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ABSTRACT

an extended evaluation of a previously advanoced
correlation 1s presented with extensive dats obtained
from fractionation of a variety of binary systems in a
single column. The correlation is shown to be capable
of predicting plute efficlencies well within the limits
of mechanlesl design over wide ranges of relative vol-

atility and viscosity.

4 survey of the literature concerning the extent
to which various factors affect fresotionation plate
efficliencies is presented. ZXZquipment i3 designed and
methods suggested for correlsations which may be evolved

from existing data and from future experimentsl duta,

The results are presented for an investigation
of the physioal properties and charaoteristics of laminated
white ocak glue films. Some data are included whioch show
the ros;stanee of Penacolite G-1124 glue films to 1liquid
diffusion and suggestions are included for correlations on

the basis of fabrication and curing conditions.



I A DISTILLATION STUDY

INTRODUCTION



The use of distillation as a separational
process for refinement of materials has been one
of the most important operations practiced by manu-
facturing industries. The principles of distillation, 1. e.
thermel separation by differential volatilization, are in-
corporated in each of its many forms.

One of the most used forms of distillation is that
known &as plate fractionation. & factor of importance in the
design of plate-fractionating columns is the determination
of the number of plates required in the solumn. Theoretical
relationships evolved by numerocus investiguators (1, 2, 3, 4)
have suggested calculations for the number of plates necess-
ary to produce a speclfied degree of sepsration of components,
These methods, however, produce a result based on the pre-
mise that a complete and unitized interchange of components
takes place on the plates. Since this ideal situation dces
not exist, the resulting "theoreticsl number of plates™
must be modified to prediet the actusl number of plates re-
quired for a given operation. The design for plate-frac-
tionating columns includes the determination of the type,
size, and spacing of plates, placement and nature of weirs,
orifices, heating coils, etc. which will give optimum re-
sults with the least expenditure, The determination of
the relation between actusl number of plates reguired
and the theoretical number of plates has, howaver, been

a faotor of great concern to designers.



isttempts have been made to correlate the theo-
retical calculations with the results obtained in the field,
and these have produced & factor known as the plate efflol-
ency. This factor for many distillation syatems may be
found in the literature, as obtained undier specific condi-
tions, but the references are too meager for the expanding
field of distillation design. There have been many attempts
to correlete this plate efficlency faoctor with the many
variables which might affect its magnitude, These correla-
tions have resulted in only a few procedures which give pro-
mise of reasonable accuraoy.

Realizing the inadequacies of these uttempts at
correlation, C'Connell (5) expanded the work of other in-
vestigators to show a correlation of an overall plate effi-
clency in fractionating columns as a funotion of the relative
volatility and viscosity of the key components. Using
C'Connell's work as a basis, Stigzer (6) produced a partial
evaluation of this correlation based on experimental data
obtained on & single column,

This paper presents the results of a continuation
and expansion of the research project initiated by Stigger
and reported in his "Correlation of Plate Zfficiencies in

Fractionating Columns™, (8).



HISTORICAL



One of the ocldest technlecsl practices in existence
is that of distillation. This field has been alopted by
chemical engineérs end incorportated in thelr philosophy as
one of the unit operations of chemicul engineering. TFor
many years there was no real engineering désign of fraction-
ation equipment. Results of the first worthwhile sattempt
to raetionalize column design were presented by “orsl (4) at
the end of the nineteenth century. Sorel worked from equil-
ivrium relationships between liquid and vapor mixtures,

If it had been possible to odtaln vapor~liquid equilidbrium
in a column, Sorel would have solved the guestion of column
design from the standpoint of the number of plates required
for a given separation, In practlcally every case, however,
the atteinment of equilibrium is impossidle, and a field was
opened for investigators to find & definite basis for the
dirference between the theoretioal and the actual number of
necessgary plates,

The discrepancy between actual and theoreticsl
plates, termed efficiency, required a mathemstical descrip~-
tion. This expression took three general forms: (1) point
efficiency, (2) Murphree plate efficiency, and (3) overall
efficiency.

Point efficienoy is described as the efficiency
at one point on any plate in & column, and is the ratio
of the enrichment obtained to the enrichment under equili-
brium conditions st the designated point.

Murphree plate efficiency is esgentielly the



same as point efficliency except that the enrichment is based
on the averege composition of vepor entering and that leaving
& plate, in comparison to the average liquid leaving the
plate.

Overall efficienoy is the ratio of the theoretiocal
number of plates to the actual number of plates requlred
for a given separation,

Yor engineering calculations overall efficlency
values are the easiest to use, the most consistent, and in
most cases the least difficult to obtain,

Early workers, noting that different columns gave
different operating charscteristics for similar materials,
made an effort to relate the column efficlency to mechan~
1cal deslign aspects of the column,

Peavy and Baker (7) investigated the effeoct of
vapor velocity on plate efficienoy, and reported that plate
effiociency incresses with increusing velocity, becoming fainly
constant over a considerable renge at moderate velocitiles,
At high velocities, efficiency drops as a result of entrain-
ment and liquld carry-over to the next plute, In order to
determine the optimum velocity on the bvasis of maximum
efficlency, a method was developed by Brown and Souders
(8) and expsnded by Brown and Lockhart (9),

Carsy et all (10) determined the effect of slot
submergence and slot velocity on plate efficiency. They
concluded thet the efficiency increased as slot sub-

mergence increased; and, for normal operating velocitles,



the effiociency was essentlally independent of slot velocity,

In order to insure stable plate operation, the
"1iquid load must be maintained below the value which would
produce a greater licuid head at the entrance to the plate
than at the overflow from the plate. .illowable liguid loads
are predictable acoording to the method discussed by Good
et a1l (11).

O'Connell (5) has stated that the diameter of the
column does not affect plate efficiency 1f diameters are less
than five feet. However, if columns sre larger than seven
feet, the length of the liguid psth{cross flow effect) must
be teken into asocount.

The effect of mechanical design factors on plate
efficiency has been confirmed in practice. Yet, when a
column is designed for optimum effiolsncy, bused on these
mechanical factors, a considersble divergence of results may
be obtalned when the column is operated with different systems,
This veriation suggested the possibility that physical proper-
ties of the process meterlials might sffeoct the efficiency
of the separation.

One of the first physical properties investigated
with regard to its effeot on plate efriciency was viscoalty.
Walter and Sherwood (12) have shown that in the absorption
of various materlials the sbsorption efficiency increased
with decreasing viscosity of the absorbant. Moreover,

Keyes and Byman (13) presented evidence of viscosity



\

affecting plate efficiency in leboratory distillations of
ethanol-water mixtures.

If viscosity arfects absorption efflclency, as
has been shown by 7alter and Sherwood, then it follows that
there should be a simllar effeot in fractionation, since
both operations are diffusional processes. This conclusion
18 based on the postulation that the major portion of the
enrichment during fractionation, is a result or selective
counter-dirrusion of the key components in the froth above
the plute (5).

| Host of the work on viscosity involved the use of
laboratory data and was thereby limited as to commercial
application, Irickamer and Bradford (14) published a
definite correlation of plate effliciency as a function of
visoosity (Figure 1) wherein the efficlenoy was shown to
inoresse with decreasing viscosity. The data for this
graph were obtained from commercisl operations, of systems
of hydrocarbons having low relative volatility between the
key components.

Gergter, Koffolt, and Withrow (15) presented
evidence that the aotual number of plates required for e
given separation was & function of the slope ér the
equilibrium ocurve. Trom this, and the previous literature
0'Connell (5) deduced that the limitations of the correla-
tion of Drickamer and Bradford could bes reduced by correla~

ting plate efficiency as a funoction of the viscosity and
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10

the relative volatility of the key components.

His correlation (Figure 2) advances the relation-
ship as a simple plate efficlency vs. viscosity-relative
volatility product and was estimated from the results of
actual experiments with numerous hydrocarbon, and non-hydro-
carbon systems,

T™his correlation was presented as & non-specific
function, but was not fltted with equations., It was con-
sldered to be well within the limitations of normal column
caloulations, snd has been substantisted by some results
from commercial units subsequent to its presentation,

Stigger (6) presented evidence to support
0'Connell's correlation In the form of data whlch were ob-
tained from rectification of binar& mixtures., He used &
single column in his work and thus eliminated the effects of
variation in mechsnicsl design. His investigation included
the separation of five binery mixtures of widely variant
properties. Stigger's data supported the corrslation of
O'Connell in rectification work in certuin ranges, This
work was used =8 & basls for the extended eveluation pre-~

sented later In this report,
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THEORETIC AL



EFFECT OF VISCOSITY ON PLATE EFFICIENCY

The theoretical background for the effect of
viscosity on plate efficlency was summarized by Stigger
a8 follows (8).

First, the Stokes~Einsteln equation for

diffusivity,

- RT
k TN (1)

presents diffusivity, k, a8 an Inverse funcetion of
viscosity,/ﬂ-.
where k = diffusivity, square feet per hour
| R = Universal gas constant

T = Temperature, degrees Felvin

N = number of mols transferred

s viscosity

The equation for mass trensfer developed

by Chilton and Colburn (168) indicates that mess trans-
fer, the ococefficlent "K", under turbulent conditions

is an inverse funotion of viacesity,/pc.

.

where X mass transfer coefficient

"

Mags velodlty of gas
¥ = mean molsocular weight

P = density

13



Turther evidenoce was presented by von Karman

(17) in his equation for film thickness;

g = {constent){.c) (3)

(a) g

where 8 =~ f£ilm thickness

£ = fanning frictlon factor.
Here the fllm thickness, s, 1s shown to be a direct

funotion of the viscosity{/pa.

sherwood and “alter (12) developed an eguation

for liquid mass transfer,

where KLa = the product ¢of the msss transfer coef-

ficlent and the wetted area, used as a unit,.

Here there 1s an inverse relationship between the

llquid mass transfer coeffielent, K;ya and viaocaity§¢4 .
Although none of these equations indicates s
constant mathematical relationship between viscoslty and
plate effiolency, they all show that viscosity enters into
the value of numerous factors which do affect the degree

of separation attainable through fractionation.

ERFECT OF RELATIVE VOL&TILITY ON PLATE EFFICIWNCY
In the work of GCerster, Kofolt and ithrow (185)
it was pointed out that the slope of the equilibrium ourve

14



had a direct besaring on the asctual numdber of plates re-

quired per tramnsfer unit. If the number of transfer units

is equal to, or has a direct relation to, the number of
theoreticsl plates reguired, then the plate afficiency may
also be considered a funotion of the slope of the eguilibrium
curve, If the relative volstility 1s a funotion of the

slope of the equilibrium curve, or, more preclsely, a
mathematicsl representation of the slope, then it follows that
there should be & connection between plate efficlency and rel-
ative volatility.

Although no theoretical explanation for the re-
lationship 1s available, O'Connell (5) presents the
following in support of such a conclusion:

"The effect of the relative volatility was shovm by

the results of a test on an ethylene dichloride
stabilizer. In this column, the feed contained both
water and ethyl chloride which had to be reduced to low
concentrations in the ethylene dichloride bottons.

The plate efficlency based on water as the low boiling
key component (ethylene dichloride the high bolling
key) was 29% and the relative volatility between
water and ethylene dichloriie was 16. The plate effi-~
clency based on ethyl chloride as the low bolling

key component was 57%, and the relative volatility be-
tween ethyl chloride and ethylene dichloride was 3.1."

A product of viscosity and relative volatility
cen have no physical significance, nor can this product bde
Justified on strictly theoretical lines. However the pre-
vious references 40 iniicate some such funetion which for

brevity and ease 1s presented in this form.
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EQUIPNENT

As previously stuted it was desired In this
project to evaluate a predetermined relationshlp between
the plate efriclency of a distillation system und the vis-
coslty~-relative volatllity product of the same system.
Plate efficiencles have been shown to vary with different
columns, dirferent flow rates and other mechanical fsao-
tors (7, 8, 9, 10). 1If the correlation is to hold in gen-
eral, it should hold even more rigidly for & single column
operated under definite and specific conditions. It was
proposed to utilize one column for this investigation,
using different systems, dut with as closely constant op-
erating conditions as possible.

It was desirable that the column correspond as
¢logsely &s possible to commercisal size and operation. The
unit chosen for the work was a copper laboratory experimen-

tal column with the following specifications (18).

Number of plates 20 (plus reboiler)

Diameter 10 inches

Plate apacing 8 inches

Vapor risers 1-5/8 inch dia. {4 per plate)
Dovnoomers % inch dia. (2 per plate)
Welrs 8 inch X 1 in. (2 per plate)
Bubble caps 2% in, dia, X 1-3/4 in. high

(4 per plate)
Slots /8 in. ¥ 1/8 in. (31 per cap)



rtalandria (Reboller)

Feed arrangement

Feed pot
Overheads

Sampling

Temperatures

18
12 in. die. X 12 in. long (shell)
24 1 in, tubes with auxiliary
open steam connection
Liquid feed Inlets on plates 1, 3,
5, ===~ 15, 17 (from top)
Vapor feed inlets on plates 2, 4,
6, =-==~~ 18, 20 {from top)
liquid feed delivered by gear
pump through a rotameter
60 gallon capaclty
Two condensers (tube and shell)
Splitter box arranged to produce
any desired portion or overheads
as reflux to top plate
Produet and reflux flow by
gravity through rotameters
sample cocks arrenged to produce
samples of the 1liquid off plates
1, 3, 5, === 17, 19
Samples of feed, waste, and
overheads easily obtainable
Plate temperatures obtained by
copper-constantan thermocouples
in the liquid on plates 1 through
20

The column was designed for a maximum feed rate



of twenty gallons per hour, and for satisfactory operation
on the systems, ethanol-water, benzene-toluene, and acetiec
acid-water at vapor velocitles between 0.75 and 1.885 feet
per seoond., (A sketch of the column and details of plate

construction are shown in Pigures 30 esnd 31, Appendix.)

