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THE testing of any kind of chemical plant is
undertaken to obtain certain information concerning
its performance. The nature of the information
sought, and the methods employed to obtain it,
depend on the purpose for which the test is under-
taken. The general considerations governing any
test are, therefore, the reason for undertaking it,
the object aimed at in carrying it out, and the
method to be employed to achieve that object.

One reason for undertaking a test is to ascertain
whether certain guarantees, specified in the contract
for the purchase of the plant, have been fulfilled.
Another is to determine the performance of a plant in
order to be able to judge whether it is capable of
improvement, or how its performance compares with
that of another plant performing the same function,
or with that of the same plant at a previous date.
The latter may be desirable in the case of a still
used for corrosive liquids where the efficiency may
be seriously affected by corrosion of the bubbler
caps. Other important reasons for undertaking a
test are the development of a new or modified
design of plant and the determination of optimum
operating conditions or performance of a plant for
the treatment of a new product.

The object of the test, that is the nature of the
information to be sought, will depend on which of
the above types of test is under consideration. In
the first or simplest case, in which it is desired to
ascertain if certain guarantees have been fulfilled,
the object will clearly have been achieved when the
performance data, stated in the guarantee, have been
determined. For a still these data might comprise
capacity, quality of product and effluent, and con-
sumption of heat, power and cooling water. When
determined they are compared with the guarantees to
decide whether the latter have been fulfilled. In such
& case the plant is only regarded as an instrument for
carrying outa certain operation, and no inquiryis made
into why or how it does it. What is really under test
is the ability or honesty of the suppliers of the plant.

In the other tests mentioned previously, informa-
tion of a more fundamental nature is required. To
compare the performance of plants operating under
different conditions it is necessary to have some
standard, usually derived by considering a theoreti-
cally perfect plant, to which the performance of any
plant can be referred. The utility of such a
theoretical standard lies in the fact that it affords
not only a general method of comparison, but also
a means of predicting performance under conditions
different from those prevailing when the test is
made. For instance, it may be desired to ascertain
whether a still concentrating 109, alcohol to 90%,
could be used to concentrate 5%, alcohol to 9294,
or to produce 999, benzene from a mixture of 409,
benzene and 60%, toluene. If the plant is in com-
mercial production under the existing conditions,
it is obviously advantageous if the information
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required can be obtained from a test under these
conditions without adopting the more direct and
obvious method of altering the plant to run under
the new conditions in order to determine whether
it works or not.

A simple example of the use of such a theoretical
standard would be a reciprocating pump which has
just been installed to pump water to a given height.
The simplest form of test consists in determining
the quantity of water pumped per hour and the power
consumed, which can then be compared with the
guaranteed figures. This information is of limited
utility. If, however, we consider a theoretically
perfect pump, and calculate the power required
under these conditions, we know the mechanical
efficiency of the pump and can thus compare its
performance with that of other pumps working
under different conditions. It also becomes possible
to foretell the power consumption of this pump if
it were required to work under different conditions.
From the speed of the pump and the displacement
of the piston the theoretical quantity of water
which would be pumped per hour can be caleulated.
By reference to this theoretical standard, it is possible
to determine the volumetric efficiency, and so
calculate the size of pump, of a similar type, which
would be required for pumping a different quantity
of water per hour.

In this case, two theoretical standards of reference
were available from which an “ energy efficiency
and a “ capacity efficiency ” could be derived, bust
this is not always so. Sometimes only one standard
is available, and sometimes there is none. In a boiler
test, for example, the thermal efficiency can be found,
but there is no theoretical standard of reference for
a capacity efficiency, as such quantities as heating
surface and grate area cannot be calculated for an
ideal boiler. For a filter-press neither standard is
available, as there is no method of calculating from
fundamental principles the amount of filtering surface
or the power requirements of an ideal filter-press.
In such cases one is limited to comparing empirical
results.

Fractional distillation in a plate column consists
in effecting a cerfain degree of separation between
different components of the initial mixture by
expending a certain amount of thermal energy. It
is carried out in a definite number of stages, for on
each plate there is interaction between liquid and
vapour resulting in the transfer of heat and matter
from one to the other. To be able to determine the
relative efficacies of different columns it is necessary
to know how the number of plates required in
practice under certain conditions compares with the
number required in an ideal column. To ascertain
the effectiveness with which the heat supplied is
utilised it is also necessary to know the heat require-
ments of an ideal column. The same considerations
apply to a packed column which may be regarded as




UNDERWOOD.—THE THEORY AND PRACTICE OF TESTING STILLS.

operating with an infinite number of stages in each of
which an infinitesimal change is effected. For
distilling columns there are thus two theoretical
standards of reference, though these are not inde-
pendent. The methods of calculation for ideal
columns must therefore be considered in detail in
order to be able to interpret intelligently and utilise
effectively any data obtained as the result of tests.

BinaAry MIXTURES.

The simplest example of fractionation, that of
binary mixtures, has naturally received most attention.
Although mixtures in practice are usually more com-
plex, the study of binary mixtures reveals a number of
principles which are capable of application to the more
general case. Among the principal contributors to
the literature on the calculation of columns for binary
mixtures are Sorel,! Hausbrand,® Leslie,® Lewis,*
Bergstrom,® Mariller,® Ariis,” Van Nuys,® Gay,®
Fouché,'® Ponchon,"t Savarit,!? Rodebush,* Thor-
mann,’* McCabe and Thiele,’ Robinson.l®6 The
methods of Sorel, Ponchon, and Savarit take into
account variations in the heat content of the vapour
and reflux due to the change in temperature from
plate to plate and to the heat of mixing. In the other
methods these are neglected. Those of Leslie and
Lewis involve an integration based on the assumption
that the change in composition from plate to plate is
small and therefore the results obtained become more
accurate as the number of plates increases and the
actual conditions more mnearly approach those
agsumed. Fouché, Ponchon, Savarit, Rodebush, and
McCabe and Thiele employ essentially graphical
methods to dispense with the labour of arithmetical
calculation. A brief description of some of the above
methods will facilitate a comparison of their relative
utility.

Method of Sorel A fractionating column is shown
diagrammatically in Fig. 1. The following symbols
are used :—

x, the mol fraction of the more volatile com-
ponent in the liquid on any plate.

X, the mol fraction of the same component in
the vapour given off by the liquid on any
plate.

P, the mols of product per unit time.

F, the mols of feed per unit time.

W, the mols of effluent per unit time.

V, the mols of vapour per unit time.

0, the mols of reflux per unit time.

R = % the reflux ratio.

h, the total heat of 1 mol of liquid.

H, the total heat of 1 mol of vapour.

Q, the heat absorbed in the condenser per unit
time.

The position of a plate, counting from the top, in
the concentrating column is denoted by the suffix n.
The position of a plate, counting from the bottom, in
the exhausting column is denoted by the suffix m,
The suffixes p, f, and w, refer to the distillate,
feed and effluent respectively. For the exhausting
column, the symbols are X, O, X, ete.
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For the concentrating column, by taking balances
of total material, volatile component and heat above
a section between the n' and (n-1)® plates, the
following equations are obtained :—

Vi =00 o v veme son css s me el
Voi: Xnp1=0uxn+Pxp wuivnniinninnarss (2)
Vit: Hop =00 +PH,4-Q ..o L. (3)

Putting PH,+Q=PQ! and eliminating V, ., and

0, from the above equations we obtain

Xt 1—Xn _ Hoy—hy
- xp—Xnyy  Q—Hnyy,
which can also be written
Xp—=Xn XXty

Ql_hu ok QltHﬂ+ 1

If x, and consequently h, is known, X, can be
calculated as H,., is a function of X;,,. Knowin

the composition of the vapour rieing from the (n--1)th
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plate, and assuming the vapour and liguid to be in
equilibrinm the composition of the liquid on that
plate can be found from the equilibrium data for the
mixture. Working downwards from the top of the
column the composition of the liquid on each plate
can be determined. A similar equation to (4) can be
obtained for the exhausting column and similar
calculations made.

The minimum reflux required to effect separation
at any concentration is found by assuming no change
in the composition between two adjacent plates so
that equation (4) becomes

XTn4_X n X])_Xn
Qlﬁhn o Q-I—Hzl
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Method of Sawvarit>—The method used by Sorel
obviously involves lengthy calculations. Equation (4)
represents the condition that the three points, the
co-ordinates of which are (x;, QY, (%, hy) and
(Xa4 1, Hyt,) lie on a straight line. Further h, is a
function of x, so that a curve can be drawn from this
relation for all values of x and the point (x,, hn)
must lie on this curve. Similarly H,y, is a function
of X, ; and a second curve can be drawn onwhich the
point (Xny, Hyyq) must ie. A straight line joining
the point (xp, Q') to a point on the (x, h) curve, the
abscissa of which is x, will thus intersect the (X, H)
curve at a point the abscissa of which is X, ,, thus
giving a simple graphical solution of equation (4).
This method originally suggested by Ponchon!! was
greatly simplified and extensively applied to the
distillation of alcohol-water mixtures by Savarit.!?
The method applied to a concentrating column is
illustrated in Fig. 2. The co-ordinates of A are
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(xp, Q1) and the curves C E G and B D F represent
relations X=f (H) and x=¢ (h) respectively. Joining
A to B, the abscissa of which is x,, gives a line which
intersects the curve X=f (H) at C the abscissa of
which is X, ,, given by equation (4). D represents
the composition x4, of the liquid, in equilibrium
with vapour of the composition X; . , found from the
equilibrium relation. Joining D to A determines E
on the curve X=f (H) which gives the value of
Xu:+o F represents the liquid composition Xni ,.

and the line A F determines & which gives the value
of xpqg.

In this way the composition of the liquid
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on each plate and the number of plates required to
effect a given concentration can be determined.

Both Sorel and Savarit used weight units, but
molal units, which do not affect the principles, have
been used above to preserve uniformity throughout
this paper. ’

Constant Molal Reflux.—Assuming that Trouton’s
rule applies to the two components, and neglecting
variations in the sensible heat of the liquids due to
changes in temperature and composition on the
different plates, then Hy,; can be taken as equal to
H, and equation (3) may be written :—

Q:{Vn+ lﬁP) Hn‘|‘1*0uhn,
or substituting for V, ., from equation (1) :—
Q=05 (Hip5=N5)- cos s0in s vonn resion

The term (H, { ;—h,) represents the difference between
total heat of vapour and sensible heat of liquid, and
is assumed equal to the constant heat of vaporisa-
tion L.

Thus Q=0,L and the reflux is constant at all
points in the column. This reflux will only be equal
in amount to the liquid returned from the reflux
condenser to the top plate of the column if that liquid
leaves the reflux condenser at its boiling point. If
it is cooled below its boiling point in the reflux
condenser, some condensation of vapour on the top
plate will take place, to raise it to its boiling point.
The molal reflux throughout the column will then
be equal to that from the top plate, if losses by
radiation from the surface of the column are neglected.

On these assumptions, equation (4) can be simplified
as follows. Omitting the suffixes of H,.,, h, and
0O,, since these are assumed constant throughout
the column, then from equation (6) :—

Q 0
1_ X = A
Q=H+ 3 =H+ 5 (H—h)
(0+4-P)
or Q—h= P =3
and Q'—H= % (H—h)
; Xp—%n _ Xp—Xnig
Equation (4), Ok, O —H, .,
Xp—Xn _ X;J—Xn +1 (7)
reduces to O+P o e

which can be derived from equations (1) and (2).

The utility of this form as a basis for a nomographic
method will be shown later. Substituting O=RP
where R is the reflux ratio it takes the form :—

% _ 5p—Xagy (8)

R+1 R
Method of Hausbrand.2—Using the equations :—
V-n,;‘ 1:OD+P and V]]‘I‘ 1 Xu+ 1:Onxn~—{‘-PXD,
and assuming, as above, that the heat contained in
the reflux is the same at all points in the column, the
value of X,., corresponding to any given value of
x, is readily calculated. From this value of Xy,

the corresponding value of x,., is found from
equilibrium data, and the calculation made through-
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out the column, starting from the top. Although
making this assumption regarding heat in the reflux,
Hausbrand’s method of calculation is unnecessarily
laborious owing to the use of weight units instead of
molal units, thus rendering it necessary to calculate
the weight of reflux and vapour for every plate,
whereas with molal units these caleulations are
eliminated.

Method of McCabe and Thielel"—For g concen-
trating column, equations (1) and (2), together with
the relation O=RP and the assumption of constant
molal reflux give :—

(B+1) Xpyy = Rxp+x,
This gives a linear relation between Xyt; and x,,
and by drawing the equilibrium curve on the same
diagram as this * operating line,” the value of X {5,
corresponding to X;,,, is found graphically by
drawing a line through the point (x,, X, , ), parallel
to the x axis, to meet the equilibrium curve at the
point  (xni,, Xni;). The intersection of s line
through this point parallel to the X axis with the
operating line determines the point (x4, X,..),
and by repetition of this construction, shown in
Fig. 3, the number of plates required for a given
separation, and the composition on each plate, is
readily determined. From equation (9) it is seen
that the operating line intersects the line X-—x at
the point (x,, xp). Assuming no fractionation in
the condenser, the composition of the vapour leaving
the top plate is equal to Xp, and this point, D, in
Fig. 3, forms the starting point for the graphical
construction.

A similar method is used for the exhausting
column. Considering the part of the column below
a section between the mth and (m--1)t plates -—

O=V4W oo (10)

(- SURE 5 R (11)

If the feed does not enter the column at its boiling-
point then :—

e L (12)

where q is the total heat required to vaporise 1 mol
of feed divided by the molal heat of vaporisation.
The above equations lead to the relation —

(0+qF)xm; ;=(0+qF—W) X+ Wx, .... (13)
or (RP+qF)xui,=RP+qF—W)X,,+Wx, .. (14)
which is the equation of the operating line for the
exhausting column. The same step-wise graphical
construction, shown in Fig. 3, can then be used for
the exhausting column using this operating line.
For a material balance over the whole column :—

BPW cos o5 560 505 5 srcn somn wacs wrnsn 65508 3.0 (15)
and Fxr=Pxp+Wxuw .0vuvinennnnnnnnnnnn... (16)
Using these equations to eliminate R and F from
equations (9) and (14), the locus of the intersection
of the operating lines for the concentrating and
exhausting columns for different reflux ratios is found
to be :—

e o (o DI (17)

This locus, of the point C (Fig. 3), is therefore a
straight line which intersects the diagonal line

X=xat the point (x;, x;) and has aslope equal to

When the feed is at boiling-point, q=1 aJndq the
locus of intersection is the Line x=x;. When the
feed consists of saturated vapour, q=o0 and the
locus of intersection is the line X=x; parallel to
the x axis,

The minimum reflux is found from the slope of
that line through D, which makes the point C fall
on the equilibrium curve or which makes the line
DC tangent to the equilibrium curve where that
curve has a change of curvature, as is the case for
the alcohol-water curve.
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Method of FouchéThis method, originally
proposed by Fouché but simplified by Thormannit
through the introduction of molal units instead of
weight units, is a graphical method, somewhat
similar in principle to that of McCabe and Thiele,
but using the boiling point and condensation curves
instead of the equilibrium curve. Equation (9) for
the concentrating column may be written in the
form (—

Xp—Xy
R+1

In Fig. 4, ATFB and AGDB are the bhoiling-point
and condensation curves for a binary mixture. If,
at any point T on the boiling-point curve, the hori-
zontal line TV is drawn to meet the ordinate PC
(x=xy) at V, and the distance TV is divided by the

point S so that $§=R+1, then, from equation (18),
the point S determines the value of Xppq for the
value of x, represented by the point T. The locus of
S for different values of x, will provide an auxiliary
curve, shown dotted in Fig. 4, which, as pointed
out by Thormann, can also be constructed by pro-
jecting the horizontal distance QR between the
H2

Xnt y—Xn=
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operating line PQ and the line PR (X=x), as shown
by the construction QRST, since QR=X,, —x,.
D (x=x;) represents the composition of the vapour
leaving the top plate of the column. From the method
of construction of the auxiliary curve, the com-
position of the liguid on this plate is represented
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by F and the composition of the vapour below the
first plate by E. The vertical line G is drawn to
intersect the condensation curve at G, and a horizontal
line through G will intersect the boiling-point curve
at a point representing the composition of the liquid
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on the second plate, and the auxiliary curve at a
point representing the vapour rising from the third
plate. The construction is continued throughout the
column. This method gives directly the temperature
and composition on each plate of the column.
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Nomographic Method —If three parallel lines AL,
BM and CN are drawn at right angles to the line
ABC, Fig. 5, and any line LMN intersects them in
L, M and N respectively, then

NE EL NC—-AL BCHAB
NF ~ FM NC—BM~ BC
If NC=x,, AL=x,, BM=X,; and %C;— — R, then

the above relation becomes
Xy—Xn R-+1
—Xnt R

which is the equation for the concentrating column.
In this way the chart shown in Fig. 6 can be con-
structed. Any line such as LN, which joins the point
representing the appropriate value of R and x, to
any given point on the x, scale, intersects the X,
scale at the point M, which gives the value of X,
corresponding to the values of R, x; and x, chosen.
The X,., scale can also be graduated with the
corresponding values of x,4,, that is to represent
the equilibrium relation between liquid and vapour
compositions so that the composition of the liquid
on the (n-+1)t plate is immediately read off. By
repeating the process, using the value of x,; found
on the left-hand scale, the corresponding value of
Xn 4 g 18 found and this can be repeated throughout
the concentrating column.

For the exhausting column, equation (14) gave

(RP+qF) xnt+1 = (RPHqF—W) X+ Wxy

Putting RP4-qF—W 3

W 2
this becomes (S+1) X1 1 =SX+xy
Comparison of this relation with equation (9) for
the concentrating column, namely, (R4-1) X, =
Rx,-+x;, shows that the chart shown inFig. 6 can be
used for the exhausting column by substituting
S for R, xy for x;, and X,, for x,. By graduating the
left-hand scale also with the values of X, corres-
ponding to those of X, the two scales can be used forr
reading oftf the composition from plate to plate
as described for the concentrating column. Fig. 6
has the x,.,; and X, scales graduated for alcohol-
water mixtures, and is extremely simple to con-
struct since, with the exception of the x,,,; and
X scales, all the graduations are uniform so that
ordinary squared paper can be used. These two
scales can be drawn separately on tracing paper
for any mixture under investigation and super-
imposed on the chart. The transversal lines, such
as LMN, need not be drawn on the chart but a
straight line scratched on a piece of celluloid can
be used.

The method just described is somewhat similar
in principle to that of Savarit, but the construction
of the chart is simplified by the assumption of a
constant molal reflux and the utilisation of it is made
easier and more rapid by the method of carrying
two sets of graduations on one scale.

(I&%F;W) introduced in

The quantity S8 =
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equation (19) is equal to ‘% and may be termed the

<

‘ revaporisation ratio.” It represents the number of
mols of vapour returned to the exhausting column
by the kettle per mol of effluent withdrawn from it,
and is thus exactly comparable with the reflux
ratio R which represents the number of mols of
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As uniformity is obviously desirable in the applica-
tion of such a standard, it is necessary to consider
which of the above methods is most suitable for the
purpose. Although the methods described appear to
differ substantially from each other, they fall into
two groups. Each of the methods within one group
will give the same result when applied to the same
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condensate returned to the concentrating column by
the condenser per mol of distillate withdrawn from it.

