82
29.82
29.83
29.84
29.85
29.86
29.86

"

"

"

"

"

"f

"

* Estimated from Plot of Plate No. vs. Boiling Point

0.465
0.608
0.726
0.792
0.868
0.904
0.936
0.958



Run No. 1 January 8, 1929 Time: 2:15-3:05

Time Steam Press. Steam Temp.
lbs./sq.in. 0c

Abs.
1 hr. 29.65 134.04

Condenser Water Condenser Condensate
Rise 0C Water-lbs. lbs.

34.57 245.25 22.81

Time
Plate #1 Plate #2

2:15 100.6
2:20 100.4
2:30- 100.5
2:40 100.6
2:55 100.5
3:05 100.7
Ave (corr 100.5

Plate
Plate
96*6
96.3
96.4
96.9
97.0
97.0
96.5

Temperatures
#3 Plate #4

94*4
94.5
94*6
94.6
94.8
94.7
94.7

*c
Plate
90.5
90.5
90*6
90.7
90.8
90.8
90.7

#5 Plate
88.1
88*1
88*2
88.,3
88.3
88*3
88.2

#6 Plate #7
85*2
85*3
95.4
85.4
85*4
85*5
85*4

Sample Log

Time Source

2:39 Pl. #1
2:39 Pl. #2
3:05 Pl. #3
U 05 Pl. #4
3:20 Pl. #5
3:20 Pl. #6
3:25 Pl. #7
3:25 Botts.

Obs. B.P.

104.90
100.10
96.20
93.18
89.80
87.40
85.31
106.21

Corr. True B.P.

0
0
.17
.09
.02
.02

-.03
-.02

104.90
100.10
96.37
93.27
89.82
87*38
85.28

106.23

Barometer (Corr.) Mol Fractior

768.5
768.5
768.7
768.7
768.9
768.9
768.9
769.1

.141
*263
9376
.476
.600
.698
.784
.109

Pressure above Pl. #1 :14 mm.Hg.

243
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Run No. 2 January 12, 1929 Time: 12:05-2:00

Time Steam Press. Steam Temp. Condenser
lbs./sq.in. *c Water Rise

39.68

Plate #1

145.28 35.89

Plate Temperatures 0C
Plate #2 Plate #3 Plate #4
104.40 100.3 97.60
104.50 100.7 98.10
104.80 101.1 98.40
104.75 101.1 98.54
104.60 101.1 98.55
104.70 101.1 98.65
104.90 102.2 98.59
104.42 100.86 98.01

Condenser
Water-lbs.

633.25

Plate #5
93.45
93.87
94.15
94.30
94.40
94.40
94.35
93.92

Condensate
lbs.

48.06

Plate #6
89.85
90.30
90.65
90.75
90.85
90*85
90.65
89.87

Plate #7
86.60
86.90
87.20
87.35
87.40
87*41
87*20
86.80

Sample Log

Time Source Obs. B.P.

1:20
1:35
1:30
1:35
1:40
1:45
1:50
1:15
2:00

P1. #1
Pl. #2
P1. #3
Pl. #4
Pl. #5
Pl. #6
Pl. #7
Reflux
Botts.

106 * 27
104*27
100.95
97.75
93.18
90.28
86.86
84.57
108.31

Corr. True B.P.

.02

.00

.00

.22

.09

.02

.02

.04

.06

106.29
104.27
100.95
97.97
93.27
90.30
86.84
84.53

108.37

Barometer

756.0
756.1
755.4
755*0
754.7
754.4
753.9
756*6
756.6

(corr.) Mol Fraction

.095

.143

.225

.314

.459

.564

.695

.789

.046

Pressure above Pl. #1: 14 mm. Hg.

2,4

1 hr.

Time

1:15
1:25
1:35
1:45
1:55
2:05
2:15
Ave.



Run No. 3 January 28, 1929 Time: 4:15 - 6:00

Time Steam Press.
lbs./sq.in.

Steam Temp. Condenser0 C Water Rise
Condenser
Water-lbs.

Condensate
lbs.

429.04(40min) 63.724

Time
Plate #1

4:15 105.0
4:25 104.7
4:35 104.9
4:45 105.0
4:55 105.9
5:05 106.0
5:15 106.2
Ave. 105.6

Plate Temperatures
Plate #2 Plate #3 Plate #4

100.8
100.7
100.7
100.6
102.3
102.3
102.7
103.3

95.2
95*3
95.3
9503
9704
97.4
9708
98.5

90.7
90.8
90.7
90.7
9208
92.8
93.2
9304

*c

Plate #5

87.3
87.3
87.4
87.5
8901
88.9
89.4

8905

Plate #6 Plate #7

8406
84.6
8406
84.6
8407
8506
8509
8509

8207
8206
8206
8206
8209
8208
8208
83.0

Sample Log

Time Source Obs. B.P. Cor. True B.P. Barometer (Cor.) Mol Frac.

pl. #1
Pl. #2
P1. #3
Pl. #4
Pl. #5
P1. #6
Pl. #7
Reflux
Botts.

104.25
101.58
97.18
92.20
88.67
85.70
83.02
81.80
107.03

000
.00
.20
007
.00

-.03
-.05
-.06
.04

104.25
101.58
97.38
92.27
88.67
85.67
82.97
81.74
107007

751.5
751.5
751.5
751.5
751.4
751.5
751.5
751.5
751.6

.139

.205
* 322
.486
.618
0737
.853
0907
. 073

Press, above Pl.- #2 :10 6mm. Hg.

?A5

1 hr. 44.62 146.4 24.34

5:25
5:30
5:35
5:40
5:45
5:50
5:55
6:00
5:20
5:20



Run No. 4 January 29, 1929 Time: 3:05 - 4:45

Time Steam Pres.
Lbs./Sq. in.

1 hr 23.95

Steam Temp.
OC

134.73

Condenser
Water Rise

36.67

Condenser
Water-lbs.

204.7

Condensate
lbs.

19.813

Time Plate #1

3:05
3:15
3:20
3:30
3:40
3:50
4:00
Ave.

9708
98.2
98.6
98.4
98.2
98.6
98.3
97.2

Plate #2
Plate Temperatures *C
Plate #3 Plate #4

88.8
8808
88*4
88.9
88.8
88.9
88.9
88.8

87.3
87.1
8701
8703
8703
8701
8703
8702

Plate #5

84*6
84*6
84*6
84*7
84.7
84*7
84*7
84.6

Plate #6

8301
83.3
8303
8303
8304
83.3
8305
83*2

Time Source Obs. B.P.

4:05
4:10
4:15
4:20
4:25
4:30
4:35
4:40
4:45

Pl. #1
Pl. #2
Pi. #3
Pl. #4
Pl. #5
Pl. #6
Pl. #7
Reflux
Botts.

96.13
90.97
88*00
86.00
83.95
82.70
81.70
81.21
99.81

Cor. True B.P.

.17

.03
-.01
-.03
-.04
-.05
-.06
-. 07
.24

96.30
91.00
87.99
85.97
83.91
82.65
81.64
81.14
99.05

Barometer

754.8
754.9
755.1
755.2
752.3
752.1
751.9
754.4
754.4

(cor.) Mol Frac.

.360
.538
.615
.731
.813
.866
.912
.940
.278

Press. above Pl. #2 :5:25 nm. Hg.

246

Plate#7

81.6
81.7
81.7
81*8
8108
8108
81.08
81.7



Run No. 5 February 4, 1929 Time: 12:15 - 2:35

This run was made to determine the possibility of

withdrawing vapor samples, but the results were worthless due

to a broken vapor sampling pipe.

Run No. 6 February 6, 1929 Time: 10:30 - 11:30

Time Steam Pres.
lbs ./sq.in.

Steam Temp.0c Condenser
Water Rise

Condenser
Water-lbs.

Condensate
lbs.

30.48 364.0(23 min)

Plate Temperature *C

Plate #3
91*8
91.8

Plate #4
89.2
89.2

Plate #5

86.6
86*7

Plate #6

84*5

Sample Log

Source Obs. B.P.

Pl.#4 (liquid)
Pl.#4 (vapor)
Pl.#5 (liquid)
Pl.#5 (vapor)
Pl.#6 (liquid)

88.50
88.19
85.80
84.21
84.34

Cor. True B.P. Barometer (cor.) Mol Frac.

-.01
-.01
-. 03
-.04
-.04

88.49
88.18
85.77
84.17
84.30

772.5
772.5
772.5
772.5
772.5

.660

.674

.772

.840

.835

247

l hr. 39.96 132.4

Time
#4 sam.
#4 "
#5 "
#5 "
#6 "n

56.96



Run No. 7 February 8, 1929 Time: 1:45 - 3:12

Time Steam Pres.
lbs./sq.in.

Steam Temp. Condenser
*c Water Rise

Condenser
Water-lbs.

Condensate
lbs.

36.43 693.5(50min) 63.09

Plate Temperatures 0C

Time Plate #1

1:55
2:20
2:55
3:05
3:12
Ave.

105.0
105.6
105.9
106.0
106.0
106.0

Plate #2

100*0
10106
101.2
101.5
101.5
101.8

Plate #3 Plate #4

9409
96.6
96.2
9603
96.0
96.3

9106
93.1
93.0
9209
91.9
92.6

Plate #5

88.2
89.3
89.4
8903
88.5
89.6

Plate #6 Plate #7

8503
8601
86.0
86*1
8507
8506

83.2
83.3
83.3
83.4
8304
8303

Samplo

Time Source
3:00 Pl.#1

Pl.#2
Pl.#3
P1.#4
P1.#5
Pl.#6
Pl.#7
Reflux

3:12 Botts.

Obs. B.P.
100.52
96.68
92.40
89.40
86.13
86063

Cor.
000
.19
.06
.00

-.03
-.04

182.35
106.90

True B.P
100.52
96.87
92.46
89040
86.10
85.59

82.29
106.92

. Barometer (cor.) Mol Fraq.
.250
.363 #

764.2 .500 g
0614
.746

764.1 .851

.911

.089
Pres. above P1. #2: 24.6 mm.Hg.

248

1 Hr. 46.85 139*1
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Note: In the following runs carbon tetrachloride-
toluene mixtures were used.

Run No. 8 February 15, 1929 Time: 4:40 - 5:45

Time Steam Pres.
lbs./sq.in.

5 hr. 34.7

Steam Temp. Condenser
0C Water Rise

155.5 51.68

Condenser
Water-lbs.

179*5

Condensate
lbs.

19.875

Plate temperatures 0C

Time Plate #1 Plate #2 Plate-#3 Plate #4

4:45
4:55
5:05
5:15
5:35
5:45
Ave.

100.1
100.2
101.0
101.0
101.0
101.2
100.4

96*0
96.5
97*0
97*0

94*8
95.2

89.1
89.6
8907
8903
8909
8907
8908

85.7
8601
8602
8509
8693
86.3
86.3

Plate #5 Plate #6 Plate #7

82.6
82.9
83.0
82.8
8302
8302
83.2

80.1
80.4
8004
8003
8005
80.5
80.3

7805
78.7
78.7
78*6
78.8
78.7
7807

Time Source

5:35 Pl.#lV
Pl.#2V
Pl.#3V
Pl.#4V
Pl.#5V
Pl.#6V
Pl.#7V

5:45 Botts L

Specific Gravity

1.0110
1.0373
1. 2533
1.3814
1.3760
1.4169
1.4410
0.9881-

Temp. oC

26.0
25.0
94. 0
24.2
25.8
2305
23.5
22.1

Mol. Frac.

.2263

.2637

.5585

.6500

.7265

.7798
.8105
.1880 -

Press, above Pl. #1: 20. 3mm. Hg.

SampleLog
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Run No. 9

Time Steam Press.

1 hr

lbs./sq.in.

38.2

February 18, 1929 Time: 2:45 - 3:45

Steam Temp. Condenser Condenser Condensate
*C Water Rise Water-lbs. lbs.

159.2 54 4 355.0 39.4

Plate Temperatures *C

Time Plate #1 Plate #2 Plate #3 Plate #4 Plate #5
#7

Plate #6 Plate

Before V 102.1
After V 102.6
After L 103.0

Time Source Specific Gravity Temp. *C. Mol. Frac.

P1. #1 V
Pl. #2 V
Pl. #2 L
P1. #3 V
Pl. #3 L
Pl. #4 V
P1. #4 L
Pl. #5 V
Pl. #5 L
Pl. #6 V
Pl. #6 L
Pl. #7 L
Reflux
Botts.

Pres. above Pl. #1:

89*8
89*9
89.3

86*3
86.4
85.8

83.0
8302
82.7

80.5
80.6
8003

78.8
78.8
78.6

.9971
1.1640
1.0490
1.2552
1.1572
1.3234
102424
1.377.6
1.3260
104170
1.3720
1.4143
1.4377

.9521

23.0
22.2
23.0
2402
23.2

2209
22.8
2205
20.5
2203
22.0
22.0
24.1

.200

.434

.276

.561

.446

.653
.543
o697

o653

.744
.714
.771
.801
.134

20.3 m.Hg.



Run No. 10

Time Steam Press.
lbs./sq.in.

February 22, 1929 Time: 1:00 - 3:25

Steam Temp. Condenser Condenser0C Water Rise Water-lbs.
Condensate

lbs.

38.72 223.0(.508hr) 33.75

Plate Temperatures 0C

Time Plate #1

Pl#2
P1#2
Pl#4
Pl#5
Pl#6
P1#7

104.8
104.9
104.9
104.9
104.9
104.9

Plate #2 Plate #3 Plate #4

97.0
97.0
97.0
97.0
97.0
97.0

9108
92.0
92.0
92.0
92.2
92.6

88.
88.4
88.4
8805
88*6
88.0

Plate #5 Plate #6 Plate#7

84*6
84.6
8406
84.7
8408
84.0

8106
8106
8107
8108
8108
82.0

79.5
7905
7906
7906
79.7
79*8

Sample Log

Specific Gravity

1.0387
1.1271
1.1961
1.2862
1.3371
1.3861
1.4161

Temp. CC

2306
23.8
24*0
24.0
24.0
24.0
24*2

Mol. Frac.

.2610

.3845

.4810

.6035

.6715
.7238
.7780

Press, above Pl.#1: 20.0 nmm. Hg.

251

.91 hr 34.8 127.8

Source

Pl.#2 V
Pl.#3 V
Pl.#4V
Pl.#5 V
Pl.#6 V
Pl.#7 V
Reflux



R arch k, 9 28

Time 0
Steam Data
P(#/in.2) 15
t(OF.) 256
Condenser data
t entrance (OC.)12.6
t exit (OC.) 29.1
Plate temp.
Plate 1 94.5
Plate 2 91.8
Plate 3 89.3
Plate 4 86.0
Plate 5 82.5

#steam condensate

Wt. condensate+bucket
Weight- bucket+H 2 0
Total condensate

5 10

15
255

12.6
28.9

9405
9102
8902
85.8
82.5

15
256

12.65
29.3

94.5
91.8
8902
85.8
82.5

15 20 25 30.

15 15 15
257 256.5 256

35

15 15
256 256

12.6 12.6. 12.6 12.6 12.6
29.5 29.4 29.6 29.5 29.4

46.8
91.7
89.2
86.0
82.8

94.5 95.6
91.8 91.8
89.2 89.2
86.0 85.9
82.7 82.8

94.5 95.0
91.7 92.0
89.3 89.3
85.8 86.0
82.6 82.6

14.75 14.00 14.50
2.75 2.75 2.75
12.00+11.25 11.75 : 35# in 50 min.

# cooling water

Weight cooling H20 +barrel
Weight barrel
Total cooling water

924.7
61.0

863.7

40 45 50 55 60 Av.

15 15 15
256.5 256 257

12.6
29.7

95.0
92.0
89.4
85.8
82.5

12.6 12.6
29.8 29.9

94.8 94.9
91.9 91.8
89.3 89.2
85.8 85.9
82.5 82.6

Analysis of liquids

B.Pt.( 0C.)
Plate 2 91.98

3 86.63
4 85.03
5 83.19
6 82.16
7 81.86

Bottoms 98.56
Reflux 80.97

Barometer = 757 mm

15 15 15
256.2

12.6
29.46

9409
91.8
89.3
85.9
82.6

Comp.
0.505
0.705
0.773
0.854
0.902
00914
0.294
0.957

Run 1A 0: 00 to 9: 50



Ray 10, 1928

Time
Steam Data
P (#/in.2)
t (OF.)
Condenser data
t entrance (OC.)
t exit (OC.)
Plate temp. (OC.)
Plate 1
Plate 2
Plate 3
Plate 4
Plate 5

0 5

8 8
239 240

12,7
25.6

93
90
87.2
83.*8

10 15

8 8
240.5 241

20

8
242

12.75 12.80 12.80 12.80
25.4 24.4 24.5 24.8

93
90.1
87.5
83.8

93.2
90.1
87.4
83.8

93.1
90.2
87.2
83.8

93.2
90.2
87.1
83.7

25 30 35

8
242

40 45 50 55 60

8 8 8
244 242 242

12.80 12.80 12.80 12.80
24.65 24.5 24.5 24.4

93
90.1
87.4
83.8

93
90.1
8705
83.8

93
90
87.3
83.8

93
90.1
87.3
83.8

# steam condensate

Weight condensate bucket 38.0
Weight water bucket 26.15
Total condensate 11.85 in 40 min.