19
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FREVICUS WORK

The data used by 0'Connell in the originsl place-
ment of his correlation fell within the limits of 27% and
907 plate efficiency and 0,10 and 7.5 viscosity-relative
volatility product expressed in terms of centipoises. It
was desired that this investigation extend the range of the
viscosity-volatility product to as low and as high & value
ag pogsible, while &t the sume time covering intermediate
points with 8 variety of systems.

Mathematically the same product of viscosity
and volatility msy be obtained by an increase of one value
if the other decreases correspondingly. This lent u further
degree of variance in the cholce of systems.

Examination of the litersture for binary systems
with & variety of moleculsr structures, viscositles, vola-
tilities, and known vapor-liquid dlagrams, disclosed
spproximately two dozen systems fslling within the permiss-
ible temperature &nd pressure range of the apparatus, Of
these systems many were discarded because of hazardous op-
eration, similar nature, inabllity to obtain easy end
acourate analysis, or presence of sbnormalities in the
equilibria,

The systems chosen and investigated by Stigger (6)

are &s follows:



Systenm R e of centipolse

Ethanol-water 1.0 - 2.0
Methanol-Water 1.0 - 2.5
Benzene-Toluene 0.69 - 0,72
Benzene-Carbon Tetrachloride 0.38 - 0.44
Acetaldehyde~¥Yater 5.0 = 50

Average results of the work of Stigger are shown
in figure 3. These dats cover & fairly wide range of the
oorrelation in question and are represented comparatively
well by it. Filgure 3, however, indicates that the correla-
tion 1s not applicable for the stripping efficiencies as
presented. In sn attempt tc partially explsain the non-
applicability of the correlation for stripper operations
Stigger presented the data for the gystem methanol-water
68 & funotion of the reflux ratio as 1s shown in figure 4.
T™is curve indicates a relation between the plate efficiency
end the reflux ratio in rectifying sections, where the reflux
ratio 1s below one, In stripping sections, however, the ratio
of liquld to vapor is greater than one., If the relation
of figure 4 can be extended to inolude stripping sections
then an explaneation for high efficiencies in stripping
operations will have been found.

To complete the evaluation of the correlation of
O*Connell it was decided to inoclude the study of three addi-
tional systems whioch would fill in the ranges not covered
previously and at the same time would extend the correlation
to & high value of the viscosity relative volatility pro-

duet. The systems chosen are shown in Table I.
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TABLE
System
Acetone~water
MfE-water

Pentane~water

24

I. SYSTEMS INVESTIGATED
Boliling point range L Centipoises
56.1 - 100°C 0.4 - 9.0
73.8 - 100°C 10 - 20
36.7 - 110.7°C 1.5 - 2.5
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GENERAL EXPERIMENT.L PROCEDURE

A general outline of experimentsl procedure which
was sufficiently flexidble to accommodate the different sys-
tems and vurious conditions of operations to be encountered
was developed for this investigation. This general proce- .
dure was used as a basls for four types of operations:

1. Total reflux operations.

2. Continuous overall column operation, with feed
near the oenter of the column and both rectification and
stripping data belng obtained.

3. Continuocus fractionation with the greater part
of the column under stripping conditions, and feed near the
top of the column. This type of operation gave data on the
characteristics of the system belng studied under stripping
conditions.

4. Continuous fraotionation, with the greuater
part of the column scting as e rectifier end feed near the
bottom of the column. Data odbtalned from this type of run
for the most part covered rectification characteristics,

In preparation for a total reflux run, approxi-
mately rifty gallons of material were placed in the still
feed tank. A quantity of the mixture was placed in the re-
boller of the still so that the steam heating tubes were
covered. Cooling water was turned into the condensers and
stesm was admitted to the reboller., Partial distribution

of components was attained as vapors rose in the column,
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heating the entire column to operating temperature. As the

vapor rose in the column and the liquid level in the reboll-
er fell, additional feed mixture was pumped into the column.
The flow of feed was manually controlled to maintaln the de-
gired level in the reboiler, until condensed vapors reentered
the top of the oclumn as totsl reflux. The feed was shut off
and the column allowed to operste at total reflux until equi-
librium conditions were approached,

The approach of the column conditions to those of
equilibrium was observed by taking thermo-couple plate tem-
perature readings at frequent intervals. ‘“hen these readings
beceme constant, it was assumed that the column had reached
equilibrium. If, on total reflux runs, 1t was desired to ad-
Just the range of component distridbution, the change was made
by the addition of feed and the removal of elther distillate
or waste.

The temperature of the liguid on each plate was re-
corded, later to be averaged for determining viscosity and
relative volatility values in the column, Samples were withe-
drawn from alternate plates (1, 3, 5---17, 19), from the
distillate, and from the revoller. These samples were
usually about 25 - 30 ml. in volume and were obtained in
the shortest possible time so that the equilibrium condi-
tions of the column would not be adversely affected. The
guantity of distillate could be obsgerveld at any time during

operstion by readings on & tapered-tube reflux rotameter.



Temperature measurements were mude with copper-

constantan thermocouples inserted in the liquid close to

the center of each plate. The reudings were direct with the
use of a Leeds & Northrop asutomatiocally compensating potent-
iometer.

Continuous column operations were started in the
same method as that for total reflux runs, At the point
where total reflux oconditions would have been attalned, con-
tinuous feed was introduced at a metered rate onto the plate
oontaining a mixture most nearly corresponding to the con-
centration of the feed. The distillate was contlinuously
split into product and reflux with the product rate ade
Justed to remove the proper amount of low boiler from the
gyatem at this point and at the same time to produce the de-
sired reflux ratio,

Two methods were used to effect a change in re-
flux ratios

(1) Peed and product rates were held oconstant
while the heat input to the reboller was changed.

(2) Heet input to the reboller was held con-
stant while the feed and/or product rates were changed.

In esach case the result was a shift in the com-
ponent distrivution and this necessitated a corresponding
period for column readjustment.

The bottoms rate was adjusted to maintain a

oongtant liquid level in the reboiler. Continuous feed,
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product, and bottoms rates were carefully controlled for &
period sufficlent to produce steady operation as indlocated by
constent plate temperatures. Samples and data were obtalned
as during total reflux, with the additlon of a feed sample,
and product flow rate; The bottoms rate was not metered;
but 1t was assumed that the maintenance of constant feed

and product rates and a oconstant liquid level in the re-
boiler would render the bottoms rate calculable. This
assumption required that column holdup be essentially con-
stant; and this should occur under normal operating condi-
tions. Sample operational date sheets for experimental work
are presented in figures 5, 8, and 7.

Samples were analyzed by methods chosen for the
system under investigstion, snd the data were used in
celoulation of the efficiency of fractionation.

Efficiency, &s used in this report is defined as
the ratio of the number of theoretical plates rejuired for a
given Separatian, to the actual number of plates used for
that geparation. The calculation of the theoretical number
of plates was accomplished by the step-by-step procedure of
MoCabe and Thiele {19) on a plot of the vapor liquid equi-
1ibria. Vepor-ligquid equilibria were plotted on 20" x 20"
cross section paper except whem accuracy in low-composition
ranges required the use of a plot on log-log paper (20).
Prior to efficiency calculations on each run a plot was

made of the plate sample composition versus its placement
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LABORATORY EXPERIMENTAL DATA

R“n No. ﬂ syStem——me—‘m_
Type of Operation ‘ s eo /0ma__ Date_ f( Fe b . 1947
e e SES ==
Started Coluun @8 -~ -~ — Mo Contmedbein of Run 49
Total Reflux @ M.

Feed to plate No. 2 . _8_12.:00 /A M.

Product over @ 2.0~ P M., bottoms over 2.0 PN
Samples and temperature readings @ _ /.70 P M.

Steam pressure 4s) pe8.i. goge

Reflux Rotameter __ 42 mm; Rate /20 "‘V&Q 25°C
Product Rotameter _ &0 mm; Rate a’z)'#/& @25 °C

Feod Rotameter 200 mn; Rate MZ'%C a s50°C
Semple Sﬂﬂtlz ZS' é'c Mol % light key Plete Temp. °C,

P 0. 7744 y &~ ; e
1 7979 72.0 ; B —
3 .J006 76.0 5 —

5 3063 F4.0 7 "—i:
7 .3/72 75.0 1% %
9 . Y¥%9 25 5 i’é
n 296 2 0.5 iz 23
13 . 997 5~ 0, 5~ 15 "'f"éms'
15 2275 17 B —
17 49275~ zg ":2__‘?:_‘
19 T27L

3 7975 o5 Mgure 5 Typical Data

F ¥907 3520 ~ Sheet, Acetone-Water




LABORATORY EXPERIMENTAL DATA -

Run No. 70 : Sys‘bem ﬂz ‘ _M@-
Type of Operation (7 ftdz ﬁi Stri “"E‘@? Dete J & éﬂmé ‘w___
T e o o R

Started Column 8 /. 40  P.,

Totel Reflux @ .20 PM.

Feed to plete No. 3 8 .21 P.XM,

Product over 8 R ; R F P M., bottoms over _Q R 5 PM.
Samples and temperature readings @ _J3: |5 PM,

Steam pressure .4 pe8.l, gege

Reflux Rotemeter mm; Rate

Product Rotemeter ST mm; Rate 49 #/R.,.
Feed Rotameter mm; Rate_39. | 3‘/1;_!,, @ 74°C
Sample EESSZI.EQ PE, Mol % light key Plate Temp. °C.
P ol Est qs 1 25
2 .
1 3 ._.Z%___z
4
3 -2.06 L.39 5 ﬁ: —
8 79
5 ~2.03 [Ze 7 77
8 fi
10 g0
9 - 0.1 0.!0 11 95
12 97
11 — 0.0 0.0] 13 T
14
13 O O 15
16
16 17 "
18 N
17 19 ¥
20 100
19 . V - . .
B Pigure & Typical Data

F =1,75 |.o% _ Sheet, MEK-Water
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v LABORATORY EXPERIMENTAL DATA

Run No. 25 systen ___ [2pfame - folvene...
Type of Operation Penlimeqts _Séreproshe D“‘teﬁ.?‘@za'.é_/i!fz-

/7 S
D — =T

Started Column @ __3:/5 P,

Totel Reflux @ 240 M.

Feed to plate No. e 2:£é PN,

Product over @ F. 55 P e, bottoms over 3. ST P.M,
Semples and temperature readings @ 5‘: 20 p M,

Steem pressure /¥ pPe8.ie goge

Reflux Rotameter 2 5 mm; Rete 2 3 #/L,

Produot Rotameter __ 2 ¢ _ mm; Rate /¥ ’#/-K..,

Feod Rotameter 200 ma; Rate (/ov#/ﬁf@;l s5°C

Semple ;eng 2 ﬂ:, Mol % light key Plete Tempe Ce

P D 6232 77. 2, ;

1 624 ¢ 73. 7 3 -—lé_—zﬁ

3 L6272 G722 g Y-

5 6323 750 7 %

7 698 6. 2, 13

9 774 37, 2 11 __zL___.zL.
12 =i

1n 777 34.0 18 A

13 .7233¢ 29. < 15 ﬁ_&

15 267 (3.0 iz E‘

17  B5T 4 AT 19 2

19 Jel2, D, 5

8 . Te2d >0.5 Figure 7 Typlesl Data

F ZI4e i Sheet, Pentane-Toluene
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in the columm so that abnormulities in distribution, feed
mismatceh ete. could be detected and dealt with properly.

Where feed mismatch was eviient the abnormal data
of adjacent plates were not used in calculation of reocti-
fier and stripper efficlencles. Data on runs where feed was
excessively mismatched were discarded completely. A check on
the method was made by the calculation of two-plate efflciencies
throughout the length of the c¢olumn., ‘“Where the two-plate
efficiency deviated widely from the average, the data were not
included in calculation of the overall column efficiency. This
was especially evident in stripping sections. By this method
data from the section of the column over whioh there was
good distribution were selected and used in efficlency de-
terminations.

For correlation of results & psuedo molal vis-
cosity was employed as suggested by Drickamer and Bradford
(14). Their method assumed that the viscositiss of mix-
tures mey be determined by adding the viscosities of the
components at a given temperature in proportion to the mol
fraotion of eaoh present. Viscosity values for pure com=-
ponents as a functlion of temperature were obtained from
standard references. The viscosity for ocorrelation pur-
poses was teken at an average column tempersature.

The value of the relative volatility for use in
the correlation was obtuined by & welighted integration of
the actual velues on plates over which results are

reported.



DATA AND RESULTS
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ACETONE-WATER

Investization of the system acetone-water would
place data in the same range as those of the methanol-water
and ethanol-wuter systems. However, since the system is
of & different type than those studied by Stigger (8), it
wag included to improve the value of the resulting correlation.

Initial work on the system proceeded in the same
manner as that previously deseribed. One run was made at
total reflux, and a number of continucus e¢oclumn operations
were made with a central feed. Separation in the stripping
section was 80 rapid and the system 80 sensitive to slight
temperature and pressure changes that mismateh was frequent
and stripping dats were useless for initial runs. To com-
plete the study of the system, several runs were made with
continuous feed to the top plate, and the entire column
under stripping conditions. During these last operations
the rapid separation caused difficulties in obtaining =
wiie distribution in the column, but efforts were made to
increase the distribution by inoreasing the liquid-vapor ratio
to the limit of column operation. Near this upper limit, a
distridbution of acetone was obtained over as many as seven
plates.

Over'the range of compositions to be encountered
in investigation of the acetons-water system, it was found
that Westphal balance density measurements would give an

acouracy of 0,25 mol per cent. Density composition data
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were determined in the laboratory, {(Table II) and used sub-
sequently in sample analysis.

For the initial runs this analysis was satisfac-
tory, but for continuous stripping runs, where the acetone
content of samples was very low, the precision was inadeqguate.
It was decided then to use a 285 ml. pycnometer with a ther-
mometer and side arm, &s specified by 4ASTM standard D-153-39
for density determinations. These were made at £0° C. with
en agocuracy of 0.02 mol per cent, which wuas sufficient for
thia part of the investigation.