Comparison of Methods of Caleulation for Binary
Mixtures—The survey of the various methods
proposed for the calculation of the number of plates
and the minimum reflux required for a given separa-
tion in an ideal column indicates how these data can
be obtained for use as a standard to which the
performance of a column in practice can be referred.

data and differ only in ease of calculation. The
methods of Sorel and Savarit take into account the
variation in reflux through the column due to the
changes in temperature on the plates, variations
in latent heat and heat of mixing, whilst those of
Hausbrand, McCabe and Thiele, Fouché and the
nomographic method all assume constant molal
reflux, and to this extent would appear to be some-
what less accurate. An important factor in the
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choice of a standard is the ease with which it can be
applied, as, however great its theoretical value may be,
it loses much of its practical utility if its application
is excessively laborious. Hence it was considered
desirable to investigate the error involved by
the assumption of constant molal reflux, which
provides a very valuable simplification. The number
of theoretical plates required to concentrate an
alcohol-water mixture under different conditions
was compared. A direct comparison of the results
published by various authors was impossible owing
to the variety of the data assumed for the liquid-
vapour composition equilibrium for alcohol-water
mixtures, and the different methods of stating
the results. It was therefore decided to consider
the differences in the results obtained, not only
according as constant molal reflux was assumed or
not but also using different physical data. Fig. 7
shows the equilibrium curves for alcohol-water mix-
tures, recalculated to a molal basis, given by
Groening,!?” Sorel,! Bergstrom ® and Lewis!® The
differences between the curves are striking, and this
uncertainty with regard to the physical data is the
more remarkable in view of the age and importance
of the alcohol industry and the fact that, until
recent years, the theoretical study of distillation was
practically confined to alcohol-water mixtures.

Table 1. gives the number of theoretical plates for
the concentration of an agueous-alecohol solution of
10%, strength by weight to 90%, 92% and 94:59%,
using different reflux ratios, and the equilibrium data
given by Sorel, Bergstrom, Lewis and Groening.

TasLe 1.

No. of Theoretical Plates Required to Concentrate 109, Alcohol
(Figures Given to Nearest Whole Numbers).

Varying reflux, Constant molal reflux.

i~ N A i
Aleohiol Reflax  Data of Dataof Dataof Dataof Data of
strength. ratio. Sorel. Sorel. Bergstrom, TLewis. Groening.
909, wt. oo 7 7 8 5 4
25 14 14 9 7 5
92-5 4] 9 10 8 7 —
6 15 15 11 9 —
2-5 33 36 19 13 ==
94-5 o0 16 18 15 13 —
6 43 39 24 21 —

The differences in the results for varying and
constant molal reflux, calculated from Sorel’s data,
are in all cases less than the differences occurring
when the number of plates is calculated for constant
molal reflux, but using different equilibrium data. The
differences between the third and fourth columns of
Table L. only becomes appreciable when the number of
plates is large and the errors resulting from the use of
graphical methods are then considerably greater.
The error, therefore, involved by the assumption of
constant molal reflux, does not seem to be of sufficient
magnitude to make it worth while using the more
laborious method which takes into account variations
in the reflux through the column, except in special
cases where the temperature difference between the
top and bottom of the column is large. In any case
the necessary thermal data are only available in

TRANSACTIONS.—INSTITUTION OF CHEMICAL ENGINEERS.

a few cases, so that the variation in reflux through
the column cannot be calculated. Tven for alcohol-
water mixtures, as pointed out by Mariller,® the
data relating to specific heat are based entirely on
seven determinations by Jamin and Amaury® and
a considerable degree of interpolation is necessary.
Quite recently Carey and Lewis 20 have published
some new determinations of the liquid-vapour
equilibrium data for alcohol-water mixtures which
agree very closely with those of Bergstrom, so that
these appear to be most reliable.

Analytical Methods for Binary Mixtures—Although
graphical methods of calculation are often the
easiest to use, there are a number of cases for which
equations can be derived which render arithmetical
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calculation simpler. The first case is when the two
components of the mixture obey Raoult’s Law.
The relation between liquid and vapour composition
for the more volatile component is then

Pix

™

X=

where P is the vapour pressure of the pure substance
at the temperature of the mixture and = is the total
pressure. Similarly, for the other component,

1_x— P2 0=
T
Dividing the first of these equations by the second
X _P x
1-X P, 1—=x
o X  ax ;

Puttlng i)—z =0y 1—_X ]: ........... . (20)
For such binary mixtures the term By represents the

P,
and is approximately constant

“ relative volatility ’
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over a fairly wide range of temperature. It may,
without serious error, be assumed constant over the
temperature range in the column by taking the
arithmetic mean of the values of a« at the top and
the bottom of the column.

The minimum reflux required for a given separa-
tion may be found as follows. Equations (9) and (14)

for the concentrating and exhausting columns
respectively, are
(R+1) Xpiy=Rxpn+xp ...... R R EERP R 9)

(RP4+q F) X ;=(RP+4q F—W) X+ Wxy ... (14)
The co-ordinates of the point of intersection of these
two lines are found by using equations 15 and 16 to be
_ (R+1) x4 (g—1) x, - X=Rxs-}+qxp 204
R+q R+q =00
The minimum reflux R, is that value of R which
causes the point of intersection to fall on the
equilibrium curve. Substituting the above values
of x and X in equation 20, the value of Ry, is given
by the quadratic equation
Rme—i—qu
R (I—x0) +-q (I—x)
o { (Rm+-1)xe+(q—1)xp }
(Bn+1) (1—=xx)+-(q—1) (1—xy)
For the two cases where the feed is composed of
liquid at boiling point or entirely of vapour, the
above equations reduce to very simple forms. Where
the feed is liquid at boiling point, q=1, and equa-
tion 21 then becomes

R(nxf+xp — X
R’m (I*Xf)ﬁ’(lixp) l—X[’
from WhiCh
e (1—=xp) .
Run= a_l i T 4 s s (22)

Where a fairly pure product is being separated x, may
be made equal to 1 in the above equation and then

1
Ry fopo gy oo eee e . (23)

For example, the relative volatility of benzene and
toluene is 2-55 at 80° C. and 2-33 at 110°, so that
the mean value may be taken as 2-44. The minimum
reflux to give a product containing 99-5 mol. per cent.
of benzene from an equimolal mixture of benzene
and toluene is given by
1
Bu=ggxrm —

Where the feed is wholly vapour, q=0 and equation 21
becomes

Xf = a { (R’m+ l) Xf—Xp }'

I Bt —x——=,)

from which

Rm = { s ] Xp} ............
—1 —*X[

For those cases uhere the product is fairly pure,
putting x,=1 gives
a
Bn= ((1*'1__) X -
Denoting the minimum reflux where the feed is
boiling liquor by Ry, and the minimum reflux when
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the feed, of the same composition, is all vapour by
Ruy, for a fairly pure product, equations 23 and 25
give the relation.
Rupv=c Ry—1 (26)
which is independent of the composition of the feed.
The minimum number of plates in a column, with
total reflux, can also be easily calculated, since
the equations for the concentrating and exhausting
columns then both reduce to the form

Xy 1=Xn
Consequently 1—Xp =1—x,
Xn+ 1 Xp
e %, I-=x,
. D CE aXn4q
From equation 20 T o e

The change in composition from plate to plate is
therefore given by the equation
Xn41 1 Xn

1‘Xﬂ+1 T a

If x,, x,, x5 are the compositions on the top, second

and third plates of the column respectively, then
- 1 Xy | 1 X, 1 Xy

Xo= — - 2 O Xg— — « ———
a 1—x;’ 3 4 1—x, e 1—x,

I—=%:" =
The composition on the n't plate from the top is
consequently

b 1 Xy

= — 2
l—x, o l—x,

If the n'® plate is the bottom plate of the column,
the liquid in the kettle has the composition xy and

Xw 1 Xn
T ' 1—x,

Also X, 1l
1—x, “a 1—x,

The number of plates n in the column is thus found
from the equation
Xy 1 Xp

s, = gl Ty, ot e i v e (28)
which is easily solved in the form

o S = (1—xw) '

(n+1)log a=log 1 gl f ™ (29)

Where the separation of the two components is

fairly close, no serious error is involved in putting

xp,=1 and 1—xyz=1 in the numerator of the right-
hand side of equation 29, so that then

1

=1 S

(n—l—l) IOg a 0g 1 om (I—Xp) f

For example, the minimum number of plates required

to separate a mixture of benzene and toluene into

99-5 mol. per cent. benzene and 99-5 mol per cent.

toluene is given by

1L

from which n=10-9 or 11 theoretical plates are
required as a minimum.

In equation 28 a mean value of a was used, whereas
a varies slightly through the column.

If account


skoge
Sticky Note
This is the "Fenske equation" for Nmin

skoge
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were taken of these variations in o from plate to
plate, equation 28 would take the form

X 1 X

. (31)

1—=x¢ 0y, ay, az. ...y, ay 1—x,
where a;, a,, ay, ete., are the values of a on plates
1, 2, 3, ete., and ay is the value for the ligquid in the
kettle. If equations 28 and 31 are to give the same
value of n it is necessary that

(e H=ay, ay, ag...... By B o o v o (32)
where «,y is the mean value of « used previously,
namely ]ty

2
As the variation of a is gradual and not large, it
may be assumed approximately that the differences
in the values of a from plate to plate are equal,
80 thatay=a,; +8; a3 =0a,+28; an= a;+(n—1)3;
ay=a,-+n8§, where & is this constant difference.
The right-hand side of equation 32 then becomes

ay (@34-8) (a3+28). ... (ayFn—1-8) (a;-}ns)
which is equal to

a111*_1(1+é) (l-l ‘2_8) (1_}_33) (1+£3)
aq a, o, aq

Expanding this product and neglecting powers of

the small quantity Ll above the first, we obtain
@

1
8 26 38 nd |

u+1f oy == —
51 11+a1+a1+a1+""+ o

@y

of g/ {1—[—n (n+1) 6}
2 oy
For the left-hand side of equation 32

| - n+l1/9 5 n+1 S n+1
(a_.v)“+l:(‘11“g“ ) :( C‘I‘Hl) :aﬁﬂ(H,,L)

2 20,

Expanding the term in the bracket and neglecting

powers of the small quantity %@ above the first
L

L
nn+1) 8
(C’.:l\')“ ‘ I:alni)»l{ 1+(—2_l_—) . a—l} ........

This is the same as expression 33, so that the con-
dition given by equation 32 is fulfilled and the number
of theoretical plates calculated by using the mean value
of a is the same as the number which would be
obtained by taking into account a uniform variation
of a through the column.

For a binary mixture, the components of which
follow Raoult’s Law, convenient equations can be
obtained for finite reflux ratios when the two com-
ponents are being separated in a fair degree of purity,
that is, when Xp 1s nearly equal to unity and x, is
small,

(34)

For the concentrating column
(R+l) Xn . lﬁRXn‘l_Xp
or (R+41) X, ,=Rx,}1 approximately
and (R+1) (1—Xp 1) =R(1—=x,)
Dividing one equation by the other gives
RXH—I—I Xn+1
R (1—xy) 1—X;

a. Xpiq

I—xni4

‘hence Byl 1. = - —
" R (1—x,) R
" Ra ) 1 . 1 _ R (a—1)
ORI T T—x, RI1
For convenience putting :El] = K, then
Kia 1 i
= = e 1) 5
1*X11+1 = -Iil («—1) (35)

which may also be written in the form
(Kla)n +1 (I{la_)ll

I—xn 44 I—x,

=K, (a—1.) (K a)?

A series of equations for plates 1 to n may then be
written

(}{1{]‘)2 Klr,c. -
I—x, 11—, K, (a—1) (Kya)
(K a)? L g{l—a).? B B . 2
1—x, l—x, Ky (o) (Kya)
= |
(K10-)ﬂ o (I‘(lﬂ}ﬂ - 1{1 (u.;]) (Iila)"_l
1—xa 1—xp
Adding all these equations together gives
K a)n K
(T'ia—}zn i 1—1.:1 = K, (a—1){(Kya) + (K;a)?
+ (K + ... + (Ko}
v (I{ a)u—l_l
R
1 K, (a)'l)} B
’ e i - _
or (K,a) {l#xn Tl
L & (36)
I—x; Klu—]_
' Ky(a—1)

Since x; is nearly equal to 1, the term Ko 1

is usually small compared with L. and may be

neglected. Also the composition of the vapour rising
from plate 1 is x,, assuming no fractionation in the
condenser, so that

Xp  aX;
1—x, l—x;

Since x, and x; are both nearly equal to unity
1 1

I—x; ~ a(1—x;)

Substituting in equation 36 gives

I K, (a—D1) _ Il
I—x, K1 f a(l—x,)
From this equation the number of plates required to
reach a given composition x, is easily found by taking
logarithms. For the exhausting column

(RP+qF)Zm 4 ;=(RP—W-qF) X+ Wxy .. (14)

Since x, is small the term Wx,, may be neglected and,
writing

(K a2 { .. (37)

x. _ BP—WqF
*: = TRPIqF
KX =Fimgq cvvenenenenennnnns (38)
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XITI

o Am (t)—(m_
Albo I_Xm o l—im
— aX X i
X = m — m+1
or (Dxutl K,
1 1
or Kya. — —— = (e—1)
Xm1 Xm

Using this relation for each plate in the exhausting
column commencing with the liquid in the kettle
(¥w), and multiplying both sides by a suitable power
of Kya, a series of equations may be written as

follows :—
(Ksa) ;—1“‘ JTW = a—1l
(K ya)? _.l — (K ,aq) —;‘ = (a—1) (K,a)
Xg Xy
(Koa)? :1- — (K ya)? :1— = (a—1) (K,u)?
X3 3
1 A _
(Ko = —(Kya) ™ — = (a—1) (Ko
Xm Em—1
Adding these equations together gives
e L L

(U—I){l +(1{2(1) -"|- (1{2(1)2 + - i + (Kza)m—l}

(K 2(.()'"—1
Kyae—1

1 -m—fl_ ail_\-—_];.—-_ii
or (K,a) 1):(; Kza—lf = = )

= (a—1) -

|
The last term is usually small compared with — and

Xw
can bz neglected, and then
mfl;_ a—I1 }‘L
(K ya) (e Taedf = 5 ¢ 7 #815 uns v (39)

from which the number of plates required to attain a
given concentration is easily found. The constant
K, may be put in the following form.
Since W=F—P
K. BP—W+ql' _ (R41) P4(q—D)F

¥ RPIqF RP+qF
and Fx;=Px,+Wxy or approximately Fx;=P since
xp is nearly equal to 1 and xy is small. Substituting

this relation gives
. _ (B+D) xetg—1)
e Rxi+q

As an example of the utility of the above equations,
we may take the separation of a benzene-toluene
mixture containing 50 mol per cent. of benzene into
99-56 mol per cent. of benzene and 99-5 mol per cent.
of toluene. Assume that the feed consists of boiling
liquid (q=1) and that the reflux ratio is 2. Then,
for the concentrating column :(—

R "
K= g1 =066,

and as before a=2-44,

It will be shown later that, for efficient working,
the composition on the feed-plate canmot exceed
X; in this case, so that x, may be taken as 0-5 for
the calculation.

Equation 37 then gives :—

1 0-667x 144
667 x 244yt L — B
(0-667T X244 Y {55 66T x2ad1 J
-
2-44 % -005

from which n—1=10:6 or n=11-6.
For the exhausting column :—

K.~ BHDxek@—1) _ 3x05

=0-75
* Rxi+4q 2x0-5+1
and equation 39 becomes :(—
JTR 9. m I 1 1-44 1 P— i
OT5x240™ 1 55~ o5xzdE—i S ~ 00

from which m=10-95.

The total number of plates in the column will be
(m-+n—1), since one plate is common to both parts
of the calculation, so that 21-55 or 22 plates are
required and the feed plate is the twelfth from
the top.

Where the difference between x, and 1 increases
and tends to introduce an error in the above equations,
a correction can be introduced as follows:—

The equation
(R4-1) Xy, = Rxp+x,
may be written
(B-L1) Bpyy = B3,
where & is the small quantity (1—x;).
both sides of this equation by {1—3) gives
(R+-14R8+8) Xpiq = R (1-+8) x,41.
Writing R for R (1+4-3) this becomes
(B148) X0, — Ble-t1,
Neglecting the small quantity § it takes the form :—
(B3] Koy = Blmabd.
This is the same form as originally assumed, but
with a slightly larger reflux ratio R'=R (1--8)=
R (2—x,).
Using this modified reflux ratio in equations 37
and 39 enables them to be used without serious error
over a large range.

Advantages of Analytical Methods.—Although the
above analysis was based upon a mixture of two
components which follow Raoult’s Law, the equations
derived are not limited to these mixtures but have a
much wider application. The basic assumption was
that the relative volatility does not vary greatly
over the range to which the various equations may
be applied. So long as this is the case, all the equa-
tions derived on the basis of Raoult’s Law will hold
good. The relative volatility « will only be equal to
the ratio of the partial pressures of the pure substances
when both follow Raoult’s Law. TFor a large number
of binary mixtures, the relative volatility is constant
over a small range near each end of the equilibrium
curve. It is precisely over these ranges that the

Dividing

graphical methods are less suitable as the equili-
brium curve and the operating line, in McCabe and
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Thiele’s method, for instance, approach each other
clogely. To avoid serious errors the diagram should
be drawn on a large scale, which usually involves the
calculation or interpolation of a number of inter-

mediate points on the curve so that the method’

becomes distinctly tedious. It is much quicker,
and probably more accurate, to make the calculation
over these ranges by means of equations 37 and 39,
and then continue from the last plate so obtained by
means of one of the graphical methods on that part
of the diagram where the steps are larger and the
accuracy of a graphical method is not open to the
game criticism.

Another approximation for the equilibrium curve
to permit of the number of theoretical plates being
represented analytically is that suggested by
Thormann,'* who assumes that the equilibrium
curve can be represented approximately by a straight
line for the part near each end of the curve. The
derivation of the equation is as follows.

The equation of the operating line for the concen-

trating column may be written :—
Xn+ 1:an+h,

R Xp
R-+1 R—+1.
Assuming that the equilibrium curve can be repre-
sented by the equation X = ax+b, then

k h—b

Xn+1=g~ X =

where k= andh =

a

Thus Xy, — % 1—|—h;—b

Similarly :—

m (5w 2 { ()
.............. + % - % +1

a
k\» [b—h —x, | _ b—h
w0 (5,) 1Lk—a ST =
Since Xy = Dip-;—b’ this gives

kya=! fb—h x—b\  b—h
(a) k—a a T

From this equation the value of n for a given value
of x, is readily found. A similar equation can be
derived for the exhausting column.

The assumption that the equilibrium curve can
be represented by a straight line does not usually
give as good results as the equations based on the
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assumption of constant relative volatility. It is,
however, useful for the particular case of alcohol-
water mixtures with high alcohol content where the
equilibrium curve is very nearly a straight line. For
this case the writer finds that the equation
X = 0-8275x + 0-1542

gives good results over the range from 77 mol per
cent. of alcohol up to the constant-boiling mixture.
It is over this range that the number of plates
becomes large and the graphical construction involves
redrawing this portion of the curve on a scale large
enough to avoid serious errors.

Plate Efficiency.—So far the assumption has been
made that the vapour rising from any plate is in
equilibrium with the liquid on that plate. The
condition on this ° theoretical plate ” is, of course,
never realised in practice. This difference may be
allowed for in two ways. The number of theoretical
plates calculated for a given separation divided by
the number of plates actually used in practice under
the same conditions of reflux ratio, feed temperature,
etc., for the same separation gives an average value
of the plate efficiency which may conveniently be
termed the “ overall plate efficiency.”

A definition of plate efficiency, with reference to
the performance of an individual plate, suggested
by Murphree?2! states the “ individual plate effi-
ciency ** as the ratio of the change in composition
of the vapour effected by the plate through which
it passes to the change in composition which would
result if the vapour, after passing through the plate,
were in equilibrium with the liquid on it. This
“ individual plate efficiency > e is thus given by the
equation
Xn'*Xn—O-l
Xln*)(n—é—l

where X, and X, are the actual compositions of
the vapour above and below the n'" plate and
X1, is the composition of the vapour in equilibrium
with the liquid on the nt plate. In this form this
definition is not very convenient for practical
purposes, as its application to any given plate would
involve the measurement of vapour compositions.
It can, however, be put into a more suitable form
involving liquid compositions, the determination of
which is easier, in practice, owing to the greater
ease in taking samples of liquid than of vapour.

