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= Porta, (Natural ¥aglc, Naples 1553 and 1589;
English Translation, London 1658.)

"Now I ar come to the arts and I sMall begin from
distillation, an invention of later tires, a wonderful
thing to be praised beyond the power of manj; not that
which the wvulgar and unskilful men use; but that which is
done by skilful artists. This admirable art teacheth
how to make spirits and sublime gross bodies, and how to
condense and make gpirlts become gross bodies, and to draw
forth of plants, minerals, stones and jewels, the strength
of them that are involved and overwhelmed with great bulk,
lying hid, as 1t were, in their chests; and to make ther more
pure and thin and mare noble, as not being content with
their common condition, and to 14ift ther up as high as
heaven. We ean by chyrical instruments, search oub the
vertues of plants and better than the ancients could do by
tasting them. What therefore could be thought on that is
greater ¥ Let one that loves learning and to search nature's
secrets, enter upon this; for a dull fellow will never attain
to this art of distilling ....

+es Now we speak of oyls: these require the industry of
a most ingenious artificer, for many of the most excellent
esgences of things do remain in the oyl so close, that
without the greatest art, wit, cunning and pains, they ecannot
be brought to light; so that the whole art of distillation
dependeth on this .....

ess If you distill common oyl, it will hardly run. XYou
must be very gareful th.t the ashes and pot do not wax toeo hot,
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for if the oyl within takes fire it will brsak the vessel and
f1ie up, that it ean hardly be quenched, and reach the very
ceiling: so that it is best to operate upon oyls in arched

FOOMS cece”

= PFrom Egloff and Lowry(47).
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The "Art" of distillation has come a long way since the
days of Ports and the alchemists. "Art, wit, cunning and pains”
have all contrived to make of practical distillation a more or
less precise science, although clarification upon certain theo~
retical points 1s still to be desired. However, distilling
apparatus 1is now being built which is capable of operating
continuously and automatically for days on end with a2 minimum
of attention and which separates mixtures of liquids boiling as
l1ttle apart as 2° C.

The frecticnating colurn has rnow become an esgsential tool
in any chemistry laboratory and is:. used for such basgic operations
as the analysis of samples and the purification ef substances
which makes it invaluable for research purposes.

The need for a precise frsctionating column beling an
apparent one in this departrent it recalined for us to design
and construct one. It is to this purpose that this work is
devoted.

The literature on the subject is wide and variled but
disorganized. With a few exceptions, (9),(16),(42),(52),(59)
there has been little effort on the part of the authors to
present their material in systematic form.

There is confusion about the nomenclature and I have
therefore included a list of d-finitions of i’.erma arranged
alphabetically at the end of the Introduction.

Free use has been made of standard texts and handbooks in
outlining the theory of distillation. A spedial bibliography of
those general references will be given at the end of the Thesls.
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CHAPTER I -- An Introduction to the Theory of Fractienation,

a Discussion of the Various Types of Columns, of the Mathema-
tical Theory of Fractionation and of Methods of Testing

Fractionating Columns.

I. Introduction

Distillation is the name given to those operations where-
by a vapor phase of more than one component is obtained.
Distillation is to be distinguished from evaporation which
gives a vapor phase of mnly one component.

To be able to separate two substances by distillation,
the vapor obtained by boiling a mixture of their liquids should
be of a composition different from that of the bolling liquid.
%hen this requirement is not fulfilled, we have what is known
as an azeotropic (constant - boiling point) mixture.

Of the three types of completely miscible binary mixtures
(fige. 1, 2, and 3), only the first are theoretically completely
gseparable by distillation alone over the whole range of

compositions.
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The second type mixtures form minimum-boiling-point
azeotropes due to repulsion between the molecules while the
third type mixtures form maximum-boiling-point- azeotropes
due to abnormal molecular attraction. The last two types of
mixtures ¢an only be distilled within each range of composi-
tions on either side of the constant-boiling mixture, i.e.,
the azeotropic composition cannot be crogsed by dlstillatien.

Let us now consider fig. 1. Boiling a liguid mixture of
composition x, at T, gives us a vapor of composition x,at T,
This vapor condenses to give liquid of compositien x,at 'rl, and
SO 0N ¢« o » The vapor get: progres-ively richer in the more
volatile component while the liquid gets progressively richer in
the less volatile component.

Fractically, this may be accomplished by separate successive
distillations and condensations. The operation may be made
cont inuous by devising = special piece of apparatus., Such an
apparatus is shown schematically in fig. 4.
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It iz no more than a series of boilers. The vapor from the
first boiler (composition xp at T;) goes into the second boiler
where it condenses and gives vapor of composition x, at Ty which
goes into the next boiler. Faech boller is equipped with a liquid
downpipe which returns liquid, rich in the less volatile component
to the boiler before it in the serles.

If all the boilers are incerporated into one c¢olwm, i.e.,
they are set one above the other, we get what is knmown as a
fractionating column.

The essential parts of a fractionating still or column are
three in number :-

(1) The Stillpot

This is the boliler of the still.

(2) The Column

-This is where the separation of the liguids takes
place. ‘hen the opsration is continuous, i.e., when liquid
of a constant composition is fed into the system at some
point along the colunn, there are two sections to the column:
a) The fractionating or rectifying section, above the feed
point.

b) The stripping section, below the feed point.

“hen the operation is a batch process, the whole of
the column becomes a fractionating section.
(3) The Head

This is put atthe top of the column and consists of
a condenser {(partial or total) and some device for the

proportionation of reflux.

[&eee
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In the column preoper, we have a countercurrent flow
of liguid and vapor and 1t is there that mest of the
fractionation takes place. The fractionating process 1s one
of interdiffusion across the vaper-liquii interface, The
aim of any designer of fractionating columns 1s to provide

for adequate vaper-liquid contact.

I1. Types of Coluuns

A. Plate Columns

Here the emphasis 1s laid on bubbling the vapors
through a liquid head, the amount of contaect being governed
by the height of the layer of liquid, the size and number of
bubbles, and their velocity.

There are two types of plate columns, both usually
used in large scale operations, especially in the petroleum
industry. They are impractical for laboratory use due to
their large holdup.

The two types of plate column are both usually
built out of metal, They are :-

(1) Sieve-FPlate Columns

Sieve-plate colwnns consist of a series of
horizontal, perforated plates spaced vertiecally
above each other (fig. 8). A dowmpipe on each plate
transfers liquid down the celumn.

General dimensions for plate and perforation
spacings are given in Perry. (2).

/50.0
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The ligquid on the plates is held up by the
pressure of the rising vapors and this necessitates
that the plates be absolutely level, (1). Otherwise
inadequate and nonuniform mixing resluts, decreasing
efficiency of operation. This also limits operation
to the higher rsanges of vapor flow. (2).

For sieve-plate columns, the great danger 1is
.cnrroaion which enlarges the perfor-tions and
destroys the efficiency of the column.

(2) Bubble-FPlate Columns

There are also a series of horizontal plates

set vertieally above each other (fig. 6).
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They are provided w#ith va por risers topped by slotted
inverted caps. The slots dip below the level cf the 1liquid,
t his level bheing controlled DY the height of the downpipe
ahove the plate .

Ge neral dimsnsions for ca p spacing, plate spacing, slot
widths and dompipes are given in Ferry (2)

(a) Design Consideration

The d=sign of & Dubble-plete column 1z julte complicated.
Three main factors have to be considersii=

(1) Pressure Drop

This has to be kept low so that the temperﬁﬁwre grae
dient along the column should be a function of the compesition
only. (26).

The cause: and means of reducing pressure drop are well

discussed in the litera ture (13), (26), (49).

(2) Liquid Oradient
Liguid gradient acroas the plzte also has to be low,

(3), (26) so as to have uniform rixing of 1iquid and vapor.

(3) Ent rainment

This is defined as the machanical ¢a rry-over of
droplets of liquid by the vapor atraam, "ntraintent seriously
impairs fractionatling efficiency. 4 1ot of importa nce has
bsen accord d to 1t in the literature (2), (3), (26), (27), (30),
(s1), (32), (33).

Pntpainment is high for ¢lese spscing (3) and may be reduced
by: using venetlasneblind type dallles (26)

/7'..
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B. Unpacked Colunns

Unpacked columns, mad- of glass, are widely used in
the laboratory but are only useful in separating mixtures
with boiling points very far apart such as the distilling
off of a low boiling solvent. In such a case, a column 1e
to be preferred to an open vessel to eliminate entrainment. (10).
They have a good efficiency at very low throughputs, (16).
C. Congentric-Tube Colwmns

These are made of two or more glass tubes that fit
inte each other, leaving an annulus of about 1.5 mm. The
annular space muat be very uniform and on no account may the
tubes be allowed to touch. Contact between the tubes
produces chanelling which decreases the efficiency. (11).
They are thus very diffieult to construct properly.
Congtruction difficulties have been solved by various workers
using several dAifferent methods.