Caloulations were mede for the initisl runs on
acetone-water by the method of MeCabe and Thiele (19), from
equilibrium data caleculated by Carlson and Colburn (21) and
presented in Table YII. However, because of the very low
acetone ¢ontent in stripping section samples, an extension
of the method of MeCable and Thiele was necessary for oalcu-
lation of stripping efficlencies. For these operations the
applicadble section of the equilibrium curve was transferred
to log-log coordinate paper and calculations completed (20).

The results for the system are presented in Table IV
and shown graphically in Tigure 8.

The overall and rectificetion efficlencies appear
to be 1in good agreement. The overall efficiency of run No. 50
is somewhat higher than the average result, but it is noted
that the efficlency of the rectifying section of this same
run egrees closely with the averuge. The fact that a short

but very high erficiency of the stripper section is inocluded



TABLE II. ANJLYTICAL DATA, ACETONE-WATER

Sample wt. % Mol Per Cent  Specific Gravity
Acetone Asetone ‘

0 0,00 0.00 0.998¢8
1l 16.50 5.75 « 9758
2 27.10 10.32 . 9600
3 38,30 16.20 « 9438
4 46,00 21.00 . 9282
] 54.20 26.90 .9111
8 58.40 30.40 .9007
7 62,60 34.30 8913
8 71.50 43.70 .8702
9 ?76.00 498,50 .8502
10 85,30 64.20 .8340
11 90.20 73.90 8197
1 95.00 85.60 8087
13 97.50 92.40 7974

Yt
'S

100.00 100.00 7910



TABLE IXI. VAPOR LIQUID EQUILIBRIA, ACETONE-WATER
. jA ty -
0.00 0.000 100.0 28.50
0.01 0.225 93.5 28.80
02 +370 88.1 28.80
.08 «591 77.8 27.40
.10 723 69.3 23.50
.20 797 83.4 15.70
<30 «817 81.7 10.42
.40 .828 61.0 7.14
.50 834 60.4 5.05
.80 847 59.8 3.68
.70 868 58.9 z.78
.80 894 57.9 2.12
.90 939 58.9 1.70
.95 . 966 56.5 1,51
1.00 1.000 56.1 1.30

38
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Run
No.

49

S0
3
56
57

6lA
6z

Section

Col,
Rect.
col.
Rect.
Strip.
Strip.
Strip.
Strip.
Strip.

Vapor

VYelocity
0.88

0.79

1.00
0.49
0.50
0.37
0.7z
0.39

TABLE IV. ACETONE-WATER SUMMARY DATA

L Actual No. of Theo. Overall
Plates Plates Plates Efficilenocy _ . 25,
1.00 9-1 8 4.52 57 0.33 4.7
0.80 9-1 8 4.60 58 .30 2.7
0.60 11-1 10 6.80 1] .32 3.8
0.90 9-3 6 3.48 58 27 2.0
6.40 7-1 8 3.40 57 .28 28.5
8.90 13-3 10 7.00 70 .30 28.5
8.70 11-7 4 1.95 49 .30 28.5
3.87 9-3 6 2.17 36 .30 23.8
10.07 7-8 2 1.20 75 .33 £6.15

1.54
0.81
1.22
0.54
8.00
8.70
8.70
7.26
8.63

oy
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in the oversll figure may be the cause of the deviation. The
average of overall and rectifier efflclencles was not as
clogely represented by the proposed correlation as were the
results of Stigger's experimentation (6), but it is in the
same reglon and, vhen compared with the previous data, falls
within allowable limits of engineering accuracy. There is no
correletion between stripping efficlencies and viscosity-
relative volatility product except at low reflux ratios as

in run No, 61-A. This fact substantistes the previous
supposition that the effect of the %.ratio is of importance
in determining plate efficiency.
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METHYL ETHYL KETONE-WATER

For the inclusion in the correlation of a par-
tlally miscible system of a different type, and with a vis-
cosity-relative volatility product in the uppermost region
of the range to be covered, the system methyl ethyl ketone-
water was chosen.

Because of the low solubility 1t was not possible
to operate the column under rectification conditions with-
out entering into a double liquid phese relationship.

This necessitated the confinement of operations to strip-
ping runs alone. Here egain it was necessary to operate
at a high feed rate in order to obtain good column Ais-
tribution of components. This raised the liguid vapor
ratlo to a high figure, but under these conditions dis-
tribvution was obtained over as many as eight plates.

In operation of the column on this system
equilibrium coniitions were extremely difficult to obe
tain becasuse of the high sensitivity of the system to
slight changes in calandrie steam pressure. A slight drop
in steam pressure caused depletion of liquid on the plates,
while a slight upward varlation caused build-up in the col-
umn. A4 high feed rate limited the time allowed for obtain-
ing equilibrium conditions to not more than one hour, and
made it necessary to discard much of the dsta for runs ade
versely affected by steam pressure variations,

In the low methyl ethyl ketone concentrations

there was such a short range of vuriation that s highly



scourate method of analysis was found necessary. Therefore,
u freezing point method, using the Becokman freezing point
apparatus and auffording am accuracy of 0.08 mol per cent,
was chosen and employed for analyses using data determined

in the laboratory, Table V.

TABLE V, ANALYTIC.L D.TA, MRETHYL ETHYL KETONE-WATER

Sample Welght Per Cent Mol Per Cent  Freezin
MEK , MEK Point, “C.
0 0 0
3.22 0.83 -0,97
8,50 1.1 -1.89
9.84 2.68 -%.80
13.22 3.67 -3.67

G W U D

The product was compoged of two immiscible layers;
its composition was estimated volumetriocally for purposes
of obtaining s material balance on each run, Aotual product
concentration, for purposes of caloulating efficiencies,
was ocaloulated from a material balance over the column, from
known feed oomposition and rate, and from effulent rates,
The low concentration of methyl ethyl ketone
in the samples necessitated the use of the log-log extension
(28) of the MoCabe Thiele diagram for calculation of theo-
retiocsl plates. Equilibria data for these determinations
were caloulated by the method of Carlson and Colburn {21)
for immiscible systems, Table VI.

45
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TABLE VI, VAPOR LIQUID EQUILIBRIA, METHYL ETHYL KETONE-WATZIR

X T4 o e
0.00 0.000 100.0 ——-

0.01 0.358 88.5 54.50
0.02 0.513 81.5 51.60
0.03 0.594 7.2 47.20
0.04 0.637 74.8 42.20
0.10 0.650 3.8 18,70
0.80 0.650 75.8 7.43
0.40 0.650 73.8 2,79
0.80 0.850 73.8 1.88
0.70 0.850 73.8 0.79
0.80 0.710 74.4 0.61
0.90 0.813 6.0 0.48
0.95 0.891 7.9 0.43
1.00 1.000 79.6 J—

No consistent trend is indlcated by the data,
Figure 9, when presented on a viscosity-volatility plot,
-noy 4o the results of the system when so plotted approach
O'Connell's correlation except in low liquid-vapor ratios.
Therefore, one might infer that if reotification operation
{where % 1s less than one) were possible with this system,
the correlation would be more nearly applicable (page 61).
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TABLE VII. METHYL ETHYL KETONE-WATER, SUMMARY DATA

Run Section Vepor L sotual  Number Theo, {verall '

No, Yelocity v Plates of Plates Flates ZEfficlency _ .. 2. e
63 Strip. 0.71 3.11 5-1 4 1.85 38.2 0.280 80.0 14.8
67 Strip. 0.29 12,60 11-3 8 5.60 §8.0 328 4.4 17.8
69 Strip. 0.71 4.52 9-5 4 1.45 30.8 .328 54.0 17.7
70 Strip. 0.64  7.47 11-5 6 '85.40  45.0 325 53.2 17,3
71 Strip. 0.48 7.95 7-3 4 2.83 54.3 .310 54.5 16.9
74 Strip. 0.20 5.8 9-3 é £2.87 43.3 .310 48.8 15.1

4 4
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PERTANE-TOLUENE

This system was selected to represent the cor-
reletion in medium-high ranges of the reletive volatility-
viscosity produet. It also Jjoins sn aliphatic and &n
aromatic ocompound and thus extends the type coverage.

Zxperimental work on the system was begun with a
total reflux run. Subsequent rune were made at total reflux
end at continuous column operation. Feed plate location, feed
composition, effluent rates, etc. were adjusted as has been
explained in the general experimental procedure. A high
sengitivity to slight steam variations as was also encoun-
tered with the methyl ethyl ketone~water system, made 1t
dirficult to obtain ecquilibvrium 4in each run., Feed plate mis-
mateh was frequent ani much resulting data were dlscarded;
however several successful runs were completed.

By inspection of physical properties from data ob-
tainable in the literature, it was evidient that the sim-
plest method of analysis which would afford an accuracy of
0.2 mol per cent waes by denslity measurement with the Westphal
balance. A density composition plot was made from data obe-
tained in the laboratory, Table VIII, end used in the determ-
ination of saemple compositions.

Calculations were based on eguilibrium data calcu-
lated by the method of Lewils and Kay (21) using fugacities of
the pure components ani boiling point compositions eatimated
from Raoult's law, Table IX. The method of MoCabe and Thiele (19)



TABLE VIII., ANALYTIC.L DaTA, PENT.NE~TOLUENE

‘Semple we. % Kol Per Cent Specific Gravity
Pentane Pentane @ 22 Deg. C
1l 0.00 0.00 0.8620
2 12.30 13.8 .B256
3 £0.80 28.7 7999
4 £26.90 £9.2 .7839
4] £9.58 32.0 7778
6 31.40 33.7 7718
7 37.30 39.9 7562
8 44.90 47.7 7399
9 49.60 B2.3 .7288
10 54.80 57.2 .7183
11 61.90 684.5 L7026
12 74.60 76.7 8722
13 B2.90 84.8 .8583
i4 £0.50 91.5 6434
15 100.00 100.0 .8210
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was used for determination of overall efficiencies using a

20" x 20" plot of the equllibria data.

TABLE IX. VAPOR LIGUID EQUILIBRIA, PENTANE TOLUENE

Xq Tq tb I
0.0017 0.01z8 110 6.85
0820 +2710 100 7.10
.1080 : .4730 g0 7.45
.1910 .8400 80 7.85
820 .7640 70 8.17
.4100 .8550 60 8.5z
.8030 . 9£80 50 8.70
.8580 .9790 40 7.13

Results for the system are presented in Table X
and are shown graphically in Flgure 10. With the exception
of runs 79 and 83 the overall ocolumn efficienclies were in
excellent agreement. It is further eviient that these two
runs have the greatest deviation from the correlation of
0'Connell. It will be noted that these defficiencies are
higher than for the other runs and represent runs in which the
average %»ratio was correspondingly high. Rectifier effioi-

enclies are well representsd by the correlation, dut except for

run No, 84, stripping efficiencles deviate widely.



TABLE X,

Run Section Vapor L  Aetusl
No. Velogity _ ¥V Plates
77 Col. £2.3% 1.000 {11-3)
78 col. 0.25 1.000 (13-7)
79 Col. 1.39 (19-3)
79  Rect. 0.480 (13-3)
79 Strip. £.380 (19-13)
B3 Col. 2.90 (11-1)
B3 Rect. 0.596 {7-1}
B3 Strip. 1.730 (11-7)
B4 Col. 0.70 (19-3)
84 Reot. 0.640 (13-5)
84  Strip. 1.520 (16-17)
85 col. 1.14 {19-1)
8% Rect. 0.561 (9-1)
85 Strip. 2.25 (19-13)

No. of Theo.

Plates Plates B=ff.

8

6
16

10
6
10
6
4
14

18

3.50
Z2.93
8.40
4.00
4.00
5.60
2,70
2.75
5.00
3.70
1.90
?7.70

3.20
2.7

PENTANE-TOLUENE SUMMARY DATA

Overall

i X
43.8 0.26 B8.85
49.0 0.20 7.80
9.5 .27 B8.75
40.0 .22 6.90
66.6 .27 7.35
56.0 .28 8.60
45.0 .26 8.40
69.0 .28 7.45
35.7 .27 8.60
46.2 .22 7.30
45.0 .29 B.40
42.7 .27 8.75
40.0 .31 7.00
87.5 .31 7.50

Py

2.25

1.58
.36

1.52
1.98

£.45

£.18
2.12
2.38

1.684
2.48

2.36
l.64
2.32

0S
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CORRELATION AND DISCUSSICON OF RESULTS
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Data have been collected from &ll the systems
studled, both by Stigger end by this investigator, and
presented in Tigure 11 for comparison with the correlation
developed by O'Connell. The range of the correlation hes
been extended to include relative volatility-viscosity
products from 0.2 to 40.0.

The most widely divergent results represent
operation at stripping conditions, and at overall column
operation wherin large stripping saotio?s wore oontained.
This diverzence has besn repeatedly obaéfvad during the
investigation of ;ho various svstems. On stripping sect-
ions the liquid-vapor ratio varied from one to values as
high as 15, with & resulting proportionate increase in
the divergence of results from those of rectification,
where the reflux ratio was In the neighhorhood of one.
This observation led to the conclusion that the magnitude
of the liquid~vapor ratio had & profound influence on
plate efficlencies in distilling operations.

To 1llustrate this conclusion Figure 12 was
plotted from data taken from rectifying sections of runs
made on each system. The liquid-vapor ratio varied on
these operations from 0.6 to 1.0, & narrow range as com-
pared to that for stripping operations. The agreement
of the results from data obtained from rectifving sections
is excellent. It is approximated very closely by the

curve of the correlation developed by O'Connell.
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Rectifier Efficiency, All Data, All Systems




In contrast with these results Flgure 13 shows
no agreement between stripping efficlencies for all runs
and the correlation proposed by 0'Connell. This graphie
representation showing the non-agreement of stripping
efficiencies and their deviation from the correlation
which holds for rectification effloiencies is striking
evidence of the effect of the l1iquid-vapor ratio in
fractionation efficiencies.