From the equations

(R“l'l) Xn:RXn—1+X1)

(R+1) Xy4y=Bxy+xp

(R+]) XlIIZRX]11—1+Xp
Xu"Xn +1 _ Xp——%n
Xty—Xy +1
Here x!, ; is the composition which the liquid on
the (n-—1)t plate would have if the liquid on the plate
below and the vapour rising from it were in equili-
brium. The individual plate efficiency ”’ may
thus be defined as the ratio of the enrichment between
a plate and the plate above it to the enrichment
which would be effected if the lower plate were an
ideal one.

B =

we have =g

Xlu— 1—Xn
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The identity of the two definitions is clear from
Fig. 8, in which A B C shows the stepwise construc-
tion for a given plate and A D E that for an ideal
plate. By Murphree’s definition the efficiency of

this plate is ﬁ—g By the definition in terms of
BC

liquid composition given above it is DE and these
two ratios are obviously equal.

To take into account the individual plate efficiency
in calculating column data, the method suggested
by Baker and Stockhardt?® may be used. This
consists in drawing a “ modified equilibrium curve *’
which is the locus of the point B in Fig. 8. The

—

—

Co-ORDINATES OF

A ARE =a, Ao+
B " Xn, An
B " :ch-\,xr\
D . Xn, X‘n
1‘!‘\, X'n
a0
Fia. 8.

ratio of the vertical distance between this modified -

equilibrium curve and the operating line to the
distance between the true equilibrium curve and
the operating line is equal to the “ individual plate
efficiency.” This modified equilibrium curve can
then be used instead of the true equilibrium curve for
calculation by the graphical method of McCabe and
Thiele, but it involves the construction of a new
modified equilibrium curve for each operating line,
For binary mixtures where Raoult’s Law applies
the method of Lewis and Wilde,2¢ which is described
later, may also be used.

For most practical purposes the “ overall plate
efficiency,” denoted by E, is the most convenient
criterion of the performance of a column. In
general, therefore, the ideal column is considered in
this paper, so that results of tests are related to it
by the overall efficiency. The use of individual
plate efficiency introduces considerable complica-
tions into the calculations and, as there is really
no information available regarding the wvariation
of this efficiency through the column as the composi-
tion and temperature vary, the use of this individual
efficiency really involves the assumption of an

¢
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average value for the column. The conception
of individual plate efficiency as defined above is,
however, useful in dealing with certain distillation
problems.

The factors affecting plate efficiency in actual
operation will be considered after mixtures of more
than two components have been dealt with.

The minimum reflux for a given separation is not
affected by plate efficiency. For minimum reflux
the point of intersection of the operating lines,
C in Fig. 3, falls on the equilibrium curve and then
the true equilibrium curve and the modified equili-
brium curve touch at this point. This is also true
for mixtures such as alcohol-water, for which the
minimum reflux may be determined by the tangency
of the concentrating operating line and the equilibrium.
curve.

Composition of Liquid on the Feed-plate—For a.
column to function at its highest efficiency the feed
must be introduced at the appropriate point. The
composition of the liquid on the feed-plate provides
a valuable means of judging whether a given column
has the feed correctly placed and is being utilised
most efficiently. Thormann'* has investigated this
question by assuming that the composition on the
feed-plate is the average composition resulting from
the mixing of the feed and the reflux from the plate
above. This assumption is only true if the vapour
rising to the feed-plate and the vapour leaving it are
identical in composition and amount, that is when
the feed is introduced at boiling-point and the column
is operating with minimum reflux. Tt does not hold
in other cases, since the vapour rising to the feed-
plate interacts with the liquid on that plate and leaves
that plate in an enriched condition. The following
method shows how the guestion can be treated for
any condition of the feed and any reflux ratio.

In the graphical method shown in Fig. 3, assuming
the step-wise construction to be started at D and
continued downwards, the change from the operating
line for concentration to the operating line for
exhaustion must be made at the feed-plate. In
Fig. 3 this change has been made at the point of
intersection of the two lines and the composition on
the feed-plate is given by 8. TFig. 9 shows where the
feed is introduced too high in the column and the
composition on the feed-plate is then given by 5,
and Fig. 10 shows where the feed is introduced too
low in the column and the composition on the feed-
plate is then given by 12. In-both of these cases the
number of plates required is greater than that
shown in Fig. 3. The plates of a column will be
utilised most efficiently when the change from one
operating line to the other is made at the point of
intersection, for if the change were made at this
point in Fig. 9 the increase in composition from
plate 11 to plate 10 would be greater than that
shown, and similarly for the plates above. In
Fig. 10 also, if the change from one operating line
to the other were made at the point of intersection,
the change in composition from plate 8 to plate 9
would be greater than that shown, and similarly for
the plates below. The highest possible concentration
on the feed-plate for the given separation is, from
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Fig. 9, that represented by H, the intersection of the
exhausting operating line with the equilibrium curve.
To attain this concentration an infinite number of
plates would be required in the exhausting column.
Similarly, the lowest possible concentration on the
feed-plate is, from Fig. 10, that represented by G,
the intersection of the concentrating operating line
with the equilibrium curve, and to attain this con-
centration an infinite number of plates would be
required in the concentrating column. Hence if the
feed is introduced at too high a point the number
of plates required in the exhausting column is
increased, while if it is introduced at too low a point
the number of plates required in the concentrating
column is increased. It can easily be shown by
constructing diagrams similar to Figs. 9 and 10 that,
for a column with a fixed number of plates with the
same feed and reflux ratio and producing a product
of the same concentration, the concentration of
more volatile product in the effluent from the column
will be too high when the feed is introduced either
at too high or too low a point. In such a case, to
raise the point at which the feed enters would be
the wrong thing to do if the feed is already too high.
It is not possible to tell whether the feed is too high
or too low merely from the fact that the product is
too low in strength or the effluent is too rich as a
column in which the feed is wrongly placed may be
operated in such a way as to give either result.

COMPORNENT 1M VARPOUR

MoL FracTion of More VoraTie

*
m

x= MoL Fraction oF Mope Yorarik CompoHERT 1N Liquid

Fic, 9.

Figs. 3, 9 and 10 show that, as the reflux ratio
increases so that C approaches the diagonal line and
the angle between the two operating lines becomes
smaller, the effect of the feed entering at the wrong
place becomes less. For total reflux, when the two
operating lines coincide with the diagonal line, it is
practically immaterial where the feed is introduced.
As the reflux increases in amount for a fixed amount
of feed the change in composition on any plate due
to the introduction of the feed on that plate decreases,

and consequently the effect on the whole system of
altering the feed-plate becomes less. It is possible
therefore to mask the bad effect of a feed incorrectly
introduced by working the column with a large reflux.
The effect would be more apparent with a smaller
reflux ratio, but in practice this might never be
observed, as working a column with a smaller reflux

2 D

A= Mol FRACTION oF Mope VorAThe CoMPOMENT N VAPSUR

= MoL FracTicn oF MoreE VoLATILE CoMPONENT N LIGUID

Fia. 10.

would fail to give the required separation and this
would wusually be ascribed to insufficient reflux,
whereas it might be possible to effect the required
separation with a smaller reflux if the position of the
feed were altered. If the position of the feed is wrong
the plate efficiency determined from any test will
appear to be lower than is actually the case.

It is therefore extremely important to have some
reliable method of judging whether the feed enters
at the correct point in any column. One possible way
is to calculate the number of plates required in the
concentrating column and the exhausting column and
compare the ratio of the two with the ratio in the
actual column. This ratio should be the same in both
cases if it is assumed that the plate efficiency in both
columns is the same. This is not necessarily so, and
consequently the method given below, in which the
composition of the liquid on two plates is used to
determine if the feed is correctly placed, is preferable,
and has the advantage that it is applicable to cases
where the equilibrium curve is not known.

If the feed is correctly placed for most efficient
operation, the change over from the concentrating to
the exhausting operating line takes place at the point
of intersection of these two lines and the composition
of the liquid on the feed-plate and the vapour rising
from it, assuming equilibrium, are given by the
abscissa and ordinate respectively of the correspond-
ing point (8 in Fig. 3), on the equilibrium curve. The
position of this point can vary to a certain extent, as
it depends on how the stepwise construction fits in
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between the equilibrium curve and the operating
lines. This variation can only take place between
certain limits, and the limiting positions are shown in
Fig. 11. Where the change over from one operating
line to the other takes place by means of a step such
as G H K, the composition of the liquid on the feed-
plate, H, will be a maximum; where it takes place by
means of a step as B D E, the composition of the liquid
on the feed-plate, D, will be a minimum. In these
limiting positions B and K practically coincide with
C, the point at which the two operating lines infersect.
In the maximum position the abscisse of H and C are
equal and in the minimum position the ordinates of
D and C are equal. From equation 20a, the co-
ordinates of C are
_ BA41)xe+(q—D)x, Rxi+qx,
Xe= R+q EL].'ld Xci Tl—a_

Consequently the highest possible composition of the
liguid on the feed-plate is x, and the lowest possible
composition is a liquid which is in equilibrium with
vapour of the composition X, where x, and X, have
the values given above. If a horizontal line is drawn
through C to meet the equilibrium curve in D the
abscisse of these two points represent the limits
between which the composition of the liquid on the
feed-plate must lie if the column is being utilised
most efficiently. Tt may be emphasised here that
these are the limits for the composition of the liquid
on the feed-plate for the most effective utilisation of
the column. As pointed out previously, the limits of
possible composition with a wrongly placed feed,
Figs. 9 and 10, are much wider.

When the liquid on the feed-plate has its minimum
composition for efficient operation, as shown by D, Fig.
L1, the composition of the liquid on the plate above the
teed-plate will be given by the abscissa of B, that is
of C, and this will represent the minimum composition
for the liquid on that plate. Consequently the liquid
on that plate must have a composition greater than x.
We thus have the following rule, which can be applied
when the equilibrium curve is not known, that the
composition of the liquid on the feed-plate must not
(R+1) x¢ + (g—1) x,,

Rtq
the liquid on the plate above the feed-plate must not
be less than that quantity. Where the feed is all
liquid at its boiling point, =1 and the quantity
(R+1) xt + (q—1) x,
R+q
the feed-plate cannot then have a composition above
that of the feed, and the liquid on the plate above the
feed-plate cannot have a composition below that of
the feed.

Fig. 11 also shows that the composition of the
vapour rising from the feed-plate must be greater
than X; and the composition of the vapour rising
from the plate below the feed-plate must be less than
X.. Where the feed is all vapour, =0 and then

Rxe + qXp
K=y
In this case the vapour rising from the feed-plate must
be richer than the feed vapour, and the vapour rising
from the plate below the feed-plate must be poorer
than the feed vapour. This condition, like that

exceed and the composition of

is equal to x;. The liquid on

125

derived for the case where the feed is all boiling
liquid, is independent of reflux ratio and composition
of product.

As the reflux ratio decreases €' moves along the
line MCL towards the equilibrium curve. The
limits within which the composition of the liquid on
the feed-plate can vary, represented by the abscisse
of C and D, approach each other and ultimately
coincide when C and L coincide, that is, for minimum
reflux. The composition of the liquid on the feed-
plate is then definitely given by the abscissa of L.
The difference between the limits within which the
composition can vary is greatest for total reflux that
is when C coincides with M.
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With minimum reflux, when ¢ and L coincide,
with a feed composed partly of liquid and partly of
vapour, q<_1, the composition of the liquid on the
feed-plate must be the same as the composition of
the liquid portion of the feed. Since q is the total
heat required to vaporise 1 mol of feed divided by
the molal heat of vaporisation, 1 mol of feed is made
up of g mols of liquid and (1—q) mols of vapour.
If x, is the composition of the liquid portion of the
feed and X, is the composition of the vapour portion,
then q x;+(1—q)Xp=x;, that is the point (xg, Xp)
lies on the line qx - (1—q) X =x;, which is the locus
of the intersection of the two operating lines for the
concentrating and exhausting columns, the line
M C L. Since there is equilibrium between the
liquid and the vapour portions of the feed, the point
(Xg, Xp) must also lie on the equilibrium curve, so
that this point is given by the intersection of the
line M C L with the equilibrium curve. For minimum
reflux, therefore, the composition of the liquid on
the feed-plate, which is given by the abscissa of
L is the same as the composition of the liquid portion
of the feed. Incidentally this gives a convenient
graphical construction for determining the composi-
tion of liguid and vapour when a liquid of given
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composition is partly vaporised or a vapour of given
composition is partly condensed, equilibrium vaporisa-
tion or condensation being assumed in both cases.
All that is necessary is to draw the line M C L. and
note its intersection with the equilibrium curve.
Conversely the fraction of a liquid which must be
vaporised to attain a given concentration in the
residual liquid or vapour is easily found by joining
the appropriate point on the equilibrium curve to

-——q .
—1

If the feed is liquid below its boiling-point, q>1,
the line M C L has a positive slope and the upper
limit for the possible composition on the feed-plate
will be somewhat greater than x;, as will be also the
lower limit for the possible composition on the plate
above the feed.

In the above discussion of the composition of the
liquid on the feed-plate, ideal plates were assumed
with equilibrium between liquid and vapour. As
pointed ouf, the “individual plate efficiency ” can
be taken into account by drawing a modified equili-
brium curve as shown dotted in Fig. 11. The
limiting positions for the feed-plate step in the
graphical construction will then be given by B S T
and W V K instead of B D E and G H K. Tt is
clear from the diagram that in this case also the
composition of the liquid on the feed-plate cannot
exceed X, and the composition of the vapour rising
from it must be greater than X, where x, and X,
are the co-ordinates of C; also the composition of
the liquid on the plate above the feed-plate must
be greater than x,. This method for determining,
by analyses of the liquid on the feed-plate and the
liquid on the plate above it, whether the feed is
correctly placed in any column can thus be applied
in practice to any binary mixture without any
knowledge of the equilibrium curve or the plate
efficiency. Where the feed is all liquid at its boiling-
point, it is not even necessary to determine the reflux
ratio or the composition of the product. This also
applies to the case where the feed is all vapour, if
analyses are made of the vapour rising from the
feed-plate and the vapour rising from the plate
below.

If a feed, consisting partly of liquid and partly of
vapour, is separated into the liquid and vapour
portions before entering the column and these are
introduced separately, then the operating line for
the section of the column between the two feeds is
given by D E where D is the intersection of the con-
centrating operating line with a horizontal line through
L, and Eis the intersection of the exhausting operating
line with the vertical line through L. The operating
lines for the column will then be P D E W instead
of P C W, where the whole feed is introduced at one
point. The new arrangement will result in a slight
saving, somewhat less than one theoretical plate.
If, however, the feed is first passed through a pre-
liminary column to effect a separation into liquid
and vapour portions, with compositions wider apart
than those corresponding to equilibrium, the operating
lines for the main column will then be PKNW
instead of P CW. K is a point on the concentrating
operating line which has an ordinate equal to the

M and observing its slope which is equal to
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composition of the vapour portion of the feed and
N lies on the exhausting operating line and has an
abscissa equal to the composition of the liquid
portion of the feed. The main column will thus be
able to effect a better separation with the same
number of plates, or to effect the same separation
with a lower reflux. In certain cases, particularly
where it is desired to increase the capacity of an
existing column or to effect a better separation where
local conditions render it inconvenient to add to the
height of the column, this method of effecting a com-
paratively crude preliminary separation in a small
column placed before the main column may beuseful.*

Rectification.—A subject which may be conveniently
considered under the heading of binary mixtures,
although strictly it does not fall into this classifica-
tion, is the rectification of alcohol, that is the removal
of impurities such as aldehydes, esters and higher
alcohols from alcohol-water mixtures. In his treat-
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ment of rectification, Sorel' uses a relation Z =Kz
where Z is the fractional concentration of the impurity
in the vapour and z its fractional concentration in
the liquid, and gives the name ° coefficient of
golubility 7 to the term K. The value of K varies
with the alcoholic strength of the liquid, and was
determined for various compounds by Sorel' over a
range of alecohol concentrations. The concentration
of the impurity was less than 2%, in all the determina-
tions. Barbet® used a “ coefficient of purification ™
which is Sorel’s “‘ coefficient of solubility  modified
by referring concentrations to the alcohol present in
liquid and vapour and not to the total amounts of
alcohol and water in each.

For a part of the rectifying column over which the
concentration of alcohol does not vary greatly, the
coefficient of solubility K may be assumed to bhe

* Patent application pending.
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constant. A material balance across the n'®h plate
from the top of the column gives

VZyiq+ 0zp y = VZ + Oz,
or, since Z,, = Kzy, and Z, = Kz,

0]
Zn —Znt1q ::K_.V(ZR_I—ZD) ............ (4:3)

For the sake of uniformity molal units are used, and,
as weight units were used by Sorel, the values of K
are assumed to be modified accordingly.

Applying equation 43 to the first plate of the
column

%y

0
% z:ﬁ(zp_zﬂ

since z, is the composition of the reflux from the
condenser.

For successive plates
Zo—Zg = I, (2,—2g) = (—(—)— )2(z —71)
Ky e R Kv) "™ ™
T2y = 0 (zo—2q) = (-Q-)a(z —7Z4)
Ky = Ky, ' ™

O n—1
Zn—1—%p = (K\—I) (zp—21)

Adding these equations

(2:—2 )+ (2y—25)+(25—2) + + - (B —Zn) =Z1—Zn

s {2t () () -+ ()

and adding (z;—z,) to both sides of this equation

Zp—Zn=(Zp—Zy) 1 (_12_;5__41 J

But kz, =z, and putting A= B

O —_—
KV KR+1)
becomes z,=1z, {An(lglaii{))\—l} .......... (44)

It may be remarked here that the equation corres-

ponding to equation 43a as given by Sorel has %

This error has been copied by subse-

,therelation

instead of —

KV’
quent writers, and it would therefore appear that
many of their deductions drawn from the incorrect
equation require reconsideration,

By means of equations 43a or 44, the variation in
the concentration of an impurity from plate to plate
can be calculated. It should, however, be pointed
out that Sorel’s determinations were limited to solu-
tions containing less than 2%, of an impurity, and
may consequently give erroneous results when applied
to higher concentrations. The influence of various

impurities on each other in a mixture is also obscure.
In view of this paucity of physical data relating
to liquid-vapour equilibria for aqueous alcohol and
the impurities commonly associated with it, the
method of calculation outlined

above must be
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regarded as providing useful guidance in the examina-
tion of the rectification process rather than a strictly
quantitive treatment. At the present time the
element of uncertainty involved renders it unsuitable
as a theoretical standard of performance to which
test results can be related, more particularly so as
the criteria in practice of the performance of a
rectifying still are frequently such qualities in the
product as ““ flavour,” ** body,” “ harshness *’ rather
than the concentration of any particular impurity
determined by analysis.

MixTorES OF MoRE THAN Two COMPONENTS.

Some of the methods of calculation described for
the separation of binary mixtures can be used with
certain modifications for mixtures containing a larger
number of components. There is, however, one
fundamental difference between the two cases. If
the concentration of one component of a binary
mixture in the liquid or the vapour phase of an
equilibrium mixture of the two is given, then for a
given total pressure the system is defined, that is
the composition of the other phase and the tempera-
ture are fixed. The system has two phases and two
components, and therefore two degrees of freedom.
In a mixture of three components the fixing of
the total pressure and the concentration of one com-
ponent in the liquid does not fix the concentration of
that component in the vapour. The concentration of a
second component must be fixed before the system is
defined. There are two phases and three components
and consequently three degrees of freedom. The
relation between the concentration of a given
component in the liquid and its concentration in the
vapour in equilibrium with that liquid depends, in
a ternary or more complex mixture, on the concentra-
tion of the other components. There is consequently
no unique equilibrium curve for these more complex
mixtures such as was used in the calculations for
binary mixtures.

The following additional symbols will be used in
the discussion of mixtures of more than two com-
ponents.

The mol. fractions of the different

components in the liquid at any point.

The boiling-points of the pure sub-

stances rise from a to e.

A, B, G, D, E. The mol. fractions of the different
components in the vapour at any
point.

By, PR, By, B, B

a, b,ec,d,e.

The vapour pressures of the
pure components at the tem-
perature on the n'® plate.