#ith short columns of th~ order of 20 cms. no diffi-
culty is experienced and & column with a 1.5 mm. annular
space was quite efficient. (40).

Selker, Burk and Lankelma (41) built a column of
four coneentric tubes with 1 mm. =nnuli, the innermost one
being closed. Spacing was mads by sealing sm2ll glass tips
every 37.5 ems. This gave an H.E.T.P. of 1.67 cms. at a
throughput of 110 ¢.c. per hour.

Hall end PFalkin (11) built an eight foot column
using eight segments of tubing int=rlocked at top and bottom
and provided each with 2 simple centering pronged collar at
the top. This gave an H.E,T.P. of 2,7 ems. at a throughput

. /8.--
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of 117 ¢.c. per hour,

Ha ra gom a nd Lewis (42), built their column by winding
copper wire around the inner tube so that a close fit 1s just
obtained betwsen the two tubes. The columnm is then annealed,
and the copper dissolved, using acid. This column had an
HoEoToFe Of 0ed® em. for a throughput of 107 ¢.e. per hour.

EJE<ToPo values for such columns are very low and they
have very small liquid holdup. However, their throughput is
very small. loreover, (as is pointed out by Hall and Palkin
(11) ) 4t is daifficult to obtsain tubes of sufficient length,
with uniform dismeters to ma intain = unifor= 1 %o 2 mmns. annular
space a 11 through,

Bailey (18) triei to duplicate the results of Selker, Burk
and Lankelma (41) and fa iled. He suggests, however, that the
fa ilure ma.y have been due to his having used a different test
mixture. |

In addition to these difficulties of construction, there
is the probler of providing for equal distribution of reflux,
Failure to do so will impair efficiency of fractionation, the
loss being serious with reflux ratios les than 100:1 (41).

De Packed Columns
(1) Properties of Packing Materia 1 and Genera 1 Theory

Packed colunns are by far the most widely usei on the
laboratory scale.

They consist of open tubes packed or filled with some
inert materia 1.

7¢mmerman and Lavine (1) give a list of desira ble
mrtle. for packing materials.

/Peee
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A packing materinl should:-

1. e non-r=active,

2§ rrovide a large contact surface per unit of vol une.

5, Have uniformly distributed interstices.

4, Have the free spa¢e desirable for a deslirable throughput

It should also have low liquid holdup (4), (¥), (2¢4), (82)
and scme workers beliesve (34) that the efficiency 1s greater
when the p cking has sharp edges and cuta.

The grest dangser =ith pao cked columne is the channelling
ef liguid. Bragg (38) says tha t when there is continual
mixing and separating of liquid and vapor, there is no possibillg]
of cha nnelling. Fenske and co=workers (4) claim that channel-
ling may be reiuced by varying ¢t he free space in the paeking
by alt ernating different kinds of pa cking material. It ie
also recormendei that:
1. The diameter of the colum be greater than eiht times that
of the individual preking (67).
2, The column height be greater tham fiftesn times the column
dianeter (2).

Howe ver, Nelson(B3) points out that channelling may be
e xcegsive if the diameter of the column is grea ter than 18 inche

(2) ZIypes of FPacking

cince Hempal (54) introducei laboratory packed columns in
1881, “"slmost anything that could be fitted into a tube has been
tested ss a packing" (20).

It would be superfluoous to discuss all the various

/10-00
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types of packings now generally in use. A good discussion

of these is found in Carney. (60).

However, among the more efficient types of packing

six types stand out. These are :i-

1.

5.

'59

6.

Podblelnink Heligrid Packing () which has very

low holdup and H.E.T.P.
ctedman Packing (38) alse with low H.E.T.P. (of

the ord-r of 0.477 in.), low holdup nand high
throughputs.
Lecky and I'well Spiral Screen Packing (39) whiech

has H.®,T.P. values as low as 0.36 in. and pow
prescsure 4rop.

lcknhon Packing (58) ususlly made out of 100 mesh

brags wire,

silicon Carbide (34) has the same H.F.T.P. ns wire

packing but has a low throughput.
Fenske 3ingle-turn llelices (60) are - very widely

ugsed type of packing.
Although PFenske packing usually hag higher

‘HeE.T.P. values than 1, 2, and 3, 1t 1s the only

one of the six that may be conveniently nsde out
of glass. It donsists of single turn helices and
may be mads "from almest any material® (20). It
is probably the best pessible packing for general
labor-tory work.

It hns been used effectively over a large
range of terperature and pressure, (60). The
operating characteristics of some of the different
size Fenske Packings are given in carnay((oo)

[1lleee
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pp. 65 and 66).
| Facked colurns e¢an be built to operate
at the same capacity as plate columns but for
large dismeter columns, bubble-plate columns
are the best. (4). They give a good throughput
and have a low pressure drop. (36).
I1I. The kathematical Theory of Distillation

Carney (61) discusses the many methods devised for the
mathematical treatment of distillation. I shall only discuss
here three of these wethods :-

A. The first known mathematieal theory of Distillation was

proposed by Sorel. (62). ke made four agsumptions :i-
(1) The moles of liquid overflow are equal to the moles
of ascending vapor at totsal reflux at any plate.

(2) .Oparation of the column is continuous.
(3) Operation is adisbatie.
(4) There is no heat of mixing of the components of the
mixture to be distilled.
Let us consider a2 section of a coluwn between the

n®®  and the (n+1)th plates (fig. 7)

ny 2 —— D

ra |Om, A
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A material balance gives:

"here:

D: moles of Aistillate/unit time

n: plate subgeript

V: moles of ascending vapor/unit time

0: moles of liquid overflow/unit time
If x' and y' are the mole fractions of the more volatile
component in the liquid and vapor respectively, a material

balance of the more velatile component ylelds :-

= 1 1]
' Vn el Yper + P%'p

Therefore:
= D
y, = Sae1  x',., + T x?
Uny1tD One1
But 0
’ R = reflux ratlo = —ng'—L-
Therefore:
,l - i xln 1 + xl
n Rl s R+1 D

The solution of & problem using this equation
necessitates stepwise and therefore tedious galculations.

B. keCabe and Thiele (65) devised an ingenious and gimple

graphicel solution of the problem.

The composition of the distillate and the reflux
ratie, R, being known, they plotted Jorel's equation as an
operating line on the vapor liguid eguilibrium diagrem of
the particular mixture distilled. For the case of total

/1deas
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reflux (R=c0), the opera ting line is represented by
\& Xt
and lies on the x-y diagram diagonal, |‘hen operating at a
finite reflux ratio, the operating line passes the points
(X*p , X'p ) and (otnzé__ X'y ).

The first point is obtained using the fact tha t X' = y'o.q
\w\nue, e )™ plake i R Vadk plareic fa wlewu i Higcase ) D .

when a total cond-nser 13 used in the hea 4, The second point
is the y-int ercept of the operating line., The number of plates
in the column and stillpot was then obtained by dra wing rectan-
gular steps between the operating line and the equilibrium line,
starting at the distilla te compesition, until the ati}lpot
composition 1s pa ssed, The number of such steps gives the
number of plates in the eolumn plus one for the stillpot.

C, Pens ko (84) proposed a purely a lgebraic method for the deter-
mination of the number of theoretical plates in a column at total

reflux, It is based on the definition of X , the relative
volatility:-

) (£
K\!Q X Ny for ideal systems, where y"
and x" are the molefract ions of the less volatile component
in the vapor and liquid phases respectively and where the plates
are numbersd, starting with 0 for the stillpot.

Now, from Sorel's equation,

Y, =X at total reflux (R =00 )
And therefore:

' .
Y0 =%

[léeee



Also,
= '
¥ O - x! 1
Thus,
x X!
( x")[" D‘O(?
And,

( o(cx(x“

Since
(JL = X,
X"
Asauning ? total cond nser, i.e. no rectification 1in the
head, a nd following the same procedure, we get -
' Ny \
.A‘.‘.) = Navgvg e k.i“.)
X" /p 3 X' /0
where n 1s the number of theoretical pl-tes in the column.
That the use of an average v:lue of _over the temperature
range of distilliation is justified, can be deduced by considering

the following relationship for and bearing in mind Trouton's

Law (=

(bQ_:i) " AHLLA\—\:’ (48)
R /

where AH'  ~and A", are the heats of vaporization of the more
volatile and less volatile components respectively.

when the differsncesz in boiling points of the two ligdids
of the mixture is lerge, (A is large. Then the difference 1s
small, X 1is small. The percentsfe error in using an everage
value of X 18 sm=ll (65) and is approximately the same in both
cases.