In brder to determine the consistency of the
affect of %eon the systaﬁs used in this investigation,
it was decided to snalyze the data for the flve systems
investigated by Stigger, =8 well as those included in
this report. There follows a summary of the results of
this analysis for those systems which vielded spplicable
data.

Recalculation of the results presented for
methanol-water ylelded liquid-vapor ratios for stripping
sections as well as for the rectifier. This procedure

made it possible to extend the relation, Figure 4, to

inolude liquid-vapor ratios greater than one. The result-

ing plot of the effloiency as & function of %, Figure 14,

indicates conclusively that it is quite definitely a
faotor in the determination of plate efficliencies. The
data are not sufficient for a plot in which the (.«
product is held constant, but a trend is evident over

the smell range in these runs.
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Although the magnitude of %.varied considerably
with operation of the benzene-toluene system, no relation
could be determined between this factor and plate efflcen~-
cles.

Deviations from O'Comnell's correlation were
present in the results of the carbon tetrachloride-benzene
system. Here there 18 & relation between these devia-
tions and the #.ratic, but in an opposite direction from
that of methanol-water. Confirmaetion of this effect is
shown by the plot in Pigure 15 where efficlency is re-
presented as &n inverse function of the %.ratio. Actual
results for stripping conditions are below those for
rectification, and an extension of the plot of Figure
15 would further substantlate this trend.

Extreme deviations were evidenced in the high
X ranges covered by data from the ucetone-water system.
In an attempt to find an explanaticn of the deviations,

a plot 1s presented in ¥igure 16 of stripping efficlency
versus liquid-vapor ratioc in which a good correlation is
obtained with the exception of run Number 58.

Because of the wilde-spread range of the vig-
coslty-volatility product over which the data were
observed, no finite relation can be determined from the
plot, but it 1s evident that the liquid vapor ratio does
have a controlling Influence on resulting column efficien-

cles in thig/u4x range. The relation is of the same tyne
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ag that for methancl-water. Again, the deviation of

results of the methyl ethyl ketone-water system from the
correlation of ¢'Connell was uccompanied by a ohange in

the liquid-vapor ratio. 4 plot in Figure 17 of stripping
efficiency as a function of the liquid-vapor ratio shows

a direct relation similar to those of methanol-water and
acetone-water. In this case the range of variance of rcot
is small enough to he considered constant and the efficiency
is therefore shown as a dlrect function of the liquid-

vapor ratio. For this system no rectifier sections were
inecluded, and therefore all values of %.aro greater than
one, but it is interesting that an extrapolation of the

% ourve to values of 1-1.5 result in estimated efficiencies
of 20-30 per cent, a range of values which is quite in
keeping with the original correlation, but not possible of
demonstration by the experiments with methyl ethvl ketone-
water,

For the system, pentane-toluene, a plot of
effloiency versus liquid vapor ratic is presented in
Figure 18, The duta are inconclusive, but again follow
the trend which has been shown in other high‘/4drproduct
materials,

The mesnitude of the product of viscosity and
relative volatility appesrs to have & direct bearing on
the effeot which %.exerta. That is, in the low ranges

of w«, below 0.7 centipoises, the effect of an increase
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in.%.mav decrease the efficlency (benzene~carbon tetre-
chloride system). Then in the region where .. equals
0.7 the effect of %rmay be negligible (benzene-toluene
systen)., However for ... products sbove 0.7 the effect

of an increase in %.is to incresse the efficiency (all

other systems 1n which %»varied considerably).
In view of the varied effect of %»on different

types of binary mixtures and the wide range of the vis-
coglty~-volatility product involved, an atterpt et & cor-
relation in which the effact ot‘%.ia included is beyond
the scope of the investigation.

In Figure 19 1s shown a plot of overall column
efficlencies for the systems studied, The plotted runs
include rectifier and stripper seotlons. JiAgreenment
between these results 1s not as oclose as that between
rectifier efficiencies, nor are they as weil represented
by the ocorrelation of O'Connell. However, the data are
in good agreement and are represented closely enough for
engineering/&oour&cy by the proposed correlation. The
cause of the deviation of most of the results 1is that
stripping sectlon deta were included in the calculations,
since there in little sgreement between stripping section

efficiensies and the correlation of 0'Connell, Figure 13.
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Overall plate efficiencies for fractional dis-
tillation of three different systems have been presented.
Rectifier, stripper, and overall column efflolenclies
during total reflux and continuous operation were cor-
related on the basis of the viscosity-relative volatility
product, caleulated at an average temperature and com-
position in the respective portion of the column involved.
Data obtained from these cperations were used to complete
an evaluation initliated by Stigger (8) of a correlation
of column efficiency as a funetion of the relative vol-
atility~viscosity product proposed by H. E. 0'Connell
(5). All fractionations were carried out in a twenty-
plate, ten ineh, bubdble cap column, with four multiple
slot caps per plate. Use of the single column minimized
the effect of mechanical design factors on the results.
The column was sufficlently large to be successfully
used for pilot plant work and in many industrial aeppli-
cations.

Results of the Investigation indicate that
the correletion of 0'Connell, although semi-empirical,
may be used to predict overall efficiencies in commercial
fractionators with certain limitations. For viscosity-
relative volatility products of from 0.2 to 10.0,
efrficiencies of rectifier sections in binary distillation
can be predioted within 25 per cent by thls correlation.

%When used for prediction of overall column efficiencles



between the above l1imits the result can be expected to

be within a 35 per cent error. For predictlions under
conditions outside these 11m1ts.'the correlation should
be used with disoretion. It ocannot he used for stripping
efficlency work where the value of the liquid-vapor ratio
iz high, without some modification to compensate for the
influence of these higher ratios. This was indloated by
the number and size of deviations in the value of the
ratio %»

Definite relationships between plate efficien-
cles and liquid-vapor ratio have been established for all
the systems studied in this investigation. Graphic re-
presentations have been given for these relationships.
Analysis of the results reported by Stigger produced
interesting relationships between %»and plate efficlen-~
cles which were different for different systems, and seemed
to be a function of the//%mx product,

Though the correlation as presented has heen
found satisfactory for use in prediection of results on
rectifier and overall column operations, there 1s an
evident need for a modification on the basis of’%'ror
stripping section work. Such a modification would also
increase the accuracy of the prediotions of reotifier and
overall column effioiency and might result in a finished
correlation of considerably greater value.

The correlation proposed by C'Connell has been




evaluated and the types of systems have been expanded.
although the entire investigation involved the use of
binary systems the expansion to include multi-component
fractionations is practical, since the originsl develop~-
ment of the correlation included multi-oomponent separa~

tions.



II. PAaCTORS AFFECTING PLATE BFFICIENCY

INTRCDUCTION
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Chemical engineering and the lesign of chemical
equipment have been treated summarlily in the literature,
in sceordance with the relative importance of the various
branches. =Iven so, the individual branches of equiprent
design have not received the theoretical consideration
commensurate with the thoroughness they deserve. One
reason for the insuffiocient treatment of the all-important
field of distilletion 1s that manufacturing requirements
have kept commercial practice well shead of theory.

The purpose of this investigation is to com-
bine and clarify some of the information presented in
the literature and to present a method of attack for
future research on the subject.

The necegsity for an investigation of the
factors which affect pluate efficliencles obtained from
bubble plate fractionators has been brought about by the
inereasing disagreement between investigators as to the
effect of these factors, and the consequent lack of ab-
solute knowledge. It 18 evident that the present infor-
mation is insufficient to permit designs whieh would
produce optimum results for distilletion operations.

To alleviate this situation 1t wus apparent
that the necessary investigation should begin with a
study of the fundamental prineiples of 2istillation and
their application to practice.

The broad scope of the problem indicated that
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the work should include a thorough search of the liter-
ature 10 determine the points at which there 1s most
disagreement as wail as to obtaln u.general knowledge
of data as obtained by other investigutors and to fac-
ilitate the correlation of future results. It was the
plan of the author that the conclusions of the literature
aurvey dbe utilized in the design and operation of a basie,
single slot bubble plate to be used for collection of

experimental data.



HISTORICAL AND THRORETICAL
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Presented in this section are discussions of
the findings of investigators on a number of the factors
affecting bubble plate fractionation efficlencies. For
gimplification and ease of reference these findings are
presented under the descriptive title of each factor
disoussed. The factors investigated are presented in
Table XI, but the position in the sequence is not

diotated by relaetive importance or interrelationships.

TAHLE XI, FiCTORS APFICTING PLATE UFFICIEHCIES

1. Hydraulic sction

Z, Concentration Gradient

3. ZEZntrainment and Plate Spacing
4. Vapor lLoad (Velocity)

5. Reflux Ratio

6. Submergence

7. Liquid Concentration

8. Viscosity of Liquid

9. HRelative Volatility

10. Mass Transfer Fhenomena

HYDRAULIC ACTION

The design of any distlllation unit in whieh
there is to be liquid moving over a plete and simultane-
ocusly subjected to contact with vapor by a bubbling
action, requires a careful consideration of the hydraulie

factors Incurred. FHowever, keeping within the limits of
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good hydreulic stubility, there are factors of design

and of operation, which can be manipulated to give widely

variant results.

Davies (23) recommended that & tray be designed

initially on the basis of the mechanical factors. Fe

derived the equation

{ [3{ Ty ] + 3 [Jo + s(cpﬂ)]} &)

where A -

Ui

_ YA YI1+462 Ly
- 2.4Cy X,

liquid grudient, difference in clear liguid
levels between inlet and outlet sides of tray,
inohes.

mumber of rows of caps perpendicular to liquid
flow.

(£>a = average of ratios of distances between
cups and between risers.

distance between adjzocent caps in & row normal
to flow of liguld, inches.

totul clear liguid depth adjacent to over-
flow weir, inches

cap skirt clesarance distance of botton

edge of cap above tray floor, inches

Ls,
14
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[lz total free spsace between risers normsal to
liquid flow, average of various rows, inches
,éz'totul free space between caps normal to liquid

flow, everage of various rows, inches

L, = hot 1iquid quantity flowing across tray,
gallons per mimute at flowing conditions
(L = liquid gradlient constant at section 4.

He correlsted the datu of Cood and associates (11) by
use of equation 5.

The plot of hig correlation closely fits the
data of Good, and predicts u rise of liguid above the
normal quiescent liquor level. These data, from experi-
ments on 3% in. D. cups, four caps per row and six rows
in a rectangular tray, with air and water, indicated that
the hydraulic gradient aoross the plate was proportional
to the liguid rate and also to the vapor rate. Good does
not develop any equations for the phenomena but photo-~
graphs show the results. vhen the hydraullec gradient
becomes very great, the caps at the inlet side of the
tray prass less and lesgs vapor and finslly beconme in-
operative, allowing back flow of liquld through the
bubble cap risers. Cood likewise showed that the hydrauliec
gradient was higher for lower skirt cleurance and o low

seul, und that it was proporticnal to the number of rows

of cups normal to liquid flow, 1. e., to the baffle res-



istance offered by the caps and thelr positions on the
plate,

Carey and assooiates (10) found that the slot
opening (effective slot opening through which vapor is
passing) increased with the rate of vapor flow. They plotted
their results from rectification of binary mixtures as slot
opening versus vapor rate oﬁ log~log coordinete paper and
graphically obtained & slope of £/3 in the range above one
cublc foot per inch of slot width. Thelr work further
showed that the iepth of slot submergence varled directly
with the vapor rate until the point was reached where the
liquid "cones"” back from the slots.

Williems and assoclates (24), from experiments
on alr and water with a single bubble cap, showed that
frothing above the ligquld was a direct function of the vapor
velocity. Thelr work showed further that there was a
point of vapor velocity (proportional to superficisal
ecolumn velocity) at whioh the actual velocity through the
slot reasched a maximum, it thls same point the per cent
of actual slot open to vapor flow increased sharply and the
pressure of vapor in the bubble cep decreased. These
phenomena were olosely followed by & "oconing" back of the
1igquid and consequently & reduced liguid head.

Peavy and Baker (25) showed that a splashing
effect due to the velocity of the vapor was always present,

end that at low 1llguid rates it actually Jecreased the



11quid head by splashing over the outlet weir. To correct
this effect they installed buffles above the outlet weir in
the vapor area. These buffles prevented the splash-over

and permitted the liquid to attalin normal flow levels,
Acoompanying this was the formation of froth extending above
the top of the weir, which has little effect on the clear
liguor heights,

The area of ocontact of the bubbles is of lmpor-
tance in that it has & direct effect on the coefficient of
mass transfer. Carey (10} predicted that a decrease in
slot width would produce more and smaller bubbles and thus
a greater surfuce contact area per unit volume., His cone
cept was supported by experiments with ethanol-water 71istill-
ation, Litwin (26) in other experiments reported an im-
proved surface contact obtained in a cascade type column,
Geddes (27) in his calculations of plate efficienoles, makes
simplifying assumptions of bubhle size, surface area, and
time of contact. Tor bubdble gsize, he zssumes perfect
spheres of a size dependent upon

Surfsce tension Slot width

Vapor density Slot openings

Liquid density
¥here the bubble radius, a = 0.78[;c7( hs + ul[]l/s

()1_ B Pv

He slmo assumes time of contact to be =

(mean slot submergence)
4&00 37

78



These referencee indicate the necessity of a
study of the effect of slot height, slot wildth, submergence,
1iquid path, baffling.‘tha radiug of astion of bubdbles from
the slot, turbulence, frothing etc., both on the mechanical
espects of gas-liquid contact and the kinetlecs of locsal
efficiencies.