# cooling water

Weight barrel water 492.0
Weight barrel 60.5

431.5 in 40 min.

Analysis of liquids
B.Pt. (0c.)

Plate 2 41.64
Plite 3 88.67
Plate 4 85.89
Plate 5 83.96
Plate 6 83.41
Plate 7 81.84
Reflux 81.26
Bottoms 100.26

Barometer = 757 mm

Ave.

8
241.4
12.80
24.70

93.1
90.1
87.3
83.8

Comp.
0.516
0.626
0.736
0.820
0.845
0.916
0.943
0.235

5:05 - 5:45Run 2A



May 11, 12192

10 15 20 25 30 35 40 41.5 50 55 60 AV.

Steam Data
P(Lbs./ina)
t (OF.)

Condenser Data
t entrance (OC.)
t exit (0c.)

Plate temp.
Plate 1
Plate 2
Plate 3
Plate .4
Plate 5

11
246

13.2
73.8

96.
93.:
90.0
97.7
93.7

Lbs. steam condensate
Weight condensate
Weight bucket + water
Total

Lbs. cooling water
Weight cooling water
Weight barrel
Weight cooling water

11
246.5

13.2
73.9

96.5
93.6
90.1
97.4
93.7

13.75
2.80
10.97 +

11
24b

11
246

13.2
74:2

96.3
93.5
90.2
87.4
87-8

14.12
2.,9

11 11
24b 246

13.2
74.4

96.3
93.5
90.2
87.3
83.7

+

96.
93:4
90.2
S7. 3
S3.7

13.2
74.4

96.
93.4
90.2
87.5
93,7

11 11
246 046

13.2
74.3

96.
93:Z
90.1
87.6

6.6
2.13

.0 = 25.77 lbs.

307.1

24b. 6

13.2
74.3

96.5
93.5
90.2
97.6
83.7

11 11 11
246 246 246.7

96.4
93.5
90.2
97.4
"3.7

96.5
93.5
90.2
87.497.04

96.5
93.5
90.1
97.5

11 11
246. 246

13.4 13.1
74:6 75.1

96.5
93.5
90.2
87.5
93.7

Analysis of Liquids
B.Pt.(*o.)

Plate 2 92.61
Plate 3 8902
Plate 4 86.76
Plate 5 94.26
Plate 6 93.2l
Plate 7 81.96
Bottoms 101.25
Reflux 9.36

96.5
93.5
90.2
97.5
83-7

Comp.
0.479
0.599
0.697
0.803
0.849
0.905
.0.216
0.931

Barometer = 754 mm.

Time 0 5

11
246

13.22
73.55

96.4
93.45
90.15
87.5
93,7

Run 3B 2:10 - 3:10



May 13, 1926

0 5 10 15 20 25 30 35 40 45 50

Steam Data
P(Lbs./inO)
t (OF,)

Condenser Data
t entrance (00.)
t exit (0C.)

Plate temp. (0.)
Plate 1
Plate 2
Plate
Plate
Plate 5
Plate 6

12.5
251.5

13.4
69.7

99.3
96.0
92.5
90.2

5.e o
94.6

12.7
251.7

13.4
$9.7

99.3
96.0
92.5
90.1

N5.el4.6

12.5
251.5

13.45
69.75

99.4
96.0
92.6
90.1

Lbs. steam condensate
Weight condensate + bucket 15.70
Weight bucket 2.7
Weight condensateU.95-

Lbs. cooling water
'Weight water + barrel
Weight barrel
Weight water

12.7
252

13.45
69 .S

99.4
96.0
92.6
90.0

18.30
275

12.7
252

13.45
69.75

99.2
96.0
92.6
90.0
9z.1
4.7

12.7
252

13.6
69.

99.2
96.0
92.6
90.0

84.7

= 29.60

12.7
252

13.6
69.75

99.3
96.0
92.6
90.0
9Z.1
94.7

12.o6
251.8

13.
69.75

99.3
96.0
92.5
90.0
R5.1
4.6

Plate
Plate
Plate
Plate
Plate
Plate

456
6055

12.6
25l.o

13.6
69.75

99.4
96.0
92.6
90.0
5. 6

12.6
251.7

13.6
69.75

99.4
96.0
92.7
90.0
95.1
84.7

12.6
251.7

13.65
69175

99.4
96.0
92.6
90.0
95.1
g4.6

12.5
251.5

13.70
69.75

99.4
96.0
92.6
90.0

Analysis of Liquids
B.Pt. (cC.)

2 95.29
91.71
98.46

5
6
7

Ref lux
Bottoms

83.08
92.21
103.23

Barometer = 764 mm.

Time 55 60 Av.

12*6
251.5

13.70
69.75

99.4
96.0
92.6
90.0

9 .7

12.6
251.5

13.56
69.75

99*35
96.0
92.6
90.0go.1
94.7

Comp.
0.406
0.526
0.647
0.746
0.817
0.73
0.913
0.179

Run 4A 1:10 - 2:10



-a - , LUJ

30 35 40 45 50

Steam Data
P(Lbs./in")
t ( )

Condenser Data
t entrance (00.)
t exit (00.)

Plate temps.
Plate 1
Plate 2
Plate
Plate 5
Plate 5
Plate 6

10.0 10.0 - - 10.0 -
244.0 243,6 244.0 244.0 243.6 243.6

15.35
73.25

94.
92.0
90.2
97.0
84.5
93.0

15.30
73.27

95.0
92.7
90.2
97.0
84-19
4.26

Lbs. steam condensate
Weight condensate + bucket
Weight bucket + water
Weight condensate

Lbs. cooling water
Weight water + barrel
Weight barrel
Weight water

15.3
73.25

94.9
92.8
-90.2
87.0
84.8
52.6

23.75
13.0
~0~-75 +

15.3 15.3
73.25 73.25

94.8 94.
92.8 92.8
90.2 90.2
57.0 57.0
54.5 54.8

15.3
73.25

94.8
92.9
90.2
97.0

- 10.60
243.2 243.0

15.3 15.35
73-30 73.53

94-mg
92.8
90.2
97.0

94.7
92.*
90.3

-

- - 10.0 - 10.0 10.0
243.0 244.0 244.0 244.0 244.0 243.6'

15.40
73.53

94
92
9C

- - - - 82.6 82

21.55 17.6
12.25 10.
9.6 G .+5

15.30
73.90

15.30
73.90

15.50 15.30 15.33
73.40 75.0'73.65

1.3 95.0 95.0 94-.5 94.5 94.6
?.8 92. 92.8 92.S 92.5 92.*
).3 90.2- 90.2 90.2 90.2 90.2

- - S7.0
- - - - - 54.5
1.6 52.6 - - - 2.6

Analysis

27.20

309 .75
50. M

Plate 2
Plate 5
Plate 4
Plate 5
plate 6
Plate 7
Ref lux
Bottoms

of Liquids
B.Pt. (*o.)

100.52
99.12
95.42
90.24
55.27
92.24
52.34
104.52

Comp.
0.236
0.305
0.397
0.564
0.761
0.893
0.559
0.137

Barometer - 755 mm.

Run 5A

Time 0 5 10 15 20

- -. :~i4

55 60 Av.2 5

"a -m*



Run ;B (I)

0 5 10 15 20 25. 30 35 40 45 50 55 60

Steam Data
P(Lbs./in 2 )
t (OF.)

10.0
243.0 - 244.0 243.6

10.0 -
- 243.6

- - 10.0
0- - 243.6 - 241.0

- 10.0 10.0
o- 243.6

Oondenser Data
t.entrance (00.)
t exit (c0.)

Plate temps.
Plate 1
Plate 2
Plate
Plate 5
Plate 5
Plate 6

15,59 15.65
63,58 63-55

95.7 -
92.4 92.6
90.0 -
87.0 -
4.7 -

82.9 92.7

- 15.60 -
63,60 63.55 63.60

95,9
92.7
90.2

- - - 15.59 15.60
- - - 63.59 63.60

- 96.0
92.9 -

- 90.3
I"

85.0
4209 83.0

- 96.3
93.0 -
90.6 90.3

s5-0 --5-0

- - 15.55 15.61
-.- - 63.59

90.6
87.3

-m
am

-

93.5
90.9

85.2
83.2

96.9
93.S
91.5

-0

-

95*
92.9
9131
87.0

82 .5

Lbs. steam condensate
Weight condensate + bucket
Weight bucket
Weight condensate

Lbs. cooling water
Weight water + barrel
Weight barrel
Weight cooling water

22.75
11.0
11.75

21.85 18.25.
11005 + 1
+ 1,65+ 9.,10

Analysi

31.7

528.75
61.75

468. Q

Plate 2
Plate
Plate 5
Plate 5
Plate 6
Plate 7
Ref lux
Bottoms

s of Liquids
B.Pt. (00.)

90.50
97.02
95.02
93.37
92.54
91.70
80.92
99.22

Barometer = 760 mm.

Time Av.

Comp.
0.563
0.696
0.790
0.953
0.890
0.929
0.966
0*279

laay 3,12



Time of run 50 min.

30 35. 40 45 50

Steam Data
P(Lbs./ins)
t (oF.)

Condenser Data
t entrance (00.)
t exit (00-)

Plate temps.
Plate 1
Plate 2
Plate3
PlateL4
Plate 5
Plate 6

10.0
243.6

16.65
65.35

97.0
94.0
92.0
99.0
95.2
83.0

- - 10.0
- - 244

- - 10.0
- - 244

- - - -65,4

97.5 - - 99-0
- - - 94.0

-t C

8557
83.5

- - 10.0
- -2244

- 16.7
- 65.4

99s,7
95.2
93.0

86.2
84. 0

-w

95.0
92.3
89.0

3 0
83e 7

Lbs. steam condensate
Weight condensate + bucket
Weight bucket

Lbs. cooling water
Weight water + barrel
Weight barrel
Weight cooling water

20.25
10.
~9.75

22.5 17.0
11.0 12.

+ 11.5 + .5 25.75

4196.5

Analysis
B.

Plate 2
Plated
Plate 5
Plate 5
Plate 6
Plate 7
Ref lux
Bottoms

of Liquids
Pt. (c.)
92.63
88.62
96.17
94.32

1.54
101.45

Barometer = 760

Time 0 5 10 15 20 25 Av.

10.0
244

16.65
65.4

97-8
94.5
91.6
98.6
85.9
93.9

comp.
0.997
0.632
0.731
0.811
0.853
0.95
0.935
0.217

June 2, 1926Run 5B (2)

-" 16.!6Z
-m 65.4

- oft

am -. -00

85*3
93.2



)IJune 7, 12o.

20 25 30 35 40 45 50

Steam Data
P(Lbs./in2)
t (or.)

Condenser Data
t entrance (00.)
t exit (00.)

Plate temps.
Plate 1
Plate 2
Plate 3
Plate 4
Plate 5
Plate b

10.0
244.0

16.65
44.2

97.6
95.4
93.0
9.2

8 .6
84.2

- - 10.0
244.0 244.4 244.2

- 16.70
.. 44.4

98.0
95.6

89.3

84.3

16.65
44.5

- - 10.3
- 244.0

- 16.70
- 44.65

- - - -

- - - 95.8

- - - 89.4
- 6.7 - 6.
- - - 94.4

16.75
44.00

98.1
-m

93.1
S9. 3-,*

"m

244.4
- 10.0
- 244.6

- 16.70 16.75 16.70
43.5 43.75 44.0 43.25

89.5

-m 99.5
96.1
93.6
90.0
87.0
94.7

- - 10.0

- - 244.6
10.0

244.3

- 16.75 lb.70
43,0 43.90 44.00

98.8
96.2

am

998.9
96.2

am
-m

as
-

98.4
95.9
92.5
9.6

87.0
94.85

Lbs. steam condensate
Weight condensate + bucket
Weight bucket
Weight condensate

Lbs, cooling water
Weight water + barrel
Weight barrel
Weight cooling water

22.50 22.20
10. + -11-75
12.17 + 1O-45 - 22.55

329.2
56.0

272.0

Analysis of Liquids
B.Pt. (00.)

Plate 2 91.4
Plate 39.22
Plate 46.30
Plate 5 94.b0
Plate 6 93.47
Plate 7 92.15
Reflux 9.37
Bottoms 101.55

Barometer = 758 mm.

Time 0 5 10 15 55 60 AV.

Comp.
0.515
00610
0.726
0.799

0.907
0.944
0.215

Run 5B ( 3)



10 15 20 25 - 30 35 40 45 50

Steam Dat1
P(Lbs./in
t (oF.)

Condenser Data
t entrance-'(SC.)
t exit (00.)

Plate temps.
Plate 1
Plate 2
Plate
Plate 5
Plate 5
Plate 6

10.0
253.6

15.-5
67.6

96.0
93.3
91.0
97.2
85.0
83.2

- - 10.0
- 254.0 253.0

67.6

96.3

87. 3947*3
-4*

Lbs. steam condensate
Weight condensate + bucket
Weight bucket

Total condensate

Lbs. cooling water
Weight water + barrel
Weight barrel
Weight cooling water

- 67.S

-n

87.6

23.50

96.0
93.6
91.2

- 2one2
95,

- - 10.0
- - 25b.1

- 69.05

91.3
0-

91.5
88*0

83.4

- 252.4
10.0 - - 10.0 10.0

- - - 2524

- - 15.0 - 15.95 - - 15.7
-. - -- 67.9

94.0

S3,5

95.5
-ow
-e
-

23-75
10.60

+ 13.15 = 26.75

96.5

91.8

83. 6

Plate
Plate
Plate
Plate
Plate
Plate

406.25
61,25
345, UO Ref lux

Bottoms

94.5
-m

96.0 96.0

-5 7
85-o7
am

Analysis of Liquids
B.

5
6
7

Pt. (
91.24
87.34
95.12
93.60
92.70
91.67
91.00
99.74

00.)

- 95.*
Or 93.9

92.0 92.2
99.2 97.7

-w 95.1
93.7 3.0

Comp.
0.536
0.684
0.776
0.942
0.093
0.930
0.963
0.264

Barometer = 760 mm.

Run 5

Time 0 5 55 60 AV.

June i, 1L6



une2,

Time 0 5

Steam Data
P (lbs./in')
t (OF.)

12.0 -
244.6 244.6

Condenser data
t entranod(OC.) 16.09
t exit (0 52.5

Plate temps.(0C.)
Plate 1 96.8
Plate 2 93.9
Plate 91.3
Plate 4 8890
Plate 5 95.1
Plate 6 g3.0

10 15 20

- 12.0
-m -mp

- - 52.2

-m
ow

91.41

85.0
- e

97
94

25

- 25.0

- 16.0

f*~*7 i
.0- - -

.0 - - -

- - - 91.7
- - - -

- 85,2 -
- -- -

30

12*0
am

35 40

- 249.7

- 52.0

97.0
a- g-

.- ' 8.2

- 83.2

45

12.0

- 16.0

94.3

50 5 60 AV.

- - 12.0 12.0
- 25.0 - 2499.6

52.1
- - 16.0
- - 52.3

97.6 - - - 97.3
- - - - 94.05

92.0 - - - 90.9
- - - - 8.

54 - - - 5.4
- - - - 93*5

Lbs. steam condensate
Weight condensate + bucket
Weight bucket
Total condensate

Lbs. Cooling water
Weight water + barrel
Weight barrel

Total cooling water

22.75 22.5
10.0 10.
12.75 + 12.0 = 24.75

Plate
Plate
Plate
Plate
Plate
Plate
Reflu
Botto

505.0
62.0

Analysis of Liquids
B.Pt(OC.)

2 92.86 02 0
399*24 0

45.64 0
5 93.80 0
6 93.l0 0
7 81.90 0

x 91.07 0
ms 100.8 0

Comp.
.479
.646
O754

.933

.:65
.919
.9
.:2

Barometer = 760 mm.

aunOA

0



June 6, 1926.

0 5 10 15 20 25 30 35 40

Steam Data
P(lbs./in')
t (oF.)

12.0 -
249.6 250.0

- - - - - - - - 12.2
- - - - - - - - 250.4

Condenser data
t(entrance 00.)16.5 16.6 -
t exit (*C.) 40.6 40.2 40.5

16.75 -
41.4 41.2

- 16.0 -
41.1 - 41.4 43.7 45.2 46.0 46.5

- 16.65
47.4 42.90

Plate temps.(*0.)
Plate 1 99.0
Plate 2 95.
Plate 3 93.0
Plate 4 89.5
Plate 5 6,.7
Plate 6 94.2

99.2 -
96.0
93.5 93.2
90.0 -
86. 86.9
84.3 84.5

- - 99.3 - 99.6 99.7 99.
- - 96.2 - 96.3 - 9b.7

93.5 - 93.7 93.5 93- - 94.0
- - - - - - 90.4
- - 87.0 - - - 97.2
- - 4.6 - - - 4

Lbs. steam condensate

Weight condensate + bucket 21.4 21.0 21.95
Weight bucket 11.0 . 11.20
Total condensate T10:'W+ 9.25+1.75 -

Lbs. cooling water
Weight water + barrel
Weight barrel

Weight water

100.0
96-.0
94.5

kialysis

30-40

Plate 2
Plate 3
Plate 4
Plate 5
Plate 6
Plate 7
Ref lux
Bottoms

520.75
56.75

ow

96.9

94.9

100.2
97.1
95.0
91.0
97.5
95.0

of liquids
B.Pt(O0.)
93.02
89-95
96.90
95.32

91.40
1.62

102.30

Barometer = 763 mm.