Alse, the larger X 1is, the easier 1t is to separate the
two liguids by distillation. One method of making X larger is
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to lower the boiling point of the mixture. iowever, this does

not necessarily mesn that the effective separation le incrensed
since, as Lloyd (B89) points out, there may be n decrease in plate
efficiency due to the increase in viegosity resulting from.the
lowering of the distilling temperature for any one pair of liquids.

Using the methods outlined above, the efficieney of any
column may be d termined in terms of its separation of mown
mixtures of liquids. Theory necessitates that operation of
colums be continuous 8o that the results above may be applied
gines 1in batch operations the composition changes ns product 1s
taken off. However, the methods may be used to evaluege bateh
stills if the samples from the column head and stillpot are taken
as simults=neously as possible. (2).

The efficiency of plate columns is expressed as an effective
percentage o?ﬁz;mbar of actual plates, while the efficieney of
packed and unpacked =nd concentric-tube columns 1s expressed in
terms of the H.T.T.P.

IV. The Testing of Columns

irticles in the literature often evaluate columns only on
the basis of the H.F.T.P. at total reflux and do not give
gufficient importance to the nature of the test mixture. This
has heen resulting in false comparison of colurns as in the c;ase
of Bailey. (18). Experiments run by Lloyd (59) show that, whereas
a mixture of methyl eyclohexane and n-heptane gave s plate
effieiency of 53 % the system benzene-ethylene chloride gave a
plate efficiency of 43 % . Aecording to Dricknwyer and Bradford
(43) the plate efficiency varies inversely as the logarithr of
the vigcosity. lixtures differ in ideality and properties, and
different mixtures thus give different H.E.T.P. values with the
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ss me colums und » the sa me operating conditions. For columns
with a large number of plates, liquids with & small difference
in boiling points ha ve to be used.

In general, with colurms built for specific fractionations
1t 1s advisable to use a test mixture with properties similar
to the materials to be fractionatei, However, this is not
always poscible in the case of laboratory fractionating columns.
Eethyl cyclohexane and n-heptane mixtures are especlally sulted
for tests on colums for the fractiona tion of petrelewm since
both oamont*a are hydrocarbons (52).

ward (52) mentions and discusses fouwr different test rixtures.
#illingham and Rosaini (15) discuss some three more. To be sble
to use = test mixture, to deterriine the number of plates in a
colurn, a knowledge of its vapor-liquid eoullibrium date is
negceganry. 'n {d-a of the intricaey of the = ppara tus needed
to deternine such data with any reasonable degree of accuracy
¢a n be obtairned from Robinson and Gilliland. (66).

An alternative way of testing colurns 1s by measuring the
arount of intermsdiate cbtained betl'men fractions. The sharper
the transition from one fraction to the other, the more efficient
the fractionation. This is the procedure used in analytical
bateh distillation.

3t udying the shape of the curve of product composition
against per cent distilled 1s better as a study of the
effectivensss of separa tiom (9), (67)s An example of such
a graph is given in fig. 8.
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The size of the intermediate fraction is determined by a variety

of factors, discussed below -

A. The geparation fa ctor of the mixture, ld:ntified with X

For an ideal mixture, the size of the intermediate
fraction 1s inversely proportional to the difference in
boiling points of the components of the mixture. (9). This
factor has been sufficiently discussed in a previous sectioen.

B. Holdup

There is general agreement (4),(9),(23),(24) about
the desirabllity of keeping holdup as low as possible,
After allowing for increased scrubbing effectiveness (due to
increased surface area per unit volume), minimizing holdup
does more than inereasing the height of a colum. (9). The
less the total heldup, the richer is the first fraction in
the lighter domponent. (23). Bailey, (18) found that three
factors were of importance in determining heoldup in glass
columns.

(1) The Surface Tension of the Liquid
Aqueous solutions have two to four times the holdup

of orgenic mixtures (due to the former's greater surface

tensions).
/18...
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(2) The Rate of Vaperiszation with Total Reflux
The decrease of rate of vaporization increased

efficiency.
(3) The Temperature of the Jacket
Keeping the jacket within 1° C. of the temperature

of the vapor greatly reduced holdup.

Holdup increases as the 1.6th power of the dlameter
of a colunn and 1is less for packings with a geometrical
wniformity than for irregular packing. (9).

Bulky seals make for excessive holdup in glass
coluzns and should be eliminated. ()9).

C. Capacity J

This is the maximum throughput of a ¢olumn and is important,
being related to the holdup. It increases as the second power of
the dismeter (i.e. with the volume). (9).

Throughput together with the heldup, reflux ratic and thermal
insulation determine the optimum total time of distillation. (9).
Operation beyond the maximum throughput floods the column and 5?03\5
fractionating efficiency. '

The eapacity decreases rapidly at low pressures. (8).

Podbielniak (9) states that the ratio of ten times the total
holdup in the fractionating seetion to the column eapacity should
be small for maximum column efficiency.

P. The Reflux Ratio

A study of the NcCabe and Thiele diagrem reveals the fact
that there is a certain minimum value of the reflux ratio below
which a given separation camnot be effected. However, this
cannot be applied to batch operations due to the fact that
compositions at the head and stillpot and along the column are
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ehanging eontinuously. Thus the MeCabe and Thiele diagram gives
no idea of the amount of distillate obtainable from a certain
bateh. It is therefore desirable to use a distillation curve as
a standard of separation. (67).

Thus, Rose (67) d-fines the standard separation as one which,
when starting with 50 mole percent of each component gives an
overhead product equivalent to 40 percent of the batch with 95
mole percent purity, assuming negligible holdup.

For such a separation, he points out, R has to be equal to

88 but in general may vary betnm-—’-“-‘-— and 3.8 .
logyo X log; X 108, o™

From the McCabe and Thiele diagram, it may be deduced that
increasing the reflux ratic increases the effectiveness of
geparation. However, the relationship ies not as simple as may
be imagined.

Rose and Long (12) state that the magnitude of the effect of
incereasing R depends on X , R and n (important in the order in
which they are mentioned sbove)., Thus, for a given =B,

(1) With small X 8, changes in R have little effect upon the
sharpness of separation for all Rs unless n is made very
large.

(2) With large K 8, R changes have a marked effeect for small
Rg nnd less effect for high Rs.

If a constant reflux ratio is maintained throughout a bateh
distillation, the overhead purity decreases and it is therefore
advisable to incresse the reflux ratio as a fraction is removed
or to use the higher reflux ratio throughout, which latter
procedure gives a higher average purity of distillate. (59).

E. Serubbing Efficiency

The serubbing or fractionating efficimey of the colm is
/20...
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determined by two factors :-

(1) The H.E.T.P. of the Packing (or the percentsge efficiency of
A plate in plate columns)

This is usually determined at total reflux and varies
inversely as the reflux ratio for finite values of the latter.
It 1 also plausible to assume that HIE.T.P. varies inversely as
the viscosity of the mixture being distilled for some mixtures in
the way that plate efficienciss do (mentioned =2bove). This would
partly explain the fact, mentioned by Podblelniek (8), that the
efficiency of packed columnns diminishes rapidly at lower pressures.
For the asame holdup per unit volume of a pscking material,
the less the H.E.T.P., the less the helght of column required for
a given separation and therefore the less the total holdup of the
colunn, whieh thus decreases the size of the intermediate fraction.

(2) The Nunber of Theoretical Plates

Obviously for a given H.E.T.P. (or plate-efficiency),
inerensing the number of plates increases the scrubbing efficiency
of the column, However, the relationship is not linesr. The
degree of separation of two components at high reflux ratios
varies logarithmically with n. (6),and,ror a given and R,
incrensing n has a greater offect for high Rs than when R is
small. (19),

F. Thermal Insulation

Good thernmal insulation of the column and other exposed parts
lea ding to the condenser is esgential from the point of view of
contrel of reflux., It is also esgsential for efficient operation
at low rates of distillation. (16). Perféct insulation should
give the same amount of reflux at the head as at the atillpot,
l.9. there is then no condensation in the eolumn proper.
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The subject of ‘whether to have perfect insulation is
¢ontroversial. Under certain operating eonditions, non-adiabatiec
columns test more plates than nearly adisbatic colunns, whereas
under other eonditions the 100 plate effectiveness of a c¢olumn
has been destroyed to 12 by supercooling or superheating 1t (5).
No explanation of this has been given by distillation theory.