™ The total pressure in the
column.
a, B, v, 8. The relative volatilities of

components a and b, b and ¢,
¢ and d, d and e respectively.

The other symbols used have the same significance
as before.

For that portion of the concentrating column above
a gsection between the nth and (n--1)% plates, taking
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balances for the total material and for each com-
ponent gives the following equations :—

Vi 2 e On+P

Vn +1 An +1== Orlan+ Pa’p

Viot+1 Bat1=05ba+Pb,

Vot+1 Car1=0ncs+Fe,

Vot1 Day1=0:dn+Pdy

Vot Bor1=0.e,1Pe,.

Assuming constant molal reflux and O=RP.

(R+1) Apy,=Rag+ay )
(BR+1) Byp;=Rbst+bp,  ».c.o......

and similar equations for ¢, d and e. j
For the exhausting column, in exactly the same
way as for binary mixtures, an equation can be

obtained for each component, giving —

(O+qlF) ém t1= (0+q F—W) ém—‘rWa.w

(0+aF) By = (O+qF—W) Bt Why S 4
These equations may also be written :—

(RP+-qF) éer 1= (RP+ qF_“V)j}m“FW&w

(RP+qI) bt 1= (RP+qF—W) By Why, - (47)

and similar equations for ¢, d, e.

From equations 45 the composition of the vapour
from the (n-+1)" plate can be found when the
composition of the liquid on nth plate is known.
If the equilibrium relations between liquid and
vapour compositions are known, the composition of

the liquid on the (n+-1)™ plate can be found. The

calculation can thus be made for each plate in the
concentrating column starting from the top. A
similar calculation can be made for the exhausting
column starting at the bottom. The two calculations
come together at the feed-plate. Although this
method is simple in principle it is quite otherwise
in practice. Equilibrium data are known for very
few complex mixtures, and for mixtures of more than
three components even the graphical representation
of such data is difficult. The equilibrium relations
are known for mixtures, the components of which
can be assumed without serious error to follow
Raoult’s Law, and this is true for the industrially
important case of mixtures of petroleum hydrocarbons.

Thormann'* has described a graphical methoed for
calculating the composition of the liquid on each
plate of a column for a mixture of three components
to which Raoult’s Law applies. This method which
uses the usual trilinear co-ordinates cannot be applied
to mixtures of more than three components.

Lewis and Matheson®? give a method for applying
equations 45 and 47 to the fractionation of natural

gasoline. Applying Raoult’s Law for the partial
pressure of each component :—
a Phiybngs.
A= Pherdnga, Bayg= 212015 oo, ... (48)
™ T

From the values of A,.;, Bnyq, ete, found from
equations 45 the corresponding values of a,.q, bnyy,
etc., can be found from equations 48. In the latter

equations, the vapour pressures are functions of the
temperature on the (n+1)™® plate which is not known.
This temperature must be found by assuming various
temperatures until one is found which gives values
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of anty, bugq, ete., in equation 48 which satisfy the
relation

ant 1 tbatitenttdnsteny =1

In this way the calculations are made from plate to

late for the concentrating and exhausting columns
until both calculations give approximately the same
plate composition at the middle of column. One im-
portant difference may here be mentioned between this
type of calculation for binary mixtures and for more
complex mixtures. For a binary mixture, specifying
the concentration of one component in the product
and the residue automatically fixes the other, and
the plate to plate calculations made from the top of
the concentrating column and the bottom of the
exhausting columns obviously include both com-
ponents. For mixtures of more than two components
the two calculations do not always take into account
the same components. As an example we may
consider a mixture of five components, a, b, ¢, d, e,
which has to be fractionated so that the distillate
contains the components a and b with a small
amount of ¢, while the residue is to contain com-
ponents ¢, d, e with a small amount of b. The
plate to plate calculation from the top of the column
will only contain components a, b, ¢ as the amounts
of components d and e in the distillate are not
specified, and cannot be predicted before making
the calculation. The calculation would not show
the presence of components d and e for any plates
above the feed-plate. Similarly the calculation
from the bottom of the column would not show the
presence of component a below the feed-plate. This
result is obviously not correct, but usually the
amounts of d and e above the feed-plate, and of a
below the feed-plate, are small, and corrections can
be introduced as shown by Lewis and Matheson or
by another method which will be described later.

A graphical method of solution of equations 45
and 48 or 47 and 48 has been described by Cope and
Lewis25 Consider, for instance, the exhausting
column. Then for any component an operating line
can be drawn for equation 47 to represent the relation
between vapour and liquid composition between
any two plates as was done for binary mixtures.
Such an operating line can be drawn for each com-
ponent, and equation 47 shows that they will all be
parallel. The equilibrium relation between liquid
and vapour, corresponding to the equilibrium curve
for binary mixtures, will be a series of straight
lines through the origin having slopes equal to

different. values of — . Tor each temperature a line

P .
can be drawn with a slope — where P is the vapour
a

pressure of the pure component at that temperature.
The composition from plate to plate is then deter-
mined by a step-wise construction between the
operating line and the equilibrium lines, a different
equilibrium line being used for each plate. The
principle of the method is shown in Fig. 13. In
passing from one plate to the next the equilibrium
line to be used is unknown, since the temperature
is not known. This temperature must be found
by trial and error by assuming various temperatures
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and using the corresponding equilibrium lines to
determine the amount of every component on the
next plate. The correct temperature is that which
gives the sum of the values found for the various
components equal to unity. By repeating this process
from plate to plate for both the exhausting and the
concentrating column, the composition on each plate
and the number of plates required can be found.

Lewis and Wilde *¢ derive equations taking into
account the individual plate efficiency and a factor f
to correct for deviation from Raoult’s Law, as
suggested by Brown and Caine.®
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For the concentrating column, considering com-
ponent a,
(R41) Apyp=Rayta,
If the theoretical composition, assuming equilibrium,
of the vapour rising from plate n is denoted by Al,
then Al,=— 1 b,

T

From the definition of individual plate efficiency
(Ap—Aq 4 1)=e (Alqun +1)
It Al and a, are eliminated from the above equations,
the relation between the compositions of the vapours
rising from successive plates becomes
P.a

An:Anﬂ%[Anﬂ— - (R-H}Anﬂfap}](@)
A corresponding equation can be derived for the
exhausting column.

These equations, modified to allow for varying
reflux, have been used by Lewis and Wilde to
determine the plate efficiency of a column from
actual operating data. To calculate the number of
plates required for a given separation the equations
would be used in the same way as in Lewis and
Matheson’s method.

The methods described above, although com-
paratively simple in theory, are distinetly laborious
when applied to a practical problem, because the
correct plate temperature has to be determined by
trial and error. A modified method will be described
in which this disadvantage is eliminated, and it will
be shown that certain very important data for any
fractionation problem, namely, the minimum reflux,
the minimum number of plates, and the limits of
composition of the liquid on the feed-plate, for
efficient operation, can be obtained from very simple
equations.

As a concrete illustration, the methods will be
applied to the fractionation of a mixture containing
25%, by weight of hexane, 259, of heptane, 209, of
octane, 15%, of nonane and 159, of decane, to
produce a distillate containing the hexane and hep-
tane and not more than 0-59%, by weight of octane,
whilst the residue is to contain the octane, nonane,
and decane with not more than 0-19, of heptane. The
feed enters the column half as liquid and half as vapour
(g=0-5), and the {fractionation is carried out at
atmospheric pressure.  Converting weight com-
positions into mol. fractions, the following figures
are obtained, the components hexane to decane
being denoted by a, b, ¢, d, e respectively.

a b [ d e
Hexane. Heptane. Octane. Nonane. Decane.
Feed

(1-731 mols.) 0-310 0-266 0-187 0-125 0-112

Distillate
(1 mol.) 0-536 0-460 0-00406 — —

Residue
(0-731 mol.) — 0-00126 0-437 0-296 0-266

Mimimum Number of Plates—For total reflux,

R becomes infinite and equations 45 become
Appi=an; Bu+1=bu ; Chri=cn; Dpyy=dn;
BB =28 wmss non s o (50)

Dividing each equation by the next gives a series of
equations

A11+14_a'n . Bn;1_llu_ Cllv}li(\‘_‘l'l' Dﬂ*lﬁ(l“ (51)
Bnrifi_(bn: Cotq c¢n’ Dpyq dn’ B 1 ©n T
From equations 48 a similar series can be deriveds
namely,

Anyy Piyy anyy Bapy Phia . h\_} b
Bar: P2y bapy’ Cary Poyg ongy T '
As pointed out in dealing with binary mixtures, the
ratio of the vapour pressures at thesame temperature
for substances following Raoult’s Law can be
assumed constant by taking an average value for
the column. Introducing the relative volatilities

a, 8, y, & gives

Aniy L An4 3 | Bﬂflflﬁ E‘i
Bat: bosy’ Carn ™ U ocnn’
Cn+1 — y.cn-\ 1. Drty =8 dnty el (52)
Dyy,y P On+1
From these equations and equations 51
dary _ Lo, by 1 D
boy; @ ba’ Cayn B e
SR O R N

dat:r ¥ dn’ enyy 8 en T
These equations give the variation in the ratio of any
two components from plate to plate. The two

I
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components to consider are those between which the
cut is being made, in this case b and ¢, since b goes
into the distillate and ¢ into the residue. For
plates 1, 2, 3, etc., the successive application of
of equation 53 gives

and I .5

Cn gL gy

If there are n plates in the column, the relation for
the n'* plate and the kettle is

bw i1 ba

cw B Ca
If there iz no fractionation in the condenser, the
vapour from the top plate has the same composition
as the distillate, and therefore

by b
L — g 21,
Cp ¢y
Combining these equations gives
by 1 by
o TR g T MR R SR N G B T (54)
and the number of plates required is given by
by Gy L
1 — f Xp, Pw
AR = IO 2 B s s o s s v (55)

log #.

This is similar to equation 29 for a binary mixture,
and the number of plates required is the same as that
required for the separation of a binary mixture, in
which b and ¢ are present in the same proportion, into
two fractions having the same ratios of b and ¢ as
those in the complex mixture. For the example
given

460 -437
f=2-22 and n+1 = log { 00406 . —OOTZG}
log 2-22

from which n=12-3, that is, 13 plates are required,
and will give a slightly smaller amount of ¢ in the
residue than that specified. Similar calculations can
be made for any two other components : for example,
a and b or ¢ and d; but it will be found that the
number of plates required is much less than that found
above, and the minimum number required is that
which will effect the separation of the two components
between which the cut is made.

Tt can be shown, exactly as for a binary mixture,
that the number of plates calculated by assuming
an average value for the relative volatility is the same
as would be obtained by taking it as varying uniformly
down the column.

The composition on each plate of the column can
be calculated by using equations similar to 53a to
find the ratio of each pair of components for each
plate of the column. These being known, the actual
amount of each component is easily calculated.
Although the assumption of an average value for the
relative volatility does not affect the number of
plates, it will give slightly different values for the
compositions on each plate. If these are required

more accurately, they can be found by a method,

described later, which allows for change in relative
volatility. The composition on each plate can be
found in the following manner, which also assumes
constant relative volatility.

By multiplying successively equations 53 we obtain

Anyy_ 1 @y 8ap; 1 an any;, 1 &
bpi; @ ba’ €aty  @f en’ dagy afy d,
an 1 a
and 21 — hits
en+t1 afiyd eq
Substituting in the equation
aniq + baypqs + cugpq doyy + eniy = 1,

ba ¢ dis en
anyq (1 -+ aETu - aﬁi+ aﬁ’ya—n+ aﬁ’ySéL—H) =1

i

— R
OT &n 44 s o, g LU (56}
b
150 oy 3= el
Also bns-5 an+aby-+afien+afiydn+ afiyde,
aficy
Cnt1 =

a, -+ aby -+ apey+apydn+afyde,

with corregponding equations for d,;; and e, ;.
Thus when the composition on the n'* plate is known,
the composition on the (n--1)* plate can be found
directly without the necessity for trial and error
determinations. ;

In the example considered, the amounts of d and e
in the distillate are not specified, but they can be
found from the equations similar to equation 54.
The amounts found by calculation are

dp =97 % 10 -8 and e, = 3-3 x 10 ~12,
which are extremely small quantities. Similarly the
amount of hexane in the residue is found to be
2-1 » 10—8. Fig. 14 shows the variation in the
amounts of each component through the column.
Refluw—Consider, again, the two
Dividing the corresponding

Mintmum
components b and ec.
equations 45 gives

B.:1  Rbu+by
Coy:  Reatop

Since B,y - boy g
Gy~ 7 B4
therefore » bui;  Rbatby

Cn+41 o RCII+6D‘
For minimum reflux the change in composition
between the two plates is negligible, so that we may
put by ;=b, and cn=0Cp, 80 that
bu s Rbn'%’bp
Cp Reg+¢p
The value of B given by this equation is

2

R(—1)= 2.5 . (574)
b Ca

and is the minimum value necessary to attain given
values of by and ¢, in the concentrating column. It
increases as by decreases and ¢, increases, that is, as
we descend the column from the top. The minimum
value of R for the given separation is obtained from
the lowest value of by and the highest value of ey
found on any plate in the concentrating column.
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For the exhausting column, equations 47 give
(RP_‘—qF) Bm+ I_wa Em _ l__)Ll
(RP+qF) éms1—Wew — G,

When the change in composition from plate to plate

is negligible, this equation gives

(RP+qF) bu—Wby __ bu

Cm

o Dm =
(RP—;—C]_F) 6I.Lli"jvew i C'm -------------- (08)
and the value of R is given by
w } W e
(RP-qF) (-—1) = W (p-22-20) ... (58)
m m

The value of R given by this equation increases as
b increases and &, decreases, that is, as we ascend
the column from the bottom, and the minimum value
of R for the given separation is determined by the

DisTitcate Components

Re=ioue  CompPonemTs

Dhisminiare -
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Substituting these values of b, and ¢, in either of the
equations 57 or 58 gives

g B+ bet (a—1)by _ Rbs + by
1(R’—‘"1) Gl'"}' (Q*l) C[)Ikﬁ R’Cf + qCI’ Y

This equation determines the minimum reflux R
required for the given separation. It is similar to
equation 21 for a binary mixture, so the minimum
reflux for the complex mixture is the same as that
required for the equivalent binary mixture. This
generalisation has only been proved for substances
which follow Raoult’s Law, and cannot be applied
without question to other mixtures.

Equation 59 is of the second degree but reduces
to one of the first degree for the two important cases
where the feed is boiling liquid, ¢ = 1, and where

(59)
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Fre. 14.

highest value of b, and the lowest value of &, on
any plate in the exhausting column. From equations
574 and 584 the minimum reflux for the given
separation is seen to be determined by the fractiona-
tion required for the plates just above and below the
feed-plate. With this minimum reflux the composi-
tions on these plates will be approximately equal.
In this case we can write equation 45 for the con-
centrating column and equation 47 for the exhausting
column for component b,

(R-1) Ba = Bby + by
(RP+-qF--W) B, = (RP1-qF) by—Wh,

Solving these two equations for b, gives
. (R4-1) b+ (g—1) by W
n-— RI 7|>q ‘

and similarly bves
(Bt lnela sy |

: R+q

and

(588)

the feed is all vapour, ¢ = 0. Where the feed is all
liquid, putting q = 1 gives

b c
Ruyn=—| L —g™0
win = T\ B, o) EEERRPRRRS (60)
Generally ¢, is small and can be neglected so that
b
WL,
min ' br (,8—]) .................. (GOA)
Where the feed is all vapour putting q = O gives
1 by o
R nin = - = Dy
i 571<B B e,-) L ws sincy g (61)
Where ¢, is small this gives
B by
R‘miu = =) [
br (F—1) = {814)

Denoting the minimum reflux for liquid feed by R
and that for vapour feed by Ry, then

R‘mv = ﬁ Rm] —1 (62)
Equations 60 to 62 correspond to equations 22 to 26
for a binary mixture.

ml

Ie
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An inspection of equations 60 and 61 shows that a
higher value for the minimum reflux is obtained by
considering components b and c¢ than for any other
two components. For any two components in the
distillate, the term corresponding to ? will be much

t
larger, and for any two components in the residue the
by .
term corresponding tobﬁ] will be much smaller so
i
that lower values of R would be obtained in both
cages.

Substituting in the example given the values for
by, ¢, by, ¢p, and pubting g =05 and 5 = 2-22 gives
the equation

R2—1256R—0698 =0
which has one positive solution R = 1-68.
If the feed were all liguid at its boiling point,
equation 60 would give
1 [/-460
R = o( 25—
=142 — 04 = 1-38.
If the feed were all vapour, equation 61 would give

1 (2.22 s -460 -00406)_1

2-22 x -00406
187

R=1m 266 187
=315—02—1=2-13.
Obviously, no appreciable error is involved in putting

: . . bp.
¢, = O in equations 60 and 61 ; and the ratio ]-JLD is
i

F
equal to = where the amount of component b in

P
the residueis small. When the feed is partly liquid and
partly vapour, instead of using the more complicated
equation 59, it may be assumed to be all vapour and
the minimum reflux calculated from equations 61
or 6la. This value will be higher than the true one
but a reflux ratio, substantially above the minimum,
is employed in practice.

Equation 59 can be interpreted geometrically. If
the operating lines for components b and ¢ are drawn
according to the method of Cope and Lewis®® as
shown in Fig. 15, the point of intersection L of the
operating lines for component b, namely HL and
ML, has the co-ordinates bz, B; where

(R+1) bt + (g—1)by s B, Rb¢+ gby,

R+q R+q
corresponding to equations Similarly
component c,

Bt ot (Do 3o Rertae

by =

20A. for

0 = Rty R
Equation 59 may therefore be put in the form
gbe_ B B Go
Ca . CG - bL - a:

L

by,
giis the slope of the line joining G to the origin. The
G

is the slope of the line joining L to the origin and

slope of any equilibrium line for component b, which

has the equation B = P:-b ‘and the slope of the
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equilibrivm line for the same temperature for
i e :
component ¢, which has the equation C = —- ¢ arein

the ratio

b w
e = B. The points of intersection L and G

thus lie on equilibrium lines for b and ¢, correspond-
ing to the same temperature, and this condition
determines the minimum reflux. When this condition
ig fulfilled, the equilibrium lines for b, for a lower
temperature, will lie to the right of point L, and
those for C for a higher temperature will lie to the
left of point G and the separation will be impossible.

i ]

Fie. 15.

Composition of Liquid on Feed-Plate.—--If the feed
is introduced at the correct point in the column,
say on the nt" plate, as shown in Fig. 16 (Case L),
then raising the feed to the one above, the (n—I1)™
plate, or lowering it to the one below, the (n-1)™
plate, will give inferior fractionation in both cases.
This principle can be used to derive two conditions
which ensure that the feed is neither too low mor
too high in the column.

For (Case L., as shown in Fig. 16,
(R+1) Bi=R by—3+bp, and (R+1) Cu=Ren—1+cp
so that
Bn _ Rby+by
Gy Rcu—l‘l’cp
For Case II. the composition of the liquid on the
(n—1)" plate will not be altered, but the com
position of the vapour rising from the nth plate will

be different. Denoting the new composition by
B, and C1,, we have

(RP+qF—W) BL,=(RP-qF) by 1—Why
and (RP+4qF—W) CL,=(RP+qF) cn—Wey
B! (RP+qF)b, ,—Why

n
and = =
Cl n

(RP+qF)en——Wey
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If the fractionation is better in Case I. than in

B! :
Case II. theng’—n 25 O—ln since the component b is
n - n

being taken off as dlstillate and the component ¢ as
residue.

Using the above equations this condition gives
Rby_,+B, _ (RP+4qF)by,_,—Wby
Ren—1-+ep (RP+qF)en—1—Wey

Substituting Whby=Fb—Pb, and Wey=Fei—Pecy,
this condition reduces to
Rbo—q-+bp . Bbi--qby
Renq+cp - Rest-qep
Similarly considering Cases I. and TIL. (Fig. 16),
where the feed is lowered to the (n--1)% plate, for
the section between the n'h and (n-+1)th plate,
we have

Bty _ (RPqF)b—Why
Cazry  (RPIqF)enWoy

it becomes bn 1 Rbi+qby
—_ > — " ——
Cn B Rei+qcep
The liquid on the feed plate must then have a com-
position between the limits given by relations 64
and 65.