It is highly probable that these factors are mu-
tually dependent, but the prime elements cannot be ascer-
talned as yet. Until more experimental data have bheen ob-
tained, elther from the literature or by experimental work,
the method of Geddes for determination of bubdble size, sur-

face area, and time of contaot must suffice.

CONCENTRATION OR..DIENT

The existence of this factor in bubdble cap dis-
tillation work has been mentioned by many investigators and
stuiied by a few, The ooncentration gradient between liquid
entering and liquid leaving the plate has been shown to be
the csuse of plate efficiencies above 100 per cent (28).
Liguid leaving the plate has a low-boller content much less
than the average of the total liquid on the plate und thus
indicates a greater enrichment than that predicted from the
vapor-liquid equilidbrium of the downcomer liquid. This is
the reason for caloulated Murphree plate efflicienocles

above 100 per cent.
Kirschbaum {29) reported the existence of this



faotor and determined the magnitude of its effect. He
pointed out that the most desirable 1iquid path over the
plate is & cross flow, i.e., scross the vapor flow, with

as long & path of travel and as little mixing as posslble.
Lewis (30) presented & mathematical expression for the diff-
erence in efficiency in binary rectification resulting from

various degrees of mixing of plate liquids.

Bo = 5%5%_ (6)

Where: X is a function of the concentration grediients
aocross the plate in both liquid end vapor phases
and is determined by a graphleal analysis.

A 1s a function of the slope of the operating line
and the slope of the equilibrium line
’X - :%gp; gf gp:raégéé %{iine
Ey = Overall efficlency
From this he derived a relation between the overall

efficiency and the number of required plates:

S = %E )\ . - po actual plates
n{l+Bgl A =17 ) no perfect plates

Where: £ = Number of plsates required in & small section of
HoCabe~Thiele dilagram divided by number of plates required

in the same section when Zy = 1.



Peavy and Baker (25), observing plate efficlencies
as high as 120 % in ethanol-water separation, measured the
composition of the liquid at several points on the plate.
They used an 18 in., seven bubble cap plate and from this
caleculated and plotted a curve of the composition of va-
por rising from different points on the plate, Gerster and
agsociates (15) estimsted the magnitude of the concentration
gradient by their "transfer unit® method of caloulation.
Langdon and Keyes (31) in & 5§ in., 1 bubble cap column
found plate efficiencies as high as 2204, and attributed
this to the effect of the concentration gradient.

0'Connell (32) suggested an outline of a rigor-
ous method of caloulating column performances based on sev-
eral factors of which concentration gradient was of prime
importance. This method included & determination of liguid
submergence over each bubble cap, and determination of the
compogition of vapor leaving the csaps near the liguid exit
welr, and a step by step calculatién of vapor compositions
over the plate by material balances bused on semlemperiocal
relationships whioh can be experimentally determined. These

relationships would be evolved from data collected and corre-

8l

lated as suggested by Geddes (27). 0'Connell further suggested

that a correction factor for interchange of components be-
tween vapor leaving the plate =n? entrained liquid be incor-
porated, and that corrections for the degree of mixling and

for carry over be included as well. This outline requires a
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large quantity of data not at present in an avallable form,
and further requires correlations which can be applied in

mass transfer predictions. At present the method is un-

wieldy and impraotical.

ENTRAINMENT AND PLATE SPACING

The caloulations usually made on the entrain-
ment phenomena assume that entrained liguild leaving with
the vepor is of the same composition as that leaving in the
downteke. This is possible, but is not probably the case,
i.e. (1) the mass of 1iquid on the plate has & composition
higher in low boiler component than that leaving in the
dovnoomer; (2) the liquid in the upper levels of the mixture
on the plate can have a lower composition in the light key
component than that in lower layers; (3) the liquid leaving
with the vepor decreasges in light key composition as it 1s
carried aloft with the vapor.

Many investigators have shown the effect of en-
trainment on plate efficiency and have mads efforts to cal-

culate its extent; Colburn (32) derived and presented the

equation:
Ba z By (8)
T+ ely
-
Where E, - apparent plate efficiency - ¥Yn-Y(n+1)

Yn*-Y(n+1)
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Ey = dry vspor efficiency = zg-x!n*-lz
yn*-y(n+ 1)
Yp - mole fraction of low boiler leaving RNth plate
y*n= mole fraoction of low boiler in equilibrium with X,
Yn - apparent composition of vapor = Yn-e(Xn+ 1-Xn)

moles entrained liquid per mole dry vapor.

[+
"

He concluded that, from an economioal standpoint, there is
a'small amount of entrainment that ocan be tolerated. The
carry over iata of Peavy and Baker (25) support Colburn's
(33) findings.

Carey and associates (10) showed that the en~
trainment retio was a function of the vupor veloeity, and
that Increased distance between plates reduced its effect
by lowering the carry over.

The entrainment was found to incereasse directly
proportionally to the increase in vapor velocity. PFlate
spacings of 7 inches, 9 inches, and 15 inches were used for
this investigation.

Gerster, Xoffolt & “ithrow {13) produced a
correlation which suggests a logicsal basis for determining
optimum plate spacing from these factors. A plot of (PTU)gy
versus the vapor velocity, with the average slope of the
vapor=-liquid equilibrium ocurve as the parameter, gave a
simple correlation of results at a constant vapor-liquid
ratio. This method can be used to advantage in determining
the sllowable entrainment and thus plate spacing., Using a



slightly different approach, Souders and Brown (8) developed
their equation for allowable vapor velooity based on;the

quantity of entralnment that can be tolerated.

- r)+( >(‘Kf-l)

-E-)l_ V) (9)

f = a factor whioch represents the degree of an

#

where!

approach toward equilibrium between dry vapor and liquid
overflow leaving the plete, and is dépendant upon & large
number of variables including the mechanlical deslign of the
plate.

V = total mols of mixture 6f vapor and entrained
liquid rising from plate to plate

e = total mols of entrained llguid carried with
dry vapor from plate to plate.

VaPOR LOAD (VELOCITY)

A faotor which has been extensively studied with
respect to its effect on colum performence is the vapor
veloclity. Garoﬁ and associates (10) as mentioned above,
found that the slot opening {(to vapor flow) inoreased with
the rate of vapor flow. They obzerved that the liguid depth
on the plates was a direct funotion of vapor rate, until
1iquid "coning” appeared. These findings were substantiated
by Willlems and assoclates (24), who found also that the

84
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radius of action of bubbles from the slot depended on the
vepor rate, Then Souders and Brown (8) presented thelr
equation predicting the maximum veloolty alloweble, equation
(9).

Peavy and Baker (25) plotted efficiency versus
vapor velocity for éthanol~watar separation, indicating s
pronounced effect. “7ith velocity, the efflciency rose
rapidly to & maximum, wes comstant for a peried, and then
dropped off. . maximum buildup of froth was evidenced in
the maximum efficiency range. Brown and Lockhart (9} recommended
allowable gas velositlies sccording to the equation of

Souders and Brown (8)

c U'( Pr- (J,)] 3 (10)

Where G = mass velocity, 1b/hr sq. ft.

G

C « empirical fuctor, a function of plate
spacing and surface tension

Pv = density of vapor 1b/eu. ft. and

fL = density of liquid 1b/cu. ft.
but staetes that values are essentially constant over & range
from 0.4 to 1.2 times this value. The results azree with
those of Peavy and Baker who reported constaent efficlencies
over a ielocity range of 1.0 to 3 ft/sec. The work of
Bymen and Keyes (34) and Langdon and Keyes (31) showed
parallel results over a range of 0.5 to 1.5 feet/sec.

Stigger (6) found no effect of efficiency in vapor velocity
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veriations between 0.7 and 1.0 feet per second.

The velocity of rise of bubbles through the
1iguid on the plate was culoulated by Geddes (27) in his
exploration of plate efficiencies. He used the equation of

0'Brien and Gosline (35):

- 0.37 (11)
\ B if -

Where a = the bubble radius, equivalent to a sphere, feet

v - velocity of rise in feet per second

L3

ez viscosity of liquid, centipoises

There is an apparent need for extended work on
this fector, particularly with the effect of slot width
and column vapor velocity on the velocity of rise of bubbles

and the consequent time of contact with the liguid.

REFLUX RATIO

The effect of reflux ratioc has generally been
considered to have little or no effect on plate efficlency at
values below one (8, 25, 31, 34}, Contrary to this, the
work of Gerster and assoclates (15) indicated that the num-
ber of plates equivalent to a transfer unit is a function
of the reflux ratio. ’

in attempt was made to correlate the results of
plate-to-plate Murphree efficiencies for typlecal runs, as

given in thelr data, but it was not successful because of

the scattering of points. The Flate Transfer Unit (PTU)
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however, when plotted aguinst % gave a smooth correlation,
indieating en increase in efficiency with the reflux ratio
below 1 (totel reflux). This was not the only factor of im-
portance because of the other varisbles, but its effect is
startlingly apparent. _

In stripoing sections of the column, where the
liquid to vapor ratio 1s greater than one, this investigator
found a direct relation betweenk%»and the plate efficienocy,
especially apparent with mixtures having high relative

volatility ( pagesto 64).

SUBMERGENCE

The effect of this factor on efficiency has been
found to be of great importance. Most investigsators have
observed en Ilncrease in efriclency with increased depth of
liquid, and Geddes (27) attributes this to a longer time of
contuct with the vsapor dbubddble.

“quation (5) shows that the time of contact with
the 1iquid is a direct funotion of the submergence becauss
of a constant velocity of bubble rise. ‘

Carey and sssociates (10) ani later Peavy and
Baker (£5) obtained data showing incressed efficiencies with
l1iquid submergence. Good (11) showed that the submergence was
a function of the liquid rute and vapor rate and the path

of 1liquid flow.
Above the liquid is a layer of foam which aids in
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the separution process (25). “ince this upper layer has

a different consistancy from that of the liquid, it lis
conceiveble that some degree of stagnution is present. The
efrect of this would be to present horizontal leyers of 1i-
quid (and foam) having progressively lower low boiler con~-
tents nearer the top. This effect has not been ietermined

snd in raot has not been mentioned by many investigators.

It will teke some further study to find a method of determining

the extent of this factor.

LIQUID CONCENTRATION

There 1s disagreement among investigators as to
the effect of the concentration of the mixture being rec-
tified on the efficlency of separation. Peavy und Baker
(25) found no effect of concentration on efficiency between
5 cnd 5% xol 4 ethanol in ethanol-water separstion, The
work of Carey and associstes (10) gave parallel results,
and Johnstone and Plgford (36) observed u negligible effect
of concentration,

These investigators found, however, that at the
extremes of concentration, very high and very low, there was
o decrease 1n efficiency. Inspection of the work of this
investigator (pages 35 to 46 ) shows that, for mixtures of
high relstive volatility, stripping action was so high that
data could not be obtained in stripping sections of the

column except at extremsly low concentrations of the more
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volatile component. This experience indlcates that effi-
ciency of separation is lower with low concentrations of
more volatile components, at least in the high relative
volatility range.

On the other hand, the data of Byman and Keyes (34)
for ethanol-water fraotionation and of Langdon and Keyes (31)
for iso-propunol-water indicated a marked effect of concen-
trution on the efficiency. Thelr maximum efficiency is ob-
tained at approximately 20 mol per cent alcohol, with gradual
to sharp decrease at higher and lower conocentrations,

Furnus and Taylor (37) observed a marked effoct of conocen-
tration on efficiency in a packed column. An increased cone
centration was wocompanied by an increased effliciency. They
tentatively explained this as a result of an inoreased
wetted area, csused by decreased interfacial tension in the
1iquid with greater concentrations,

Griswold and Stewart (38) obtained data from
fraetionations of benzene-toluene mixtures from which they
concluded that the efficliency of fractionstion was u function
of the concentration., They found a decrease in efficiency of
0.6 per cent for an increase of one mol per cent benzene in
the liquid.

There is an obvious need for a careful and exact
determination of the effect of concentration on efficiency
of fractionation. The one-slot method of exemination is

aeimirably sulted for thils type of study.
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VISCOSITY

The background for a study of the effect of vis-
cosity on plate efficiency was summarized by Irickamer and
Bredford (14), and is shown on pages 13 to 14.

There is some controversy between investigators
as t0 the obzserved effect of viscosity on efficlency. Byman
and Keyes (34) obtained data on ethanol-water separation
which indicated that the efficlency increased wlith increasing
viscosity. Purther data, obtained by Langdon and Keyes (31),
gave the same results. Where maximum viscoslty prevalled,
the efficiency was also at its maximum,

Contrary to this, “alter and Sherwood {12) evolved
a relation which indicated that the efficlency was inversely
proportional to the viscosity to the 0,88 power, equation
12. In this the gas end liquid f£ilm resistances were pro-
portional to the 0,68 power of the viscosity.

Emvl-e“&.Jr';ﬁ'/A. w o (12)
“‘here: Emv = Murphree point vapor efficiency - §1 : §o
h = 1liguid depth from middle of slot to top of weir
H = Henry's law coefficient 1b. mols
cu. . a
P = slot wilith, inches
e viscosity of llguid, centipoise

w = slot width, inches



91

Driokamer and Bradford (14) developed a relation between vis-
cosity end plate efficiency from data of 54 refilnery frac-
tionating columns. They presented their correlation of over-
all plate efficliency &s a straight line function of the
logarithm of the viscosity of the feced, In order to make
this correlation more useful in desizn application, 0'Connell
(3) introduced the effeoct of relative volatility in inter-
preting the efficiency of fractiocnation. His correlation
presented the efficiency as a function of the product of visé
cosity and relative volatility. Thet this correlation was
satisfaotorily representative of the data 1s shown by this
investigator in part I of this report (Figure 19).

This factor again presents a promising field for
investigation of effect on plate efficlency. Its effeot
can be studied with a fair smount of accuracy in & single

plate, single slot, locsl efficiency investigation.