In a concentric tube colunn when a column Jacket heating
element was used a very good separation of diphenyl ether and
methyl laurcate was obtained. Otherwige, the liéuld did not
form a f1ilm but ran down in globules with very poor efficiency (40),
Cn the other hand, in anpther concentriec tube column, no difference
was noticed between running a distillation of a mixture of methyl
cyclohexane and n-heptane with the jacket at 1°C. aifference from
the column and with its temperature about Eoggythan that of the
column (41)., “_\ay

It would, therefore, appear /among other factors, the type of
mixture has an effect on this matter.

However, the principle of adlabaticity 1s generally agreed
upon  (4),(9),(11),(29).

Agsbestos, Magnesite and glass wool have been used as thermal
insudation. Howevor, these do not afford visibility,

Thus it remains to use ecither a vacuum Jacket or to cempensate
for heat loss by winding a dead air space jacket with resistance
wire and econtrolling the smount of heat electrically,

Kuch work hens been done by Pedbielniak (9) on vacwum Jackets.
The best resulte were abtained by him with jackets fitted with
silvered reflectors and pressures less than 1E§m.

However, a large-bore diameter Fyrex vacuum jacket cannot

withstand a temperature differential of 135° without expansion
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elbows and actuslly hreaks at much lower temperature differentials
(5). Vaeuun jackets are impractieal anyway  for large units (19.
koreover, heat losses from visibility strips =re considerable.

Blowing heated air through the jacket needs too much atten-
tion (27) and necessitates making the air jacket air-tight by
gealing the glass which makes it liable to crack if for any
reagon the sir stream is interrupted.

Dead air spaces, i.e. air at atmospheric rressure, between
the outside wall of the distilling tudbe and the jacket, while not
very effective an insulation, do not affect the therral gradient
of the distilling tube. (13). '

Delow is a comparison of the thermal conductivitles of
various materlals :=-

¥ (mean: temp. 100°C. in cala./cm/cme/see.)

Glass Fibre 0.11 x 10° )
P )
agnesite 0.16 x 10° )
_3 ) 'R ‘29)
Asbestos (fibre) 0.45 x 10 g
ssbestos (cellular) U.16 x 135 )
Adr 7.167x 10

Although the specific heats are about the game, the heat
capacity of the same volumes is much less for air than for other
materials which means that the lagring as a whole will retain
less heat but, on the other hand, it should respond quickly to
heat changes.

G. khiscellanecus

Lloyd (59) has very amply discussed the weaknesses of batch
Aistillation. He statés that a betch still is only efficlent
as a rectifving section and not as a stripping section. He

believes a bateh stil) is not efficient as an instrument for ta‘wama
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overhead of high purity because the proportional amount of such
dlstillate per batch is very small, However, for work on a
laboratory scale, a batch still is best.

Polbielniak (9) believes that the best separations are
obtained when the distillation is performed with the packing
baraly wet, whereas Nickels (51) holds that the best efficiency
18 obt:ined when the packing is wet just before the test 1s
started by preflooding of the column.

Rose (23) believes that a larger first fraction is obtained
by starting the operation at a low finite reflux ratlo and
returning some of the distillate directly to the still.

Colurnns operate better under intermittent withdrawal eof
distillate than under a continuous one, when high reflux ratlios
are used (of the ord-r of 100:1). (25),

H. Conclusion

It can be seen that there 1s a lot of controversy and
conflicting opinions as regeards the operation of columns. This,
I believe, 1s due to the use of different teat mixturea. There
is need for standardizing test procesures by chooding one mixture
for eseh range of platee and specifying that the throughput be
a definite fraction of the maximun, at a known reflux ratice.

This from the point of view of the correct comparison of
columns and not with a view teo finding whether a column 1is
particularly suited for the fractlicnation of a certain type of
mixture in which latter case the emphasis should of course be
laid on the:similarity of the properties of the test mixtures
to those of the liquids to be fractionated.
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Chapter 1I

i Statément and Discussiocn of the Requirements and a Discussion

of the Design and Construction of the Fractionating Column.

I Introduction
Some modifications of the appabatus may be introduced after

testing the column. These, 1f any, will be desc¢ribed in Chapger III
of this Thesis.

ITI The Requirements

A. Statement of the Requirements

The Colunn was built to serve three main purposes:
(1) The Column (with two srnller ones) wns designed
with a view to its beling a useful tcol for the ins-
truction of students in fractionation and the theory
of fractionating column operation.

(2) The column is primarily designed as a tool for
the purificstion of compounds needed for research or
other purposes.

(3) The Colunn will also serve an immadiate aim: hhat
of the purification of nitrogen heterocyclic compounds
necded for research actually going on in the depart-
ment. Xost of these compounds bell in the prange
between 100° and 200° C.

B. Discusgion of the Requirements

For instruetion purposes, visibility of the fraction-
ating section proper 1s desired and therefore a dead air
apace enclosed in a glass jacket wound with an electifc heat
element was used as Insulation, This Allows 4:-tection of
chamnelling and flooding in the column. The use of electrical
heat compensatian 1s also desirable due to the fact that
/28...
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it allows control of heat loss soc that the latter may be
made to stay constant over a wide renge of operating
temperatures.

"hen & colunn 1s built te serve as a tool of purifi-
catlion, 1t needsg to be sn efficient column of the order of
100 plates. Cuch colunns are usunlly tall, have a low
throughput, and,since operation is limited over the highee
ranges of reflux ratlos, the., have a low take-off which means
that it will take a long time to collect even 100 c.c. of
distillate (several days, including the time it tnkeg the
column to come to equilibrium at total reflux). Thus we see
that continuous operation over a lonz period of time 1is
nacesgary, which makeas 1t deazirahle tc have automatic controel
of the heat jacket. This wou'd make poasible opsration with
a minimum of effort and attention. Automatic control of
stillﬁot heat 1s not necessary when a constant-reflux-ratio
head 1s used.

Finally, since few liquids are encountered which hoil
ruch above 200° C. without d-composing and since the boiling
peint may be reduced by operating the column under reduced
pressure, the heating Jicket does not need te supply hest

above 200° C.

II The Design and Construction of the Column

A. The Stillpot

The stillpot was a Pyrex 200 ¢.¢., round-bottom flask
fitted with a Buchi RK 9 female ground glass joint,a thermo-
couple well and a sarpling line which also serves to flush
the colurn with nitrogen when operation in an inert atmosphere
is required.

The source of heat to the stillpot was a Korey (14)
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type hea ting mantle which was obtained commercially (Glas-
Col Apparatus Co., Terre Haute, Ind., U.S.A.). This is a
mantle with a heating element in it which envelopg. the
stillipot and thus combines uniform heating over a wide
surface area with fast resronse to the application of heat.
It 1s thus superlor to other bumping.reducing arrangements
(12) which do not use dirsct application of heat, thus
Intreducing an element of tirce lag.

A dlagram of the stlllpot 1is found in fig. 9.
B. The Fractl-nating Section

The fractionating section was a glass tube, 10.6 mm
(#C.2 mm) In internal diametsr and 13,5 mm (+ 0.2 mm) in
outside dilameter and 254 oms long.

1/16 inch internal diamster Fenske single-twrn helices
were used as packing. These were obtalned commercially
(Selentific Glass Apparatus Co., Bloomfisld, K.J., U.S.A.).
ilethods for malking thegse helices are given in the literature
(57),(55) but they need special equipment and laborious
techniques.

The packing job is important. Plate values ranging
from 20 to 95 may be obtalned depending on the packing job (850).

The helices were supposed on a 2 cm high base of 1/6
inch Internal diareter Fenske single-turn helices on the
dropper ring seal at the bottom of the c¢olumn.

Carney (44) states that helices should be addod to the
column ''in such a way that no bunching taikes placo.//'ne
recommends that a shallow box with a 1 em diameter hole in
it be placed above a fun.el le:ding to the column. A small

amount of helices are then poured into the box and a fire-
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polished thin glasss rod is then used to sepirate the helices
and push them down through the hole intc ths colurn. This
method was tried and found to be extremedy tedious and
laborious. It took one hour to pack 2 c.c. of the column
(i.e. a 1.5 em length of the column) and a different method
of packing was devised.