For minimum reflux, the two limits coincide,
since by, is then equal to by and ez, to ¢n, so that
relations 63 and 64 give

Rby+b, . Rhbetqb, and Rbn+bp,  Rbitqby
Ren+c, — Restqep Ren+c¢p ~ Res+qep

These relations must then be satisfied by the limiting
case

Rbatb, Rbitqb,

. e I e 66
Ren+ep — Reitqep 5]
Relation 65 in this case becomes
bn Rbf+qb[,
iy W MR L R 67
A Cn Res+qep (67)

aiid Blat1 _ Rba+tby The values of by and ¢, for minimum reflux given by
Clhy1;  Reatep equation 588 satisfy equation 66. On substituting
Case I Case IL Cast T
v
—
l e et nel
D)'ﬂ’nﬂ V] Br\ -6, g_r\'_‘ _\T" B‘n_
= T !
[ n L n
Vo L.
-6;'871'\ Y, Bt O VBP\.-H
? =]
RS Ty Eiaal
Fic. 16.
If the fractionation is better in Case I., then them in equation 67 the result is equation 59 for
Buost o determining the minimum reflux.
C L < @1—+l For total reflux relations 63 and 64 reduce to
n-1 n+1
. (RP+qF)b,—Why _ Rbatby Eb“_ﬂ ~ ? and ]903 < Ec’f .................. (68)
" RP Fle.—W. R n—i f n t
(BB 1) o Sk while relation 65 becomes
As before this reduces to ba = 1 b (69)
Rbatb, _ Rbitgby o = G gy e e e s e
Rentcp ~ Regfqe, ~777 77 77T It will be seen that these relations are independent

These two relations 63 and 64 give an upper limit
for the composition of the liquid on the feed-plate
and a lower limit for the composition of the liquid
on the plate above the feed-plate. They are inde-
pendent of any assumptions regarding liquid-vapour
equilibria and can therefore be applied to deter-
mine whether the feed is correctly placed in any
column without knowing the equilibrium relations
of the mixture being treated or the plate efficiency.
For mixtures to which Raoult’s Law applies, relation
63 can be put in a different form.

Rba_,+by, Ba ba

Since . —_
Cn(]_—r Cp Cn

of q, by or ¢,. In the example under consideration,
illustrated in Fig. 14, the feed-plate is thus deter-
mined as the 6th plate from the top.

Brown, Souders and Nyland ?® in dealing with the
fractionation of a mixture of propane, butane and
pentane under total reflux, make the assumption
that the liquid on the feed-plate has the same com-
position as the feed for all components. Relations
68 and 69 show that this assumption is unjustified,
as the ratio of components b and ¢ in the liquid on
the feed-plate can vary from that in the feed down
to this divided by pB.

The discordant results reported by these writers
can be attributed to this cause.
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General Case for any Reflur Ratio—For many
practical problems the simple calculation, by means
of equation 55, of the minimum number of plates
required with total reflux provides a useful method
of comparison. When comparing two columns
dealing with similar substances and working at
approximately the same reflux ratio, the ratio of
the number of plates required will be approximately
equal to the ratio of the numbers required for total
reflux in the two cases. Data obtained from one
column may thus be applied to predict approximately
the number of plates required for another column.
A gimilar proposal has been made by Keyes, Soukup
and Nichols®® for binary mixtures, the method
suggested being to calculate the number of plates
required for total reflux and to multiply by a suitable
safety factor to give the number of plates required
in practice for a given separation. The safety factor
has to take into account the overall plate efficiency
and the difference in the number of plates required
for total reflux and for the reflux ratio actually used,
the assumption being that for a given binary mixture
approximately the same reflux ratio is generally
used. For many purposes the methods of calculation
described for total reflux could be usefully applied
where the reflux ratio is lower. Where it is necessary
to know how the composition varies on different
plates of a column, or which components, such as
b and ¢ in Fig. 14, reach a maximum composition
in the column, with a view to taking off a sidestream,
the calculation described for total reflux will provide
useful information, since the general distribution
will usually be similar when the reflux ratio is reduced.
From the compositions on the plates, calculated for
total reflux, the plate temperatures can be calculated
and a similar temperature distribution assumed for
a lower reflux ratio.

Where the above methods are insufficiently exact
for a given purpose, the number of plates required for
a given separation with a given reflux ratio can be
calculated in the following way. If the composition
of the liquid on the n'* plate, a,, by,...... €n,
is known, then by equations 45 the values of A, .,
B s s se E,,, are obtained, and the values
of aptq boggeoon.. €nyy Can bc determined from
equation 48 using the relation :(—

An g + bn+1 + Cn1 +dn+1 + €ntq — 1.
Substituting from equations 48 gives :—
mAnygy WBII+1 g WP(:n+1 = TTPDH H_~_"’T ]§U+ 11, .(70)
pt1 n+l n+1 e |

In the method of Lewis and Matheson?* this is
solved by assuming various values for the tempera-
ture and substituting the corresponding vapour
pressures in equation 70 until the correct solution
is obtained, but by the following method the necessity
for trial and error is eliminated.

Using the relative volatilities a, f, y, 8 which are
given by the equa.tlons —

Pﬁ—' n P]Fl IJ[—
: 1 =aq; 041:)8; 7)(1+1 —y; n =8
Pn +1 P 1n'f'l l):;*
and substituting f01 Phi1 Piyqp, ete., in terms of
P2, in equatlon 70 gives :—
Phii=m (Anyi+aBni+afCusy+-aByDay+

aByln L) e (71
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so that the value of P».;, and consequently the
temperature, is obtained by a direct calculation.
The values of a,;,, bny,, ete., are then found from
the equations :—

WAn-i 1. WBn-I—1 GWB11+1 . -
Aptqy = /o 3 bu+1 = o = D52 2 Cnt1 =
n+1 nt1
’I'BWCH +1 (72)
P"‘ ........................

The calculation is thus continued from plate to plate.

If it is desired to take into account variations
in the relative wvolatilities with temperature,
in cases where the temperatures at the top and
bottom of the still are very different, this may be
done by taking new values of «, B, v, 8 every few
plates. The values of a, B, v, 8, or of a, afS, afly,
afy8, can be plotted against temperature and the
appropriate values taken as the temperature changes.
As these quantities vary so slowly with temperature
no appreciable error is involved in the solution of
equation 71 if the values taken do not correspond
exactly to the temperature determined by the value
of Pr., found from this equation. For instance,
with the mixture of hexame, heptane, etc., which
has been discussed, the relative volatility of heptane
and octane varies only from 2-37 at 85° C., the tem-
perature of the top plate, to 2-07 at 140° C., the
temperature in the kettle, while the vapour pressure
of heptane varies from 500 mm. to 2320 mm. and
that of octane from 210 mm. to 1120 mm.

If a “ correction factor” for deviations from
Raoult’s Law is used, as suggested by Brown and
Caine,?” this will not affect the calculation of the
compositions, but will only affect the temperature
determined for each plate.

Obviously, if equations 48 are written

b
Piiqbuy

oy B )
Ay, =f- L T T L. By ,=f —2tl 2H1 ofp
w T
the relation
Anyy _ Piiq. a0, g, Bl
Boiy Phiq buy by

is independent of the value of f.

The calculation of the values of a,.,, baiq, etc.,
by equations 71 and 72 will not be affected by the
value of f. The only difference will be that f. P,
will appear instead of the term P:.,, and the
temperature thus determined will be different.

For the exhausting column the caleulation is similar.
If the composition on the m'™ plate is known, the
composition of the vapour rising from that plate is
known, that is, the values of A, B,. ete. From
equations 47 the values of a4, buys;. ete., are
found. The next step is to find the composition of
the vapour rising from the (m-1)'" plate, the
temperature of which is unknown. Since

Aul+1+Bm | 1+Cm+1+Dm+1+Em-:— 1:1;
substituting from equations 48 gives

= b b . = a e
Prta8my, | Phtibuss +P§1+1 Cm+1 +an+ 1 Aty

I
ks a ks mw




UNDERWOOD.— THE THEORY AND PRACTICE OF TESTING STILLS. 135

Instead of solving this equation by assuming different
temperatures and substituting the corresponding
vapour pressures in equation 73 until the correct
solution is obtained, we may introduce the relative
volatilities as before.

This gives
e +1 (- T)nJrl c i ) d i ém-&-
m . 2 1 m m | 1 _—
s Bkl T g + afl + afly i afSyd ) 1

from which P2 ., is found directly.

By another method the composition from plate
to plate can be caleulated for both the concentrating
and the exhausting columns without the inter-
mediate steps of calculating the vapour compositions,
as was done in the above method.

From the equations for the concentrating column

R agap o Anyg o dn+q R bn“.Pbp basq
Bbatby  Bat:  bayy’ Reate oty
ete.,
we obtain a series of relations
R an-t-a, _ fngq, R ay+ap o dn+q .
R bn+bp - bn'| 1 1 R Cn+cp ' E ’
R ay+a, Qg

Rd,+d, =afy. I ete.

.These values of bniq, €urq, etc., are then sub-
stituted in the equation

ant1+bargtCnttdus i Fens =1
Then an;;=
Ras+ap
(R’ 3‘ﬂ+a'p)f|’a (R b11+blr)+af8 (Rey, --|-C|-,)j—
afy (R du+dy)+ofyd (R eu'TeP)
Ra,+a,

o i1 = Ry,
where = ,—a,Ltabytaf catafy ditapysd e,
and A=ap+a by+af cp+afy dyt-afyd ep
Similarly, Biq = a—g:]—;":—_%
(R en+bp)
Gl D T L S s e s T4A
41 18 R Eh+)\ ( )

Etc., ete.

From these equations the composition on the
(n+1)t plate is found when the composition on
the n't plate is given. From the values of ap.q,
buyq, ete., thus found, the new value of =i, is
obtained and the calculation repeated for the next
plate. The term A is a constant.

For the exhausting column the equations are

(RP+qF) ay. —W ay=(R P+q F—W) A,
(R P+q F) by —W by=(R P+q F—W) Ba
i'1111 I _:m - (R P—HI F) a‘m+1*VV Ay
' T)III - {R P+q F) Bmi—livv I-)w
Denoting the constant quantitiy
w

and —_— =
Bﬂl

RP+4+qF
by w, then
e

= = .
bm+ 1M bw

5"]11
l-)lll

Similarly
}_)'L"‘_lib_“' = 8. @ , ete.
Cm+1—¢ Cw. Cm
and
Amd 1 By — %
Cm+1—H Cw G
Now (Gm41—p w)+(bmt —p be)+- - - (Bup1—p ew)
=1
since E_tm+ 1+T)m+1—|— ceont€m |_1:1
and ay+bwt....fey=1

Substituting in the above equation for all the other
components in terms of component a, gives
A(l—p)
- Elll l:"I'II am éﬁl
a, ==+ =+
n —+ " % e 5 aﬁylaﬁfya
M!L,uaw . (75)

‘im-k— 1 Maw =

or Amt 3 E

where Zin :a}g'}’san1+ﬁ’}/85m + '}’Sem—}"sam —+8m
Similarly g

= 5 (7

bm - 1:MI+P bw ............ (75)

= 3 (1—u)ée,

O L = BB . i va s s e e (75)
Ete., ete. "

From these equations the composition on the (m1)™
plate is found when the composition on the m't plate
is known. The application of the above equations
to a numerical example is not so laborious as might
appear, for, at different parts of the column, various
components are present only in negligible quantities
and may be neglected.

In making the above calculations, those high-
boiling constituents, not specified in the distillate,
will not appear in the calculations relating to
the concentrating column. Similarly, those low-
boiling constituents, not specified in the residue,
will not appear in the calculations for the exhausting
column. The manner in which these can be allowed
for is as follows. In the example of hexane, heptane,
etc., taken it was found, using a reflux ratio of 3,
and calculating from the top of the column in the
manner described, that the compositions for the
6th and 7th plates from the top were as follows :—

Plate. a b c d e
6th from top . 0:091 0610 0-299 — —
Tth from top . 0-079 0492 0-429 — —
10th from bottom .. — 0-481 0-377 0-082 0-060

The 7th plate from the top is the feed-plate, since
the value of b and c for that plate satisfy relations
64 and 65.

Calculating from the bottom gives the composition
on the 10th plate from the bottom as shown. The
ratios of b to c, found from the two calculations, are
approximately equal, so that the 10th plate from the
bottom is the feed-plate and the column has 16 plates
in all. The ratio of b to ¢ does not exactly coincide
in the two calculations, which only means that a
slightly different reflux ratio would be required to
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give the separation specified, or that the reflux
ratio of 3 which was chosen would actually give a
slightly better separation than that specified when
16 plates are used. The liquid on the feed-plate,
found by caleulation from the top of the column,
should contain components d and e in the amounts
0-082 and 0-060 respectively. Reducing the other
components proportionately to allow for these
amounts would give as the composition of the liquid
on the feed-plate: a=0-068, b=0-422, ¢=0-368,
d=0-082, e=0-060. This method of reduction is
justified as the relative proportions of a, b, ¢ in the
vapour will remain substantially unchanged when
their relative proportions in the liquid remain the
same.

Now for two adjacent plates in the concentrating
column we have

Onyq _ Ren +cp and 5 dptq i Rd,+dp

dntq Rd,-+-d ‘eny; Rentep
Since ¢, dp and ep are all small, these equations may
be written

dn

Cnty  Cn 5 dnty
Y ey = & and
Using these equations to find the values of d, and e,
on the 6th plate from the top gives d;=0-032 and
eg=0-011. Reduction of the amounts of a, b, e,
previously found to make the sum of all components
equal to unity gives a,=0-087, by=0-584, c,—0-286,
dg=0-032, e=0-011. This method may also be used
to allow for the presence of component a in the
exhausting column.
For this part of the column
a% ~ (BP+qF)an . ,—Way

Bn (RP4qE)bus—Why
or, since ay and by are both small

€ntq €n

Ay 5!!11 +1
= = =
bm bln% 1

When the number of plates has been calculated
for a given reflux ratio and the minimum reflux
and minimum number of plates have been found,
the number of plates for any other reflux ratio
can be calculated with fair accuracy by the following
method. If a series of results for the number of
plates is plotted against the corresponding reflux
ratios, a curve is obtained which has two asymptotes,
namely,

R =Ry, and N=N,,
where Ry, is the minimum reflux and N, is the
minimum number of plates.

Assuming this curve to be a rectangular hyperbola,
its equation is

(B—Rup) (N —Ny,) =c?
If one value of R and N has been found the constant,
¢® is determined and the value of N for any other
value of R is known.

Since the above was written, the writer finds
that equations similar to 534, for the minimum
number of plates, and 60, for the minimum reflux,
have been published by Fenske.** Fenske makes

equation 60 applicable to all conditions of the feed,
but it has been shown that it only holds when the
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feed is all liquid and that for other cases equations
59 or 61 must be used. The same author gives
equations for caleulating the number of plates
required with a given reflux R, which are derived
as follows.

The equations for the concentrating column for
components b and ¢, between which the cut is made,
are

(R+1) Byyy=Rby+b, and (R+1)Chy,=Ren-tc,

The first of these may be written

by Rb,
RFD)Bary — BFDbars
It is assumed that @ is approximately a constant
quantity, which is equivalent to assuming By,
constant throughout the column. @ will obviously
vary less as R is greater, and the assumption will
then be more justifiable.

=0

Since (R4-1) Coyy=Rep-fep
. Cniy - ch+0p - Rb, .En n
Bn+1 (R“‘l)BEH—l (R+1)Bn+1 by
b H
(R+1)Bnyy by
or leny; Cn Cp
3 Y ] = 5. T (1—0) B

Cnigq

This gives a linear relationship between 5 and

n+1

o and by applying this equation to successive plates

by
&1 - n—1 €y B (1'_'9}
b, = B, T pe
The composition of the liquid on the nth plate is
thus found in terms of that on the top plate. A
similar equation can be derived for the exhausting
column.

These equations are admittedly convenient for
calculation, but to assume generally that 8 is constant
appears open to question. A modification of this
method, which would eliminate this objection,
would be to apply it to the other component c,
which is usually present in the product in small
amount only.

Then Re, e Cp — 4
B0y~ BFD0r

Since cp is small, the quantity ¢ will be nearly equal

to unity for all plates except the top two or three

of the column, where C, , is also quite small.

g L%
(Bop—1-1 32

Then
Bn+1__ R'bn+bp - Req . El}
Coyp (RADCiy; RBRFDCoy;  ca
+ (R+1) On+1 Cp
or
.ml - El by
Brottm g B4 (1) 2
from which
B (8 b Lod L (B Ak
Cn B ¢, ¢—p8 B J o

This equation would give a good approximation
except for the top two or three plates, for which the
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calculation should be made by one of the more
accurate methods.

In either case it is necessary to use an average
value of # or ¢ for the column. Fenske suggests
determining the value at the top of the column and
at the feed-plate, on the assumption that the com-
position of the liquid on that plate is the same as
that of the feed. How incorrect this assumption may
be is shown by the caleulations given for the mixture
of hexane, heptane, etc. The actual figures are

a b ¢ d e
Feed .. - .. 0:310 0-266 0-187 0-125 0-112
Liquid on feed-plate
(R=3) .. .. 0-068 0-422 0-368 0-082 0-060
Liquid on feed-plate
(R=w) .. .. 0-005 0483 0-511 0-001 —

Fenske states that a complex mixture can be
treated as a binary mixture of the two components
between which the cut is made. For a binary mixture
the equations for the concentrating column for the
two components are

(R4+1) Xpyy = Rxp+xp and
(R+1) (1 — Xayy) = B (1—%u) + (1—xp).
Dividing one equation by the other gives
n+1 R Xn—+Xp
—Xpr, | RO—)+(1—%p)
For a mixture of more than two components the
corresponding relation for components b and ¢ is

Bn+1 - R bn‘}"bn
Cn+1 R Gn+Cp
or n-+1
Bn+ 1‘5‘Cu—l-1
1— _ Bars
B.1+1+Cu+1
(bn+0n) by bp
bp+ep/ ™ bateq by+cp

bat-¢en ( b b
IO R [ 1— 4 Ll—s t0
(bp + Cp) bn+cn> N bp‘E‘Cp

In the equivalent binary mixture of b and e, the
ratio of the two components being the same, we
should have
- TR By
But+1+Cntyq bn+-en by+cp
The complex mixture could thus be treated as a
binary mixture, but with a varying reflux ratio
R (ba+-cn)
by+-cp
from plate to plate and would depend on the other
components present. The comparison between the
binary mixture and the more complex mixture
cannot be justified ag a generalisation, and is only
legitimate for total reflux and minimum reflux.

and x; =

equal to and this reflux ratio would vary

SIDESTREAMS.

In the methods of calculation described it has been
assumed that the material entering the column is
all drawn off as distillate or residue, but with complex
mixtues certain components reach maximum con-
centrations on certain plates, as shown in Fig. 14,
and by drawing off liquid from these plates as side-
" streams, products can be obtained which contain a

large proportion of such components. The purity
of the product so obtained depends on the mixture
being fractionated, and sometimes high concentra-
tions can be attained. Fig. 14 shows that a product
containing 93%, of octane could be drawn off at the
tenth plate from the top.

Phyq oy . If

T

Poi,> #, then by > bpy; and if P2, < =, then
by<bnyq, and it P2y, = 7, then b, = byyi. Each
component will therefore reach a maximum con-
centration on a plate, the temperature of which is
equal to the boiling point of that component at the

For total reflux by = Bpy, =

Q
=%
1
Sl —S
Ir
F‘
——
jiig
_____ =T
hivg
w
Fre. 17.

pressure in the column. Every component which has
a boiling point between the boiling points of the
distillate and the residue will reach such a
maximum,

A sidestream draw-oft is widely used industrially.
For example, in the petroleum industry. The
methods already described can be applied to such
cases with very slight modification.