Time 55 50 55 60 AV.

12.4
250.9

12.4
25.1

12.3
250.1

99.7
96.3
93.1
90.2
97.2
95.0

Comp.
0*479
0.590
0.707
0.773
0.6939
0.902
0.939
0.200

Run 6B



Ru~7 
Time: 40 rg~nutes

Time

Steam date
P(lbs./in )
t (OF*.)

Condenser data
t entrance (00.)
t exit (s0.)

Plate temps.
Plate 1
Plate 2
Plate
Plate 5
Plate 5
Plate 6

0 5 10

14.0 -
253.5 25.4

lb. 6b.9
38.75 39.30

99.2 99.8
96.0 96.6 -
93.5 93.* -
90.0 -
68 97.0 -
4.2 94.4 84.5

15

-14.,o
- 253.3

- 39.40

94.0
-

84.6;

20 25 30

- - 14.2
253.9 253.7253.7

35 40

214.1
- 254.0

- 3S.60 38.20

9- 7
100.0

g4.7

-m
87.2

-m

Lbs. steam condensate
Weight water + bucket
Weight bucket

Total condensate

Lbs. cooling water
Weight water + barrel
Weight barrel
Weight cooling water

22.75 21.60
107.5 11 0
l1. + 10.1

Analysis of'

= 22.1
Plate 2
Plate 3
Plate 4
Plate 5
Plate 6
Plate 7
Ref lux
Bottoms

liquids
B.Pt.( 0.)
94.15
91.20
97.75
95.72

4.50

92.00
10.z0

Barometer = 766 mm.

AV.

14.0
253.8

16.9
39.45

100.0
96.6
93.2
90.1
87.2
94.0

Comp.
0,445
0.547
0.679
0.760
0.913
0.97
0.927
0*197

Run 7 Time 40 inutes

479o5
.0



J-e19,

10 15

1c9o;

20 25 30 35

Steam date
P(lbs./in )
t-( 00.)

Condenser data
t entrance (c0.)
t exit (O.)

Plate temps.
Plate 1
Plate 2
Plate 3
Plate 4
Plate 5
Plate 6

17.8
25.4

94
92.4
90.0
87.0
84.6
83.0

Lbs. steam condensate
Weight condensate + bucket
Weight bucket
Total condensate

Lbs. cooling water
Weight water + batrel
Weight barrel
Weight cooling water

17.8
26.1

94-1
92.6
90.0
87.0
84.6
83.0

8
113.5

17.8

95
92.8
90.0
87.0
84.6
82.8

15.75
2.75

13.00 +

8
113.4

17.8
25.5

94.5
92.8
90.0
87.0
84.6
83.0

5.75
2.75
3.001-

8
113.o4

17.8
25.4

8
113.4

17.8
25.4

8
113.4

17.8
25.0

8

113.4

17.8
25.1

- 95.0 95.1
-0

am.0

= 16.0
in 45 mins

83.0

W"

90.2
87.0
84.6
83.0

mm

90.1
87.0
84.6
83.0

Analysis

Plate 2
Plate 3
Plate 4
Plate 5
Plate 6
Plate 7
Ref lux
Bottoms

457
61

7l in 25 mins.

8
113.4

17.8
24.8

83.0

8
113.4

17.8
25.5

of Liquids
B.Pt.(00.)

86.44
84.07
82.69
81.94
81.1
80.84z
97.76

Barometer = 760 mm.

Run 6A

Time 0 5 45 AV.

8
113.,4

17.8
25.5

94.8
92.7
89.7
87.1
84.8
83.4

Comp.
0.630
0.719
0.822
0.884
0.917
0.952
0.970
0.323



'inme: 2:20 to 4:20
Run 6B

0 5 10 15 20 25 30 35 40 45 50 55 60

Stean Data
P(+bs /ina)
t (00:)

Condenser Data
t entrance (00.)
t exit (0C.)

Plate temps.
Plate 1
Plate 2
Plat( 3
PlateM4
Plate 5
Plate 6

a
113.3

17.
32.2

94.
92.0
90.0
87.0

53.0

113.2 113.1 113.3

17.8
32.25

95.0
92.0
90.0
87.0
s4.6
83.0

Lbs. steam condensate
Weight condensate + bucket
Weight bucket
Weight condensate

Lbs. cooling water
Weight water + barrel
Weight barrel
Weight cooling water

17.8
32.5

95.0
92.0
90.0
87.0
54.7
53.0

17.8
32.3

95.0
92.0
90.0

83.0

20.75
2.

113.2

17.8
32.1

95.0
92.2
90.0
87.2
95.0
93.0

10.50
2*75
7.75

.13. 3

17. 8
31.6

95.1
92.4
90.1
87.2-792

am0.

113e3 113.3 113.3

17.9
31.4

95.1
92.3
90.1
97.2
55.0
83.0

17.
31.0

95.1
92.5
90.1
97.2
95.0
93.0

17.5
29.4

95.1
92.5
90.1
97.2
85.0
93.0

113.3

17-,9
27.2

95.5
92.8
90.2
97.4
85 .1
93.0

113.2

17.5 17.*
26.9 27.2

96.0
93.0
90.0

55.2
93.0

Analysi s

=

25.75 lbs. in 50 mins.

Plate 2
Plate 3
Plate 4
Plate 5
Plate b
Plate 7
Ref lux
Bottoms

485.75

32.5 lbs.

of Liquids
B.Pt.(00.)

99.54
96.24
93-74
53.14
92.14
91.34
90.94
97.54

Barometer = 760 mm.

AV.

.
113,2

.
113.4

95.9
93.0
90.6

55.3
53.0

95.5
93.0
90.7
99.1
85.0
83.0

113.25

17.8
30.25

95 .5

89,o5
87,55
8 5,2P
"3.4

com .

0.729
0.,936
0.o63
0.907
0.945
0.964
0.320

julle 1 - 1 26



J~Lie J~ L~KQ

0 5 10 15 20 25 30

1:&:4s5 to 1:4

35 40 45 50 55

Steam Dat1
P(hbs./in )
t (o )

Condenser data
t entrance (00.)
t exit (00.)

Plate temps.
Plate 1
Plate 2
Plate3
Plate 5
Plate 5
Plate 6

Lbs. Steam condensate
Weight condensate + bucket
Weight buaket
Weight condensate

Lbs. cooling water
Weight water + barrel
Weight barrel
Weight cooling water

15.25
2.75

212.50
56.+o

156.60

Analysis of Liquids
B.Pt.(0c.)

Plate 298.9
Plate 9 6.64
Plate 44.24
Plate 5 93.24
Plate 6 92.24
Plate 7 sl.44
Reflux g.14
Bottoms 99.14

Barometer = 769 mm.

Runi

Time

6
110.7

17.8
39.0

95.0
92.3
90.5
87.*
85 .0
83.0

6
110.7

17.8
39.3

95.0
92.2
90.3

93.0

60

6
110.

17.9
39.0

95.0
92.2
90.3

93.0

Av.

6
110.9

17.9
39.4

95.0
92.2
90.3
87.
95.0
93.0

6
110.9

17.9

95.1
92.4
90.4

83.0

6
110.9

17.8
39,0

95.2
92.6
90.4

85. 0
83.0

6
110.8

17.9
39.3

95.2
92.6
90.4
87.8
85.1
83. 0

6
110.9

17.9
38.6

6
110.9

17.8
39.2

95.6
93.0
90.5

9 .1
93.0

6
110.

17.
39.4

95.7
92.9
90.3
97.3
85.0
93.0

6
110.9

17.
39.3

95.7
92.9
90.3
97.4
95.0
93.0

6
110.9

17.o
39.0

95. b
93.0

905 0
85.0
93*0

6
110.7

17.9
3.5

96.0
93.0
90.7
7.5

954.0
83.0

6
110.2

17.
39.06

95.6
92.6
89. 7

95.2
93.4

comp.
0.632
0.726
0.829
0.873
0.920
0.959
0.973
0.320



uTime: 3 to 4:35

15 20 25 30 40 45 50 55 60 Av.

Steam Date
P(Lbs./in
t (*0.) .

Condenser Data
t entrance (00.)
t exit (0)

Plate temps.
Plate 1
Plate 2
Plate 3
Plate 4
Plate 5
Plate 6

6
110.6

17.6
37.9

95.5
93.0
90.0
87.0
85.0
82.0

6
110.8

17.6
38..4

95.5
92.7
90.2
87.0
85.0
82.8

6
110.8

17.6
39.41

6
110*8

17.6
39.7

95.8
93.0
90.4
87.1
85.0
82.9

6
110.7

17.6
3917

95.8
93.0
90.3
87.1
85.1
83.0

6
110.8

17.6
38.9

95.8
93.0
90.2
87.1
85.]1
83.0

6
110.9

17.6
381

95.8
93.0
90.6
87.2
85.1
83.0

6 6
110.9 110.9

17.6 17.5
36.9 35.6

95.8 95.9
93.2 93.3
91.0 91.0
88.0 88.0
85.0 85.0
83.0 83.0

Lbs. steam condensate
Weight condensate + bucket
Weight budket
Weight condensate

Lbs. cooling water
Weight water + barrell
Weight barrel
Weight cooling water

Analysis
13.50
2.,

195.0

i49.

Plate 2
Plate 3
Plate 4
Plate 5
Plate 6
Plate 7
Ref lux
Bottoms

of Liquids
B.Pt. (c.)

88.94
86.74
84.19
83.24
82.29
81.49
80.954
98.54 .

Barometer = 764.0 mm.

Time 0 5 10

6
110.9

17.5
32.4

6
110.9

17.5
34.5

95.8
93.3
91.0
88.0
85.0
83.0

6
110.9

17.5
33.8

96.1
93.4
91.1
88e1
85.0
83.0

6
110.5

17.5
32.8

96.5
93.8
91.3
88.1
85.0
93.0

6
110.8

17.56
36.8

96.1
93.15
89.9
87.6
85.2
83.35

Comp.
0.627
0.714
0.825
0.866
0.909
0. 947
0.974
0.303

June 2o, 1526Run 9A



Time: 3 to 4:50

10 15 20 25 30 35 40 45 50 55 60

Steam data
P(Lbs./ina)
t (00.)

Condenser Data
t entrance (C.)
t exit (0.)

Plate temps.
Plate 1
Plate 2
Plate 3
Plate 4
Plate 5
Plate 6

9
117.4

17.1
35.0

95.0
93.0
91.0

95.0
83.0

9
117.5

17.1
32.4

95.0
93.0
91.0

85 .0
85.0
83,0

9
117.2

17.1
31.2

9
117.1

9
117.4

17.1 17.1
30.6 30.2

95.0
93.0
92.0
89.0
95. 0
93.0

95.0
93.0
92.0
8.0
95.0
93.0

Lbs. steam condensate
Weight condensate + bucket
Weight bucket
Weight condensate

Lbs. cooling water
Weight water + barrel
Weight barrel
Weight cooling water

19,75
3.00

+

12.00 2
-90 -25.65 lbs.

426,0

368lbs. in 30 mins.

Analysis of Liquids
B.Pt (0.)

Plate 2 89.74
Plate 3 97.24
Plate 4 95,14
Plate 5 93.64
Plate 6 g2.44
Plate 7 81.44
Reflux 81.04
Bottoms 99.74

Barometer = 759 mm.

Time 0 5 Av.

9
117.3

17.1
29.8

95*0
93.0
92.0-
98.0
95.0
93.0

9
117,o4

171
29.4

95.0
93.0

-088.0
95.0
93.5

9
117.3

17.1
29.6

-m

92.0

95.0
83.4

9
117.4

17.1
29.3

9z,-0
91.0
88.0

9359350

9
117.3

17.1
29.2

9z,-0

92.0
9800

86 .094.0

9
117.4

17.1
29.5

94.0
92.0

84.0

9
117.1

17.1
29.2

92.0
9* 0

88.0

84.0

9
117.3

17.1
28.9

9z.0
94-00
92.0
8,.0
86,0
94.0

9
117.31

17.1
30.39

95.2
93.4
91.0
99.1
5.9

93.9

Comp.
0.589
0. 67
0.774

0.92
0.91
0.9 8
0.291

June 22, 1926Run 10



Time: 7:00 to 8:00Run 10A

0 5 10 15 20 25 30 35 40 45 50 55 60 Av.

Steam Data
P(Lbs./ina)
t (0.)

Oondenser Data
t entrance (C0.)
t exit (0.)

Plate temps.
Plate 1
Plate 2
Plate 3
Plate 4
Plate 5
Plate 6

10
116.2

17.2
25.9

96.0
94.0
92.0
88.0
85.5
53.5

10
115.7

17.2
25.6

96.0
94.0
92.0
5.0

85.5
53.5

10
117.5

17.2
25.6

96.0
94.0
92.0
8.0
55.5
93.5

10 10 10 10 10 10 10 10 10 10 10
116.2 116.1 116.0 116.1 116.2 116.2 116.1 116.0 116.2 116.2 116.0

17--2
25.7

96.0
94.0
92,0

5.0
55.5
53.5

17.2
25.5

96.0
94.0
92.0
55.0
85.5
93.5

17.2
25.6

96.2
94.5
92.0
8.0
S40

17.2
25.7

96.2
94.5
92.2
88.2
85.5
53-9

17.2.
25.6

96.2
94.5
92.1
55.2
55.5
93.5

17.2
25.5

96.2
94.5
92.1
98.3
55.6
83.9

17.2
25.5

96.4
94.6
92.2
55.3
55. b
83.9

17.2
25.1

96.4
94.6
92.2
55.3
55.9
53.9

17.2
25.0

96.5
95.0
93.0
89.0
56.2
84.0

17.2 17.2
24.5 25.49

96.5
95.0
93.0
89.0
86.2
84.0

96.6
94.4
91.5
88.35
9Z. 95
9 401

Lbs. steam condensate
Weight condensate + bucket
Weight bucket
Weight condensate

Lbs. cooling water
Weight barrel + water
Weight barrel
Weight water

21.25
i.00

6.00
3002
3. = -21.25

472.0
9.0

.in 30 mins.

Analysis of Liquids
B.Pt. (00.)

Plate 2
Plate 3
Plate 4
Plate 5
Plate 6
Plate 7
Ref lux
Bottoms

90.64
88.34
55.64
82.24
82.94
83.64
91.24

100.04

Barometer = 760

Time

Qomp.
055 7
0.754
0.14
0*72
0.912
0.950
0.255

June 25, 1926



Time: 3:40 to 4:20

0 5 10 15 20 25 30 35 40 45 50

Steam Data
P(Lbs./ina)
t (o0.)

Condenser Data
t entrance (00.)
t exit (00.)

8
112.0

7 8 8 8 8 8 8 8
112.1 112*5 112,5 112.4 112.0 112.l 112.5 1i.99

16.9 lb.9 16.9
22.8 22.8 22.9

16.9 16.9 16.9
22.4 22.2 21.9

16.9 16.8 16.8
21.1 20.0 20.9

Plate temps.
Plate 1
Plate 2
Plate 3
PlateL4
Plate 5
Plate 6

Lbs. steam condensate
Weight water + bucket
Weight bucket.
Weight condensate

Lbs. cooling water
Weight water + barrel
Weight barrel
Weight cooling water

10.0
3.0
. in 40 mins.

408.0

3 . lbs. in 40 mins.

Analysis of Liquids
B.Pt. (0C.)

Plate 2 89.54
Plate 88.14
Plate 85.54
Plate 5 84.14
Plate 6 82.74
Plate 7 82.74
Reflux 81.34
Bottoms 100.64

Barometer = 761 mm.

0

Time 55 60 AV.

97.0
95.0
92.0
89.0
86.0
83.0

97.0
95.0
92.0
89.0
86.0
83.0

97.0
95.0
92.0
89.0
86.0 0
83.0

97.0
95.0
92.0
89.0
86.0 0
83.0

8
112.19

16.88
21.89

97.0
95.0
92.0
89.0
86.0
83.0

98.0
95.0
92.0
89.0
86.0
83.0

98.0
95.0
92.0
89.0
86.0
83.0

98.0
9b. 0
92.5
90.0
86.0
84.0

98.0
96.0
92.5
90.0
86.0
84.0

97.6
95e2
91.4
89.3
86.2
83.6

Comp.
0.599
0.654
0.760
0.821
0.883
0.883
0.948
0.290

June 26, 1928Run 11
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272

J - ORIGINAL DATA AND CALCULATED

ll~rESULT SINGLE PLATE COLUMN



TABLE (2?)