A small hole of about one and one half times the
diametsr of the helices was bored in a cardboard box about
10 cms high. The box was then clanped above the funnel in
such a way that the hole came over the funnel and a part of
the box protruded outsid: the funnel. The box was made to
sknt very slightly in the direction of the hole, Helices
were poured into the box and the 1lid of the box, slit to
accomodate the clamp, was adjusted on top of the box. An
eccentric stirrer was then attached tec = stirring motor and
the Stirring asgembly was clamped so that the end of the
stirrer came just under that end of the box outside the
furnel. "hen the stirring motor was put into operation, the
stirrer rotatsd in such a way as to agitate the box violéntly
in a vertiecal plans. ‘The result was that the helices were
thrown about in the box, became separatesd from one another
and fell through the hole one by one. The hole was too small
for helices of more than a single turn to fall through in
any sppreciable quantities snd in fact very few did. By
constantly replenishing the hellces and regulsting the
agitation of the box, it was possidble to pack from 48 to
72 c.c. of helices per hour (60 to 90 cms of the eolumn).
A photosraph of the packing setup is shown in Fig. 10.

The first half of the distilling tube was tamped on the
outside with 2 glass rod st intervals of about 1, inch
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of packing each to insure uniform distribution of the packing.
It wns rot posaible to do this with the top section as 1t was
packed after the two sections were sealed sc that the top
section wng inside the jacket and there would have been
danger of breaking the distilling tube.

The bottom section of tre distilling tube was broken
111 ems from the hottorm and had to he sealed. For a distence
of 2 ems, including the senl, the paeking wasg 1/8 inch Fenske
single-turn glaass hellces 1ln order not to construct vapor
flow.

The gless tubes of the frsctionating section were
ctosan from a larre stock for strnightness and uniformity but
the best tubes that could be obtaired were still very far
from stralght, and centerimg dcvices had tc be used. Fouyr
asbestos-board circular disks were bored in the middle and
slid‘onto each distilling section onto which they were firmly
attached. They were then filed to give 2 sliding fit into
the }Jacket. The three bottom disks of the hottom ssetion and
the three ter disks of the top section were slit, each three
on the s-ms sid: to accomodate the slectric wirss inside the
jncket. Centering the colunn is irportant so as to prevent
surerteating of any one slde of the cclmrn.

Connections to boty bottom and top of the distilling
tube are m de by means of ground joints. At the top of the
distilling tube a Pyrex$24/25 ground gzlass joint is fitted
whille st the base of the distilling tube a Buchi RN @ male
ground glass joint is aealed.

A dlagrsm of the fr.ctlon.ting section is shown in

figure 11l.
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G. The Heud

The head consists of an upright total cond-nser 20 cms
long. Below 1s n liquid trap fitted with two holes on oppo-
gite sides for vapor risers, and with a downpipe in the middls.
The Aownpipe lesds to a funnel attached to the downpipe by
means of hooks in such a manner as to allow free sldsways
gwinging of the funnel. Along the side of the funnel are
attsched two iron nails enclosed in glass. At the tip of the
funnel, on the sid- opposite the nails, a very fine drip
point is attached.

In the wall of the head, just below the tip of the
funnel, a take-off tubec leads to the take-off flask through
a © ems long condenser. The take-off tube is attached to
the take-offflask by means of a special spherieal Pyrex$18/9
ground glass Joint.

with the funnel in the vertical position liguid over-
flow goes back to the fractionating section. The funnel 1is
made to swing sidewsys towaprds the take-off tube by mesns of

en electromagnet placed assmear to the wall of the head as
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possible., In the take-off position, liquid flowing down the
funnel drips off its tip into the take-off tube.

The elctromagnet is activated by means of an electronic
timer obtained commercially (G.C. Wilgen and Co., Chatham, N.J.
U.S.A.). The timer has an on-g¢ycle variable between 0.2 to
316 seconds and an off-gcycle variable between 0.1 to 75 second
Various combinations of off and on séttings on the timer will
regulate the reflux ratios

This type of head is imown as a ligquid-dividing head
and gives a constant reflux ratio inderendent of variations
in the throughput.

The bottom of the head is a Pyrex 24/25 male ground
glass Joint. To the top of the head, a two-way Pyrex stop-
cock is gealed. One arm of the stop-cock leads to nitrogen
while the other arm leads to alr or may be attached to a
vacuum,

A diagram of the head is found in fig. 12,
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D, The Heating 'Jacket
(1) Calculations for the Heating Jacket

Calculation of heat loss from the column was
done according to the theory outlined by Highet and
coworkers (29):

If heating 1s done by maintaining a main
heating current continuously and switching an auxil-
iary current on and off and the ratio of the auxil-
iary heat input to the main heat input is made constant

then :-
-~
Q = 2uk (T) — Tp)l (neglecting end losses)
loge "3/rgy
= k ( Tl - Tz )
where
Q t the rate of heat loss (cals./see,)
k : conductivity of the lagging
Ty ¢ temperature of the column

Tp : temperature of the outside of the
lagging (assumed constant)

=

length of the column in cms.
r; : external radius of the lagging
ro @ internal radius of the lagging
ry : outer radius of colunn itself
This heat loss is balanced by a constant heat input W
and an auxiliary heat input w, the latter being on
for a fraction o of the total heanting time.
Therefore,
Q = Wrw
Now, 1if :

= we
/9240
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Q = Wl +AQ )

As goes from 0 to 1, the temperature inside the

jacket goes from '1'1 i, to 1’1 —

Thus,

lmnx.== 721-—_' (1*@)

W
’!1 min. !2 T k!

At the midpoint of the temperature range, !‘h,

=4 and :-
W
!1‘ = Tz-f _i-; ‘1'1'*@)

Therefore, the temperature range is :-

w
T E
= (7 4n." T )
P
T, - T

Finally, of the heat supplied at the Jacket winding,
a part flows inward to the colurn and the other part
flows outward, the ratic being approximately

log 9
. /rg /log ’2/ eese (29)

1
A sarple eslculation, bagsed on the actual c\avao\’u'\s‘lu
of the column will be given here :-
5, * 100° ¢. (mean operating temperature)
o
tg = 25° C.
/“..C
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r, = 3 em ) neglecting the

) thermal resistivity
ry, = 3.3 om ) of the glass.
1 = 120 oms.

For air, k(100°C) = 7.197 x 10° cals/cm/om®/sec.

2\ x 7.197 x 10

&

X 75 x 120

= 42.7 cals./seec.
= 179 watts.

Now, if @zlma X = $

w o= 2/3Q
= 119 watts
At = 50° C.

Therefore with = main heat input of |14 watts and an

auxiliary heat input of the same value the jacket will

operate satisfactorily between 75° C. and 128° C.
(Actually due to the low value of

1°gra/p2/1°8 ’2/,1 it was fourd necessary after the:
jacket was built to have a heat input of 265 watts to
bring the dead airspace temperature up to 128° ¢C.
(2) The Construction of the Jagkeb

The jacket consists of two seetions of Pyrex

glags, each 120 ems long and approximately 60 mms in
outside diareter. Around each section, Chromel wire,
B. & 3. No. 24  was 'om&nalifomly with 4 turns
per inch leaving 1 em on each/section unwound. The
overall resistance of each section was 200 ohms. This

was divided by a centrs tap into two smaller sections
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of 100 chms eag¢h which were then joined to the

veltage in parallel giving a 50 ohm overall reslistance
to each section. Each sectlion was then fitted into
another Pyrex glass tube, 120 ene long and approxi-
mately 66 mms in inside diareter. A hole was bored

in the middle of each of the outer tube, through which
the centre tap lead from the heating Jacket was passed.
fThe anrular space between the two tubes of the Jacket
was then sealed off with a paste of agbestos and

watepr.

Chromel wire, no matter how firmly wound onto
gless, will sag when it starts to heat up. To prevent
such sagging, one side of the jacket was painted with
Glyptal paint followed by a coat of sodium silicete.

“hen the film of paint hardened (it had to be
baked for some 24 hours at about 809 C.) the jacket
was taken up to 200° C., with no signs of sagging of
the Chromel wirse.