Fig. 17 shows diagrammatically a column with two
sidestreams, one in the exhausting column and one
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in the concentrating column. For the four portions
of the column shown in Fig. 17, the following
equations can be derived by taking material balances
across a suitable section for each portion of the
column. The equations are given only for
component a but exactly similar equations apply
for each of the other components. The amounts of
the sidestreams are denoted by S and T and their
compositions by as, bs, ete., and ag, by, ete.
For Part I of the column
(0+P) Anyy =0a,+Pa,
or (R+1)An ;= Ran+a, ........... (76)
where R is the reflux in the top portion of the column.
For Part II of the columun, '
(O+P) Ay = (0—8) an+Sa. + Pa,

Writing this equation in the form

0—=- 0—=8 Sa,+Pa,
(S—E—P 5‘1)Au+1 - 3] _{_P'a'n—l_ S"FP
and comparing it with the standard form (R-1)A,
=Ran+ap it is obvious that this is the same as the
equation for a concentrating column with a reflux

~
—h

. 0—8 . . s
ratio of Sop giving a product of composition
)
Sas{Pa _ .
)&;%] which is the average composition of the
i

total material taken off above this part of the column.
For part I11. of the column
(0—S +gF)amy; = (0—84qF —T—W) A,,, + Ta; -
Ay
Putting this equation in the form
J0—S8 il JS0O0—8
== (S Fram,=97—=" .
W " 1 Tai+Wayy
qF—(T+ W)IA1;1+(T+W) CTTIW
and comparing this with the standard equation for
the exhausting column
(RP+qF) ap 1y =(RP+qF—W)A,+Way
shows that it represents an exhausting column pro-
ducing a residue equal to (T+W) with a composition
(Tn,t 4+ Way
T+W

the total material taken off below this portion of the
column. The reflux ratio in the corresponding con-

— (S+P).

centrating column is m and the distillate
For part IV. for the column
(O——T+qFam;=(0—S—T+qF—W)A,+Way

"This may be written in the form

) which is the average composition of

JOS8-T . o, o JSO—S8—T
g FH8HDAE o= gy
(P+S+T) +(1F~W}Am +Way...... (79)

Comparing this with the standard equation for an
exhausting column shows that this is the same as the
equation for an exhausting column giving a residue W
with a composition a., the corresponding concen-
trating column producing a product of the amount

O0—S—T )

{P+4-54-T)and having a reflux ratio of (m—

All the above equations are thus reducible to the
standard forms. For a concentrating column with a
number of sidestreams, the equation at any section is
the same as that for a concentrating column without
sidestreams, but giving a distillate equal in amount
to the sum of the distillate and all sidestreams ahove
that point, this distillate having the average com-
position of all the material taken off as distillate or
sidestreams above that point. The reflux is equal to
the reflux at the top of the column less the amount of
the sidestreams. Similarly, for an exhausting column,
the equation at any section is the same as that for an
exhausting column without sidestreams, giving a
residue equal in amount to the sum of the residue
and all sidestreams below this point, and having a
composition equal to the average composition of all
material taken off as residue or sidestreams below
that point. All sidestreams taken off above this
point, whether in the exhausting or concentrating
column, are to be reckoned with the distillate to give
an equivalent distillate of the same total amount
and average composition. The equivalent reflux
ratio R to be used in equations 47 is obtained by
subtracting from the reflux at the top of the column
the amount of all the sidestreams above the point in
question and dividing this by the sum of the distillate
and all the sidestreams above this point.

With these modifications the methods described for
a column producing only distillate and residue can be
applied to a column where sidestreams are drawn off.
The minimum number of plates required with total
reflux is not affected by any sidestreams and depends
only on the compositions of the distillate and residue.
All the equations 76 to 79 given above for the
different parts of the column reduce in this case to
Apy=ay, and the number of plates required is
obtained from equation 54 or 55. The minimum
reflux ratio determined from equations 59, 60 or 61
will be the minimum reflux ratio required at the
feed section of the column. The reflux required at
the top of the column will be the reflux at this section
plus the amount of all the sidestreams above it. The
values of b, and ¢, to be taken in equations 59, 60
and 61 will be the average values for the distillate
plus all the sidestreams above the feed.

With the same modification, equations 63 to 65
for the composition of the liquid on the feed-plate can
be used.

When making a test on a column in operation
the amount and composition of each sidestream
is known and equations similar to equations 76
to 79 are then available for calculating the theoretical
number of plates required. When designing a
column the amount and composition of the side-
streams which it would be possible to obtain have
to be calculated. A general idea of the type of
product will be given by the ecalculation of
plate compositions for total reflux, but with any
lower reflux ratio the fractionation will be less
effective and the separation of the different com-
ponents less sharp. The actual calculation is made

by starting from the top of the column and the
bottom of the column and by assuming values of P
and W and taking oft a sidestream where a suitable
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composition is reached. The amounts and compo-
sitions of these sidestreams must satisfy the equations

F=P+W-+S+T+
Fa;=Pa,+Way+Sa;+Tai+|
Tby=Pbp+Why+Sbs+The+ ........
Fey=Pc,+Woy+Ses+Tee+

and similar equations for all the components of the
mixture.

MIxTURES CoONTATNING A VERY LarcE NUMBER
or COMPONENTS.

In the treatment of complex mixtures given above,
it has been assumed that the mixture consisted of a
definite number of components in definite propor-
tions. Where the number of components hecomes
very large with a small variation in boiling-point
between one component and the next, as In the
mixtures treated in the petroleum industry, with
the exception of matural gasoline, the composition
is then usually expressed by the  true boiling point
curve.” This curve represents the relation between
the boiling-point of the instantaneous distillate and
the total amount distilled when the mixture is dis-
tilled with efficient fractionation and corresponds
to a mixture containing an infinite number of com-
ponents, the boiling-points of which vary infinitesim-
ally. The amount of a component of a given boiling-
point in the mixture is proportional to the slope of
the tangent to the curve at that temperature. The
fractionation of such mixtures can be dealt with
by the methods described by dividing the true
boiling-point curve into a number of small sections,
and assuming that each of these sections is an
individual component with a boiling-point equal to
the average boiling-point for that section.

Where steam is used in the distillation of such
mixtures, its effect is to reduce the pressure under
which the distillation is taking place. As the
relative volatility of two components varies very
slightly with this reduction in pressure, the calcula-
tions by the methods described will not be affected
by this modification, except that slightly different
values for the relative volatilities might have to be
taken. The composition of the liquids on the
various plates, the number of plates required for a
given reflux ratio, the minimum reflux ratio and the
minimum number of plates will only be affected to
this slight extent. The temperatures on the plates
will, of course, be affected materially, and the
necessary allowance is easily made when the partial
pressure of the steam is known.

FacTtors ArrpcriNng PrLATE EFpIciENCY.

The interaction between the vapour passing
through a plate and the liquid on that plate, involves
transfer of material and heat between the vapour
- and liquid, and this may take place in two ways.
With an alcohol-water mixture we may imagine
alecohol diffusing from the liquid into the vapour
and water diffusing from the vapour into the liquid.
Alternatively we may imagine a part of the vapour
containing both alcohol and water condensing, and
part of the liquid, containing both alcohol and water,
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evaporating. In the latter case the amount of
material and heat to be transferred would be greater
than in the former case. The extent to which either
of these mechanisms is actually involved in practice
is almost entirely a matter of conjecture. All that
can be said with certainty is that the second
mechanism, involving condensation and evaporation
of both components must take place where heat is
transferred through the plate from the vapour below
it to the liquid on it.

The interaction between liquid and vapour will
thus depend on the physical properties of the mixture
being fractionated as well as on the constructional
details of the column. For this reason the published
results of determinations of plate efficiency vary
considerably. Without entering into the question of
plate design, a brief summary of some of the pub-
lished results may indicate these variations. In all
cagses “ overall plate efficiency ™ is meant unless
otherwise mentioned. Peters® found, for the same
column, an efficiency of 45%, for a mixture of acetic
acid and water, and 70%, for a mixture of alcohol
and water containing less than 909, alcohol by
weight, the efficiency decreasing as the strength of
the alcohol increased. For perforated plates or
bubbler-cap plates the efficiency was about the
same with equal depths of liquid and equal areas of
slots and perforations. Thormann,* by calculation
from the experiments of Lithder and Kilp*' on an
aleohol still, found individual plate efficiencies of
about 70%, 80% and 1009, for the upper, middle
and lower plates of the exhausting column respec-
tively, and from 30 to 509, 70 to 909, and 90 to
1009, for the lower, middle and upper plates of the
concentrating column. These results are in contra-
diction to those of Peters for the higher strengths
of alcohol. In both cases the results are probably
affected by the accumulation of fusel oil on the
lower plates of the concentrating column. Shirk
and Montonna® found that the plate efficiency
decreased almost linearly as the rate of dis-
tillation increased with the reflux ratio constant,
and that the plate efficiency increased almost linearly
with the reflux ratio, when the rate of distillation
remained the same. On the other hand, Badger
and McCabe®® state that ° the plate efficiency
diminishes to a substantially constant quantity as
the vapour velocity increases, but is apparently
independent of reflux ratio.”” Robinson?* in a test
on an alcohol still, found plate efficiencies varying
from 24 to 569%, but points out that these figures
were based on an assumed value of 0-0001 mol.
fraction of alcohol in the effluent. Kirschbaum3®
found plate efficiencies of 19 to 239, for plates of a
gsomewhat wunusual design. Lewis and Wilde?$
using the method previously mentioned, for testing a
petroleum still found an average figure of 65%, for
the “individual plate efficiency ” in the concen-
trating column. The corresponding figure for the
exhausting column was 809, but the authors regard
this figure as less reliable than that given for the
concentrating column. Lewis and Smoley,?® using
the same method found plate efficiencies of between
85 and 959, for petroleum mixtures, and state that
more complex mixtures appear to give higher plate
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efficiencies than binary mixtures. Thus the same
column, which gave 599, for a benzol-toluol mixture,
gave 75%, for a mixture of benzol, toluol and xylol.
Robinson'® quotes some results of Carey, which show
that the plate efficiency increases with the depth
of liquid on the plate and is practically independent
of the design of the slots in the bubber-cap except
at very low velocities. Practically none of the above
authors state what equilibrium data were assumed
in calculating the plate efficiency, so that it is
impossible to tell how comparable the different
results are. TFor mixtures of more than two com-
ponents it is possible that the plate efficiency may
be different for different components. As there is
no information on this point it is customary to assume
the same plate efficiency for all components of a
mixture.

One factor affecting the plate efficiency, which
hardly appears to have been investigated, is the
entrainment of liquid from one plate to another.
Obviously any such entrainment will affect the plate
efficiency both by reducing the actual amount of
reflux and by diluting the liquid on the upper plate.
Some experiments made by the writer on a 9 in.
dia. column with rectangular bubber-caps indicate
that this factor may be an appreciable one even at
moderate vapour velocities. The method used was to
blow air through the column and to run in water at
the top to represent the vapour and reflux respectively
in a fractionation and to run a salt solution on to one
of the plates of the column. From determinations of
the concentration of salt on plates above the feed
the amount of entrainment can be easily calculated,
since the salt can only be present on these plates
through entrainment of the liquid from the plates
below.  These experiments are being continued,
and it is hoped to publish the results in due
course.

The influence of entrainment on plate efficiency
may be seen from the following analysis for total
reflux.

Equation 49 given by Lewis and Wilde2® gives,
for total reflux, with an ¢ individual plate efficiency » e

fPI)
By—Bpiy (1—e) = =2 - By,
w
fPe
O neg (1—e) = e Chyq
a

Dividing one equation by the other,

BH—B-'I+1 (lg“e) _ PE . Bn+1 __ Br]+1
Co—Cayq (I—e) Py Cot: Caty

For total reflux
anbnfp Cn:Cn—lg Bn—1 I:bu,- Cn -1=Cn,

by — by (1—e) b
17 S R P .
so tha Fo—— | . (81)

Considering the case where equilibrium is reached on
each plate, but an amount of liquid ¢ is entrained
in unit time from one plate to the next, material
balances at a section between the (n—1)* and the
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n' plates give, V being the amount of vapour and O
the reflux per unit time,

YV+ =0

VB,+iby, = Oby_,

VCu+ihen = Ocp—y
By,  Obp;— by

o [ Ocp—;— then
i
bn—l — bn
e, BPn _ S (82)
Cp Co1 7_2_11’_ - ¢
[,

Comparison of equations 81 and 82 shows that both
equations will be the same if :—

l—e:—g{
or e:l—(i)b ............ (83)

A perfect plate where entrainment occurs will thus
show a loss of efficiency equal to the ratio of the
amount of liquid entrained to the amount of reflux.
The experiments referred to above showed that this
ratio might easily reach the order of from 10 to 209,
50 that the question of entrainment would appear to
be one requiring serious consideration in plate design.
The effect of entrainment will obviously decrease
as the reflux ratio and consequently the enrich-
ment from plate to plate decrease until finally with
minimum reflux the effect will be zero as the composi-
tion on two adjacent plates is then the same. The
minimum reflux ratio required would be increased
by the amount of entrainment.

Pacrep Conumns.

The theory of packed columns has not been
generally investigated to the same extent as the
theory of plate columns. A commonly used criterion
of the fractionating efficiency of a packed column is
that suggested by Peters,® namely, ““the height
equivalent to one theoretical plate.”

This is obtained by dividing the height of the
column required to effect a given separation by the
number of theoretical plates which would be required
for the same separation. With the same packing,
this figure varies greatly according to the substances
fractionated, and must therefore be specified with
reference to a given fractionation. Thus Peters
found that the height equivalent to one theoretical
plate, using ] in. Raschig rings, varied from 37 in.
for an alcohol-water mixture to 10 in. for a benzene-
toluene mixture. Thormann'4 uses a similar concep-
tion and gives an equation,

aX_X_—X
(1h_T ......................

where X is the composition of the vapour at any
point in the column,

X! is the composition of the vapour which would be
in equilibrium with the liquid at the same point in
the column,

h is the height of the column,
and k is a constant equivalent to the height equivalent
to one theoretical plate.
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The height of column required for a given separa-
tion is found by graphical integration between the
appropriate limits of the equation

dX
h*kffif

Kirschbaum?® has made an interesting analysis of
the fractionation in a packed column on the assump-
tion that it depends entirely on heat transfer between
liquid and vapour. The increase in concentration
up the column is assumed to be brought about by a
combination of partial condensation of the vapour
and partial evaporation of the liquid at each section
of the column. This leads to the equation

VL 1 1 1 -

< K/ Xt—xt 38 a it

In this equation V is the mols of vapour passing
per unit time, L the molal latent heat, K a constant
expressing the surface area of the packing per unit
height of column, X is the composition of the vapour
at any point in the column, x* is the composition
of the liguid with which it would be in equilibrium,
and X! is the composition of the vapour which would
be in equilibrium with the liquid at the same point
in the column, § is the temperature difference between
liquid and vapour at that point, and @ is the coefficient
of heat transfer between liquid and vapour. This
equation can be integrated graphically using the
equilibrium curve and the boiling-point and con-
densation curves. As it is based on the assumption
that the fractionation is effected by equilibrium
condensation of the vapour and equilibrium vaporisa-
tion of the liquid, its validity will depend on the
extent to which this mechanism predominates over
diffusion between liquid and vapour as a means of
fractionation. Lack of experimental evidence renders
a decision on this point impossible.

The influence on the fractionating efficiency or
the height equivalent to one theoretical plate of such
factors as size of packing, vapour velocity and reflux
ratio has only been investigated to a very limited
extent. Peters® found that for Raschig rings the
height equivalent to one theoretical plate varied
directly as the diameter of the packing. On the
other hand, Jantzen?® found a smaller variation than
this, the ratio for 106 mm. and 45 mm. packing
being only 1:1-59 while, on the basis of Peters’
results it should have been 1:2:36. Jantzen also
found that the efficiency of a packed column decreased
slightly with increasing vapour velocity and
increasing reflux.

One extremely important factor in reducing the
efficiency of a packed column is the tendency for the
liquid to flow outwards from the centre and collect
in the region adjoining the shell of the column.
This point has been investigated by Kirschbaum?3,
who found that the efficiency could be substantially
increased by returning the liquid from the outer to
the central portion of the column. This factor will

be particularly important in tall columns of large
diameter, and insufficient appreciation of it is prob-
ably responsible for numerous cases of inferior
performances of such columns.

Data for different kinds of packing have been given
by Zeisberg®® and Butcher.* A very interesting
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type of packing is that recently designed by Prof.
K. Berl.® This so-called ° saddle-packing” has
many advantages over the commonly used hollow
cylinders, for example, larger surface per unit volume,
lower resistance to gas or vapour flow, and more
intimate contact between liquid and vapour.

DisconTINTOUS DISTILLATION.

Continuous distillation only has been treated in
this paper as it represents the most important
industrial aspect of the subject. All the methods of
calculation described can obviously be applied to
discontinuous distillation, making the necessary
allowances for changes in the composition of the
distillate and the residue in the kettle as the
distillation progresses.

RerLUx CONDENSER.

So far it has been assumed that no fractionation
takes place in the condenser, and all the methods of
calculation given have been based on this assumption.
Considerable discussion, and even controversy, has
taken place during the last half century about the
part played by the condenser as a fractionating
device. Where a single condenser is used to liquefy
all the vapour from the column and return part as
reflux to the column, the remainder being taken away
as distillate, obviously there can be no difference in
composition between reflux and product. ‘Where
two condensers are used in series, one to effect
partial condensation of the vapour and provide reflux
for the column and the other to condense the remain-
ing vapour as distillate, the product might be richer
than the reflux. Various results have been put
forward at different times showing very large
differences in composition between the liquid and
vapour resulting from partial condensation, but
none of these have been expressed on the only logical
basis, namely, the number of theoretical plates
required to effect the change in composition. Tor
“ simple condensation,” that is, condensation in
which the condensed liquid and the remaining vapour
are in equilibrium, the enrichment is only equivalent
to one theoretical plate. For a column in which no
fractionation takes place in the condenser, at the
section between the first and second plates

(R+1) Xzszl +Xp

where x, is the composition of the vapour in equili-
brium with the liquid of composition x,. If the top
plate is now removed and simple condensation takes
place in the condenser, R mols. of vapour being
condensed for each mol. of vapour passing away as
product, then if x'; and x!, are the compositions of
the liquid and the vapour thus obtained

(R+1) X,=Rux;*+xp

Since equilibrium between vapour and liquid is
assumed, the compositions x,' and x', must be in
equilibrium and, comparing the two equations, x;'
must equal x; and x'p must equal x,. The reflux to
the column and the product will be exactly the same
as before. Simple condensation is thus exactly equal
to the action of one theoretical plate and, if it is
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assumed that the condenser has this effect, one plate
less will be required in the column. For * differ-
ential condensation,” where the liguid is removed
from contact with the vapour as soon as it is formed,
the difference in composition between the condensate
and the remaining vapour will be greater. The
relation is then given by the equation

Xz
e dX 3
log. “(Tf ===l == where (G; and G, are the
X1

initial and final amounts of liguid and X, and X,
are the initial and final compositions of the vapour.
Kirschbaum* gives the resulis of lahoratory experi-
ments, which show that partial condensation gave
the same results for alcohol-water mixtures as were
obtained by caleulation from the above equation.
The same author gives the results of a test on an
industrial condenser, which support this view, but as
the condenser in question was a counter-current
condenser of the type containing perforated plates it
does not appear justifiable to aseribe the fractionation
obtained in this condenser to condensation alone.
Experiments on the partial condensation of aleohol-
water mixtures on a laboratory scale have also been
reported by Dehnicke, who found that the difference
between the compositions of liquid and vapour
resulting from partial condensation, expressed as a
percentage of the difference in composition between
the condensed liquid and the vapour which would be
in equilibrium with it, averaged 629%,, 56%, and 509,
in three series of experiments. Dehnicke used the
inaccurate equilibrium data of Greening and recal-
culating the results using the more accurate data of
Bergstrém gives 779, 719, and 66%. These figures
express the efficiency of the condenser considered as
one plate. The differences in results which may be
obtained in the laboratory and on the industrial
scale can probably be ascribed to the fact that
relatively larger quantities of cooling water are
usually used in Jaboratory experiments so that the
condensate has a lower temperature and is less likely,
once it is formed, to interact with the vapour.
Lower vapour velocities would have the same effect.
1t might, therefore, be possible to approximate to
differential condensation, in laboratory experiments.
In industrial condensers, where the vapour velocity
and the temperature of the condensate would be
higher, conditions are more likely to resemble those
of simple condensation. It is extremely unlikely
that this degree of fractionation is exceeded in any
industrial condenser, and is probably only attained
when condensing weak mixtures or mixtures of
several components so that the condenser at its best
will never be equivalent to more than one theoretical
plate.