Application of Equation 48a to Slot Width and Liquid Depth Data

1 2 3 4 5 6 7 A A aI
Run E %I 100-E h i = 1 -.0616TWT -0.713 1 (10)= (8) +

No. h-O.35 ~W~ w(9)

12A
13A
14A
15A
16A
17A
18A
19A
20A
21A
22A
23A
24A
25A
26A
27A
28A
29A
30A

8905
91.5
98.8
99.2
86.2
87.7
9501
9406
92.9
95.3
9905

100.0
96.5
97.1
9800
98.4
8302
8106
9306

10.5
8.5
1.2
0.8

13.8
12.3
4.9
5.4
7.1
4.7
0.5
0.0

3.5
2.9
2.0
1.6
6.8
8.4
6.4

1025
1025
1.25
1.25
1*25
1025
1.25
1*25
1.75
1*75
1.75
1.75
1.75
1.75
1075
1.75
1.00
1000
1.00

0090
0.90
0.90
0.90
0090
0.90
0.90
0.90
1.40
1.40
1.40
1040
1040
1.40
1.40
1.40
0.65
0*65
0.65

4
4
16
16
2
2
8
8
2
2

16
16
4
4
8
8
4
4

16

3.60
3.60
14.40
14.40
1080
1.80
7.20
7.20
2080
2.80

22.40
22.40
5.60
5060

11.20
11.20
2060
2.60
10.40

-0.222
-0.222
-0.888
-0.888
-0.111
-0.111
-0.444
-0.444
-0*173
a-0.173
-1.380
-1.380
-0.345
-0.345
-0.690
-0.690
-0.160
-0.160
-0.640

-0.641
"

n

-0.999

it

"

"

"t

-0.4999
II

"

-0.863
-0.863
-1.529
-1.529
-0.752
-0.752
-1.085
-1.085
-1.172
-1.172
-2.379
-2.379
-1.354
-1.354
-l.689
-1.689
-0.623
-0.623
-1.103



TABLE (29) (Continued)

S 6 8
h= 1
h - 0.35 ~*E~

0*65
0.65
0*65
0*65
0*65
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.40

16
8
8
2
2
4
4

16
16

8
8
2
2

W4-

-. 0616(1)
(WT

10.40
5.20
5*20
1.30
1.30
1.60
1.60
6.40
6.40
3.20
3.20
0.80
0.80

-0.640
-0.320
-0.320
-0.080
-0.080
-0.099
-0.099
-0.394
-0.394
-0.197
-0*197
-0*049
-0.049

9
-0.713 1

-0.463

It

-0"285
"n

"

"

'I

'I

"

"

10
(10 = (8)9)

21.103
-0.783
-0.783
-0.543
-0.543
-0.384
-0.384
-0*679
-0.679
-0.482
-0.482
-0.334
-0.334

100 -
4

31A
32A
33A
34A
35A
36A
37A
38A
39A
40A
41A
42A
43A

92.9
86.8
88.8
79*8
78*0
70*0
70.63
8692
88 *
77*0
75.9
68*5
67*0

E ii

1.00
1.00
1.00
1*00
1*00
0.75
0.75
0*75
0.75
0.75
0.75
0.75
0*75

7.1
13*2
12.0
20*2
22*0
30.0
29.7
13.8
11.5
23*0
24*1
31*5
33.0

2
E $

3



TABLE 30

Original Data, Determination of Specific Gravity of CC14- Toluene Mixtures

1 2 3 4 A

Wt. Flask Wt. Flask Wt. Flask Mol. Frac. Westphal Temp.
+ Toluene gms. + Sample CC14 Reading Sample

gms* gm0s. c

102.2010

88.3150

85.1760

81.7900

67.6320

63.5460

48.7946

40.2618

35.8840

42.0690

46.2550

39.8730

42.2580

35.0015

113.0CO90

112.7430

116.1900

118.4340

120.1860

112.5690

106.4866

0*0817

0*2181

0 3010

0.3817

0.5313

0.5796

0.7146

0.9314
0.9263
0*9251
1 0204
1.0084
1.0114
1.0691
1 0781
1 0659
1.1269
1.1332
1.1234
1.2345
1.2461
1.2329
1.2703
1.2824
1.2676
1.3719
1.3764
1.3675

20 8
22 2
24 1
13.-7
24*3
21.0
21:1
14 1
24 3
21 5
14.1
24.3
21.9
13 5
24 2
22.0
14 *2
24.3
22.0
14.0
25.2



TABLE O(Continued

3

Wt. Flask
+ Toluene

gins.

Wt. Flask
gms.

Wt. Flask
+ Sample

gms.

Mol. Frac.
CC14

Westphal
Reading

62.1033

56.0724

102.3864

92.8806

57.3425

47.8840

51.4756

41.0494

34.7868

48.1341

124.5736

120.8375

112.0929

109.7134

120.4793

4 S

Temp
Sample
*C

0.8940

0.0867

0.1478.

0.8041

1.3897
1 3704
1.5899
1.5952
1.5060
1. 5090
1.6053
0.9204
0.9183
0.9608
0.9592
1.4362
1.4328

15 0
25.0
24.5
22 0
24.7
22.2
15 0 3
23.0
25.1
23.4
25.1
23.9
25:3

9

6



27

TABLE 3 /

Smoothed Values Used for
Plotting Specific Gravity vs. Composition
Gurves for CC14 - Toluene Mixtures

Mol Fraction
CC14

0

0.0867

0.1478

0.2181

0.3010

0.3817

0.5313

0.5796

0.7146

0.7245

0.8041

0.8940

1.0000

Westphal
Reading
20.000

008680

0.9234

0.9640

1.0123

100712

1.1290

1. 2388

1.2738

1.3754

1.3782

1.4458

1.5137

1.5975

Westphal
Reading
25.00

0.8615

0.9180

0.9590

1.0078

1.0653

101225

1.2318

1.2668

1.3679

1.3705

1.4335

105056

1.5891



TABLE 32

ANALYTICAL DATA AND CALCULATED RESULTS

Runs 12A to 43A

4 5 6 7

Specific
Samples

Plate
Liquid

0.8984
0.8975
0.9000
0.9035
0.9101
0.9106
0.9008
0.9012
0.9020
0.9021
0.9042
0.9063
0.9117
0.9114
0.9101
0.9110
0.9045
0.9056
0.9102
0.9112
0.9123

Gravity
t/15*C
Reflux
Liquid

0.8512
0. 8492
0.8473
0*8499
0*8562
0.8557
0.8491
0.8497
0.8503
0.8494
0*8480
0.8482
0.8521
0.8514
0.8497
0.8502
0 * 8558
0.8570
0.8524
0.8528
0.8561

Temperatures
Samples *C

Plate Reflux
Liquid Liquid

20*4
22*3
23*2
22.9
22,4
22.8
22.2
22.0
22.1
23*2
22.1
22*6
2007
21.1
23.0
22.0
22*2
22.4
22.3
22.7
23.6

21.2
22.7
22*4
22.3
22.2
22.3
22.0
21.8
22.2
22*4
22.1
22*3
21.0
21.4
23*0
22.2
22*2
22.3
22*3
22.7
23.1

Mol Fractions

Plate
Liquid

0.3422
0.3395
0.3265
0.3145
0.2910
0.2880
0.3270
0.3260
0.3225
0.3185
0.3140
0.3055
0.2900
0.2895
0. 2890
0.2885
0.3125
0.3080
0.2908
0.2860
0.2800

Ethanol
Ref lux
Liquid

0.5635
0.5675
0.5805
0.5765
0.5315
0.5335
0.5712
0.5695
0.5636
0.5680
0.5770
0.5750
0.5595
0.5610
0.5630
0.5640
0.5335
0.5265
0.5518
0.5475
0.5275

E

Theo.
Vapor

0.5895
0.5885
0.5835
0.5785
0.5695
0.6580
0.5835
0.5835
0.5820
0.5800
0.5780
0.5750
0.5690
0.5640
0.5685
0.5685
0.5780
0.5760
0.5695
0.5675
0.5650

89.5
91.5
98.8
99.2
86.2
87.7
95.1
94.6
92.9
9503
9905

100.0
96*5
97.1
9800
98.4
83.2
81.6
93.6
92.9
86.8

Super-
ficial
Vap.Vel.

F.POS.

0.209
0.209
0*209
0*209
0.209
0.209
0.209
0.209
0.209
0.209
0.209
0.2oO
0.209
0.209
0.209
0.209
0.209
0.209
0.209
0*209
0.209

1 2

Run
No.

8 .9 10

12A
13A
14A
15A
16A
17A

18A
19A
20A
21A
22A
23A
24A
25A
26A
27A
28A
29A
30A
31A
32A



Table 3 4 (Continued)

2 3 4 5 6 7 8 9 10

Run Specific Gravity Temperature Mol Fractions E Super-
No. Samples t/1500 Samples *C Ethanol % ficial

Plate Reflux Plate Reflux Plate Reflux Theo Vap. Vel.
Liquid Liquid Liquid Liquid Liquid Liquid Vapor F.P.S.

0.9122
0.9075
0.9062
0.9102
0.9117
0.9122
0.9142
0.9094
0.9092
0.9066
0.9066

0.8553
0.8575
0.8584
0.8648
0.8652
0.8573
0.8565
0.8605
0.8609
0.8635
0.8627

23.0
22.1
23*4
22.5
22.3
21.2
22.8
22.8
22.5
23.0
22.7

0

23.1
23.2
23.4
22.4
22.4
21.4
22.9
22.8
2208
23.2
22.7

0.2815
0.3015
0.3025
0.2905
0.2855
0.2865
0.2750
0.2923
002940
0. 3025
0.3035

0.5315
0.5190
0.5140
0.4855
0.4835
0.5290
0.5305
0.8058
0.5040
0.4885
0.4950

0.5655
0.5735
0.5740
0.5690
005670
0.5680
005635
0.5700
0.5705
0.5740
0. 5745

88.0
79.8
78.0
7000
7003
86.2
8805
77.0
7509
6805
67.0

0.209
00209
0.209
0.209
0.209
00209
0.209
00209
0.209
0.209
0.209

1

33A
34A
35A
36A
37A
38A
39A
40A
41A
42A
43A



Original Data, Runs 12A to 43A

Ethanol-Water Mixtures, Slot Width and Liquid Depth Studies

1 2
Run Date

3
Height
Overflow
Pipe
Inches

4
Cap
Slot
Width
Inches

5
Room
Temp.
0 0

6
Baro-
meter
m.m.Hg.

7
Baro-
meter
corr.
m.m*Hg.

8
Baro-
meter
corr.
to C
mm._Hg.

9 10 11
Time Temperatures

*c
Plate Plate L
Liquid Vapor i

12 13 14
Heat Input

Watts
agg- Still Jacket
ng

12A 5/31/29

13A 5/31/29

14A 5/31/29

15A 6/1/29

1*25

1925

1*25

1*25

1/4 25.0 756.0

1/4

1/16

1/16

24.0 756.4

26.0 755.2

3.1 752.9 4:30
5:00
5:20
5:30

-- 752.9 5:50
6:30
735
7:45

2.9 753.5 9:00
9:30
9:55

3.2 752.0 9:00
9:50

10:05

81.20 81.80
81.20 81.80
81.20 81.80
81.20 81.80

812 81
81.20 81.75
81.20 81.80
81.20 81.75

81.50 81.50
81.50 81.50
81.50 81.50

81.60 81.60
81.60 81.60
81.60 81.60

81*0
82*0
8290
82*0

80*0
79.5
79*5

79*0
79*0
79*0

75*0
79*0
82*0

1600
1600
1600
1600

1600
1600
1600
1600

1600
1600
1600

1600
1600
1600

120
120
120
120

120
120
120
120

120
120
120

150
120
120



1 2 3 4 5 6 7 8 9 10 11 12 13 14

Run Date Height Cap Room Baro- Baro- Baro- Time Temperatures 0C Heat Input
Overflow Slot Temp. meter meter meter Plate Plate Lagg- Watts
Pipe Width *. m.m.Hg. corr. corr. Liquid Vapor ing Still Jacket
Inches Inches m=m.Hg. to 0C

m.m.Hg.

16A 6/1/29

17A 6/1/29

18A 6/1/29

19A 6/1/29

1*25

1*25

1.25

1*25

1/2

1/2

1/8

1/8

26.0 755.5 3.2

26.5 755.5

25.5 755.8

25.0 755.8

3.2

3.2

3.2

752.3 11:30
11:50
12:50
12:55

752.3

752.6

752.6

1:15
1:30
1:50
2:00

81.80
81.80
81.80

81.85
81.85
81.90

4:20 --
4:45 81.45
4:55 81.45
5:00 81.50
5:05 81.50

5:45
5:55
6:05
6:15
6:30
6:45

82.70 72.0
82.70 80.5
82.70 80.5

82.80 82.0
82.75 81.8
82.85 81.8

--w -- 0
81.60 77.0
81.65 77.0
81.65 77.0
81.65 78.5

81.60 79.0
81.65 78.0
81.70 78.0
81.70 78.5
81.70 79.0
81.70 79.0

1600
1600
1600
1600

1600
1600
1600
1600

1600
1600
1600
1600
1600

1600
1600
1600
1600
1600
1600

120
120
120
120

120
120
120
120

120
120
120
120
120

120
120
130
130
130
13o



1 2 3 4 5 6 7 8 9 10 11 12 13 14

Run Date Height Cap Room Baro- Baro- Baro- Time Temperatures *C Heat Input
Overflow Slot Temp. meter meter meter Plate Plate Lagg- Watts
Pipe Width 0C. m.m.Hg. corr. corr. Liquid Vapor ing Still Jacket
Inches Inches m.m.Hg. to 0C

]MM. Hg.

20A 6/2/29

21A 6/2/29

1.75

1.75

22A 6/2/29 1.75

23A 6/2/29 1.75

24A 6/2/29 1.75

1/2

1/2

1/16

1/16

1/4

22.0 759.0 2.7

24.0 758.3 2.9

23.0 758.3 2.8

23.0 857.4 2.8

22.0 759.5 2.7

756.3 12:00 81.60 81.80
12:30 81.60 81.80
12:50 81.60 81.80
1:00 81.60 81.85

755.4

755.5

755.6

756.8

1:20 81.60 81.80
2:15 81.60 81.80
2:25 81.65 81.85
2:30 81.60 81.90

3:30 81.55 81.65
3:55 81.60 81.70
4:15 81.60 81.70
4:25 81.60 81.70
4:30 81.60 81.70

5:00 -- --

5:30 81.80 81.80
6:00 81.80 81.80

6:45 81.90 82.30
7:15 81.90 82.30
7:35 81.90 82.30

50*0
70.0
80*0
80.0

78.5
78.5
78.5
78.5

77.5
80.0
80.0
80*0
80.0

80.0
80.0
80*0

78.0
78.0
79.0

1600
1600
1600
1600

1600
1600
1600
1600

1600
1600
1600
1600
1600

1600
1600
1600

1600
1600
1600.

165
165
115
115

115
115
115
115

120
120
120
120
120

120
120
120

120
150
150



1 2 3 4 5 6 7 8 9 10 11 12 13 14
Run Date eg Cap Room Baro- Baro- Baro- Time Temperatures T Heat Input

Overflow Slot Temp. meter meter meter Plate Plate Lagg- Watts
Pipe Width 00. m.m.Hg. corr. corr. Liquid Vapor ing Still Jacket
Inches Inches m.m.Hg. to 0C

m.m*Hg.

25A 6/2/29

26A 6/2/29

1.75

1075

27A 6/2/29 1.75

28A 6/3/29

29A 6/3/29

1.00

1.00

1/4 23.0 759.5 2.7

1/8 23.0 759.5 2.7

1/8

1/4

23.0 759.5 2.7

23.5 761.3 2.8

1/4 24.0 761.4 2.9

756.8 8:00
8:15
8:30
8:45
9:00

756.8 9:25
9:40
9:55

10:10
10:25

756.8 10:45
11:00
11:15
11:30
11:45

758.5 11:5o
12:55
1:05

758.5 1:20
2:35
2:45

--

--

81o60

81*60

81.70
81.70
81*70

82.40
82.45
82.45
82.45
82.45

82.3
82.30
82.30
82.30
82.30

82.35
82.40
82.40
82.40
82.*40

82.90
83.10
83.10

83.10
83.10
83.10

79.0
79*0
8005
8005
80.5

8000
8000
80.0
80.0

8100

81.0
81.0
81.,0

52.0
8000
80.0

76.0
78.0
78.0

1600
1600
1600
1600
1600

1600
1600
1600
1600
1600

1600
1600
1600
1600
1600

1600
- 1600
1600

1600
1600
1600

160
160
160
160
160

155
155
155
155
155

160
160
160
160
160

150
120
120

120
140
140



S 2 3 4 5 6 7 8 9 10 11 12 13 14
i~ ~Date Height Cap Room Baro- Baro- Baro- Time Temgeratures Heat Input

Overflow Slot Temp. meter meter meter C Watts
Pipe Width *. m.m.Hg. corr. corr. Plate Plate Lagg- Still Jacket
Inches Inches m.m.Hg. to 0c Liquid Vapor ing

m.m. Hg.