A diagram of the jacket 1s found in fig. 183.
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(3) Temperature keasurement
Temperature was weasured at 8ix different

points along the column and six oprosite points in
the dead air spsce 0.25 oms from the wall of the
jacket, in addition to being measured at the head
and the stillpot. In all cases copper-constantan
thermocouples were used. These were all silver-
goldered at the junctions. Temperatureas were read
from a calibration ecurve obtained in the following
manner .
(a) A potentiometer which could be read
within 0.4 millivolts, i.e. within 10° C.,
was made to allow reading of the tempera-
ture within 1% ¢. by a resistance of sbout
20 times that of the potentioreter and which
could be thrown into the circult by means
of a triple-pele switch. Thls magnified
the soale reading abowt 25 times. However
the galvanocmeter of the potentiometer 1is
not sensitive enough and this probably
accounts for the lack of better sensitivity.
(b) The potentiometer and thermocouples were
then ealibrated together. This was done by
meaguring the boiling points of four liquids
with the therwocouples. One bare thermo-
couple hot junction was put intoe the vapor
stream from the boiling liquid snd the
scale reanding of the potentiometer was noted.
The tempersature was d-terrined by putting

a calibrated thermometer in a mercury well
/8‘0: ‘
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placed in the vapor stream near the thermo-
couple and the mercury was stirred sc that
1ts temperature was uniform.

The ratios of the four scsale readings for
the four liquids to the tabul.ted copper-
constantau thermocouple e.m.f. values
eorresponding to the four boiling points
were calculated. An average of the ratlos
was taken.

(¢) The average ratio (2858) was then used %o
draw up the calibration curve by multiplying
the tabulated values by 2358 and plotting
them againat the temperature.

(d) A £ifth liquid's belling point wasg deter-
mined and was found to be on the curve.

The thermocouples sre wired as shown in fig. 14
so that there are ssven thermocouples to one cold
junction in each of the top and bottom sections. Each
cold Jmctiﬁm?.:?;g. ﬁe bath in e Dewar flagk.

The thermocouples of the fractionating sections
are nurbered from 1 to 6. Those nrrainst the distilling
tube are numbered la, 2a, efC.... while those
opposite them in the lagging are nurbered 1b, 2b, etc..
They are placed at Alstances of 14, 70, 115, 140, 180,
230 cms respectively from the bottam of the column.

The copper leads from the junetions are
connected to the knobs of a rotary multirle switch as
shown in fig. 15 to allow quick reading of the

terperature at various points along the column. The

{8%se
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svitch 1s also provided with an arrangement which
allows differential readings of the thérmocoupleu
la and 1b, 2a and 2b, etc.... so that the temperature
Aifferential across the lagging may be easily

determined.
(4) The Design and Construction of

the Automatic Contrel Unit

Highet and coworkers (29) used a method of
control based on the current generated in s circutt
of two thermocouples placed one at thé wall of the
distilling tube and the other 3/4 inch away in the
lagging exactly opposite the first thermocouple, thus
setting up a differential thermocouple. Theoretically
the column may b~ made perfectly adiabatic by keeping
the differential eagual to zero. With their set-up
they had a difference in temperature between the
lagging and the column of 0.4° C. under the best
operating conditions and 1° C. under the worst.

The arrangement, while a very ingenious and
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accurate one, necessitates the use of a galvano-
meter, a photocell, an amplifier, and a relay.

A simpler, while lews accurnte, method was
devised, based on the differential expansion of
nitrogen in the two arrs eof a U-tube placed with one
arm against the column wall and the other arm as
near to tre heating jacket as possible. The U-tube
corntained mercury in the U and the excess expansion
or contraction in the arm aginst the wall of the
distilling tube (due to a difference in temperature
between the two arms) made or broke a mercury to
tungsten contagt. The other leand was pormanently
in contact with the mercury.

When the colurn temperature ig above that of
the lagging, the mercury-tungsten contact 1s made
and a circuit is closed. This activates a relay
which shorts a resistence of 21 ohwa(o.il x 60 8o
as to give = 1) in series with the jacket winding
thersby ingreasing the heat input to the colurn.

When the jacket side temperature rises, the mercury

to tungsten contact is broken, the relay is deactivated
and the auxiliary resistance again comes into the
heating c¢ircuit, thus shutting off the auxiliary heat
input.

Nitrogen was used in the arms and a 1000 olm
resistance was added in series to the 600 olm resls-
tance of the relay coil to reduce the current and
thus prevent eorrcsdéon of the mercury in the U=tube.

One guch control unit is placed in each section
of the heating jacket. A diagram of the contrel unig

/3%...
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is shown in fig. 16.
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The construction of the control unit

presented certain difficulties. The chief problem
wes to seal off both arms while maintaining equal
pressure in both arms. This was necessary in order
to be able to control the level of the mercury below
the tip of the tungsten. This was sclved In the
foliowing manner :-

(a) After the U-tube was constructed and the
tungsten contacts sealed intoc the glass,
merecury was filtered and added to the tube
until its level was 2 mms below the tip
of the tungsten in ths dide arm to allow
for therral expansion of the mercury.

(b) Another U-tube was then made so that the
distance between the arms was the same as
the distsnce between the arms of the unit.
Thies new U-tube had a side-arm attached to
it and was about 8 em long. The side arms
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of this U-tube were then sealed to the

side arms of the control unit. The side

arms were then heated and drawn out so as

to facilitate sealing them later on in the

proceed ngs. The side ary was then attached
by means of a rubber tube

to & T-tube,/the second and third arms of

which were attached to nitrogen and to a

vacuum purp respectively.

(c) The system was then repeatedly evacuated
and then flushed with nitrogen at atmos-
pheric pressure, after which the rubber
tube or the side sry was clamped and a
very hot and small flame was used to seal
off the side arwe at the constrictions.

Thus, the main input is controlled by means of a
variaé while the control unit controls the auxillary
heat input.

A dlagrar of the electric circuit of the

column is given in fis. 17.
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CHAPTER III =« Testing, Operation, and Modification of the
Fractionating Column,

1. Testing and Operation of the Column.
Ae The Available Pree Space _of the Columm.

This is defined as that part of the distilling tube

not ococupied by solid packing materia 1.

It was determined according to the method outlined in
Carney (7). A section of tubing of the same dlameter as the
distilling tube of the fractionating column and of known volume
was packed with 1/16 inch interna 1 diameter Fenske single-twrn
glass helices, The volume of alcohol ta ken up to f1ill this
packed scction was determined:

Volune of section of tnpinp 8 c.c.

Volune of Alcohol added = 3.4 c.c.

Therefore,
Available free gapace = Eﬁi x 100 = 42,5 %
B. Testing of Control Units.

The control unit was tested after the column was
a ssembled witht he top seetion unpa cked, This trial wag made
with wa ter as the boiling liguid.

The control unit of the first section kept the jacket
between 2 a nd 6° C lower than the distilling tube temperature
whereas the control unit of the top section kept the jacket
between 4 and 7° C lower than the temperature of the distilling
tube,

Later, the control unit of the top seotion stopped
functioning, probably due to a erack in one of the arms of the
U=tube, It was deeided to commnect the top jacket heater in
parallel to the control unit of the lower section.

/424 ..
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After this was done, another trial was made with beiling
water. It was found thenm tha t both ja ckets were funetioning
with ghe same te mperature differential (2 to 6° C) between the
Jackets and the distilling tube.

W¥ith a colunn of the erder of 100 theoretical plates, only
liquids with a small difference in boiling peoints need be
fractiona ted sinece liquids with a la rge difference in beiling
points ca n be separated by using columns with less theoretical
pla tes. Therefore, the temperature gradient aleng the column
from bottom to top will always be small, within 10° ¢ at the most .
Using the above arrangerment then, we will get asuperceoling of
the vapors at the bottom by 6° ¢ at the moet, whereas we will
get less supercooling as we go up the column ( due to the
temperature gradient aleng the distilling tube) and may even
get superheating,

The ratio of the gradients of the top and bottom seetion
ma y be varied by insta lling a variable resistance inatead of
the constant resistance in series with the top Jacket hea ter
nna'tnkuo as to vary P for the top section,

A trial was mads using toluene in the stillpet. Automatic
control was used so that the Jacket was between 2 and 6° ¢ lower
tha n the tube in the first section. Even at the maximum through-
put and after boiling for 24 hours, no l1iquid reached the top of
the column and only reached a point 140 om, from the bottomcés

the column, It would seem therefore that the 4° ¢ mean

temperature differential aleng the 140 cm. we re enough to
toluene

condense all the/vapors moving up the column, Tha ¢ is

probably due to the low hent of vaporization eof toluene

(984549 cals. /gm at 28° C (86) ). Calculation of the heat



dOo=
loat due to the tempera ture differential of 4° ¢ between the
column a nd the jacket &écording-to.the dmethod Hight and co-
workers (29), yields:
Heat loss = 132 cals. /min.