Pracricar PoiNTs 18 THE TESTING OF DISTILLATION
Prant.

Before commencing a test it is essential that a
definite plan be made covering the objects and
conditions of the test, and that this plan be adhered
to throughout the test. A test, made on a new

plant to ascertain if the manufacturer’s guarantees
have been fulfilled, will generally he made in the
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Ppresence of representatives of both the manufacturers
and the purchaser of the plant. The procedure
should be agreed before commencing the test, and it
should be definitely arranged that only one person
gives instructions to the personnel operating the plant
during the test. With a new type of plant, unfamiliar
to the factory personnel, the operating directions
would generally be given by the maker’s representative,
and possibly the actual operators might be temporarily
supplied by the makers of the plant if this has been
specified in the purchase contract. The function of
the factory staff would then be limited to obtaining
necessary data during the test, though the men who
were to run the plant later would at the same time
be on the plant to receive instruction in operating it.
Where the plant is one with which the factory staff is
already familiar, the maker’s representative would
normally be present merely as an observer.

The duration of the test should be fixed with
regard to local circumstances so that any periodic
variations in operating conditions are included in the
test period—for example, possible variationsin steam
or water supply, composition of feed, etec. The
actual test should not commence until steady condi-
tions have been attained unless the time required for
starting up is one of the factors under guarantee.
Where a plant is to be run for limited periods, for
example, on account of Excise regulations, the time
required for starting-up and shutting-down may be
an important point. For stills heated by steam the
time required to attain steady operation may be
4-6 hours. For stills heated by direct firing the
time required would generally be greater and would
be determined mainly by the time required for
heating up the brickwork, etc., rather than for
bringing the distilling plant proper into operation. A
period of 6-8 hours should be regarded as a minimum
for the duration of the test. Where automatic control
is used to a considerable extent for operating the
plant, the test period should be as long as possible in
order to test the response of the automatic controls
to varying conditions. Before attempting to com-
mence the test, water, steam, etc., should be circulated
through the whole system to test all joints, valves
and connections, and to make sure that sufficient
*“ breathers ” are provided to prevent the possibility
of air-locks. All meters, thermometers, pressure
gauges, etc., which are to be used during the test
should be checked or calibrated beforchand.

If it is desired to test the plant under different sets
of conditions, a period of sufficient length should be
allowed before altering the conditions so that each
period can be regarded as a separate test. For
instance, it might be desired to test the plant not
only at its normal output, but also to force it to its
maximum possible output to determine what losses
then take place. In a time of heavy production it is
often an economic advantage to obtain additional
output at the cost of some loss. In a methanol
concentrating still, for example, the feed and output
can be increased by reducing the reflux ratio so as to
maintain the same permissible vapour velocity. To,
maintain the same quality of product with the lower
reflux ratio necessitates lengthening the concen-
trating column, that is, lowering the feed, thus
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reducing the exhausting column and causing some
loss of methanol in the effluent. Up to a certain
limit this procedure may be profitable and the limit
may be determined by actual test or by calculation,
once the plate efficiency is known. Such tests must
obviously be carried out separately from tests on
normal operation.

The data to be obtained during the test should be
qufficient to furnish complete material and heat
balances for the plant. It 1s unsatisfactory to deter-
mine important data by difference. Any result
deduced in this way will include all the errors of the
results used to obtain it. For instance, in a distilling
plant producing three products, from the amount of
the feed and two of the products the amount of the
third product might be obtained by difference, but
this figure would be liable to the total errors of the
three figures from which it was obtained, there would
be no check on the accuracy of those results, and
there would be no measurement of the loss of material
during the distillation. A balance is necessary not
only to show if serious errors exist, but also to
indicate the order of the errors involved in the
measurements.

For a complete material balance the quantities
and compositions of the feed or feeds to the still
and all products obtained from it must be determined,
a worthless residue such as water being also designated
as a product in this sense. Material balances for
ecach component present in the mixture can thus be
drawn up. Where live steam is used as a heating
medium, its amount will also appear in the material
balance. The method used for measuring these
quantities will depend on circumstances. Usually
storage vessels are available from which the feed is
drawn or in which the products are collected, and
the weights of these can be obtained from the calibra-
tions of the vessels and the specific gravities. Where
one of the products for example, water—is run to
waste this method is not usually available, and a
weir or notch or a small collecting tank fitted with an
orifice might be used. Any device, such as an orifice
or a Venturi meter, which would cause back-pressure
on the column, would be inadmissible. Where the
effluent runs away hot, precautions must be taken
when measuring it to prevent excessive loss by
evaporation. The measurement of the effluent is
cometimes difficult where there is only a small differ-
ence in level hetween the column outlet and the drain.
In addition to determining the total guantities of
the feed and products for the test period as described
above, it is also desirable to determine the rates of
flow at frequent intervals, not only as a check on the
measurements, but also to provide an indication of the
variations from the average rate. For the products
this can usually be done by finding the weight or
volume collected in a suitable measuring vessel over
a short period. For the feed this will not generally
be possible, and the only method would be to use a
meter on the feed-pipe. It is important that the
product be drawn off at the correct rate ; if too much
is drawn off its strength will fall, and if too little is
drawn off the concentration of the more volatile
component in the residue will ultimately rise. Both
cases might lead to the erroneous conclusion that the

fractionation was inadequate. Thermometers placed
at suitable points in the column show whether the
product is being taken off at the correct rate. The
amounts of the different components are obtained
from the analyses of the feed and products. Where
the products are of high purity the analytical methods
may not be sufficiently exact to determine those
components present in small amounts with the degree
of accuracy required in such cases for the calculation
of the plate efficiency of the column. The number of
theoretical plates required for any separation increases
rapidly with comparatively small changes in compo-
sition of a product which contains only a small
amount of one of the components. Thus Robinson??,
in a test on an alcohol still, obtained figures of 249%,,
409, and 50%, for the plate efficiency, assuming the
alcohol in the effluent to be 0-0001 mol. fraction, and
pointed out that the figure of T0%,, which was to be-
expected from the type of plate used, would require
0-000002 mol. fraction of alcohol in the effluent.
As both these quantities are too small to determine
by analysis, the data required for calculating plate
efficiency would have to be obtained by taking samples
from plates some distance away where the amounts
present can be determined with reasonable accuracy.
This applies also to complex petroleum products,
where one of the components at the point of cut is
present in small amount, and its amount is estimated
by the true boiling-point analysis. For the analysis
of the feed and products samples may be taken
from the storage vessels, adequate mixing being
ensured, or a continuous sample may be drawn
throughout the test. Check samples should also
be taken at frequent intervals and analysed separately
to ascertain the amount of variation from the average.

The thermal balance is made between the heat
supplied to the bottom of the column and the following
items : the heat used for providing the reflux, the
heat carried away by the vapour forming the dis-
tillate, the heat required to raise the feed to the
temperature of the feed-plate, the heat required
to raise the effluent from the feed-plate temperature
to its boiling-point, the heat lost by radiation. The
reflux heat and the heat of the distillate are obtained
by measuring the cooling water used in the respective
condensers and observing the rise in temperature.
The cooling water is measured by any convenient
method such as collecting it over a given time in a
storage vessel, using a meter, notch or weir or a tanl
fitted with an orifice. Where the reflux and the
distillate are hoth obtained from one condenser,
the reflux heat is obtained by difference, knowing
the amount of the distillate and the heat given up
in condensing and cooling to the temperature at
which it leaves the condenser. Usually it is not
convenient to measure the amount of reflux, and
this is obtained by calculation from the heat absorbed
in the condenser. If the reflux is measured and it
leaves the condenser below its boiling-point, the actual
reflux in the column will be greater by the amount
of vapour condensed on the top plate in heating the
reflux to its boiling-point. This correction is easily
made when the amount, temperature and composition
of the reflux are known. The reflux as measured by
the heat absorbed in the condenser gives the true
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reflux in the column, regardless of the temperature
at which the reflux actually leaves the condenser.
The heat required to raise the feed to its boiling-
point is obtained from the amount and temperature
of the feed. When the feed enters the column
partly as vapour, this amount is negative. Alterna-
tively the heat contained in the feed above its
boiling point may be brought in on the other side
of the balance as a source of supply of heat. The
heat used in raising the effluent from the feed-plate
temperature to its boiling-point is obtained from the
known temperatures and amount. Radiation losses
can only be estimated approximately by calculation
or by the difference in the balance. It is desirable
to make the calculation, even though approximate,
in order to have a check on the other figures. If
appreciable, radiation losses should be allowed for
in the reflux by adding to the reflux actually found
an amount equivalent in latent heat to half the
radiation Joss. Heat recovered by preheating the
feed in the reflux condenser or by heat interchange
with the boiling effluent will not appear as a separate
item in the heat balances. It is automatically
allowed for by the smaller amount of heat required
to raise the feed from the temperature at which
it enters the column to its boiling-point than would
be required without preheating. The amount of
heat recovered by such heat interchangers can be
reported as a separate item as a criterion of the effi-
ciency of this part of the plant. It can appear
implicitly or explicitly in the final figure given for
the heat or fuel consumption of the plant per unit
weight of product or feed treated.

For a column heated by steam, the steam consump-
tion is obtained by measurement of the condensate
when coil heating is used or by metering where live
steam is used. When the effluent from the column
is water, it is seldom sufficiently accurate to measure
the live steam used by the increase in quantity of
effluent compared with that calculated from the
amounts and compositions of the feed and distillate.
When the steam passes into the distillate and is not
miscible with it, the amount used can be found by
measuring the water condensed and allowing for any
water dissolved in the product. In all cases it is
essential to measure the dryness fraction of the steam
entering the column, using a separating calorimeter
or, if the wetness is small, a throttling calorimeter.
The sample is best taken on a vertical pipe, not a
horizontal one. Neglect to measure the quality of
the steam may introduce a serious error. The
common assumption that steam which is super-
heated at the boiler remains superheated until it
enters the column is not always justified.

Where the plant is heated by direct firing, the heat
supplied to the column, and not the heat supplied to
the furnace unit, is to be taken for the distillation
heat balance. For instance, for a tube still, the heat

in the material leaving the furnace unit is the relevant
figure for the fractionation process. The heat
supplied to the furnace unit is important only for the
efficiency of that unit, which should be ecalculated
separately. The two figures may be combined to
give an overall heat consumption for the whole
plant.
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The reflux ratio being known from the amounts of
the reflux and the product, the number of theoretical
plates required for the given separation can he
calculated by the methods already described. The
actual number of plates divided by this figure gives
the “ overall plate efficiency.” As pointed out
previously, it may be desirable to take samples from
plates below the top and above the bottom of the
column in cases where the product or residue contains
only a small amount of a component which is to be
used in the calculation. Samples taken at other
points in the column are useful as additional checks
in the calculations, and indicate whether the plate
efficiency varies appreciably in the column. Such
samples should be drawn off into the collecting
vessel through a small cooler, otherwise the sampling
may he vitiated through excessive loss of the more
volatile components by evaporation.

When the reflux ratio approaches the minimum
for the particular separation, the number of theoretical
plates required increases very rapidly with very
small changes in the reflux ratio. A small error in
the measurement of the reflux ratio would then lead
to a much larger error in calculating the plate
efficiency. Tn such a case it would be better to
calculate the theoretical reflux ratio required for
the actual number of plates, considering them as
ideal plates, and take the quotient of this theoretical
reflux ratio divided by the actual reflux ratio as an
indication of the efficiency of the column. This case
occurs rarely in practice. A column cannot be
operated satisfactorily with a reflux ratio too near to
the minimum, as it would be too sensitive to a small
reduction in the reflux ratio.

A most important point in testing a column, but
one which is commonly overlooked, is to determine
whether the feed is correctly placed in the column.
The only satisfactory method of doing this is to take
samples of the liquid on the feed-plate and on the
plate above it and determine whether their compo-
sitions satisfy the conditions for most efficient
operation given by relations 63 to 65 or the corre-
sponding ones for binary mixtures. If the ligquid-
vapour equilibrium data are known for the mixture
being treated, a sample of the liquid on the feed-plate
alone is sufficient to determine the position of the feed
as has already been shown. The other methods of
testing whether the position of the feed is correct,
namely, altering the feed and noting the effect on
the operation of the column or assuming that the
ratio of the number of plates in the concentrating
column to the number in the exhausting column
should be the same as in an ideal column, are more
laborious and less accurate. If the feed is wrongly
placed, an incorrect result will be obtained for the
plate efficiency and the capacity of the column will
be reduced on account of the higher reflux ratio
required. The common assumption that the liquid
on the feed-plate has approximately the same
composition as the feed may lead to serious error,
particularly where the feed is partly vapour and
where a mixture of more than two components is
being fractionated.

During the test, observations should be made and
recorded of any points bearing on the practical
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working or control of the plant. For instance, the ladders, and sufficient illumination should be provided
arrangement of the controls should he such that to render them visible. All important parts of the
steam, water, feed, draw-off, etc., can be controlled plant should be readily accessible so that they can
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from one point without the necessity of the operator be got at without performing gymnastic feats.
running about from one floor to the other. Thermo- Where frequent. cleaning of the plates or condensers
meters and pressure gauges should be installed in is necessary, the suitability of the arrangements
positions where they can be seen without climbing provided for this purpose is important. Variations

K
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in the pressure drop through the column during the
test may be very important in vacuum distillation.
The sensitivity of the plant to small changes in con-
ditions, for example, steam pressure or composition
of feed, should be carefully noted. The sensitivity
decreases with increasing depth of liquid on the
plates and with decreasing vapour velocity. A higher
vapour velocity gives a larger throughput relative to
to the amount of liquid held in the column, which
consequently has a smaller stabilising effect. Where
fluctations in conditions are unavoidable, the choice
of a column of smaller diameter with higher vapour
velocity for reasons of economy may necessitate
providing additional plates to ensure efficient separ-
ation in all circumstances. If the sensitivity of the
plant is too great, the control will be unduly affected
by minor fluctuations, and, if it is too small, the time
required to effect any change in operation will be
unduly great.

Carefully carried out tests on the industrial scale
are of great value in elucidating fundamental
principles and rendering possible the extension of
these principles to practical problems. A more
liberal attitude regarding the publication of test
results would do much for the progress of distillation
by furthering its development as a science based on
rational principles, rather than as an art based
mainly on tradition and what Sorel aptly terms
“ raisonnements alambiqués.”

APPENDIX.

In this appendix are given some charts which the
writer has found useful for facilitating calculations
in various distillation problems. The charts are all
constructed on the nomographic principle, which is
preferable to the use of rectilinear co-ordinates as
the nomographic charts are easier to construct,
easier to read and interpolation is more accurate,
since it is made along a scale instead of between
curves.

i i hart for the equation X e

Fig. 18 is achar T
which represents the relation between the composi-
tions of the vapour and the liquid for a binary
mixture where the relative volatility of the two
components is a. The same chart can be used for a
mixture of two components to convert weight
fractions or percentages into mol. fractions. If w,
is the weight fraction of one component, m; its mol.
fraction M, is its molecular weight and M, is the
molecular weight of the other component, then :—

W NI“D
M, M,
s | 1
My = w,  1—w, — M,
L IR TN 1 =—1
TR T + (1) w

This equation has exactly the same form as the
equation

ax
X = 1-+(a—1)x,
: M,
reading m; for X, w, for x, and T for a. The
1

same chart can therefore be used for both cases. A
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line is drawn joining the value of w, or x on the right
hand scale to the value of 1%% or a on the left hand

scale. The intersection on thle centre scale gives the
value of m; or X. The dotted line in Fig. 18 shows
the construction for a mixture containing 979% by
weight of water and 3%, of acetic acid. The ratio of
the molecular weights is 3-33. Trom the reading on
the centre scale the mol fraction of water in the
mixture is 0-9908. The same construction shows
that, in a mixture of two components having a
relative volatility of 3-33, a liquid containing 0-97 mol
fraction of the more volatile component will be in
equilibrium with vapour containing 0-9908 mol
fraction of that component. The chart is easily

tructed b tting th tion X =——— __
constructed by putting the equation I+(ae—1)x
in the form :—
X X
I —
og T—% log a+log 1—=x.

Fig. 19 shows a chart for calculating the minimum
number of plates, with total reflux, from equation 54

be 1 by
oy | PRl Gy

or the corresponding equation 28 for a binary mixture.
The equation is charted by the usual method in the

form (n+1) log 8 = log -rrﬂ

by .
where 1, = C—E is the
w P
ratio of the two components in the product and

w

b . ; ;
Ty = = is the ratio of the two components in the

w
residue. The dotted line in Fig. 19 shows the
construction for the mixture of hexane, heptane,
ete., discussed previously. For that case § = 2-22,
the ratio of heptane to octane in the distillate is
113:2 and the ratio in the residue is -00288, so that

’-“'T-B — 30,300. The reading on the “n” scale

shows that 12:3 theoretical plates are required for
this separation. The zero point on the “n ™ scale,
that is no plates at all, corresponds to simple dis-
tillation and refers to the ratios in the residual liguid
and the vapour given off by it.

Fig 20 shows a chart for the equation X = )E:i
which represents the relation between liquid and
vapour composition for substances following Raoult’s
Law. Instead of the pressure P, the corresponding
temperature is plotted as this is the quantity which is
usually given or has to be found. The method of
construction is to mark off two uniform scales at
right-angles to each other for x and X, and two
uniform scales of pressure parallel to the first two
as shown for m-xylene. One pressure scale is then
graduated with the corresponding temperatures as
shown. Any number of substances can be charted
on the same diagram, using the same “ x*’ and *“ X 7’
scales and the same diagonal. Fig. 20 shows such
scales for m-xylene, toluene and benzene. The
moduli of the “P” and “ =" scales can be given
any suitable value to give readings over particular
pressure or temperature ranges, so long as the
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moduli are equal. Any point on the diagonal line
can be taken for the starting point of these scales.
The dotted line in Fig. 20 shows the construction
for a Jiquid containing 0-32 mol. fraction of toluene
boiling at 104° C. under a pressure of 760 mm. The
mol. fraction of toluene in the vapour is found to

MimimMom Numeer oF PLates

ReLaTive Voramiorery (\3)

of X and dertemining whether the sum of these
values for all the components is unity. From the
numerical example given above it will be seen that
a series of values of X for different temperatures is
very quickly read off, using the same point of inter-
section of the x line with the diagonal.
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be 0-27 by joining the points x = 0-32 and = = 760
and, through the intersection of this line with the
diagonal, drawing a line from the point 104° C. on
the temperature scale to meet the X scale, where the
value of X is seen to be 0:27. The chart can obviously
be used to calculate the boiling point of a given
mixture under a given pressure by assuming a
temperature and finding the corresponding value

Tig. 21 shows a vapour pressure chart based on
Diihring’s rule. In this case hexane has been used
as the reference substance. Two uniform parallel
temperature scales are marked off, and one of them
is graduated also with the corresponding vapour
pressure of hexane. For any substance to which
Diihring’s rule applies, all lines joining corresponding

values of temperature on the left-hand scale, and of

K2
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pressure on the right-hand scale, will intersect at one
point. The points shown in Fig. 21 are determined
by drawing a few such lines for each substance. To
find the vapour pressure of any substance at any given
temperature, a line is drawn from that value on the
temperature scale through the appropriate point
for that substance to meet the pressure scale. At the
same time the temperature at which hexane has the
same vapour pressure can be read off if it is required
—for example, if it is required for the determination
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which is a modification of Ramsay and Young’s rule :
ta 273 t1-4+273

t,+273  t.4273.