30A 6/3/29

31A 6/3/29

32A 6/4/29

33A 6/4/29

1.00

1.00

1.00

1.00

1/16 23.5 761.4

1/16

1/8

1/8

23.0 761.4

24.5 763.7

24.5 763.7

2.8

2.8

3.1

3.1

758.6 4:00
4:25
4:45
4:50
5:00

758.6 5:25
6:00
6:45
7:00
7:05

760.6 9:00
9:30
9:40
9:50

760.6 10:15
10:30
10:45
11:00
11:15

821
82.10
82.10
82.10
82.10

--2
82.20
82.20

82.30

82.40
82.45
82.40

-- m

-- f

82.40
82.50
82.50
82.60

82.70
82.75
82.75
82.80

83.50
83.60
83.60

83.60
83.70
83.65
83.65
83 * 65

--

75*0
77*0
78*0
78.0

80.0
78.0
78.0
78.0

--
62.0
72.0
770

77.0
78.0
790
81.0
81.0

1600
1600
1600
1600
1600

1600
1600
1600
1600
1600

1600
1600
1600
1600

1600
1600
1600
1600
1600

150
150
150
150
150

120
120
120
120
120

160
160
160
160

170
170
170
160
160



Run Date Height Cap Room Baro- Baro- Baro- Time Temeeratures Heat Input
Overflow Slot Temp. meter meter meter C Watts

Pipe Width OC m.m.Hg. corr. corr. Plate Plate Lagg- Still Jacket

Inches Inches m.m.Hg. to OC Liquid Vapor ing
m.m.Hg.

34A 6/4/29

35A 6/4/29

36A 6/4/29

37A 6/4/29

38A 6/4/29

1.00

1.00

0.75

0.75

0.75

1/2

1/2

1/4

1/4

1/16

25.0

25.0

25.0 763.7

-- 760.6 11:45
12:00
12:15
12:30
12:45

3.1

-- s

-- o

--

82.10
82.20
82.20
82020

760.6 3:40 82.30
3&55 82.30
4:30 82.30
4:40 82.30

25,0 763.9 3.1

--as

--w

760.8 5:00 82.50 83.50
6:00 82.50 83.50

83.80
83.90
83090
83090
83.90

83.95
84.00
84. 00
84.00
84.00

84.60
84.70
84.70
84.70

84.80
84.80
84080
84.80

80.0
8100
81.5
81.5
82.0

82.0
82.5
83.0
83.0
82.5

64.0
74.0
78.0
79.0

80.0
80.0
80.0
80.0

78.0
7905

1600
1600
1600
1600
1600

1600
1600
1600
1600
1600

1600
1600
1600
1600
1600

1600
1600
1600
1600

1600 150
1600 150

160
160
160
160
160

160
180
150
150
150

165
165
165
145
145

135
135
135
135

760.6 1:10
1:25
1:40
1:55
2:10

760.6 2:30
2:45
2:50
3r05
3:20

--di

-- --



1 2 3 4 5 6 7 8 9 10 11 12 13 14
Run~Date Height Cap Room Baro- Baro- Baro- Time Temperatures Heat Input

Overflow Slot Temp. meter meter meter 0C Watts

Pipe Width 0C m.m.Hg. corr. corr. to Plate Plate Lagg- Still Jacket
Inches Inches m.m.Hg. 0C m.m.Hg. Liquid Vapor ing

39A- 6/5/29 0.75 1/16 25.0 766.0 3.1 762.9 9:00 -- -- -- 1600 170
mm P%'1-'0. y V0 11^_^^Is U

40A 6/5/29 0.75

41A 6/5/29 0.75

42A 6/5/29

43A 6/5/29

-m 762.9

762.9

-- 762.9

-- 762.9

9:20
9:30
9:45

10:00
10:15

10:45
11:00
11:15
11:30
11:45

12:15
12:30
12:45
1:00
1:15

1:40
1:55
2:10
2:25
2:40

3:10
3:25
3:40
3:55
4:10

--w 83.70 70.0
-- 83.75 74.0
m 83.80 76.0

Nou 83.80 76.0
-- 83.80 79.0

80*0
81.*0
81*0
82*0
82.0

82.*0
83.0
83*0
83*0
83*0

83*0
83.0
82.*0
82*0
82*0

81*0
82.0
82.0
82*0
82.*0

85.20
85.20
85.25
85*25
85*25

-m 85.30
m. 85.35
-- 85.35
-- 85.35

85.35

87.10
87 15
87.15
87.15
87.15

87.26
87.30
87.30
87*30
87.30

25*0

25*0

1/8

1/8

1/2

1/2

0.75

0.75

25.*0

25*0

1600
1600
1600
1600
1600

1600
1600
1600
1600
1600

1600
1600
1600
1600
1600

1600
1600
1600
1600
1600

1600
1600
1600
1600
1600

170
170
170
170
170

160
160
160
160
160

160
160
160
160
160

155
155
155
155
155

165
165
165
165
165

-- a
-- w

same

-- o

--

-- --an

--

--

--4.

-- w

--

-- .

--

-- s

-- n

--so



Anal 1Yt i aa1 .Da-ta-and Calc-ulated Results, Runs 1 B to 478

18~~1 0o930 85 62 .n2.x.35is5 5 .8 5 87 60 2
28 898 .8 23 2.221. .3 80 . 556...... . 5880 87....

38 .9061 II.8563.2 .2.227..30 5 .52 5 .57 0 83.

6B 0*9770*'856821.2 21.2 265 055 .600-155
78 904 08568 22. 21.3 .2965 .5 5815 85753 .21

98.07*8563 21.0 20.4 0305 .5405 :5740 33 4
4OB 9094 .8550 2.4 22200*54205.5760836 4

5 B 0 9 1 6 3*8 7 .321 '. 14*118 .9171 48611 231 -229. 65 . 0 5 55 0 80 9 4
1 2 8 919 . 8 2 1 2 .~2 12 0*2 655 5 0 1 055 70 8 1 .354

138.91 1 860 2 .5 3. .2 30 .50 5 456 005
74B3*92094 .86368 22.83 22.1. 510923. 53 7
18B .9182 s859742030203 ~ . 6 0 . 0 5 . 5 0 8 .

1 6 .1 3 8 5 0-2 8 2 .0 2 7 0 5 1 8 5 5 6 0 8 4 .2 2 1
178.92074 .863 2.10 2203 .250*.435* 57557.2 12

198 *9075 .8653 21*4 21.3 .3000 .480 5730 8 1

208 0911.8673 22.9 22.1 .2835 .475.660 4
218 68.8 86226

02) 9127 .86983 23.1 23'0 2790'60 505.5645 56237
14B9473 .891122* 2.42'62 :.155 5 5605 79.293

2 3 8~. o95 8789 402. 853 .8 515 50345 4 058 . 0 2 5 8



1 2 Taole (?)(ConrtiLued)

28S- pe VC r0  ravffty-
No, a pe t/15q. P ate R fluxPlate Re Ilux T e .V l

Plate .... . e., lux Liq. 
L q V p Theo.Su p * V ap

25B 9 99 .8722 22.9 23.2 2. 

.o .5

26B .9128 .8672 232 0 .2790 .4680 6565 63 2 51

28B .9122 .8667 22* 23.5 .2840 .4740 .5665 67.3 .26

29B .9148 .8664 23.5 22.2 .2825 .4730 .5660 67.1 .26

0B .9149 .8705 23 3 24 00 .2715 , 44 85 5660 68 126

32B .9200 .87 05 2 04. 2 20 
.2695 .4510 .5610 62.3

33B .9463 .87 61 24.l 24.0 .2600 .4320 .5570 57.8 . 51

34B 
*9 .8912 23.3 23.9 .2505 .43oo 5530 o 5 .51

35B 9 63 .8658 23.1 23.2 .1645 .36oo 5070 5 7.3 .51

3 4B .9 1 13 .8 6 3 3 2 3 . 1 2 3 . 2 .2 8 4 5 .4 7 7 5 556 77 8. 2 .5 7

3 7 B .9 1 4 0 . 8 6 3 3 2 2 8 2 3 .0 . 2 9 5 0 . 4 8 8 0 .57 1 0 6 9 . 9 . 1 3

38 B .9 1 6 1 8 6 8 8 7 23 .0 2 3 .0 .2 6 8 5 .4 5 7 0 .5 6 0 5 6 4 5 .1 3

39B .9256 . 6 88 23. 23.0 .275 .4635 .5630 65.

8B . 9 0 8 0 . 8 7 6 5 2 2 3. 5 2 .4 . 2 9 6 8 . 4 8 8 5 . 5 7 2 0 6 9 .1 9

39B .9 256 .8733 2 .0 2 .4 .2362 .4290 .5465 59 .5'1 6

4 B 91 3 1 .8704 23.1 23.0 .2430 .4420 550 4.0 .56

43B 91 3 .8 704 22.7 2208 .2585 .4575 .5565 6 6,7 .4 0

44B .9170 .86 1 22 8 7 22 8 . .2885 .4975 .5685 7 6 . 0

4 5 B .9 2 2 6 . 8 6 5 1 2 2 . 8 2 2 2 . 2 7 6 0 . 4 8 5 .5 6 3 5 7 2 ,8 . 2 7

46.91 
.8719 23. 1 22. 2 .2670 .4685 .5600 6 . 7 .027

46B .9141 .874 2. 22.0 240 4515 .5505 6770
*8523 22*1' 22*2 02778 5535 5640 962 .26

.91 1 . 54822. 22 2 270 0 539o 5610 92 5'2 5

92:5 :2



TABLE (3d')

Original Data, Runs 1B to 47B

3

Height
Overflow
Pipe In.

-4

Slot
Width
Inches

5

Room* Bar.
TemP. m.m.0C. Hg.

Bar.
corr.
m.m.Hg.

Bar.
corr. to
0C m.m.Hg.

Time Plate
Liq.

Plate
Vapor

Lagg-
ing

s13. p14.IImu L Inputu
Watts

Still Jacket

1.19 1/4
11 it

ti it

it it

it I

it it

Is It

it 1t

t it

ft it

it it

It It

It It

It i

If I

It It

If If

"t "t

"t "

2

Date

1B
2B
3B
4B
5B'
6B
7B
8B
9B

10B
11B
12B
13B
14B
15B
16B
17B
18B
19B
20B
21B
22B

8/12/29
"t

"t

8/13/29
"

8/14/29
t

it

8/26/29
11

8/21/29
"2

8/22/29

27.0
27*0

24.0
25 0

23.0

26.0
a---

24.0
24.0
25.0
---

758.2
758.4

762.8

762.5

765.9

769.2
768.6
771.2

a---w

3.3
3.3

2.9

2.8

3.2

3.0
3.0
3.1

754.9
755.1
755.1
755.1
759.9
759.9
759.9
759.9
759.9
759.7
759.7
759.7
759.7
762.7
762.7
762.7
766.2
765.6
768.1
768.1
768.1
765.0

5&20
7:00
8:05
9:25

12:20
2:00
4:25

6:50
8 s10

12:25
2:55
5:45
7:05
3:00
4:15
5:30

3:00
4:35
2:50
4:15
5:00
2:35

81.20
81 30
82.00
82.10
82.40
82.40
81 80
81.90
81.80
81.80
82.20
82.20
82.20
82.50
82.40
82.30
82.60
82.90
82.20
82.40
82 60
84.50

82.10
82.10
83.30
83.40
83.90
84.00
82.80
82.90
82.50
82.50
83.60
83.70
83.40
83.90
83.60
83.30
85.40
86.00
84.70
85.00
85.50
89.30

85
83
84
80
79
88
78
85
84
78
75
78
78
85
79
83
78
82
81
82
82
81

2200
2180
3180
3780
4260
4260
1600
1600
1100
1080
3160
3200
2680
2640
2120
1640
2020
3040
2000
3040
4040
4360

160"t

"t

"t

"t

"t

"t

"t

"i

if

"i-

"t

"f

"t
ft

"t

"t

"f

"t

"t

"t

"I

(0

r--- 2 .4ma 0 .11
.L Ulupu.L- a U U.L- tv ri



Table V) (Uontinued

Run Date Height
No. Overflow

Pipe In.

23B(l) 8/23/2c%
2&B(l)
253(1) "
26B(1) "
27B(2) 8/26/2c.
28B(2)
M- (2) "1
30B(2) "
31B(2) "
32B(2) "
33B(2) "
34B(2) 8/27/21
35B(2) "
96B(3)8/28/29
37B(4) "
38B(3) "
39B(3) "
40B(3) "
41B(3) "
42B(4)9/6/29
43B(4)
44B(4) "
45B(4) "
46B 9/16/29
47 it

Slot
Width
Inches

0.75
It
it
"t

"

"

"

"

it

It

"t

"

"I

"

"f

It

"t

"f

"

" H

"

Room
Temp0c

1/4

It
f
t

i

it

it

11

1t

"

II

"I

"t

"t

"t

."

./16

Bar. Bar.
m.m. Corr.
Hg. m.m.Hg.

27.0

28.0

29.0

27.0

25.0
24.0

24.0
--- a

762.8

766.6
---

760*2

763.2

764.0

772.2

764.0

Bar.
corr.to
0C m.m.Hg.

3.4

3.6

3.3

3.
2.9

3.0
--ON

Time Temperatures 00.
Plate Plate Lagg-
Lig. Vapor ing

3.3
759.5
759.5
759.5
763.2
763.2
763.2
763.2
763.2
763.2
763.2
75606
756.6
756.0
759.0
759.0
759.0
759.0
76001
761.1
761.1
761.1
761.1
769.2
769.2

1:45
2:55
4:15
5:05

11:10
12:10

1:15
2:10
3:10
4:00
4:40
2:40
4:20
1:20
2:45
4:10
4:05
5:55
7:15
1:40
2:45
3:35
4:35

12:55
1:50

84.80
82.40
82.20

82-20
82.20
82.40
82.40
82.60
82.60
84.30
84.30
83.80
82.30
82020
81.90
82.90
82.60
82.60
82.40
82.50
82.50
82.60
82.30
-82.30

89.30
85.50
85.00
84.70
84.90
84.90
85.70
85.80
86.40
86.40
88.70

84.90
84.70
83.90
86.50
85.90
85.30
83.80
84.30
84.80
85.60
82.45
82.50

Heat Input
Watts

Still Jacket

84
80
82
82
92
82
83
84
83
84
85
74
82
73
81
81
82
82
78
87
80
78
73
76
79

4400
3900
2960
2000
1980
2000
2980
2960
3900
3900
4340
1480
960

1940
1480
950
4300
3480
2960
1520
2060
3080
4080
1980
1940

Baffle in front of
12 slots per cap
16 slots per cap
8 triangular slots

take off

per cap

(1)
(2)
(3)
(4)

160
"t

"t

if

It
II

"t

"f
II

"

It
"f

",

"f

if
"t

"f

"t

"I

It
"t

"t

"I

"t

"I



TABULATION OF ORIGINAL DATA

BENZENE-TOLUENE RUNS (1-54) SINGLE PLATE COLUMN

LIQUID DEPTH 13/16", WIDTH CAP SLOTS t"

T4_ b/e 36

Temperatures Heat Input True Boiling Baro- Mol. Fractions Super- Effi-
Run oC Watts Pt. of Samples meter Bensene ficial ciency
No. Plate 00 m.m. Hg. Plate Reflux Theo. Vap.Vel. o/o

Vapor Jacket Still Jacket Plate Reflux corr. Licuid Ligrid Vapor F.P.S.

92.90

93*40

93.80

94.30

94.15

94190

96*40

102.50

102.55

102.80

103.10

104.80

101.20

101.50

71

79.5

84.5

86.0

94.0

81.1

89.0

95.8

93.8

92.5

94.5

86.0

87.0

89.3

1770

1800

1010

980

550

520

1400

1000

500

1800

1450

1880

1820

1820

170

185

175

180

165

190

93.18

93.59

93.39

94.02

93.95

94.73

96.27

102*40

102.56

103.30

103.48

104.09

99.85

100.28

0.235 0.332 0.426 0.259 50.8

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

89.75

90.24

90.12

90.62

90.32

90.88

92.52

99.50

99.17

100.08

100.30

101.00

96.27

96.79

766.4

765.5

764.4

764.4

760.6

761.0

760.9

759.9

758.7

758.1

758.0

755.8

745.7

745.7

0.475

0.461

0.466

0.446

0.442

09417

0*370

0.194

0.188

0.168

0.164

0.146

0.245

0.234

0.600

0.581

0.584

0.565

0.570

0.550

0.490

0.271

0.279

0.252

0.245

0.225

0*349

0.331

185

175

185

190

190

180

180

0.692

0.680

0.684

0.666

0.662

0.639

0.590

0.366

0.356

0.326

0.320

0.290

0.440

0.421

0.294 57.5

0.300 54.8

0.169 54.1

0.165 53.9

0.093 58.1

0.087 59.5

0.235 54.7

0.168 44.8

0.084 54.5

0.302 53.3

0.243 52.0

0.315 54.9

0.305 53.2

0.305 52.4

15. 101.50 93.0 1540 190 100.18 96.77 744.40



Run c
No. Plate

16.

17.

18.

19.

20.

21.

22.

23.

24t

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Watts

Jacket Still JacketVapor

101.80

102.00

102.00

102.10

103*10

103.60

103.20

103.60

91.50

91.50

91.70

91.50

91.20

91.80

91*20

92.20

92.30

92.50

92.20

95.5

92.5

93.0

89.0

94.5

94.5

94.5

81.0

88.5

81.0

80.0

84.5

86.0

88.0

87.0

87.5

Pt. of Samples meter
00 m.g.iR

Benz
Plat e

w lw %0 ja. %p v qw v d6 a. A. w wr dwb - -

ficial ciency
Theo. Vap.Vel. o/O
Vapor; T.P5.