The maxium throughput with the jacket 6° ¢ below the column
was of the ord-r of 2,6 ¢.c /min, or 2.2 gns. /min.

We sce then, that a heat logs of 132 cals. /min, is serious
in the case of toluens (but not in the case of water)., Thus
the statement of Rose (16) that adisbaticity of operation ies
essential at low throughputs should be modified to read adia-
ticity is essential at low throughputs for liquids of low heats
of vaporization,

"hen the heat input to the Jackets was regules ted manually
after shorting the contrel unit with a shunt and the tempera-
ture differential between the column wall a nd the jacket was
adjuste ¢ to zero, the toluene reached the top in 2 minutes.
Loroover; the maitdmum throughput was increassd to about
S¢4 c.c /min, .

In principle, the control unit may be made teo opera te in
such a way as to give temperature diffenentials of less than
one degree by decreasing the distance betwsen the nercury and
the tip of the tungsten as much as possible., This would make
the eontrol unit suit-ble for colurns built for specific
fractiona tions, i.e. operation within a very limited range
of temperatures.

The control unit will also operate satisfactorily for
fractionations at high throughputs, but =ill only operate
satisfactorily a t low throughputs when the 1iguids being
fractionated have a high enough he at of vaporization as to
rend r hea t loss dus to lack of adiabaticity negligible.
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Fina 1lly the control unit may be made to operate satisfac-
torily by making the heat loss due to a jacket temperature lower
by 4° ¢ from tha t of the column negligible. This can be done
by decreasing the conductivity of the lagging material, If the
Jacket can be made air-tight by the application of paint or paste
at the top middle and bottom of the jacket, the column may be
evacuated and the conductivity cut down. Decresasfng the conduc-
tivity by s factor of 40 would a llow control cf reflux within
an error of 5%,

C. Determination of the Heldup.

This was done according to the methed of Tongberg and co-
workers (46): i

1.,8960 gms{ of stea ric acid were dls:=clved in 150 c.c. of
benzene and placei in the still-pot, The jacket was then
adjustés to the boiling point of the benzene =nd the trial was
started., During the run the terper:ture diffsrsnce hHetween

the colunn and the jacket was of the order of ._.51" Ca

One half-hour after the liquid reached the top of the column,
& pn mple w-s taken from the bottom and cocled in an ice bath to
prevent evapora tion. 10 cec of this sample were taken and
eva pora ted and the stearic acid residue wag weighed. The
thrpughput was 124 c.c. /hour.

\Wt. of stearic acid residue: 0,1510 gms.

Concentra tion of ste aric a cid is: 0.0151 gna, /Cl.C,

1.,8960 = 0.0151 gms. /ec.c.

X = 125.4 c.0. 3

where X is the number of G.C.s. left in the stillpot.
Therefore,

The Hold-up = 150 - 126.,4 = 24,6 c.0,

Carney statea that:

/‘5000
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"4 hold-up of less than 10% of the volume of any component In
the starting charge will have little effect upon the shape of the
distillation curve, and may therefore be eon-id-:red negligible "
(36) « However, as this ray not be the case with a 200 c.ce
atillpof. it would be advisable to have a 500Uc.c. eap acity

stillpot for efficiency tests.

D. Detersination of the Capacity.

The capacity was deter inei at total reflux =ith benzene as

the boiling lilguid, by ccinting drops at the bottom of the
coluw'n as the heat to the stillpot is increassd until the number
of such drops starts deereasing, This de-notes the beginning

of flooding. This procedure ga ve a capacity of 204 ¢c.0. /hour,
100 drops of benzene off the drippoint of the column ares sguie
valent to 1.6 C.C.

It 1s to be noted that as the reflux ratioc becomss finite,
the capacity will increnge as the reflux ratio decreascs, because
thers will be less over flow and the va por velocity will in-
crease,

Ee Calibration of the Timer.

gach of the On and Off cycles of the timer wers ¢alibra-
ted with a stopwatche. A graph of the control knob settings
for each cycle against time in geconds is found with the contrel
board, ‘;Z

i It was found that if the On cycle/maintained at a
minkr /of 2.4 seeonds, the reflux ratio could be determined
within 4% from the ratioc of the On and Off cycles.

The a bove calibration was done by pouring liquid at
a very low rate through the top of the head, with the timer
controling current to the electromagnet., Liquid was collected

in two graduated cylinders pleced one at the take-off and the
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other below the bottom of the head. The true reflux ratio was
calculsted from the ra tio of the volumes collected in each of
the two graduated cylinders,
Fo Modifications of the Head,

(1) "4 ground glass senl, opersted with a magnet was put
between the take of tube and the take off condenser to insure
total reflux,

(2) 4 side arm was connecte’ to the take off flasks which
could be connected by means of a rubber tube to a side arm

above the upright condenser. This was done in orgep to eli-

minate back pressure in the take-off flask and insure smooth
flow of 1iquid into:it.

(3) It was found that there were too much condensation in
the hea d below the liguid trap so tha t the highest reflux
ratio that could be obtained was 2.5 : 1 . Chromel wire 3,8,
No., 32 was therefore wound uniformely sround the head for a
distance or— 17 cm, from the ground peint, i.e.to a peint 2 em.
above the liquid trap. The wire was not wound directly onto
the glass but onte a Imr thick layer of ubestei and a laysr of
a509st08s Ued nm thick was aprlied over the heating wire.

The overall resistance of the wire was apprexima to{goig{:l‘ma
and the current may be adjusted by mea ns of a 2 ampere/slide

resistance,

Two thermo couples were laid against the glass, one near
the 1iquid trap and the other about Scm, be low the first.
The tempera ture of the head may then be brought up to the

temperature of the fraction to be taken off before operation is

started,

/‘7...
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The above procedure was found to give a mex imum reflux
ratio of B:1 (with the funnel in the pesition of total reflux),
This was due to the passage of vapors through the take-off tube.
Te prevent that, a 1iguid trap ( a capillary U-tube) was sealed
between the condenser and the ground glass seal.

It 1s advisable to keep the take-off arm sealed from the
column during operation until equilibrium is attained at total
peflux, while operating the timer at a low reflux ratio of the
opder of 10 : 1 so as to keep changing the llquid held up 'n
the ta ke-off arwm between the seal and the head.

‘ttainment of equilibrium conditi.ns may be tested for
by tempepature measurment or by measurrent of the refractive
index of the 1iguid st the top of the columnj the latter
being by far the more accur ate procedure.

G, The Ifficilency of the Facking.

It 1s felt tha t a safe estimate (based on article in the
11tera turs) for the number of plstes in the column under total
raflux shouid he of the ord:r of 100 plates.

The numbsr of plates cannot tharefoﬁe be determined using
mixtures of benzene and ca rbon tet rachloride or beniene and
toluene because these are only suitable for the determination
of a small number of plates (of the ord:r of 30).

Due to dela ys in shipping, methylcyclolexane was not
obtained in time to ca rry ocut a test with a mixture of h-
heptane and me thylcyclolexane,

Rowever work is golng on in the department at present with
a view to comparing the efficiency of the column in separating
pydrocarbon mixtures and mixtures of nitrogen heterocyeclie

compound§, To that end, vapor-liquid equilibrium date for

/4&...
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the nitrogen compoundsis needed and work aimed at obtaining
Such data has already started.

Conclusioni~

There 1is need for further work to clear certain apparant
controversies in distillation theory. 1In genera 1 meost of the
work done upon the sub jeect has been carried out with a view
to finding the meoat accura te methodsfor carrying out fractiona-
t lonsin the most effleient columns due to the signifieant
material advanta ges to be derived fronm following such a
procedurs, Not mueh effort has heen apent on the correlation
of @& xperiment al findings with distillation theory.

It i3 felt that there are four main problems which need
to be a ttacked:e

(1) The correslation of the viscosity of ligquids with the
HeE.TsFs and the preasurs drop at different throughputs,.

(2) The correlation of the surface tension of liquids
with holdup and H.E.T.P.

(5) The effect of superheating and supercooling of the
insulatine '&M:htk upon the efficdéncy of fractionatiown and
the correlation of the findings with Jdistillation theory.

(4) The determination of the optimun pressure for ope-
ration, lyles a nd co-workers (45) state that the optimum
pressure is of the order of 200 mm of wercury which apparantly
contradicte the findings of Lioyd (59). However, the difference
ma y be due to the fact that Kyles and coworkers (45) did not

use the sa me test mixture a t 760 mm se at the lower pressures.
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For such work 23 is outlined above, the column needs cer-
ta in pieces of accessory equipmenti.