RELATIVE VOLATILITY

»8 stated by Othmer (39), "The simple operation
of distillation 1s not relsted to diffusion in any important
sense, It is the vaporization of volatile materials, usually
to separate one from another. PFquilidbrium is static, diffu-
sion dynamic." It seems that even in this stultified out-
look the separation which theoretically can be obtained by
distillation is ultimately influenced by the relative vol-

atility of the components involved. The resistance to
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diffusion must enter to prevent attainment of this theo-
retical sepsration. O'Connell (5) and this investigator have
shown, however, that the relative volatility of the compon-
ents also affects the degree of attainment of theoretical
separation (100 per cent efficiency). The O*Connell correla-
tion presents efficlency as a function of the relative vola-
tility and viscosity.

This effect may be explained as follows: Since
there is 1ittle reason to suppose & change in the diffusional
resistance coefficlent with changes in relative volatility,
it may be assumed thsat no change occurs, It may also be
apsumed that the time for diffusion of components to and from
the vapor bubble will remsin substantially the same regard-
less of the volatility. In a given time of contaoct a given
number of moles of materlal are transferred and a definite
separation is obtained. Now, with greater relative volatil-
ity the theorstical separation obtainadle 1s greater, and
the ratio of actusl separation to theoretical (efficiency)
is lower. Then 1f the relative volatility 1s lower, the
possible separation less and the retio of the actual sepa-
ration (which has remained substantially unchanged) to the
theoretical, iz greater.

The dete do not indloate that this effect is wholly
realized, but the correlation of O'Connell supports the con-
clusion. That the effect is not es pronounced as the ex-

plenation indicates 1is probsbly because of the widely
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differing volatility of the components &s they come in
contact.

In the work of Gerster and assoclates (15), 1t
wes pointed out that the slope of the equilibrium ocurve had
a direct bearing on the actual number of plates required
per transfer unit, If the number of trensfer units ls equal
to or has a direct relation to the number of theoretlcal
plates required, then the plate efficlency muy also be ocon~
sldered a function of the slope of the equilibrium curve,
and hence the relative volatility, which 1s a mathematicel

repressntation of the slope.

MASS TR-NSTER CCNCEPT

The physical mechanism by which equilibrium con-
ditions are approached is necessarily that of inter-
diffusion between the liquid and vapor phases. The method of
molecular transfer between phases has long been assumed to
ooccur across an interface (40) composed of a film of vapor
in contadt with a f£ilm of the liquid. In distillation
work the net condensation of the less volatile component
from the vapor within the interfaoce and the net evapora-
tion of the more volatile component within the interfuce
takes plece almost instentaneously.

There is, however, an opposition to the approach
of molecules to the interface represented by the resistances

presented by the liquid aund vapor films. The net movement
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of the more volatile molecules to the interface through the
1iquid rilm and after vaporization through the gas film
into the bubble is effected by the resistance of the respec-
tive rilms ani to the driving force which causes transfer.
This driving force is a direct funotion of the concentration
differences across the films, The less volatile component
is moving in & direction opposite to that of the more volatile
and as the less volatile molecules condense at the lnterface
they give up the heat required to evaporate a corresponding
number of molecules of the more volatile component., It
appears, therefore, that pure diffusion charscteristios must
be somewhat moilfied by the necessity of heat transfer,
These phenomena progress &8 & function of time
and do not allow equilibrium to be attained im the short
period of contact experienced by a bubble rising through s
shallow tray of liquid,

FILY RESIGTNCE

In the upplication of this factor to the deter-
mination of fractionation efficiency, it will be necessary
to follow a method outlined by Geddes (27) ani expanded by
the data of other investigators, The data on film resistance
in rectification are so mesger in bubble cap work as to
present serious difficulties. It will therefore be necess-
ary to explore the data for other means of estimation and

to spply methods to adapt these dats to bubble cap work.



Geddes initiated this procedure and lald a valuable base
from which to project the investigation.

Othmer (39) made attempts to measure the driving
foreces present in the actual f£1ilm but was not successful be-
cause of the microscople thickness of that film.

Other empiricsl and seml theoretical methods to
develop a relstion between film resistances and other
variables have been attempted as follows: ‘alter and
Sherwood (12) empirically fitted an eguation to thelr data
for bubble cap sbsorption. Thelr equation has been reported
under "Viscosity”.

Peck end Jagner {(41) present a method for the de-
termination of the relative resistance presented by liquid
and vapor in distillation. Since their graphical analysis
reguires an operating line with a slope of one, their method
of oealculation confines their work to operations of total
reflux. |

Their results indicete thuat the resistance of the
gas film 1s 50 per cent in bubble plate columns and 100
per cent in wetted wall towers. The data presented for
rectification of Methanol-water, end isopropanol-water in
a wetted wall tower check those obtalned by Johnstone and
Pigrord (36) for distillation in a wetted wall column.

There is no reason why different systems should have
identicel ke ratios, and the results should be accepted with

K;:

caution.

95
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Johnstone and Plgford (36} tried to allow in thelr
ecorrelation for the turbulence in the gas which is in con-
tact with the 1iquid and for the wave motion and laminar
flow in the liquid phase. With this purpose in mind they
correlated thelr results on fractionation of four different
binary systems on the basis of the aversge Reynolds number
of the vapor stream relative to the moving interface. “hen
oorrelated in this manner the data fell between the equations
of Von Karman and Sherwood (42) eni Gilliland and Sherwood
(43) snd the equation of Chilton and Colburn (44) for the
diffusional phenomens in absorption work. i plot of

(HW)OV ,g;_> 2/3
°D/

d

is found to be & streight line function of the log. of the
Reynoclds number. (Where 4 is the diameter of the column.)

Teylor and Furnas (37) utilized the equation

Xl‘ﬂ -k a
-l-le s (13)

+ EEE;

in an attempt to separate the resistances of the two films

in packed tower distillation. Their results were not con-
clusive but indiczted that the resistance resided primarily
in the 1iquid film. This result is contrary to that of
other investigstors.




Surowiec and Turnas (45) used the same tower
as used by Teylor (37) but without packing., For determining
the resistence in the gas film they used the equation of
Chilton and Colburn (16}:

(BTU)g = 10.9 - d(i’/-;‘:‘ﬂ-y, é!g.)“ (14}
¢ (P

and derived exponents from the deta of Gllliland and Sher-
wood (43), producing m - 0.17, n = 0.56, where 4 1is the
dlameter of the column in feet, They used for the liquid
film their own derived equation analagous to Nusselt's work
and adapted to mass transfer:

3

k= F o /% g1/3 /e (15)

3#/3 b 1/

where:
B' = & constant

- aoceleration due to gravity, ft/(hr)z

N
'

= peripheral 1iquid rate,

—

1b/hr ft of wetted perimeter
D
H
Using this equation they determined that the resis-

diffusivity in square ft/nr.

i

height of column, feet.

tance was luargely in the gas phase as compared with the re-

verse results of Taylor (37). They reconcile this apparent
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disagreement by use of equation 14 whioh indicates that the
gas film resistance is inversely proportional to the 1.17
power of the dlameter of a given circular conduit. Thus the
effective diameter of the packed tower is lessened by the
presence of packing. These assumptions and rationallzations
must a2lso be accepted only as opinioms in variance.

Colburn {(48), in = study of diffusional processes,
recognizes the 2-film resistence concept and presents an
analysia using an HTU method of caloulation., The overall
HTU is egual to the gas film HTU plus the (product of the
liquor film HTU and the ratioc of the equilibrium curve to
the slope of the operating line). This method has been
applied to sbsorption caloulations dbut will necessitate
careful revision for use on plate distiliation work. This
procedure was followed to a greut extent by Geddes (27) in

application to his work.

MASS TRALNCFER CORFFICIENT

The work of Walter and Sherwood (12) indlcuted a
relation between the transfer coefficient and the ratio of
the slot veloclity to 1ts area. Thus as the ratio~§ in-
creased, the coefflolent of mass transfer increesed pro-
portionately. The magnitude of the inorease is limited by

the maximum value which ztnan reach because of hydraulic
P

considerations (23, 24). The data obtained on the effect of

this factor were used in the evolution of equation 1z,
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Litwin (28) observed a materisl increase in the
mass transfer coefficient when an increased surface area is
exposed to the 1liguid in the cascade type still. The tur-
bulence affected by the violent action is also & probadble
influencing factor. The inorease in the value of the liguid
f£ilm coefficient observed by Taylor end Furnace (37) is
attributed to an increased aree caused by an increased
wetting of paoking.

There 1s needed much explanation of these phenomena.
A careful end planned research should bring into relief
some of the factors which affect the mass transfer coeffi-
cient in bubble plate distillation work. The mass transfer
coefficient is probably the most lmportant part of this in-
vestigution, for it determines to what degree the theoretical
gseparstion of the operation will be obtained. A determina-
tion of the governing factors may show a way for new design

whioh will materially increase the efficiency now obtainable.



DESIGN OF EXPERIMENTAL EQUIPMENT



101

From an analysis of the foregoing survey of the
literature, it is evident that much is to be desired in the
intelligent application of the material avallable for pre-
dicting operating charecteristics in design of distillation
equipment. In order to form a concise, understandable,
and logleal pattern from which an explanation of the exact
effects of the various factors can be evolved, it is desir-
able to approach the problem from the standpoint of the basile
relations of distillation. It has been suggested that such
basic relations be evolved from experimental observation
of operations on a single plate, single slot, bubble type
rectifier. A design for such an apparatus was developed and
is explalned in the following paragrsaphs,

Because of the fundamental nature of the investi-
gation of fesctors affecting plute efficliencies it became
evident that special ecuipment would be necessary for the
collection of experimental data. Accordingly, from sugges-
tiong evolving from discussions of the problem, models of
two possible types of equipment were constructed of corru-
gated cardboard, Tach of these models, figures 20 and 21,
has a tray bounded by a vertical wall which separates the
liquid and vapor, In the lower section of this well is a
slot through which vapor is allowed to pass. Liquid 1s to
flow from the downcomer into the horizontal tray on one
side of the vapor-liquid separating wall, past the slot,

and over the level~control welir at the cutlet end of the



Figure 20 One plate,
Single Slot Rectifier

Number 1

Tigure 21 One Plate
Single Slot Rectifier

Number 2

Figure 22 Removable
Pleate of Rectifier
Number 2
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tray. Vepor from the calundris is to flow through the slot
and bubble through the liquid. It is to pass up from the
surface and be collected in the uptake for subsequent con-
densing.

Above the surface of the 1liquid on the tray are
two baffles whose purpose is to confine the vapor from the
slot so that it does not come in contact with a liguid sur-
face larger than that normally existing in a bubble plate
column. In this wey the effect of vepor and liquid con-
tact at the liquid surface will more nearly approximate that
in industrially designed trays. Inclusion of baffles will
also eliminate the added effect of this surface contact and
should make analysis of the resulting data simpler. It is
planned to close the front of the experimental plate with a
clear gless plate. This plate will be sealed to the column
with a ohemically resistant sponge rubber or other material,
and clamped in place,

Liguid level will be controlled by an adjustable
¢lip on the outlet weir. Slot dimensions ocan be changed by
inserting different plates, Fizure 22. The baffles can be
ad Justed to conform to changes in liguid level and to froth-

ing charucteristics.
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The need for concentrated research on several of
the faotors which affect plate efficlencies is guite apparent.
On the other hand, the determination of the effect of some
factors hus been falirly well completed,

The effeot of variation in hydraulloc factors is
in some cases well established, but in other respects needs
further study. Por instance the effect of the hydraulie
gradient, the bubble action, etc. on the degree of mixing, und
consequently the concentration gradient, has not been de-
termined. In uddition to this it seems demirable to make
a study of these factors for determination of a vertical
concentration gradient extending into the foam sbove the
liquiaq.

The exact effect of entrainment and of other
factors on entrainment has not deen determined from the
standpoint of the nature of the mixture of entrulned li-
quid and vapor.

There 1s & derinite need for a study of the effect
of reflux ratio, bdboth in rectifier and in stripper opera-
tions. A study of the effect of submergence on the mass
transfer coefficients and on the efficlency 1s also desired.
The widely disputed erfect of concentration of the liquid
calls for an especislly intense gtudy. Of slmost us great
importance 12 the disputed effect of the viscosity of

l1iguid on the plate,
A method of physioal attuck on the evaluation of

mass trensfer fasotors has not as yet been formuleted. A
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mathematicul approach is indicated, however, in order to
prediot the results to be obtained by experimentation.

The one-plate, single-slot rectifier proposed
for an experimental investigation of effects of operating
variables should be well sulted to the nature of the work
involved. It appears that such an investigation should pro-
ceed along the lines suggested by Geddes, in his paper pre-
sented on the factors which effect local efficiencies on
bubble plates. The information and equations obtained from
the literature can be analyzed and adapted for use with
bubbling phenomena. One faotor of considerable importance is
the effect of turbulence in the budbble, This effect will
be reflected by the megnitude of the transfer ooerriciants.
It is concelvable that in a series of controlled sxperi-
ments, simultaneous equations may be developed and some of

the non-measurable guantities thereby calculated.



SUMMARY
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A survey of the literature has been made to de-
termine to what extent the data on factors affecting plate
efficiencies ocan be correlated., Variables studied were,
hydraulic relationships, liquid submergence, entrainment
and plate spacling, concentration gradients across the plate,
the average ooncentration of components in the liguid, vapor
velocity and vapor-liquid ratio, average viscosity of the
liquid, relative volatility of components, and theAbasis
mags transfer relationships involved,

Consideration of the results of the survey led
to the design of an experimental unit which can dbe used for
obtaining bassic data for prediction of loocal efficiencies
from a carefully controlled manipulation of construction
variables and operating varisbles end precisely measured
physical characteristics., Photographs of models of the

uynit so designed have been presented.