1540

1540

1540

1820

1540

1740

940

940

1800

1800

1800

990

500

1400

400

410

1260

1400

1800

1000

Plate eflux corr. Liquid

100.77 96.89 743.2 0.216

100.52 96.68 742.1 0.222

100.82 97.30 742.0 0.215

101.30 97.92 741.1 0.202

102.05 98.65 752.9 0#194

103.10 99.68 754.2 0.169

102.20 99.04 755.7 0.194

102.35 99.15 755.7 0.190

89.61 86.60 762.0 0.599

89.61 86.88 764.3 0.599

89.69 86.85 764.5 0.597

89.45 86.77 761.8 0.606

89.30 86.30 761.8 0.611

89.73 86.93 762.7 0.596

89.27 86.32 762.7 0.614

89.43 86.47 764.5 0.610

90.17 87.28 764.5 0.583

90.19 87.28 764.5 0.582

90.40 87.59 765.2 0.575

90.07 87.48 765.2 0.587

ene
Ref lux
Liquid

0.326

0.332

0.310

0.294

0.287

0.259

0.279

0.276

0.718

0.707.

0*708

0.712

0*730

0.706

0.731

0.729

0.696

0.696

0.685

0.689

185

185

0.399

0*407

0.397

0.378

0.365

0.328

0.365

0.359

0.790

0.790

0.789

0.795

0.799

0.788

0.801

0.798

0.778

0.779

0.774

0.782

0.259

0.259

0.259

0.305

0.259

0.293

0.158

0.158

0.302

0.302

0.302

0.166

0.084

0.235

0.067

0.069

0.211

0.235

0.302

0.168

60.3

59.4

52.2

50.7

54.2

56.7

49.9

51.0

62.3

56.9

57.8

56.2

63.2

57.5

62.7

63.5

57.3

57.8

55.5

52.5



Temperatureel
Run 00
No. Plate

Vapor

36. 89.50

37. 89.50

38. 89.50

39. 89.00

40. 89.00

41. 89.20

42. 89.50

43. 89.50

44# 89.70

45. 89.90

46. 88.50

47. 87.00

48. 87.30

49. 98430

50. 98.30

51. 98.50

52. 101.60

53. 101.80

54. 101.80

IattI
Watts Pt. of Samples

Jacket

180

Jacket

77.0

87.0

85.6

86.3

86.5

86.0

89.0

830

85.5

86.0

87.0

85.5

85.2

89.4

90.0

91.8

Still

960

1800

1400

400

400

700

1000

1000

1400

1800

200

1800

1800

Plate

87.18

87.60

84.48

87.08

87.08

87.30

87.38

87.56

87.65

87.89

87.21

85.34

85.45

40
Ref lux

85.17

85.09

85.05

84.66

84.66

84.98

85*20

85.25

85.30

85.57

84.38

83447

83.65

92.76

92.90

92.81

96.76

96.48

96.79

."x Q
meter
m.m. Hg.
corr.

762.7

761.1

761.1

760.4

760.4

760.3

760.3

760.3

760.3

760.3

753.8

753.8

756.0

764.6

764.6

762*6

762.6

761.1

760.6

Benzene
Plate Refl
Liquid Liqu

0.697 0.779

0.677 0.779

0.682 0.78:

0.696 0.79'

0.696 0.79'

0.687 0.78

0.685 O.77

0.677 0.77:

0.673 0.769

0.664 0.751

0.679 0.79t

0.755 0#831

0.754 0.832

0.362 0.481

0.362 01484

0.362 0.48

0.256 0.354

0.254 0.362

0.248 0.35

ux
id

9

9

1

7

7

3

3

9

6

5

5

2

9

4

3

6

3

3

0.853

0.841

0.844

0.853

0.853

0.847

0.846

0.842

04840

0.834

0.842

0.889

0.886

0.581

06581

0.581

0.454

0.452

0.443

0.161

0.302

0.235

0.067

0.067

0.118

0.168

0.168

0.235

0.302

0.034

0.302

0.302

0.302

0.302

0.302

0.302

0.302

0.302

ficial ciency
Theo.Vap.Yel. o/O

Vapor P.t.S.

52.8

62.4

61.1

64.5

64.5

60.0

54.5

57.1

57.5

55.5

71.1

60.3

58.9

58.0

55.5

55.1

50.6

55.2

54.1

1800

1800

1800

1800

1800

1800

96.58

96.58

96.58

100.18

100.18

100.38

l l . e L, k,.o I Sup*-- i i -



RUNS WITH ETHANOL-WATER MIXTURES

OBSERVED DATA AND CALCULATED VALUES

Note: See pages for additional notes on Runs 67 to 229

fHeat In
Vat t

Still J

Temperatures
Run 0()
No. Plate Jacket

Vapor

Runs 67 to 123:

67 82.80

68 83.80

69 82.20

70 82.20

71 83.20

72 83.50

73 83.50

74 83.50

75 83.00

76 83*00

77 82.20

78 81.90

79 81.00

80 81.00

81 83.00

put Spec.Gravity
s of Samples
acket t/1500

Plate Reflux

Overflow Pipe above

0.9366 0.8640

0.9452 0.8690

0.9180 0.8600

0.9284 0.8772

0.8995 0.8652

150 0.8984 0.8588

0.8991 0.8589

0.8990 0.8574

0.8937 0.8578

0.8949 0.8590

0.8914 0.8565

0.8878 0.8525

0.8770 0.8461

0.8809 0.8499

0.9004 0.8600

Temp. Mol.jractions Baro- Super- Effi-
Samples Alcohol meter ficial ciency

o0 Plate Ref lux Theo. m.m.Hg.Vap.Vel. o/o
Plate Ref. Lig. Lig. Vapor corr. F.P.S.

Height

1800

1800

1800

1800

1800

1800

1800

1800

980

980

960

500

200

200

1400

13/16", Bubble cap, 8 slots *" wide " high

19.7 0.2010 0.5015 0.5290

Plate:

22.2
20 # 2
20.2

20.2 

20.5

20,47

22.0

22*0

21.1

22.2j

21.7J

22.4

21.1

20.2

21.2

20.3

0.1765 0*4785 0.5155

0.2685 0.5250 0.5605

0.2300 0.4335 0.5440

0.3375 0.4900 0.5875

0.3375 0.5220 0.5875

0.3345 0.5220 0.5865

0.3380 0.5295 0.5880

0.3555 0.5270 0.5950

0.3525 0.5205 0.5940

0.3640 0.5335 0.5980

003830 0.5565 0.6060

0.4350 0.5973 0.6265

0.4137 0.5765 0.6180

0.3325 0.5170 0.5860

0.235

0.235

0.235

0.235

0.235

0.235

0.235

0.235

0.128

0.128

0.125

0.065

0.026

0.026

0.183

91.6

89.0

87.9

64.8

61.0

73.8

74.4

76.6

71.6

69.6

72.4

77.8

84.8

79.7

72.8

19,2

19.0

20.4

20.9

21.2

21.2

21.2

21.2

21.2

21.4

21.1

20*3

20.0

20.8



Run
No.

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

Heat Input
Watts

Still Jacket

Temperatures
00

Plate Jacket
Va-por

83.00

80.00

80.00

80.60

80.70

80.60

80.50

80.20

80.10

79.80

79.80

80.90

81.20

1400

1700

1700

1700

1400

990

1000

520

510

200

200

1600

1790

1600

190

200

Spec*.Gravity
of Samples
t/1500

Plate Reflux

0.9012 0.8604

0.8650 0.8424

0.8600 0.8420

0.8600 0.8426

0.8574 0.8415

0.8571 0.8395

0.8565 0.8394

0.8560 0.8383

0.8556 0.8382

0.8513 0.8370

0.8506 0.8370

0.8600 0.8423

0.8690 0.8439

0.8634 0.8434

0.8542 0.8358

0.8500 048337

Temp. Mol.Praotions Baro- Super- Effi-
Samples Alcohol meter ficial ciency

00 Plate Reflux Theo.M.m.Hg.Vap.Vel. o/o
Plate Ref. Lig. Lig. Vapor corr. F.P.S.

20.0

21.2

21.0

22.2

22.8

21.4

21.1

20.8

21.1

20.9

21.1

21.3

20.2

19.5

20.1

20.1

20.2

20.7

20.2

21.6

21.0

20.9

20.9

21.1

21.0

21.2

20 7

20.7

21.6

19.2

19.4

20.2

0.3322

0.4897

0.5160

0.5110

0.5220

0.5305

0.5350

0.5387

0*5396

0.5645

0*5675

0.5148

0.4745

0.5051

0.5515

0.5755

0.5170

0.6175

0.6225

0.6145

0.6215

0*6340

0*6350

0*6405

0.6417

0.6480

0.6509

0*6170

0.6045

0.6180

0.6525

0*6740

0.5860

0.6420

0.6580

0.6585

0.6610

0.6650

0.6665

0.6685

0.6685

0.6800

0.6810

0.6580

0.6420

0.6540

0.6740

0.6845

0.183

0.222

0.222

0.222

0.183

0.129

0.133

0.068

0.067

0.026

0.026

0.209

0.234

0.209

0.025

0.026

72.8

83.8

75.0

70.2

71*6

77.0

76.0

78.4

79.3

72.2

73.4

71.5

77.6

75*8

82.5

90.3

9 .10aU280.8433 20.2 20.2 0.5045 0.6140 0.6540 0.209 73.3

180

180

180

180

80 *90

80.00

80.00

98 81.00 1600



RUNS WITH ETHAhOL-WATER MIXTUBE, Continued

Run
No.

Heat Input
Watts

Still Jacket

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

Temperatures
oC

Plate Jacket
Vapor

81.00

80.80

80.90

80.90

80.90

81.00

81.10

80.90

80.90

80.80

80470

80.80

80.70

80.70

80.20

80*50

80.50

1600

1000

750

750

1000

1400

1700

1800

1800

1800

1800

1800

1800

1800

1800

1600

1600

T emp. Mol.jractions Baro- Super- Effi-
Samples Alcohol meter ficial cienoy

00 Plate Reflux Theo. m.m.Hg. Vap.Vel. o/o
Plate Re$. Li&. Lig. Vapor corr. F.P.S.

Spec.Gravity
of Samples

t/15 0c
Plate Reflux

0.8630 0.8434

0.8613 0.8418

0.8597 0.8414

0.6600 0.8410

0.8614 0.8418

0.8622 0.8432

0.8638 0.8440

0.8612 0.8417

0.8632 0.8424

0.8578 0.8400

0.8591 0.8403

0.8597 0.8408

0.8592 0.8409

0.8590 0.8404

0.8540 0.8387

0.8540 0.8409

0.8540 0.8385

20,2

19.8

20.0

20*2

20.2

20*4

20.8

21.7

21.2

22.3

22.6

22.4

21.9

22.2

22.5

23.0

22.2

20.2 0.5042 0.6135

19.9 0.5148 0.6245

20.2 0.5220 0.6260

20.2 0.5195 0.6285

20.4 0.5120 0.6225

20.7 0.5075 0.6130

20.7 0.4980 0.6080

21.3 0.5070 0.6185

21.4 0.4985 0.6140

22.2 0.5230 0.6240

23.1 0.5145 0.6170

23.1 0.5115 0.6145

22.4 0.5170 0.6170

22.3 0.5160 0.6205

22.6 0.5420 0.6310

22.6 0.5392 0.6170

22.2 0.5430 0.6330

0.6540

0.6580

0*6610

0.6600

0*6570

0.6545

0.6510

0.6550

0.6515

0.6615

0.6580

0.6565

0.6590

0.6585

0.6700

0.6685

0.6700

0.209

0.133

0.098

0.098

0.133

0.183

0.222

0.235

0.235

0.235

0.235

0.235

0.2.35

0.235

0.235

0.200

0.209

180

180

180

73.0

76.5

74.8

77.6

76.2

71.8

71.9

75.3

75.5

72.9

71.5

71.0

70.4

73.3

69.5

60.1

70.9



RUNS WITH ETHANOL-WATER MIXTURE, Continued

Temperatures Heat Input Spec.Gravity Temp. Mol. Fractions Baro- Super- zf 1-

Run 0oC Watts of Samples Samples Alcohol meter ficial ciency

No. Plate Jacket Still Jacket t/1500 0C Plate Reflux Theo. m.m.Hg.Vap.Vel. o/o
Vapor Plate Reflux Plate Ref. Lig. Liq. Vapor corr. Y.P.S.

116 81.70

117 81.50

118 81.50

119 81.50

120 81.50

121 84.30

122 84.50

123 84.20

Runs 124 to

124 86.10

125 86.20

86.20
126 88.40

127 85.10

128 84,50

129 84.50

130 83.00

131 81.00

132 85.30

1610

1600

1630

1600

1600

1600

1600

1600

133: Height

1590

1620.

1600

1600

990

990

500

200

1600

180

180

185

180

190

overf

185

180

190

180

180

180

180

180

170

0.8807 0.8569

0.8727 0.8492

0.8725 0.8481

0.8738 0.8485

0.8732 0.8485

0.9110 0.8638

0.9128 0.8642

0.9127 0.8645

low pipe above

0.9205 0.8727

0.9213 0.8742

0.9438 0.8881

0.9108 0.8680

0.9030 0.8642

0.9065 0.8645

0.8998 0.8598

0.8711 0.8458

0.9140 0.8678

22.3 21.2 0.4105 0.5320 0.6165 765.0 0.210

20.4 21.0 0.4510 0.5760 0.6330 765.0 0.209

21.5 21.2 0.4515 0.5810 0.6330 765.0 0.213

21.2 21.1 0.4470 0.5790 0.6315 765.0 0.209

21.2 21.2 0.4490 0.5790 0.6320 765.0 0.209

22.2 22.2 0.2875 0.4955 0.5680 765.0 0.209

22.7 22.4 0.2805 0.4885 0.5650 765.0 0.209

21.4 21.3 0.2845 0.4918 0.5665 0.209

plate a 13/16"; Bubble Cap, 4 slots " wide

21.3 21.4 0.2570 0.4510 U.5560 0.209

21.6 21.1 0.2533 0.4450 0.5540 0.209

22.2 22.2 0.1760 0.5290 0.5330 0.209

23.2 22.2 0.2860 0.4705 0.5675 0.209

22.9 22.6 0.3163 0.4880 0.5790 0.129

23.0 23.1 0.3030 0.4808 0.5740 0.129

21.3 22.0 0.3340 0.5130 0.5860 0.065

23.8 24.3 0,4488 0.5825 0.6320 0.026

22.7 24.0 0.2759 0.4640 0.5635 0.209

59.0

68.7

71.3

71.5

71.1

74*1

73.1

73.5

P high

64.9

63.7

98.9

65.5

65.3

65.6

71.0

72.9

65.5



RUNS.WITH RTHANOL-4ATER MIXTURE, Continued.

Temperatures Heat Input Spec.Gravity Temp. Mol.Fractions Baro- Super- 3ffi-
Rtn 00 Watt.s of Samples Samples Alcohol meter dicial ciency
No. Plate Jacket Still Jacket t/1500 0; Plate Reflux Theo* m.m.Hg.Vap.Vel. o/o

Vapor Plate Reflux Plate Ref. Liq. Liq. Vapor Corr. F.P.S.

133 85.0 1600

Runs 134 to 137: Height

134 85.50 81.5 1600

135 85.30 82.7 1600

136 85.30 78.0 1600

137 85.30 80.8 1600

Runs 145 to 155: Height

145 83.50 83.0 1600

146 83.60 80.0 1600

147 83.70 80.0 1600

148 83.70 80.0 1600

149 82.20 81.0 500

150 82.20 80.0 500

151 81.90 77.0 200

152 81.80 71.0 200

153 81.80 79.0 200

154 84.00 80.0 950

170 0.9142 0.8693 24.4

overflow pipe

210 0.9367

above plate

0.8708 20.5

24.8 0.2710 0.4530

13/16"; Bubble cap,

20.5 0.2040 0.4635

0.5615

16 slot

0.5305

140 0.9276 048662 20.1 20.2 0.2348 0.4853 0.5455

130 0.9263 0.8668 2047 20.6 0.2385 0.4830 0.5480

150 0.9283 0.8676 20.4 20.5 0.2322 0.4825 0.5445

overflow pipe above plate 1"; Bubble capt 8 slots, *"

160 0.9137 0.8554 21.4 21.2 0.2805 0.5400 0.5650

150 0.9149 0.8585 21.0 21.0 0.2772 0.5240 0.5640

150 0.9158 0.8593 20.0 19.8 0.2765 0.5250 0.5640

150 0.9180 0.8600 19.9 19.9 0.2690 0.5210 0.5605

150 0.9041 0.8519 19.7 19.9 0.3220 0.5655 0.5815

150 0.9007 0.8508 21.2 19.7 0.3310 0.5725 0.5850

190 0.9103 0.8591 21.2 21.2 0.2935 0.5200 0.5700

195 0.9118 0.8532 21.4 21.2 0.2875 0.5502 0.5680

190 0.9061 0.8605 20.6 21.0 0.3120 0.5135 0.5780

150 0.9236 0.8630 20.0 19.9 0.2495 0.5055 0.5525

0.209 62.6

s,1/8"wide,*" high.