(1) Apper atus for maintaining a const ant throughputs A
good and simple method for doing so is fousd in the
11t erature (4 4).

(2) Appa ra tus for ma intaining a consta nt presaure for
operation und-r va ccum, An excellent manostat for

the purpose is that of Williams (22).

/6040,
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EXPERIMENT .
Fractional Dis tillation = Packed Columns

Te 'IhBOI‘x

For any two liquids to be separated by distillation, the composition
of the vapors obtained by boiling the mixture must be different from
the oomposition of the boiled liquiad,

Of the three olasses of binary mixtures of completely miscible

liquids - Figures l, 2 and %, only the first may be distilled continu-
ously over the whole rango of compositions, The other two oclasses
glvo what are known as azootrope (Constant boiling point mixtures) at
& cortaln oomposition of tho liquid and may not bo distillcd continu-
ously ovar thc wholoc rango of oomposition but only for tho range Beforc
and tho range after tho oritioal constant boiling point composition,

tomporature + ')_
|
b
4
I

_— \ i T
‘3.- ' | = = =T - 2 -
TS 9 . ...‘ o s ) -
i | { |
LRSS S . L
5 composition :
Fig, 1
Maximum boiling point curve Minimum boiling point curve
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T /" | """ L //
: s Lo
' H ' -~ o
’___._!-_‘2‘_?_; 55 o l . Lo J
Fig. 3 . Fig. 5

Lot us now consider the class reprosonted by figure 1, Vapor of
ocomposition xg 18 in equilibrium with 1iquid of composition x, at
the temperature T, and vapor of composition xg is in equilibrium wi th
liquid of composition Xg at the temperature Tagy, 8N4 SO ONgeawsy, Now,

if vapor from 1liquid X, 1s condensed it gives liquid of composition x,
vwhioch in turn gives vapor of composition x4, all the operationg i,e,

evaporatiorsend condensations being equilibrium ones,

i‘raetionaﬁon is a series of such operations but, in bractiee, we can
nly approach equilibriwm conditions

Since a "theoretical plate" is defined as one for which the vapor
loaving it to tho plate abovo is in equilibrium with tho liquid going
to tho plate below, overy step in tho diesgram in figurc 1 represents
ono sueh pla te,

A fractiopating column provides for a series of evaporations ang
condensations all in onc column and also uses the countoreurront
principle for separation by returning part of the condense to,
known as roflux, down the column so as to strip the vapors from
somo of thoir h{gper-boiling component,



- 3 -
II- Efficiency of Fractiona ting Columns

In Bubble-plate (1) or Sieveplate (2) columns, each step takes place
on an actual plate. On each of these there is liquid, and every plate
provides for vapor to bubble through the liquid on its way up the
column,

With these typem of columns, a measure of the efficiency is the ‘
ratio of thc number of theoretical pPlates as determinod experimentally,
by the actusl seoparation of a tost mixturo, to thc actual number

of plates in tho ecolumn, _

.

Packod oclummne used in tho laboratory arc tubos (made from some non
corrosivo matorial) packed with some inert material which increases
the surface area for vapor liquid contaet., The process here is
differential in nature and the moasurc of the officioney of a packing
material is its H,E.T.,P, or "Hoight cquivalont to a thoorotical
plate", \

Various mecthods (3) have boon suggestcd for calculating this
proporty of a packing matorial and thoroforc of 1ts soparatory
effoctivoness. Wo shell here consider only two of thosc:-

A.= Tho McCabe and Thicle Graphieal Method (4)

This mothod is bnased upon the mathematical treatamont of distillation
by Sorel and Lowis, who derivod thc relationship:

(1) Ynen+4 ns, %D Xp

n+ 4 +D 0n+1+D

Where:
X mole fraction of the more volatile component in the distil-

latei

Moles of distillate./ unit time

plate subseript, '

-1iguid over flow rate, moles / unit timo,

mole fraction of tho more volatile component in the liquid

mole fraction of thoc more volatilc component in the wvapor,

=
i

<MHOBE O
nnea

Now, tho roflux ratio is defincd as
R = 0

If tho numorators and tho denominators of both torms on tho right
hand sido of oquation (1) arc both dividod by D, wo get:-

YN e B 1 X
m mxn-l". +R+l D
whieh is the equation of a straight Yine (xﬁ being a constant) whose
slope is¢ :
R y and whose Y -~ intercept is 1 Xne It also crosses
R+ 1 R+l

the x-y diagonal at the point (XD, Yn) so that Xy = ¥n,

When the column is operated at total reflux, i.0. R is infinite, the
slope of the oporating linc is oqual to onec and it coincideswith the
diagonal of the X~Y diagram (Fig. 4).
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Whon the oporating line is drawn on thc X-Y diagram, tho drawing of
rectangular steps, starting at X. uantil Xy (the mole fraction of the
more volatile component in the sgillpot) 8 passed gives the number
of theoretical plates in tho S$t31} s the latter being equal to thao
numbor of such steps,

Whon the rcflux ratio is finite, the operating line no longer coincides
with the diagonal of tho X-Y disgram but must be drawm through the
two points (Xpy, Yn) end (0, 1 Xp)e The numbor of thoorotical

R+l

pletes is then determined by drawing rectangular steps in the same
way as above between the hew operating line and the X-Y curve,

The value thus obtained, since tho bottom samplc is obtained from the

stillpot and not from the bot tom of the column is one morc theoretical

plate then the eolumn as the stillpot is considered onc theoretical

plate, Now, if N is the number of theoretical plates in theo column,

HeEosToP. = Height of packed section (ems or in,)
N

Be~ The Fonske Algobraic Mothod for Toteal Reflux (5)

NeBe It should bo pointod out thet this mothod is only applicable
to oporation at total or infinito roflux,

Fonskc usos tho concopt of the rolative volatility, & , which is
defined by:

I.'_} - (X'}
"
Ty (X"
E Y
Vhere W is the stillpot subscript and & single prime stands for the

more volatile and the double prime the less volatile component mak-
ing up the binary mixturc,

At tbhtal reflux, for tha wholo oolumn,
- N+1 (x*
T"; o (X¥
N+1 W i
Where N is tho number of thooretical platos in the column,
It 1s apparant that:-

'
=
X

D

)
¥v)
N+l

ITI,~- Operation:~-

A. Draw »n ph of refrcctive indax vs, composition (mole fraction of
CQly ") for tho system CCl, - Benzene. To do this, it is advisable
to make up threc mixtures of approximate oomposition X-_.*_cm. o

0e25; 0,50; 0,75, fo CCl, and Benzene, For each mixturo:



e

L. Weigh an empty bottle with a s topper,
2. Weigh the bottle after adding some CCl,.
3¢ Weigh again after adding Benzene to the CCl,.

The woighing should be accurate to 0,0002 gram.

Be Plot the X-Y dimgram for the Bonzene, Carbon totrachloride
mixture from Carncy's Values (6) -

Ce Put a chargo of about 300 cc, of a mixturc of CCl.~Benzcne of
about 0,25 molo fraection CClg in tho stillpot, Turn on tho wator tap
for the condensor such that the ratoc of flow of wator is about 600 cec,
por minute (moasured with e graduatod eylindor and stopwatch),

Closo the take =off sfopcock. Sct the hoat at about watts for about
40 minutes aftor which lower it %o watts and koop it ocnstant,

De It will take about two and one half hours for the column to come
to equilibrium (denoted by constant temperatures at still head and still-
pot)s When it does so, remove tw samples, one from tho head and one
from the still pot of i cc, oach, as simul{:aneously as possible and
determine their composition by using tho Abbo Refractometor, It may
be ncocssary to uso suction to obtain tho stillpot sample,

Take roadings cvery 5 or 10 minutcs for e first hour and then every
20 minutes for the rest of the time until equilibrium is reached,

E, Fill a table of the form:-

Time Heat | Tomperature °C, Drops per minute
Minutes| input | S¥illpot | Hocad | Take -off Head Stillpot

F. Mako a second run prococding as beforc (it is not nocessary to
tako readings) until tho column attains oquilibrium, aftor which the
take=off stopcock is openod and takcoff startcd so as to maintain a
finito roflux ratio, R. The valuc of R is doterminod by counting the
drops dropping off tho still hond droppor per minmute and dividing 1t
by the numbor of drops coming out through the take=off tubec,per minute,

Ge Caleulate the H,E.T.P. undor total roflux and under finite reflux.
Under total reflux use both methods; for finite roflux the McCabe Thielo
method will bo used,
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