ITI. PROPERTIES OF LAMINATED WOOD GLUE LINES

INTRODUCTION
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The use of wood as & material of construotion has
bsen known to man as long as the art of construction itself
haes been practiced., There are several reasons for its wide
use, among which are its inexpensiveness snd avallabllity,
its versatility and adaptability, end its durability and re-
sistance to weathering conditions., As a conseguence of the
high usability of wood, and its plentifulness in the past,
there has been a great waste of valuzble raw materials be-
cause of the hasteof men to obtain the cholce sections of the
tree. In recent ysars constant efforts have been made to
utilize more economically the total wood content of the tree,
to improve the properties of the products made from wood,
and to find new uses for these improved wood products,

One of the most valuable uses of wood is in the
manufacturs of laminated products. These are manufactured
by the bonding of layerse of wood by & suitable adhesive,
Laminated wood has been made in many forms and shapes. It
has been made in varying degrees of strength from thin, three-
rly plywoods, one eithth of an inech thiock, to multi-ply
beams of greater than a foot thick., Under suitable condi-
tions it can be formed iInto various and sundry ourved shapes.

The use of leminated white osk veneers as a
material for barrel stuves was recently conceived and has
been started commercially. These laminated members are
designed to be used as a substitute for so0lid osk staves in

the manufacture of barrels for the ageing of whiskey.
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A factor which might 1limit the economiocal use of
barrels, made by the above method, for the ageing of whiskey,
is the variation in "oﬁtage“. The "outage", or loss of
liqguid through the walls of the barrel, was found under cer-
tain conditions to be over twice that of the loss from a
barrel constructed from solid osk staves, Since this fao-
tor was undesiraeble and placed a limit on the useability
of the product, it was decided to make an investigation of
the problem to obtaln a more uniformly desirable produot,

Extensive research had produced & bonding glue
which was not harmful to the contents of a whiskey barrel.
Since it was desired to continue the use of this adhesgive,
Penacolite G-1124, this investigation is directed toward the
improvement of the physical properties of the glue line

formed between wood veneers,



HISTORICAL
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The properties of wood have been greatly enhanced
by developing bonding glues and by their intelligent appli-
cation, One of the most important advances in wood utiliza-
tion as a structural material can be crsdited to the improve~
ment in glues and gluing techniques.

It is importent that the glue bond of laminated
structures be as strong as the wood which 1s being held
together throughout the servioce l1ife of the materisl (49).

A pumber of glues have been developed which fulfill these
conditions unier adverse oonditions (50). PFPhenol-formalde-
hyde and urea-~formaldehyde resins have come into use. The
resorcinol-rormaldehyde resin glues are rapidly coming to
the fore (51, 52).

One of the resorcinol-formaldehyde resing, Penuc~
olite 0-~1124 (53}, was chosen for the febrication of barrel
staves becsuse of its favorable behaviour when subjected to
strenuous extraction tests (48). Under the established
fabrication conditions, however, the product was not com=
rletely satisfuctory from the standpoint of its permeability
to water.

The permeability of wood to the flow of water was
studied by Hrickson and associates (55). They found that
the rate of flow of water through wood decreased with con-
tinued flow and approached equilidbrium after & definite
period. Stamm and associates (56) studied the diffusion of
water vapor and liquid through plywood specimens. Their
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investigation resulted in the conclusion that if the veneers
are pre-im-pregnated with resin that there 1s a reduction
in permeabllity of as great as 90 per ocent.

It was suggested that the structure of the glue
l1ine itself be investigated in order to determine the reascons
for the high permeability found in Penacolite-bonied white
osk veneers,

Demarco and sSmith (57) presented a method for the
determination of the penetration of resin from the glue
lines into the surfzce of veneers by color indiocators,
Farrow end assoolates (58) developed a mors practical method
in which the wood veneer is removed completely by digestion
in an scid bath, leaving the glue riln untouched for visual
inspection.
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The structure of wood has been found to be mi-
cellular. The cell size and density, the pit membranes and
grain orientation vary with the type of wood and with 1ts
climatic environment (47). The normel trunk is swollen
when green, with dead heartwood at its center and aotive
fibrons cells in the outer part (59). The seasoning of woo?d
removes this moisture and changes radically the physical
properties of the seasoned product. The dry, oured wood
adsorbs water, and is so swelled by 1t that 1lts structure
expands, allowing more surfece for continued allsorption of
water (47)., Wood has been known to adsorb as much as 300
per cent of itas dry welight,

Stamm (60) showed that moisture is oarried through
wood in three wuys: {(a) us a 1iquid, above the fiber satura-
tion point, {(b) as bound water within the cell walls, (¢) us
vapor, due to humidity gradients.

In resin-bonded venesrs thia flow of moisture is
impeded to a greater or lesser extent by the presence of
glue lines as barriers. At first glance it might seem that
& resin, insoluble in water, and forming a continuous sheet
at right ungles with the flow of water, would present an
impenetrable barrier to the flow. That this is not the

case, however, 1s the reason for this investigation.
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STRUCTURE OF GLUE PILM
In an 1nvestigatien of thls type it was found
desirable to meke preliminary studies of the physicul charac-
teristics of the glue bond whioch iz formed between veneers
in the_fabrioation of laminated sections. Because the most
relieble and the most emphatié method of presenting evidence
is by visible means it was Jeclded to use the method of
Farrow ($8) for visual examination of glue line structure,
The procedure is given by Farrow in the following:
"The present standard practice is to suspend
the test specimen in hot chromic aecid solution (100
grams of shromie acid in 100 co. of water) with about
2.5 om. (1 inch) immersed. The remainder of the
specimen forms the support. Digestion is carried on
at 80 to 85 deg. C. for about 20 minutes, whiech is
sufficlent to expose completely the glue lines in
3-ply 1/16-inch birch veneers. After careful diges-
tion, thorough washing with hot water is necessary to
remove the chromio acid and the carumel-like products
of oxidation, which, if present, obscure glus line
detull. The specimen 1s then rinsed with acetone
and allowed to dry. Though complete removal of this
sludge is very difficult in the cuase of fiber casts,
- normal washing and drying are rapid and permit
immediate examination of the resin.”
Two-ply sections of laminated rotary cut white
cek veneer 3/18 inch thick were fabriocated in a heated press
at 240 deg. ¥, and 150 pounds per square inch pressure for
eight minutes., The ajhesive was Penacollite ¢1124 in four-
“to-one proporticns of the prepared resoroinol resin and
of formaldehyde catalyst, as recommended by the manufacturer.
Specimens were cut from these sections and digested in
ohromiec acid by the method of Farrow,

After nine hours digestion in 50 per cent chromiec
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acid at 85 deg. C. it became epparent that no more then

50 per cent of the wood layers would be removed in this run.
The hot acid attacked the outer layers of soft spring wood

and removed them quickly; the hard summer wood was sO slowly
reacted that it was not removed even with nine hours digestion.
The specimen was removed and placed in & bath of Presh 50

per cent chromic acid at 85 deg. C. This procedure caused

all remaining wood to be removed from the glue film in less
than one hour,

As a varlation of the procodufe a solution of
ochromic¢ acld made up from fresh chromium trioxide in a ratio
by weight of 40 parts to 60 parts of water. This solution
was placed in a container, a new specimen suspended in the
bath as before, and a total reflux condenser attached to
the container. The bath was then heated to the boiling
point and maintained at this temperature until all wood
veneer was removed from the glue film. The time required
for this and subsequent runs varied frog 40 to 90 minutes.

All glue film speocimens from the digested seo-
tions showed similar conatruction., There were long thin
projections of resin, lying in planes parallel to the
grain of the wood, These projections are indication of the
penetration of the adhesive into the oracks inherent in
rotary cut veneer. In the film itself were small,
longitudinal perfrorations indicative of "starved" spots in
the otherwise continuocus film,
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Quantitative data are not practical by this method
except as to the depth of penetration of the adhesive. The
projections showed thet this depth varied from very slight
penetration to depths ecualing the thickness of the veneer
itself.
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PENETRATION CF GLUE FILM
At this stage of the investigution it became

desiradble to make a more nearly exact evaluation of pene~-
tration of the adhesive into the rotary out white ocek ve-
neers belng used in fabrication of laminated sections,
Accordingly, another method of visual analysis of penetra-
tion was adopted, This method involved the use of a carpenter's
plene for removing successive layers of veneer ani the esti-
mation, by visual inspection, of the erea occupied by the
adhesive in these successive layers. Thus a guantitative
estimation of th; degree of penetration could be obtained
from knowledge of the adhesive present in adjacent planes

of the veneer parallel to the glue line.

Specimens for investigation by planing tests were
cut from five-ply, laminated staves fabricated at CGamble
Brothers'! plant in Louisville. These specimens were cut ten
inoches long and one inch wide from staves which were three
feet long and one foot wide, having a radius of ourvature
of 1.5 feet. They were out from various positions in
different staves as is shown in Table XII.

Results of plening tests are shown by the curve
of Tigure 23, Though the utilization of a logarithmic plot
for the representation of glue ooncentration at different
planes exaggeretes to some extent the acouracy of the
estimetion of low absolute glue concentrations, it enedles

an expression which most nearly represents aoctual conditions.




80 - T
70 ‘ - —

$0O
40

o

o O
>\--_‘
D

30 - 13 t

20 | J, . ¢ Figure 23 Distribution of Glue
1 ‘ Film in Laminated
| (o] C1 ( White Oak Veneer
10 p ‘ T
o
-

—0-0

o

o

-
£
w
J
&
Ly

Q

D 4
()
e o o
B
¢
A -
“‘\’\4-.

% J; T %?* D
% i o o
z o ' L
Q | o
2 A : 1 - o :
}D_: Py I]e | " ‘4 f.i \ \\
ﬁ o—¢ o O \ i 1 ¢ o) ﬂ/ &\0 A L o P o
Y © | \ ; i R o Mo \ /
8 t; C’ e | 3\ o : \ {
e \ 1 \ / (o}
| | / (@) /
J_| O | x r\\v 9 ' 4 © $ '/Q h
P :] -5 A [—— !
,/ | &3 £
05 S S A o0 + p
Cloe Jine ] _' Clve|/1ne Glvd line
0% 1
. A 'l ' l ! L 2 i l : L A A l A —t g i I L 1 <L| l 1 1 1 1 I I L 1 i 1 1 I . A 1 l 1 1 A1 L l L I} 1 l .
0.03 o.10 als : 0.20 o.as| | a.30 ogs i a4p a4y ofo 0.55
| Depth From (dnvex Surfage , Unchipg
> 7‘ : | .
'.0 -' 02 '3 ‘4 . . . . . | ° . -G -7 .a .9 3.0 .z .4 -G 8 4.0 -' 'z '3 '4 's ’G .1

v,
®
3
®
©
»
¢ ©
N
w
£
[

PLANES PARALLEL ToOo  SURFACE




123

Turthermore this method of presentation produces a more
easily interpreted relation. The laminated sections were
divided into planes equidistent from one another, and are
80 represented in Figure 24. Veneers were numbered one to
five, starting at the convex surface. Tach veneer was
egually divided into ten parallel sections which were
further divided into ten sections each, all such sections
being designated in figure 23 by thelr decimal equivalents,
The center veneer, whioch is 1/16 inech thick as compared to
the 3/16 inoch thickness of the other veneers, is designated
on the figure in like manner,

Data, represented by polnts on the plot, are the
result of investigatlon of six specimens, ezch from a
dirferent stave (Table XII}. Analysis of the plot shows
that penetration of glue into the surface is small in
quantity, but that the depth of penetration is extensive,
From inspection of the data obtained on either side of
the first glue line it 1s evident that glue penetration into
the concave, open face of the first veneer was slightly
greater than that into the smooth convex surface of the
second veneer. In inner veneers penetration was slightly
grester than that evidenced in those st the surface. The
center veneer, which has its grain at right angles to that
of the other veneers showed greatef penetration into its con-
vex surface than into its concave surface,

In the production of rotary cut veneer the cutting
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TABLE XII. CH.RACTERISTICS CF PLANING SPECIMENS

Specimen Position in Stave
Center

Side at center
Side st center
Center at end

Center at end

®» o G e W

Center

blade which removes the sheet from the rotating log causes
a roughened and oracked surface on the concave side of tha‘
product. This 1s the surface which was more easily pene-
trated by adhesive (Pigure 23). This was a logloal devel-
opment which has thus been substantiated by observation.

Cn the other hand, the thin cross-grained venesr in the
center, had its convex side in tension and 1ts concave side
in compression. One would expect a greater penetration to
occur in the side which was stretched than in the other,
That thls was the case was substantiated by the duta and is
shown in Figure 23.

The original data indicated that greater penetre-
tion of adhesive 18 experienced in veneer sections at the
center of the barrel stave than at outer edges. This variae-
tion mey be due to slightly different curing conditions ex-
isting In different parts of the stave, to heat losses at
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the edges, and to the tendency of the resin to be squeezed
out the edges of the stave while belng pressed. These
original date were oconsidered too voluminous to be included
in this work in tabular form, dbut have been shown graphlocally
in figure 24.



RESISTAICE TO LIQUID DIFFUSION

Having determined the general nature of the
physical structure of the resin film existing in glued
white ok laminates it beocame desireble to meke a guanti-
tative determination of the rate of diffusion of liquid
water through a number of specimens. In order to deter-
mine the relative resistances to diffusion presented by
specimens febricated under different conditions, it weas
planned to carry out diffusion measurements under similar
conditions for each specimen.

An experimental unit was designed and constructed
as shown in Figure 24 for measurement of diffuslon of a
liquid through a flat section of laminated veneer into the
atmosphere. The liquld pressure exerted sgeainst the sur-
face of the specimen was fixed by the heighth of liquid in

the unit above the plane of the specimen.

Procedure.