0.209 79.5

0.209 80.7

0.209 79.1

0.209 80.0

wide, }" high.

0.209 91.2

0.209 86.2

0.209 86.6

0.209 86.5

0.065 93.7

0.065 94.8

0.026 81.9

0.026 93.6

0.026 75.6

0.124 84.5

950 150 0.9243 0.8600 21.4 22.2 0.2435 0.5010 0.5500 0.124 83.9155 83.90 80.0



RUNS WITH ETHANOL-WATER MIXTURE, Continued

Temperatures Heat Input Spec.Gravity Temp. XoloYr
Run Watts of Samples Samleos AlC
No. Plate Jacket Still Jacket t/1500 0 Plate

Vapor Plate Reflux Plate Ref. Liq#

Runs 156 to
156 82.20

157 82.20

158 82.30

Runs 159 to

159 82.90

160 83.10

161 83.10

162 83.10

-Runs 163 to

163 84.50

164 84.70

165 84.80

166 85.00

Runs 167 to

167 81.50

168 81.50

169 81.50

170 81.70

158:
88

81.5

81.8

161:

84.0

80.0

80.0

166:

79.0

79.6

80.1

83.0

170:

76.1

77.2

77.2

80.0

Height

1600

1600

1600

Height

1600

1600

1600

1600

Height

1600

1600

1600

1600

Height

1600

1600

1600

1600

overflow pipe above plate 1";
150 0.9133 0.8535 20.2 20.2

120 0.9128 0.8538 20.4 21.0

120 0.9147 0.8541 21.2 21.2

overflow pipe above plate 1";

165 0.9181 0.8550 20.4 20.2

165 0.9229 0.8591 20.2 20.2

165 0.9228 0.8596 20.2 20.4

150 0.9230 0.8593 20.2 20.1

overflow pipe above plate 1";

150 0.9335 0.8671 18.2 18.2

150 0.9328 0.8663 21.3 21.4

150 0.9345 0.8670 20.7 21.1

150 0.9353 0.8678 20.4 20.8

Bubble

0.2850

0.2840

0.2770

Bubble

0.2675

0.2501

0.2515

0.2510

Bubble

0.2180

0.2154

0.2105

0.2085

actions Baro- Super- Effi-
ohol meter ficial cienoy
Reflux Theo. m.m.Hg.Vap.Vel. o/o
Liq. Vapor Corr. .P.S.

cap: 32 slots,1/16"wide,t"high

0.5550 0.5670 0.209 95.7

0.5500 0.5665 0.209 94.1

0.5470 0.5640 0.209 94.1

cap: 16 slots, 1/8" wide t" high
0.5470 0.5600 0.209 95.4

0.5245 0.5530 0.209 90.6

0.5210 045535 0.209 89.2

0.5240 0.5535 0.209 90.2

cap, 4 slots, 1" wide, t" high
0.4915 0.5380 0.209 85.4

0.4825 0.5365 0.209 83.2

0.4800 0.5395 0.209 81.9

0.4775 0.5330 0.209 82.9

overflow pipe above plate 34*; Bubble cap, 4 slots, " wide,*"

170 0.8995 0.8498 23.2 22.4 0.3290 0.5668 0.5840 0.209

140 0.9010 0.8510 21.2 21.1 0.3295 0.5625 0.5840 0.209

140 0.9033 0.8512 20.4 20.2 0.3229 0.5682 0.5820 0.209

145 0.9050 0.8529 20.2 20.6 0.3165 0.5570 0.5795 0.209

high

92.8

91.6

94.6

91.5



Temperatures Heat Input Spec.Gravity
Run 00 Watts of Samples
No. Plate Jacket Still Jacket t/1500

Vapor Plate Reflux

Runs 171 to 180: Height overflow pipe above

Temp.
Samples

oc
Plate Ref.

plate lj";

Mol.Fractions Baro- Super- Effi-
Alcohol meter ficial cienoy

Plate Refluz Theo.m.m.Hg.Vap.Vel. o/O
Lig. Liq. Vapor Corr. F.P.S.

Bubble cap 32 slots, 1/16" wide, *"high

171 81.00 85.0 1600

172

173

174

175

176

177

178

179

180

Run s

182

183

184

Runs9

185

186

187

81.00

81.00

81.50

81.90

81.80

82.20

82.00

82.20

82.20

182 to

83.60

83.60

82*40

185 to

82.50

82*50

82.50

83.0 1600

1600

77.0 200

77.0 200

78.0 500

78.0 500

80.0 500

82.0 990

65.0 990

184: Heigh

69.0 1600

80.0 1600

66.0 1600

187: Heigh

75.8 1600

78.8 1600

78.2 1600

0.3130 0.5795 0.5780185 0.9059 0.8489

140 0.9054 0.8479

140 0.9058 0.84674

120 0.9052 0.8527

130 0.9100 0.8544

130 0.9024 0.8477

130 0.9121 0.8520

130 0.9074 0.8502

120 0.9116 0.8508

130 0.9146 0.8510

t owerflow pipe above

135 0.9308 0.8602

135 0.9323 0.85914

185 0.9171 0.8551

t overflow pipe above

160 0.9176 0.85504

160 0.9177 0.8556

160 0.9210 0.8558

20.2 20.7

21.0 22.6

24.0 24.0

23.6 24.2

23.4 23.2

24.2 24.0

23.2 23.0

22.2 22.0

25.8 22.0

23.0 22.2

plate 1*"

21.4 21.4

22.2 21.4

21.7 21.2

plate I4"

21.2 21.2

22,1 21.2

21.0 21.4

0.209 100.5

0.209 99.3

0.209 100.5

0.026 87.2

0.026 87.2

0.065 96.2

0.065 94.7

0.065 96.9

0.129 99.2

0.129 99.2

; Bubble cap 8 slots, *" wide, h

0.2215 0.5135 0.5395 0.209

0.2145 0.5190 0.5365 0.209

0.2678 0.5420 0.5640 0.209

; Bubble cap 16 slots, 1/8" wide,*"

0.2671 0.5424 0.5600 0.209

0.2647 0.5482 0.5590 0.209

0.2560 0.5472 0.5555 0.209

igh

91.8

94.5

92.5

high

93.8

96.2

97.1

0.3130

0*3025

0.3060

0.2985

0.3150

0.2815

0.3015

0.2765

0.2730

0.5760

0*5750

0*5405

0.5360

0.5690

0.5505

0*5650

0.5620

0.5600

0.5780

0.5740

0.5750

0.5720

0.5790

0.5655

0.5735

0*5640

0.5620

RUNS WITH ETHANOL-WATER MIXTURE, Continued



RUNS WITH 1THANOL-WATER MIXTURE, Continue4

Temperatures Heat Input Spec.Gravity Temp.
Run Oc Watts of Samples Samples
No. Plate Jacket Still Jacket t/150C 00

Vapor Plate Reflux Plate Ref.

Runs 188 to 190: Height overflow pipe above plate 7/8

188 83.00 79.0 1600

189 83.00 79.8 1600

190 83.00 81.5 1600

Runs 191 to 194: Hei

191 82.00 75.0 1600

192 82.00 77.5 1600

193 82.00 77.8 1600

194 82.00 78.0 1600

Runs 195 to 197: Hei

195 82.00 78.5 1600

196 81.90 76.5 1600

197 81.90 78.0 1600

160 0.9126 0.8534

160 0.9122 0.8548

120 0.9141 0.8546

ght overflow pipe abov

150 0.9052 0.8484

155 0.9060 0.8503

155 0.9059 0.8495

155 0.9062 0.8494

ght overflow pipe abov

160 0.9074 0.8482

155 0.9068 0.8505

160 0.9077 0.8508

23.0 23.2

23.0

23.0

23.2

22.3

e plate 2 5

23.2 22.7

22.1 23.0

24.2 24.0

24.3 24.6

e plate 2 5

22.6 22.5

23.5 23.2

24.0 23.3

Runs 198 to 202: Height overflow pipe above plate 2 5/8"; Bubble cap 16 slots

198 1600 0.9216 0.8580 22.0 21.2 0.2511 0.5262 0.5535

199 82.30 78.0 1600 151 0.9226 0.8567 22.2 22.7 0.2471 0.5271 0.5515

200 82.50 79.0 1600 151 0.9209 0.8521 24.4 23,9 0.2470 0.5455 0.5515

201 82.40 80.0 1600 -- 0.9292 0.8541 590 zk6 O.2429 0.5375 0.500

1/8" wide

0.209

0.209

0.209

0.209

*"high

90.9

91.9

98.1

96.1 0

Mol.lractions Baro- Super- Effi-
Alcohol meter ficial ciency

Plate Reflux Theo.m.m.Hg.Vap.Vel. o/O
Lie. Lig. Vapor Corr. F.P.S.

" Bubble Cap, 32 slots, 1/16" wide,j"high

0.2800 0.5417 0.5650 0.209 91.7

0.2813 0.5341 0.5655 0.209 89.0

0.2746 0.5395 0.5630 0.209 91.9

/8"; Bubble cap 8 slots,j"wide "high

0.3070 0.5725 0.5755 0.209 98.9

0.3075 0.5597 0.5755 0.209 94.2

0.3015 0.5590 0.5735 0.209 94*,5

0,3000 0.5568 0.5730 0.209 93.8

/8";Bubble cap 4 slots, j"wideJ"high

0.3010 0.5740 0.5735 0.209 100.1

0.3000 0.5575 0.5730 0.209 94.2

0.2955 0.5555 0.5710 0.209 94.3



RUNS WITH 3ThNOL-WATER kIXTURE, Continued

Temperatures
Run .0
No. Plate Jacket

Vapor

202 82.40 79.0

Runs 205 to 206

203 83.70 79.0

204 82.10 76.0

205 82.10 76.0

206 82.10 75.7

Runs 207 to 210

207 84.8 61.0

208 84.9 79.0

209 83.0 77.0

210

Heat Input Spec.Gravity
Watts of Samples

Still Jacket t/150
Plate Reflux

1600 160 0.9242 0.8546

: Height overflow pipe abo

1600 0.9383 0.8588

1600 150 0.9194 0.8535

1600 150 0.9179 0.8528

1600 150 0.9189 0.8537

: Height overflow pipe abo

1600 150 0.8866 0.8641

1600 150 0.8888 0.8658

500 150 0.8784 0.8538

500 150 0.8786 0.8532

Runs 211 to 216: Height overflow pipe above plate *;
allowing " free space above

211 85.30 1600 155 0.8917 0.8651 20.2 20.3

212 85.30 1600 150 0.9061 0.8660 21.6 20.9

213 85.40 1600 150 0.8958 0.8664 19.8 22.0

214 85.00 1600 150 0.9059 0.8713 23.4 23.8

215 83.80 500 150 0.8950 0.8603 21.2 21.4

216 84.30 500 150 0.8976 0.8588 22.2 22.2

Bubble
liquid

0.3710

0.3090

0.3630

00.3040

0.5500

0 .3395

cap, 8 slots, 
surface

0.4930 0.6005

0.4860 0.5765

0.4795 0.5980

0.4480 0.5740

0.5260 0.5925

0.5175 0.5880

" wide, i" high

0.209 53.1

0.209 66.2

0.209 49.6

0.209 53.3

0.065 72.5

0.065 71.5

Temp. Mol.Practions Baro- Super- Effi-
Samples Alcohol meter ficial Ciency

o0 Plate Reflux Theo. m.a.Hg.Yap.Vel. o/o
Plate Ref. Lig. Liq. Vapor Corr. F.P.S.

23.2 23.2 0.2390 0.5355 0.5480 0.209 96.0

ve plate 2 5/8"; Bubble cup 32 slots,1/16" widej"high

20.2 20.0 0.1985 0.5270 0.5280 0.209 99.8

23.0 22.9 0.2559 0.5425 0.5505 0.209 97.5

22.9 22.5 0.2617 0.5485 0.5580 0.209 96.8

22.9 22.6 0.2580 0.5452 0.5560 0.209 95.6

ve plate *"; Bubble cap 4 slots *" wide, }" high

22.5 22.0 0.3844 0.4913.0.5980 0.209 50.1

23.7 22.9 0.5704 0.4796 0.6005 0.209 47.5

23.2 23.2 0.4172 0.5394 0.6195 0.065 60.4

23.2 25.2 0.4165 0.5422 0.6190 0.065 62.0



RUNS WITH ETHANOL-WATER MIXTURE, Continued

Temperatures Heat Input Spec.Gravity Temp. Mol.?ractions Baro- Super- Effi-
Run oc Watts of Samples Samples Alcohol meter ficial ciency
No. Plate Jacket Still Jacket t/150C 00 Plate Reflux Theo.m.m.Hg.Vap.Vel. a/c

Vapor Plate Reflux Plate Reflux Liq. Liq. Vapor Corr. F.P.S,

Runs 217

217 90.50

218 90.80

219 88.30

220 88.50

221 84.80

222 84.50

Runs 223 tc

223

224

225

226

227

228

85.10

85.70

86.80

87.30

82.90

82.30

to 222: Height overflow Pipe above Plate 9/16"; No bubble cap used

88.0 1600

89#0

89.0

88.0

86.0

80.0

a 229:t

80.0

80.0

86.0

85.0

76.0

77 0

1600

500

500

200

200

Height

420

200

205

400

500

500

165 0.9178 0.9126

160 0.9184 0.9134

150 0.9088 0.9000

145 0.9085 0.8997

120 0.8970 0.8746

120 0.8933 0.8710

overflow pipe above
3/16" Layer of P

0.9570 0.8687

150 0.9620 0.8776

150 0.9676 0.8842

150 0.9688 0.8795

140 0.9110 0.8523

140 0.9028 0.8485

229 80.90 80.0 200 140 0.8740 0.8378

22.2 22.4 0.2635 0.2820 0.5585

21.2 22.2 0.2640 0.2795 0.5590

21.4 22.2 0.2985 0.3300 0.5720

22.2 22.4 0.2975 0.3310 0.5720

23.0 23.2 0.3395 0.4350 0.5885

22.7 22.4 0.3555 0.4550 0.5955

Plate )t"I Bubble cap, 8 slots, "
araffin on Surface of Liquid

20.4 21.7 0.1322 0.4695 0.5010

20.8 21.5 0.1165 0.4280 0.4850

21.3 21.2 0.0941 0.3990 0.4560

21.2 22.2 0.0909 0.4160 0.4520

22.2 22.2 0.2884 0.5527 0.5790

22.2 22.2 0.3168 0.5740 0.5875

22.4 23.2 0.4410 0.6328 0.6292

0.209

0.209

0.065

0.065

0.026

0.026

wide,*" hi

0.055

0.026

0.027

0.052

0.065

0.065

0.065 101.8

6.3

5.1

11.5

12.2

38.3

41.9

gh

91.4

84.5

84*5

90.0

91.0

94.5

0
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K. MISCELLANEOUS DATA FROM THE

LITERATURE.



LATENT HEAT DATA ALCOHOL AND WATER

+ 0c

78

80

82

84

86

88

90

92

94

96

98

100

(a)
r ale.

gm. cal/
gm.

206.9

206.1

205*3

204.5

203.6

202.8

201.9

201*0

200.1

199.1

198.1

197.1

(b)
Mr Ale.
gm. cal/
gm. mol

9520

9490

9430

9400

9360

9330

9280

9250

9200

9160

9110

9070

r Hao
gm. cal/

gm.

551

550

550

549

548

546

545

544

542

541

540

539

(a) From smooth
ature.

curve drawn through points from liter-

(b) From Marks & Davis Steam Tables.

30j5

M r H;0
gm. cal/
gm. Mol.

9946

9923

9899

9881

9857

9839

9815

9791

9772

9747

9729

9704

Mr Alc.
Mr He0

0.959

.956

.953

.952

.950

.950

.946

.945

.941

.941

.936

.935

a
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LATENT BEAT DATA, BENZENE AND TOLUENE

(a)
r Benz.
gm. cal/
gm.

(b)
r Tol.
gm. c al/
gm.

Mr Benzene
gm. cal/
gm. mol

Mr Toluene MrB
gm. cal/ ~T-
gm. mol

94.2

93.9

9305

9302

92.8

92.5

92.1

9108

91.4

9101

90.7

90.3

8909

8905

8901

88.8

Read from smooth
literature.

91.9

91.6

9103

90.9

90.5

90.2

89.9

89.5

8901

88.8

8805

8801

87.7

8703

8609

86.5

7350

7320

7290

7270

7240

9210

7180

7160

7130

7110

7080

7040

7010

6980

6950

6930

8450

8430

8400

8360

8330

8300

8260

8230

8200

8170

8140

8100

8060

8030

7990

7960

0.870

.869

.868

.870

.869

.869

.869

.870

.870

.870

.871

.870

.870

.870

.871

.870

80

82

84

86

88

90

92

94

96

98

100

102

104

106

108

110

(a)

(b) Based on 3 values around 11000. and a value at 800
estimated using the Clapeyron equation.

0

curve drawn through points from



LATEliT HEAT DATA - (LANOLT-BiORUSTEi'i 1926 EbITION)

Benzol

+ 0c

0
0
0

19.95
30.07
40.05
50.01
80.20
80*00
80.1
80*2
80.35
80.35
90:

100

+ 0c

110.2
110.8
110.8

Toluol Alcohol

Latent
Heat g.
cal/gm.

136.7
106.1
10900
103.82
102.30
100.71

99014
94.37
95.45
92.9
9409
93.45
94.35
93.6
91.4

Latent + 0c
Heat gm.
cal/gm.

86.2 0
86.8 0
87.4 0

0
9.9

20
40
60
70
77.9
78
78.1
78.2
78.2
80.0

100
120

0014

+ C

76.75
80.0

100
120

Latent
Heat gm.
cal/gm.
mol

7150
7100
6830
6500

Latent
Heat gm.
cal/gm.

229
220.9
236.5
239.1
243.1
252.0
218.7
213.4
209.9
202.4
206.4
254.7
201.5
216*5
206.4
197.1
184.2
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VAPOR PRESSURE DATA (LANDOLT-BORNSTEIN, 1923 ED.)

Benzol (a)

Vap. Press.
m.m. Hg.

+ *0

10

0

10

20

30

40

50

60

70

80

90

100

110

120

130

140

150

Toluol(b)

+ 0C Vap. Press.
m.m. Hg.

28.8

31.6

34.0

3603

45.2

51.8

62.0

69.6

75.9

80.9

85*5

8907

93.2

96.5

9904

102.5

105.3

107.8

110.4

35

40

45

50

75

100

150

200

250

300

350

400

450

500

550

600

650

700

760

Carbon Tetrachloride

+ 0C Vap. Press.
M.m. Eg.

70

80

90

100

110

617.5

838.8

1117.2

1462.0

1883.7

(a) Orig. Ref. Young; J.Chem.Soo. 55, 486 (1889)
(b) " " Kablbaum, Z.S. ph. Chem. 26, 603, (1918)

14083

26.54

45.43

74.66

118.24

181.08

268.97

388.58

547.40

753.62

1016.1

1344.3

1748.2

2238.1

2824.9

3520.0

4334.8
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L - CALCULATION OF REFLUX RATIO IN THE

RECTIFICATION OF HYDROCARBONS

It is often desired to calculate the reflux

ratio at the top of a plate column handling a com-

plex mixture of hydrocarbons. In general, oper-

ating data include temperature and pressure at the

top of the column, and the temperature of the re-

flux liquid returning to the top of the column.

The purpose of the following discussion is to show

how this information can be used to compute the re-

flux ratio at the top of the column, providing one

will determine the analysis of the overhead pro-

duct.

For illustration consider the following data

applying to a continuous rectifying column used for

the stabilization of a casing-head gasoline. The

vapors from the top plate, at a temperature of 1000F.

and an absolute pressure of 220 lbs. per square inch

(15 atmospheres), flow to the top of a condenser

coil, and the reflux condensate and residue gas fror#

the bottom of the condenser pass to a trap. The

reflux liquid flows by gravity to the top plate
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while the residue gas is withdrawn through a valve.

Analysis of the residue gas by volume: 11.6% air,

23.1% CH4, 17.0% CaHe, 43.9% CH8, 4.3% C4H10 nd

0.1% C5H12 .

NOMENCLATURE

/1= total pressure, atmospheres absolute.

P = vapor pressure, atmospheres.

p = partial pressure, atmospheres.

y = mol fraction of a component in vapor.

y*= mol fraction of a component in vapor in equili-
brium with a given liquid.

x = mol fraction of a component in liquid.

f = correction factor in RaoultIs law,

P x

V = mols vapor per mol of overhead product.

0 = mols liquid overflow per mol of overhead product.

D = mols overhead product (The basis of the following
calculations is D = 1).

Subscripts 1 and T refer to the top plate and trap

conditions respectively.

E = Efficiency factor in Murphree equation.



In making the calculation the following

assumptions are made:

1. The correction factor, f, in Raoult's law is the

same for all components, i.e.,

fa = Pa/Pa Xa = fb = Pb/Pb x b, etc.

2. No appreciable error is involved in applying

Dalton's Law, i.e., the total pressure equals

the sum of the partial pressures. =

It will be recalled that the Murphree equation

gives the quantitative relationship between

the actual composition of the vapor entering

any plate and that leaving it, yn-1 and yn,

in terms of the composition, yn* of the vapor

which would be in equilibrium with the liquid

actually on a given plate, i.e.,

7n = Eyn* + (1-E) yn-1 , . - . . (1)

3. In applying this equation the plate efficiency,

E, is taken as 0.6, a value which is reasonable

for plant columns handling the mixture involved.

Since the reflux liquid and residual vapor,

or overhead product, have been in intimate contact

in the condenser coil, it is allowable to assume

equilibrium between reflux liquid and overhead vapor.
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Due to small friction drop through the condenser,

the absolute pressure in the reflux trap may be

taken as that at the top of the column. From an

analysis of the vapors leaving the trap, the par-

tial pressure of each of these components (Item 2,

Table I) is obtained by multiplying the known vapor

composition (Item I, Table I) by the absolute

pressure. = 15 atmospheres. Since the trap tem-

perature is known, the vapor pressure of each of

the individual components is read from the Cox

vapor-pressure chari and tabulated as Item 3,

1. E.R. Cox, Ind. Eng. Chem., 15 (June,1923),592;
Calingaert and Davis, Ibid., 17.(Dec. 1925),1287.

Table 1. According to Raoultfs Law, the term fx is

equal to the partial pressure of any component di-

vided by the vapor pressure of that component, giv-

ing Item 4, Table I. The sum of the values tab-

ulated as Item 4 equals f V1 x). Since x must equal

unity, the values of f is thus determined. For the

data given, f equals 1.00, i.e., these data check
2

Raoultts Law. The values of x are then tabulated

as Item 5.

2. If the -temperature of the trap had not been known
it would have been necessary to assume a value of f
and, by trial and error, to find the temperature re-
quired to make the calculated value of x equal unity.
However, by measuring the temperature of the trap, one
can determine the value of f for use in subsequent
calculations, as done above.
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The reflux ratio is defined as the mols of

reflux liquid returned to the column from the trap

per mol of overhead product'. One then assumes a

numerical value for this ratio and by material bal-

ances around the partial condenser, employing Items

6 and 7, Table II, calculates the composition of

vapors leaving the top plate, Item 8. These values

are then substituted in the Murphree -equation using

the following form:

Yn =( Pl )E + (1-E) (01 xl + D xl
IT V. VS

which equation is obtained by combining Equation 1

with Raoultts Law and a material balance. The sum

of the values of the mol fractions of the compo-

nents in the liquid on the top plate must equal

unity, and if one has assumed the proper value of

O/D the value of x will equal 1. The values tab-

ulited as Item 10 show the results of the calcula-

tion based on O/D equal to 0.40 mols of the reflux

liquid per mol of product, since this value was

the proper one to satisfy the stipulated conditions.

Obviously, the reflux ratio obtained in such a cal-

culation will depend upon the assumed value of the

efficiency term of the Murphree equation, the num-
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erical value of the correction factor in Raoult's Law

and any deviations from Dalton's Law which may develop.

Now that reflux ratio is known at the top of the column,

if the temperatures of the various plates are measured,

one can compute the reflux ratio, and liquor and gas

compositions for lower plates. If reflux ratios

(14a)
and plate temperatures are available, Lewis and Wilde

show how these data may be used to determine the plate

efficiency.

(14a) Lewis and Wilde, Trans. Amer. Inst. Chem. Engr.,
21, (1928), 99

TABLE I

Calculation of Reflux Liquid Composition (Basis: 1 mol
of Residue Gas = D)

Item (1) (2) (3) (4) (5)

Component Mol Fraction Partial Vapor fxT =7- ()
in overhead Pressure Press PT/PT em(4)/f

,T PT=1 5.0 yT (atm.) at
(Atm.) temp. of

trap P75 *F.
Methane + air .347 5.20 ---- ----
Ethane .170 2.55 40.8 0.063 .063
Propane .439 6.59 10.27 .641 .641
Butane .043 .645 2.37 .272 .272
Pentane .001 .015 .62 .024 .024

.000.000 5 fTZ.0 >xT=. XW.000
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TABLE II

Calculation of O/D using the Murphree equation; O/D assumed to
be 0.37 (trial and error)

Item (6) (7) (8) (9) (10)

Component Mols com-
ponent in
reflux
(0/D)xT

Methane+Air ----
Ethane .025
Propane .257
Butane .109
Pentane .009

0.400

Mols com-
ponent in
vapor
(1)+'(6)

.347

.195
.695
.152
.010

1.400

Vapor com-
ponent airove
top plate,
yl

.248
.139
.497
.108
.008

1.000

Vapor
press.
(atm.j)at
temp. at
top plate

P1 0 0 *F

Liquid
Comp. on
Top Plate,
X'

55.2 .039
14.5 *537
3.69 .368
1.05 .053

'5x1 =.997

It is sometimes assumed that the vapor leaving the

top plate is in equilibrium with the liquid on the top plate,

i.e., yl = yl*, which demands a plate efficiency.of 100%.

*The small solubility of both air and methane in the reflux
are neglected.

Table 3 shows the results of making such assumption, and on

this basis the calculated value of the reflux ratio is found

to be .27, a discrepancy of 32%.
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TABLE III

Reflux Ratio, O/D, Obtained by Assuming Equilibrium on
Top Plate; O/D assumed to be 0.27 (trial and error).

Item

Component

Methane+Air
Ethane
Propane
But ane
Pentane

Mols compo-
nent in re-
flux (O/D)xT

.017

.173'

.074

.006
0.270

Mols c om-
ponent in
vapor
(1)+(11)

.347

.187

.612

.117

.607
1.270

Vapor com-
position
above plate

71

.273
.147
.482
.092
.006

1.000

Liquid
composi-
tion on
top plate

xi= 71

*040
.494
.374
.086
.999



M. INTEGRATION OF HANK'S RIGOROUS GAS FILM
EQUATION FOR DEHUMIDIFICATION IN WETTED

WALL TOWER.

For point conditions the general film diffu-

sion equation when one component is stationary may be

written as:

wA =kw ln PBi = fg' 1n PBi --- (A)
PBg PBg

This applies at any section of a tower of differential

length. When applied to the tower as a mhole the usual

practice has been to employ average (arithmetic or log

mean, preferably the latter) values of the partial

pressure, based on entering and exit conditions. It

is the present purpose to show that the rigorous equa-

tion may be integrated over the tower, the integral

being evaluated by use of the "Ei" function of Jahnke
(23)

and e.

Let mA = total grams of water condensed in time

Gec, c being the time of contact of any given por-

tion of mixture in the tower.

c =-f'g At ln pBi- - ----- (B)

PBg
Let G' = grams of bone dry air passing through

tower in time 0.

Then mA = GI (H{ - Ho')
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or in differential form:

dMA =G' d HI

HI = 18 p g
0/7 - PAg) 29

- - - (C)

- - - (D)

To get in terms Of PB, by Dalton's law pAg = - PBg

Therefore HI = 18 T - PBg)
T9 PBS

- - - (E)

Differentiating:

dH' = 18 - PBg dpBS ( - PBgz) dpBg7
~ L PBgs3-

dII'=18 - fg .- (I- PBg ) 7
dH' = 18PR (/ dPBg -

PBg 2

From Band C

dPBg

-- (F)

~~ (G)l

(H)

GedH' = f'gA'

From H and I

u ln PBi

PBg

dGe -------

G' (-18 & )
('-29) PBAiBgPBg

Integrating over tower:

PBg2

d p B g
PB in PBi

PBg
PBgj

= 1 A'
GI -18r)0

,-29

The left hand side of K may be evaluated as

follows:

(I)

(3)

- -(K)
dQ 0



PBi

PBg
Then dZ = 1

PBi
PBg

PBi -z
PBg

PB9 =PBi

dPBg

Therefore

PBi d Z

dPPg

PBg

Limits of pBg = (limits Z)

The new limits are

zi =-3nPBi
PBgl

Zg = -ln PBi

PBgs

Therefore the left-hand side of Equation K may be

evaluated as:

PBgs

dpBg

PBg2 ln PBi

PBg

PBgl

PB

Ei(-ln .
PBgl)

Ei (-ln Bi )
PBgt

Let in Z

PBidpBg - dPBg

PBg

=Bi

e-Zde dZ
z



Or

A'f'g = 1. Ei(-lnPBi

G* 1(18) PBTPBg1)

- Ei (-ln .) - -- -L)
PBga)

The values of the Ei terms may be looked up in Jahnke
(23)

and Ernde for the corresponding values of the terms

-lnPBi and -n PBi
PBg Bg

Nomenclature:

WA = s. HaO
.r- em.2

kw = diffusion coefficient as

9m) (cm) and = MA 3600 (k ) T
(hr) (cm)2 22400

kvo = Specific diffusion coefficient at 00C and 1 atm.
7~~= Total pressure, m.m. Hg.
P A = Partial pressure of water vapor, m.m. Hg.

PB =partial pressure of air, m.m. Hg. Subscripts
I and g .represent interfacial and main body
conditions respectively.

Al = area of tower, sq. cm.

x = gas film thickness, cm.

f 'g= kw = ges
X -(.hr ) {cm)

mA = gms. 1H0 condensed in tije c.

Oc = time of contact of air-water vapor mixture in
tower, hours.



GI = grams b.d. air passing through tower in time go

H I = Grosvenor humidity, gms. of water per gram of.
bone dry air.

Subscripts 1 and 2 refer to entrance and exit

conditions respectively.
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N. NOMENCLATURE

V = Mols of vapor passing through a column per unit
time.

0 = Mols of liquid overflow per unit time.

P = Mols of distillate withdrawn as product per unit
time.

W = Mols residue from still per unit time

x = Mol fraction of more volatile component in liquid

y = Mol fraction of more volatile component in vapor,

y*= Mol fraction of more volatile component in vapor
which would represent equilibrium with a liquid
in which the mol fraction of this same component
is x.

n, n-l = The numbers of the plates under consideration
counting from fedd plate up.

m, m-1 = The numbers of the plates under consideration,
below the feed plate, counting up from the still.

c As subscript refers to condensate stream.

w As subscript refers to waste stream.

Y = Total mols of a given component in the vapor pass-
ing through a column per unit time,

I/= Total pressure on a system. (Atmospheres or milli-
meters of Mercury, depending upon context).

/1o= Standard barometric pressure, 1 atmosphere or
760 millimeters.

p = Partial pressure of a given component in a vapor
mixture.
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A, As subscript denotes the more volatile constituents
of a binary mixture of A and B.

B, As subscript denotes the less volatile constituent
of a binary mixture of A and B.

g, As subscript refers to conditions in the main body
of the vapor in a system containing both a liquid
and a vapor phase.

i, As subscript refers to conditions at a liquid-vapor
interface.

C<= Specific resistance coefficient in Lewis-Chang
equation;: R T

km MAMB

= Partial density of a component under its own par-
tial pressure in a vapor mixture, grams per c.c.

u = Linear velocity of gaseous diffusion, cm. per sec.

N = Molal rate of diffusion, gram - mols per hour per
sq. cm.

M = Molecular weight in vapor phase, when accompanied
by subscripts A or B.

T = Absolute temperature,

To = Standard absolute temperature, 2730K.

km= Specific diffusion coefficiont,

(gram mols)(cm.film thickness)
( second) (st.cm. or Interface)

kv = Specific diffusion coefficient,
(c.c.)(cm.film thickness)
second) (sq.cm.interface)

kvo= Value of kv at standard conditions, T = Ti., /I=%
(N.B. k and kvo are the values of specific diffusion
coefficients reported in the literature).

R = Gas constant in Lewis-Chang equation, c.c.-atmos-
pheres per degree C.
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3 = Partial density of a vapor component under
standard conditions, grams per c.c.

D = Linear dimension of apparatus in gas film thick-
ness relation.

Z = Gas viscosity, 1C poises.

d = Partial density of a component in a liquid mix-
ture, grams per c.c.

v = Volume fraction of a component in a liquid mix-
ture.

X = Gas film thickness, cm.

X1 = Liquid film thickness, cm.

m = Molecular weight in liquid phase.

V1 = Gram mols of vapor containedin a bubble.

0 = Time of contact, seconds.

S = Interfacial area of a bubble, sq. cm.

Mr = Molal latent heat of vaporization, gram cal.
per gram mol or B.t.u. per lb. mol depending
upon context.

Me = Molal heat. capacity of liquid, cal. per gram
mol per degree C, or B.t.u. per lb. mol per
degree F.

H = Overall coefficient of heat transfer.

S= Temperature of vapor entering a plate section, 00.

tj = Temperature of vapor leaving a plate section, 0C.

tL = Temperature of liquid on a plate of a column.

ES = Plate efficiency defined as the ratio. ,
actual No. Plates
No. or Theo. Plates



EL = Plate efficiency used in Lewis differential
enrichment equation.

EM = Murphree plate efficiency,
EM = Yn - 7n-1

Yn*- Yn-l

EL.W = Lewis-Wilde plate efficiency,

EL-W = n- Yn-1

Yn-Yn-l. -

Ev = Vaporization efficiency in steam distillation,

Ev =-
p*

M = Efficiency factor used by Murphree,
M = 1 - Em

E = Temperature efficiency,

ET=ti - ta

ti - tL
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