In preparation for a test of glue film diffusional

resistance, a specimen was fsbricated under a set of condi-
tions as i1s shown in Table XIII., Tor runs number one and
two, the specimen wus placed in the diffusion unit head and
sealed by application of a glyceryl phthalate resin. This
method proved unsatisfactory because the air-drying resin

took an excessively long drying period. TFor subsequent runs

the speoimen wus edge sealed with three or more coats of
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FIGURE 24

DIFFUSION
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TABLE XIII. DIFFUSION TEST SPECIMENS

Specimen Precure Curing Gond;t;o%g Wood Rays
Number Time ressure emperature me per inch

Hours pai = Degrees F. Min,
1 0 150 240 8
2 0 50 250 8
3 0 50 250 8
4 0 50 250 8
5 0 50 250 8
-] 24 80 250 8
7 0 50 250 8 12.5
8 0 50 250 e 14.5



the glyceryl phthalate resin with & low-temperature (180
deg. P.) cure between each application. To prevent subse-
quent dimensional changes in the specimen ufter being
placed in the unit and while it was being saturated with
water, the specimen waes next immersed In water for a2 pre-
sosk period of approximately 24 hours, The specimen was
then placed between the flanges of the ditrtusion unit
head and sealed with a coarse parafin-impregnated thread,
T™e diffusion unit was then assembled as shown in Figure 24
end filled with water; ull ulr was vented from the system
end the syphon started. The volume of 1liquid was then
brought up to the design level. Flow measurements were made
by observation of the amount of decrease in the liquid con-
tent of the system during u definite time interval. At the
end of each time interval (usually one day periods} the
volume of liquid in the unit was increased to its initial
level by aimission of a measured quantity of water from the
burrette. This measured guantity (after temperature correc-
tions) represented the flow of liquid through the exposed
surface of the specimen during the elapsed time interval.
Such data were recorded at the end of sach interval, After
sufficlently constant flow was reached, the run was consid-
ered complete and the datz were used in flow rate calecula-
tions.

Results were calculated by setting up a weight

material balance across the system, including corrections

129
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for changes in density of the water (causing erroneous
volumetric readings) with temperature variation, The follow-

ing equation wes utlilized:

Wy wg = Wg wp (16)
Where W, && the welght of water placed in the unit
initially

W, is the weight of water added at time of read-
ing to replenish the total contents to the
initial volume

Wy 1z the welght of water in the unit after w,
has been added f

wp is the weight of water diffused through the
specimen during the elapsed time interval

From this equation the aversge rate of iiffusion on an in-

cremental basis was caloulated by the followingrelation:

b =_w
(et TR {17)
Where Dy - Averege diffusion rete for the interval

t; to tg, pounds per hour per square foot
t; - time of reading
tg - time of reading at end of first interval,
(tz-t1) 1s the period over which diffusion

w, occurred, hours

A =z oross seotional area of specimen through

which diffusion ocourred, square feet.
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DATA AND RESULTS

Each specimen subjeoted to diffusion tests was
fabricated under the conditions listed in Table XIII, and
was out from a two-ply section of 3/16 inch white oak
veneer, leminated with grains parallel, The adlhesive used
exclusively was Penacolite (G-1124 in a ratio of four parts
of resin to one part of formaldehyde catulyst., Xach speci-
men was flat and ootagonally shaped, measuring seven inches
across,

Resulte of the diffusion tests were plotted as &
funetion of time. Flgure 25 shows a typlcal curve for the
acoumulative flow of water throughout the duration of the
run. This plot represents the datu obtained from tests of
specimen Number 5. The slope of the straight portion of
the ourve represents the average rate of flow in pounds per
square foot per hour for the duration of the run in guestion.
Plgure 88 shows accumulative results of all runs plotted
in the same manner as were the data for specimen Number 5.
The data are now shown by individual points on the plot to
avoid any unnecessary confusion.

Figure 27 1s the result of a plot of incremental
flow rates determined at the time of each reading. These
data also represent tests on specimen Number § and show the
relative deviation of each result from the aversge rate of
flow., Shown in Figure 28 are the average rates of flow

for all specimens tested. Here again the iniividual data
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are not shown in order to avoid confusion.

Three runs were made with specimen number one
which was fabricated under conditions given in Table XIII.
The first two of these runs utilized a three foot heat of
water. The method of flow measurement for these first two
runs was not as accurate as that with subsequent runs be-
cause of initial difficulties in setting up the epparatus.
Furthermore the amount of iiffusion under the three foot
presgsure head was too small to msgnify any experimental
errors, Therefore, the date were inoonsistent, and the re-
ported flow rates of .00009 and .00035 pounds per square
foot per hour should be considered as approximate. The
third run with specimen number one was carried out under a
13-foot head of water and the standardized method of measure-
ment using the apparatus as shown in Figure 24. The average
flow rate for this run was 0.00078 (Figure 28).

Also represented in Figures 25 and 26 are the
results for subsequent specimens whose curing conditions
are shown in Teble XIIX. Average results of all diffusion
tests are recorded in Table XIV.

The consistency of the data cbtained for each
run is excellent in view of the several factors which might
cause deviation. (a) Although the caloulations included
the effect of temperature variation on the volume of fluid
in the unit, they 414 not compensate for the variation in
the volumetric capacity of the unit itself with temperature
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TABLE XIV., LIQUID DIFFUSION THROUGH LAMINATED VENEERS

Specimen Preasure, Constant ¥low  Flow Rate
Fumber Feet of “Yater Period, Hours 1bs./(sq ft) (hr)
1
Run <1 3 Indet. .00009
2 3 Indet. .00035
3 13 300 ;.000?8
2 13 550 00244
3 13 Grain Cracked
4 13 During Pre-sosk
5 13 380 .00283
6 13 425 .00284
7 13 800 .00224
8 13 400 .00185
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changes. This factor should not affect the average flow
rate determined from the datm because it would cancel

a complete oycle of temperature change. However, it would
cause an apparent deviation of individual readings from the
aversge. (b) The humidity ohanges in the surrounding
atmosphere have not been taken into consideration. This
effect is not considered of great importence in this investi-
gation because it simulates sectual conditions to be encounter-
ed in industrisl use of the product. It would, however,
cause deviations of individual flow readings from the
average. (c) A slight error necessarily present in reading
such small amounts of flow may have caused deviations, but
this error, too, is statistically unimportant as all liquid
additions were maje in seguence in the same tube.,

No relation has as yet been dlscovered between
the rates of diffusion of the various specimens and the
curing conditions used in fabrication.

In & further attempt to scorrelate the results
the physical struoture of the oak veneer was consldered.

In the manufacture of rotary cut veneer an osk log 1s
rotated against a dootor blade whioh continually =lices

away a sheet of veneer. In lts action this blade folds the
sheet of venser back away from the log, tending to break the
surface and generally roughen it. The degres to whioch this
oracking occurs 1s a funotion of the sngle through which

the blade bends the veneer from its original position, this
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in turn bdeing determined by the original radius of curvature
of that veneer, ZXxtending radlially are medullary wood rays,
which are necessarily more closely pecked near the center of
the log than in the outer seotions, A count of the number
of these rays in a given width of the product should then be
a measure of the original placement of the veneer in the
log and consecuently the degree of oracking caused by the
cutting blade.

The data are not sufficient for a correlation of
results on this basis, but the method 1s sucgested as a
possible means of future attempts et developing a prauctiocal

relation,



SUMMARY AND CONCLUSIONS
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Results of a study of the characteristics of
glue lines present in laminated 3/18 inch rotary cut, white
ouk veneers have been presented, The investigation was con-
fined to the physiocal characteristics of films of the re-
sorcinol-formaldehyde resin Penacolite G-1124. The investi-
gation took three forms. First, the removal of all wood from
the glus line structure by destructive digestion in chromie
acid produced an undisturbed glue film which was studied by
visual means. The glue film showed that great depth of
penetrution had occurred in open corevices in the wood veneers,
On the other hand some areas were very thin and & great num-
ber of perforations were in evidence.

Segondly, the depth and quantity of penetration
of resin into the veneers was determined Ey a progressive
removal of small thicknesses of wood and glue from five-

Ply laminated seotions., A quantitative estimation of glue
present in successive layers of wood veneer led to a graph-
ical plot of glue penstration into the various veneers,

Lastly the relative resistance to the diffusion
of liquid water of several sections of two-ply-veneer fabri-
cated under controlled conditions was determined. Present
‘data for this study indicate very little influence of curing
conditions und of the "looseness” or"tightness" of veneer used

on the diffusional resistence of the finished product.
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NOMENCLATURE

‘#Ué’ﬂ

%

J

K

pww»ﬁ%ﬂﬁ<»—ammmw

Surface per unit volume, sq. ft./ou. ft.

Molal heat capacity of liquid

Golumn diameter, feet

Feed rate, 1b. mols/hr.

Helght of transfer unit, ft.

Oversll mass transfer coefficlient, bused on gas film
Overall mass transfer coefficient, based on
liquid film

Liquid flow in column, mols/hour

Mean molecular welight

Fumber of mols transferred

Product rate, 1b. moles/hour

Absolute temperature, degrees Kelvin

Vepor flow in column 1b. mols/hour

Yaste, bottoms, 1lb. mols/hour

Mol fraction of ccmponent in liquid

Mol fraction of component in vapor

Mol fraection of component in vapor at equilibrium
Viscosity, pounds per foot hour

Mass transfer coefficient, individusl

Faotor determining slope of line joining feed
composition and operating line intersection in
MoCabe -~ Thiele caloulation of theoretical plates.

Temperature, degrees Centigrade



Relative volatility,

pa

L - YA/(l"YA)
A4
Ppuedo molal viscosity, centipoilses

A Molal latent heat of vaporization

r Density, pounds per cubic foot

Subscripts

A More volatile component

B lass volatile component

b Boiling poini

d Distillate

t Feed

o} Product

w Yaste, bottoms
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GLOSSARY

Aotual Number of Plates

The number of plates in the section conasidered over
which the data were of suffiocient precision to use in calcu-
lations - not necessarily the number of plates between feed
and product or between feed and waste, The number of plates
which produced enrichment from X, to X,.

Average Column Temperature

The average temperature of the 1liquid on the
plates being considered,

Liquid-vapor Ratio
The ratio of mols of liquid descending to the mols
of vapor rising at any point in the column,

Overall Efficiency

The ratio of the number of theoretical plates
to the number of actual plates. Overall rectifier efficiency
includes only the section of the column above the feed plate;
overall stripper efficiency, the section below the feed
plate, end overall column efficiency, the entire section in-
cluding the feed plate.

Psuedo ¥olsal Viscosity
A psuedo viscosity based on & direct composition

reletionship.
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Operating Ratlo
The liquid~vapor ratio in tower seotioms.

Relative Volatility

The ratio of the mol fractions of more volatlle
components in the vapor to the less volstile component in
the vapor divided byxtho ratio of the more volatile com~
ponent in the liquid to the less volatile component in the
liquid.

Theoretlical Number of Plates

The number of plates necessary Lo produce a given
separation when idesl interchange exists between the phases,
calculated by the method of MeCebe and Thiele (28) or a
modification thereor.

Vapor Velocity
The superficlal veloeity of the vapor rising in
the column, based on the diemeter D of the column and

expressed in feet per second,

Reflux Ratio
¥olal ratio of reflux to distillate at top of

column.



SAMPLE CALCULATIONS (19)

These caloulations are for Run No. 83,
Pentane-~toluene.
Vapor Velocity

Vap. Vel. ‘ﬁv (559) Tl (4)
1

where Wy = Pounds vapor/hour

[ 1]

T3 = Temperature of plate 1. deg. K.
D =z Mameter of column, feet

Vap. Vel. = (23 18) (359) (36 273 44, (4
2 A '

¢

Vap. Vel

"

0.12 rt./seo
Operating Ratio

1. =~ moles liquid re it time
vV mﬁ%es vapor?un!% %ime

b
L - o.56

Material Balance

Material balance is on acetons fraction

Balance = 100 gnut?ggl
npu

Acetone in feed = (¥/Mg) (wt % Acetone)
= (110)(.163)
= 17.9 pounds/hour
(P/¥y) (wt % .icetone)
(18) (.992)
= 17.8 pounds/hour

Acetone in product

152
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Acetone in waste - negligible
100) (17.8

95, 5%

Balance

114

]

Slope of q line, _g
q-

Specific heat of pentane - 37 cal/gm mol
Specifio heat of toluene = 40 cal/gm mol
Mean specific heat = Cp = X, (37)-(1-xr)(40)
Cp = (.176)(37) - (.824)(40)

Cp = 38.5

Molel latent heat = ) = 7700 cal./gm. mol

g = latent hest of §eed g% feed temperature
atent heat of feed at bolling poiln
q = 7700 +(82025) {38,.5)

q - 1.278

Slope :'"ST = %,z?s = 4,60
q- N

Theoretical Plates

X}

The number of theoretical plates was oaloulated by
the method of McCabe - Thlele., The squilibria deta were
plotted (figure 27) and the rectifier operating line druwn
from X, at a slope of L/V. From the X equal Y line at
Xp, the g line wes construoted with u slope of 4.80 to
intersect the operating lime. From this intersection to
Xws the stripper operating line was drawn. By a atep~
wise caloulation from X19 to X1, the number of theoretioal
plates was found to be 7.7.
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Theoretical Plates
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Oversll Efficiency

B = (100) theoretical plates required
actual plates use
E - SLOOE gv,v)

E - 42,7 %
Stripper and rectifier efficiencies were caloula-

ted in the same manner, using the appropriate end values for X.

Relative Volatility and Viscosity
Using the aversge composition in the column <
is determined from a plot of vs. composition,.
x = 8,75
= 0,31
2.7

e

X
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2" VAPOR FEED LINE

EXIT WEIR

SAMPLE COCK

ENTRANCﬁgl////’
WEIR

: {Lloum FEED LINE

" J
10 1
DOWNCOMER
FROM ST
PLATE ABOVE LIQUID LEVEL

L R

Z VAPOR RISERS 13 D. I «— DOWNCOMER
3 X5 SLOTS (31) TO PLATE BELOW

FIG.GJ DETAILS OF PLATE CONSTRUCTION
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