Substances to which Ramsay and Young’s rule
applies give points which lie on the dotted line drawn
in Fig. 21. If the vapour pressure of a substance is
known for only one temperature, the corresponding
point can be located by drawing a line joining these
temperatures and pressure values and finding its
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of the latent heat by the method of Lewis and
Weber4s or of Schultz.2® The ratio of the distances
of any of the individual points from the two scales
is equal to the slope of the Diihring line in rectilinear
co-ordinates. Twenty-seven different substances
have been charted in Fig. 21, using the data given
by Rechenberg.®” The chart is quite clear and easy
to use, but if the same number of substances were
charted in rectilinear co-ordinates the diagram would
be too confused for practical use. The points
representing the normal paraffin hydrocarbons lie very
close to a straight line as shown in Fig. 21. This
line passes through the point —364° (. on the tempera.-
ture scale so that the boiling points of such substances
are connected by the relation
ta 1364 2 4364

t. 364

ty 1364

intersection with the Ramsay and Young line or the
line for the normal paraffins, according to the category
to which the substance belongs.

It is obvious that a chart constructed in the same
way as Fig. 21 can be used for expressing any other
physical properties to which Diihring’s rule applies—
e.g., for vapour pressures of mixtures (Leslie and
Carr)*® for steam distillation temperatures (Baker
and Pettibone),® for vapour pressures of salt solu-
tions (Baker and Waite),® and for solubilities of
inorganic salts (Harris).5

A nomographic chart for the vapour pressures of
the normal paraffins can also be constructed on the
basis of the method suggested by White® and
Maxwell®® who, using rectilinear co-ordinates, found
a linear relation between the reciprocals of the
absolute boiling-points of two related substances at
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the same pressure. Using hexane as the reference scales are plotted, using reciprocals of absolute

et o D pelabion i o e &5 4 T yiliars temperature, and one of these scales is graduated
C . i 6 with the corresponding vapour pressures of hexane.
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and Ty are the absolute boiling-points of hexane If the above temperature relation holds, the lines join-
and the other substance. This method has been used ing corresponding points on the temperature and
to construct Fig. 22. Two parallel temperature pressure scales for any one substance must intersect at




150

a common point. In this way the points for the
normal paraffins with 4 to 18 carbon atoms were
plotted. These points lie on a straight line, which
corresponds to the condition that the lines for
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different substances plotted in rectilinear co-ordinates
intersect at a point. It is, however, easier to see
from charts such as Figs. 21 or 22 whether a series
of points lie on a straight line than to decide whether,
using rectilinear co-ordinates, a series of lines differing
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only slightly in their slopes pass through a distant
common point. The line on which the points lie
in Fig. 22 would meet the two temperature scales at
a point corresponding to 2090° abs. or 1817° C. This
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temperature is approximate, as the graduations at
that part of the scale would be so close that a very
small graphical error would affect the result greatly.
For practical purposes, however, it would be quite
accurate enough to locate the points representing
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different substances on the chart by drawing the
line which would meet the two temperature scales at
1817°C., and then using one temperature and
pressure value for each substance to determine the
position of that point on the line so drawn. From
the method of construction of the chart it follows
that the boiling-point of any two normal paraffins
at two different pressures are connected by the
relation :—

111
s, T 2090 Tt 2090
== or
1 1 1 1
T—b 2090 Tyt 2090
T 1
ﬁ — - 000478 B _’ﬁ — - 000478
1 1
Tb — - 000478 -,E]—l — - 000478

The constant -000478 was determined graphically.
For greater accuracy it should be determined by
statistical methods.

Fig. 23 shows a similar chart for the normal
paraffins based on the method used by Cox?* with
rectilinear co-ordinates, which, as shown by Calingaert
and Davis®s, is equivalent to using a pressure scale
graduated with log p and a temperature scale

graduated with where t is the Centigrade

1
t+230
temperature. In TFig. 23 two parallel scales are
constructed with these graduations, and the positions
of the points representing the different substances
are determined as described previously. Here, also,
the various points lie approximately on a straight
line.

Any of the temperature or pressure scales in
Figs. 21, 22 or 23 can be used to carry two
sets of graduations, which is a further advantage
of the nomographic method. Thus the temperature
scale can be graduated for both Centigrade and
Fahrenheit temperatures, and the pressure scale for
mm. of mercury, and lbs./sq. in., or atmospheres. The
scales marked ‘ hexane temperature” in Figs. 21
and 22 would normally be used only for constructing
the charts and need not be retained if two sets of
graduations for pressure are required on that scale.
Any of the above charts can be easily extended if
they are required to cover a greater range or can be
made to cover a smaller range if greater accuracy is
desired over such a range.
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Discussion,

Mr. E. A. Arvrorr said that ten or eleven years
ago, when the Institution was first formed, it would
probably have been said that such a meeting as this
was one of the ideals to be looked forward to but
which had a very remote chance of achievement.
The Institution was therefore performing the function
for which it was formed with 1009, efficiency or
effectiveness. The papers were an important con-
tribution to the work of the Institution, and would
be of great help to all those who had anything to do
with the testing of chemical plant. The first paper
dealt with the general problem in a scientific and
philosophical manner, and was followed by the
particular example of an evaporator and the far
more complicated problem of distillation. On behalf
of his colleagues in the British Chemical Plant
Manufacturers’ Association he offered sincere appre-

“ciation of the papers and the encouragement of the

Association, because they would like to see more work
of this nature done in the general interests of chemical
engineering.
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Mr. J. H. WesT particularly thanked Dr. Under-
wood for the work he had done in looking up the
literature, re-calculating the various authors’ work on
a common bagis, and comparing them, in addition
to his own mathematical contribution to the subject.
In practice the designer worked out the number of
plates according to the best of his ability, and then
he added a number of plates to take care of poor
plate efficiency. Then, if the firm had to guarantee
the steam consumption, a few more were added to
make quite sure. Feed connections were made to
three plates, and the user of the still was left to find
out which was the best. Extra plates were very ex-
pensive for both large and small stills and, with a large
column, might increase the cost by more than £100.
Plate efficiency was very important and had been
very much neglected. Indeed, plate design was a
subject on which very little work had been done,
and upon which very few patents had been taken
out during the last 30 or 40 years. Dr. Underwood
had stated that little information had been published
on why plates were inefficient and it certainly was a
wonder that they worked so well. When one
considered the plate as an apparatus for scrubbing
vapour and liquid, it seemed a very poor thing,
because with vertical slots in the bubblers the vapour
leaving the top had a very short path whilst that
leaving lower down had a longer path. On the
liquid side there were either two drop pipes on
.opposite sides of the plate, which meant that probably
the liquid was flowing straight across, leaving the
sides more or less stagnant, or there were inlet pipes
side by side with a baffle down the middle, and then
gome of the bubblers were surrounded by liquid
fresh from the plate above, whereas bubblers on the
opposite side were getting liquid through which
vapour had passed.

The design of bubbler plates and plate efficiency
generally was an almost untouched subject so far as
research was concerned. Some of our still manu-
facturers would no doubt provide two or three plates,
which were all that were needed to enable experi-
mental work to be carried out.

Another aspect of chemical plant testing which
he would like to mention was the need for checking
drawings before plant was ordered, particularly when
the designers were the makers of the plant, because
they were naturally inclined to protect themselves.
A foreign maker supplied a discontinuous still under
guarantee, and it worked very well for about a year.
When the time came for the coil to be repaired it was
decided to replace the original coil by one made in
this country. The continental makers had provided
a coil with a surface of 194 sq. m., but when the area
was calculated, allowing a reasonable heat trans-
mission coefficient, it was found to be about 6 sq. m.,
and a coil with an area of 7 sq. m. was actually put
into the still and gave a perfectly satisfactory result.
The maker, in this case, had sold to the consumer a
coil having an area about three times greater than
was required.

If the user asked for a guarantee he had to leave
the plant more or less in the hands of the maker,
but in considering the economic efficiency of a plant,
cost was a considerable factor and an excessive
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protection of the maker in regard to the guarantee,
such as the case he had mentioned, required careful
attention.

Mr. S. G. M. Ure said the object of the conference
was to get data from which a testing code could be
devised. It was thought the best method of doing
this was to get three papers of a theoretical nature
and follow them with others giving figures from
actual tests. The work of arranging this conference
had been undertaken by Mr. Norman Swindin, who
had carried out the task with great zest and thorough-
ness. Whether the makers and users of plants were
in favour of disclosing data or not he could not say,
but no one came forward to complete the present
series with papers giving practical results. He
mentioned this fact in the presence of Mr. Alliott in
the hope that the British Chemical Plant Manu-
facturers’ Association might be able to assist.

Dr. R. Lussin¢ said that the papers certainly
indicated the manner in which chemical engineering
in this country was progressing. He wished to refer
to a practical point particularly applicable to the
plant maker and to a certain extent to the plant user.
In practice it was often difficult, and in some cases
impossible, to adhere to the standard or code of
testing laid down. He had sometimes to test
chemical plant which was not provided with the
wherewithal to carry out tests. In some cases it was
impossible to make the most rudimentary measure-
ments upon which the cycle of tests so clearly out-
lined by Mr. Bloomfield could be completed. The
user must make it necessary for the plant manu-
facturer to devote sufficient expenditure to the
plant that not only could it be shown to conform to
the guaranteed requirements of output and efficiency
and effectiveness, but also to allow tests to be made
which would permit both the manufacturer and the
user to do better next time. From that point of view
a very great deal was to be desired at the present
time.

Very little was known about the theory of
packed columns; the difficulty, in the first place,
was the impossibility of sub-dividing a packed
column into sections as could be done with a
plate column. He was interested in the experiment
referred to by Dr. Underwood in which he had
endeavoured to show a packed fractionating
column by the simple analogy of running
water down and passing air up the column. Ten
years ago he had read a paper before the Society
of Chemical Industry in which the suggestion was
put forward that a fractionating column should be
regarded as a simple scrubber. He was convinced
that this was the way to consider such a fractionating
column ; the only difference from the ordinary
scrubber in which a gas was washed with a liquid
was the heat to be introduced, into both the liquid
and the vapour, in the various zones of the column.
Tf that was determined, preferably by mathematical
treatment, then the fractionating column could be
treated like a scrubber, and the reflux ratio and
vapour then became apparent and comparatively
simple. Therefore he suggested to those in the
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position to carry out the theoretical treatment of
the problem that this aspect should be investigated.

Dr. W. R. OrMANDY remarked that the fact
discovered by Dr. Underwood that some workers
had inverted their equations might account for
some of the peculiarities met with in actual stills.
He knew of fractionating columns which worked
very well for a year or more with apparently constant
efficiency. Suddenly they ceased to function ade-
quately, and on dismantling it was found that more
than 909 of the bells on the plates were corroded
away. Apparently the columns as designed were
much too large. He had also noticed that plants
supplied by different makers for the same duty
differed greatly in dimensions. If Dr. Underwood
had found a simple method of determining where the
feed pipe ought to be inserted, he had performed a
really valuable service. The work on entrainment
was valuable and he hoped that it would be
continued.

Mr. NormaN SwINDIN said this conference was
intended to obtain practical information from the
makers and users of plant. He was the fourth
Chairman of the Institution’s sub-committee on
Testing, which comprised Dr. Sinnatt, Mr. Bloomfield
and Mr. Riley. It was decided that chemical plant
was too big a subject, and so the present papers were
limited to the evaporator and still, which were
simple but very important pieces of apparatus.
Mr. Bloomfield had given the fundamental principles
of testing, and Prof. Gibbs had applied them to an
evaporator, whilst the application to the still had
been in the hands of Dr. Underwood, who was a
mathematician and believed all mathematics to be
true. On the whole he felt three very interesting
papers had been prepared, and it was to be hoped
those who made the plants, and those who used them,
would supply data relating to their working from
whichit might be possible to determine some standard
of performance by which such experiences as Dr.
Ormandy had mentioned of three different firms
supplying three different types of plant to do the
same work and putting in plants many times larger
than they should be could be avoided.

He was once called in to test a caustic sodarecovery
plant in connection with a law case. There was
not a single piece of apparatus on it which could be
used for making the tests and no provision made for
taking readings. The guarantee was for 2%, caustic
soda solution to be concentrated to 55° T'w., and
when he was prevented from seeing certain things
he became suspicious. Eventually he managed to
find out that the raw liquor was only 0-29%, caustic,
one-tenth of the guarantee figure. He thereupon
told those concerned that it was impossible to make
soda from water, and went home.

Mr. F. RumroRrDp said that Mr. Parrish’s book on
ammonia stills gave detailed particulars of experi-
ments carried out on entrainment. Several patents

dealing with certain motor fuels had been taken
out recently which claimed that these fuels were
efficient in their evaporation in the carburetter,
because they were mixtures of compounds with
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stepped boiling points. Perhaps the higher efficiency
of columns dealing with mixtures of benzene, toluene
and xylene might be due to this cause. Information
on that point would be valuable.

He had hoped to hear comments on the flow-
sheets in Mr. Bloomfield’s paper, because the system
advocated in the paper left out a very important
item, labour, which surely should appear in testing
any plant. The number of man-hours put into a
plant affected its efficiency considerably, and should
be taken into account in the flow-sheets.

Mr. E. A, Acviorr said he knew the British
Chemical Plant Manufacturers’ Association would
be very pleased to consider helping in the production
of papers relating to actual tests on chemical plant
based on the scientific and theoretical proposals
outlined that evening. The plant manufacturer,
however, could not be expected to put forward
tests which would contain the highly scientific
results outlined in the three papers, for the plant
manufacturer seldom had a real opportunity to
carry out such tests on his plant. Usually, as soon
as the plant turned out a product of the required
quality, the user was satisfied, and if suggestions
were made to alter the flow or temperature they
were regarded as a nuisance. Any tests or experi-
ments had to be subordinated to the general opera-
tion of the plant. The user had to produce a certain
amount in a given time, and anything which inter-
tered with production could not be tolerated during
working hours. Small quantities could be treated
easily in a works or testing laboratory, but it was
difficult to find an opportunity for full-scale tests.

Once arrangements were made for a test of eight
hours on a full sized drier to which all operations
in the works were to be subsidiary, the object being
to show whether another product could be handled.
At the end of the first half-hour the people
concerned, seeing the product being turned out
satisfactorily, said they were satisfied and went away.
After they had gone the product changed completely,
and it took two or three hours to put it right. The
difficulties were ultimately overcome, but the
instance illustrates the lack of interest in tests taken
by users.

If a maker were asked to give a guarantee he must
choose his own conditions, and the Chairman would
agree with him that it was not always the plant
which had to be guaranteed, but sometimes also
the customer.

Dr. F. S. StnwaTT said that the Director of Fuel
Research had been empowered to undertake an
exhaustive test on any low temperature carbonisation
plant which had reached a stage of development in
which a unit was available for examination. The
first test was made in 1924, and since that time
about ten separate low temperature carbonisation
plants had been examined. These tests had given
quite satisfactory balances of products obtained and
the coal carbonised. In carrying out these tests
it had been necessary for the staff of the Fuel Research
Station to take much of their own measuring
apparatus, while the products had been sampled
and examined at the Fuel Research Station. In
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certain cases the whole of the tar had been trans-
ported to the Fuel Research Station in order to be
able to obtain an average sample for examination.

There had heen suggestions that the testing of
distillation plants was a difficult matter, but there
was now available a mass of information upon the
testing of low temperature carbonisation plants, and
the examination of such plants was not in quite
the same position as the testing of the plants dealt
with during the discussion.

The CHAIRMAN associated himself with everything
that Mr. Alliott had said about the desire of the
manufacturer of chemical plant and processes to get
complete tests of their apparatus, but the buyer,
having paid a large sum of money for an installation,
naturally wanted to get uninterrupted production as
soon as possible, so that it might begin to earn a
return on his capital.

The buyers of plant were very seldom willing to
allow full particulars of their plant and processes
to be published, a point of view with which one could
sympathise. All would sympathise with the dearth
of published tests of chemical plant, but the testing
of chemical plant bore no relation to the testing of
boilers, or engines, because the msers of the plant
had definite reasons for keeping the information to
themselves.

The great difficulty which both the manufacturers
and users of chemical plant had to contend with
was that often there was considerable variation in
raw material brought to a process so that there had
to be enough elasticity in the plant to meet these
variations.

In considering the testing of chemical plant, all
the facts of the particular cases, both in relation
to the user and the manufacture, should be
remembered.

Mr. BrooMrIELD, in reply, expressed his apprecia-
tion of the sympathetic way in which the papers
had been received. The discussion had centred
mainly round testing of plants in works, and, from a
user’s point of view, his sympathies were with the
manufacturer. The flow-sheet described in the
paper dealt only with the actual components in the
plant, whether of energy or of material, and labour
did not enter as a component into the product at any
stage. It entered, however, in the economic aspect
of the question. There was a section of the paper
which dealt to some extent with the economic side
in which it was suggested that a flow-sheet could be
constructed on the basis of costs. If that were done,
then labour would appear as a subsidiary raw
material.

Prof. GieBs only wished to say two things. The
first was that the discussion indicated that it was
high time that men were trained in chemical engin-
eering. The second was that for the last eighteen
months his department had been carrying out
intensive research into the mechanism of the bubbler
plate, and a paper on that work would be published
shortly.

Dr. UnpERWOOD said that there was still a lot to
be learned about the efficiency of bubbler plates and
much research to be done. The present type had
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been developed empirically and served its purpose
fairly well. The overall efficiency was about 709,
quite a good figure. Although there was at present
no definite evidence, he believed that the action
of a bubbler plate was not so much due to the
scrubbing which took place as the vapour passed
through the liquid as to the action between the
liguid and the vapour in the space between the
plates where the liquid was sprayed. There the
interfacial surface between the liquid and the vapour
wag so much greater that it was conceivable that
the greater part of the reaction took place there.
Probably the bubbler plate was a device for spraying
liquid into the vapour rather than a scrubbing
device.

The experiments mentioned in the paper concerning
entrainment did not relate to packed but to plate
columns. The analogy between the distillation
colomn and a scrubber was true to a certain extent,
and had been employed by Lewis and Wilde in their
paper. There was a difference between the two
cases because in scrubbing only one constituent was
removed from a gas, whereas in a distilling column
some constituents were being removed from the gas
and other constituents were being put into it, so
that there were two actions going on at the same
time.

It would have been very interesting if Dr, Ormandy
had given some data for the steam consumption
with a curve showing the increase of steam con-
sumption with age for the still which functioned after
the disappearance of several of the bubblers. As
long as the number of plates was greater than the
minimum required for total reflux, plates could be
removed until the minimum was reached. There
would still be fractionation as long as the reflux was
increased, and the steam coils and reflux condenser
were large enough. In these circumstances the plant
would continue to work, but with ever increasing
steam consumption, until the minimum was reached.

The experiments by Mr. Parrish were interesting,
but the method used did not appear to be as easily
applied to quantitative measurement as the method
described in the paper. Mr. Rumford also referred
to motor fuels made up of components with stepped
boiling points. He would not comment on that
subject in view of the number of experts present,
but he would mention that any patents regarding the
remarkable effects of adding various substances to
motor fuels should be subjected to careful examina-
tion. The fact that efficiency increased when
dealing with complex mixtures compared with a
binary mixture seemed to be substantiated by
experiments carried out by Lewis and Smoley, but
he did not think anybody had put forward an
explanation.

The difficulties of the manufacturers in making
tests under commercial conditions were real, because
the user invariably desired to get the plant into
production at the earliest possible moment. The
manufacturer could only make such tests in the
user’s works, and the user ought to make these tests,
if possible, in conjunction with the manufacturer.
Clearly the manufacturer was interested in making
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 these tests because he desired to get as much informa-

tion as possible with a view to improving the design
of future plants. The user should also be interested
in such information, though he might not be quite
so ready to disseminate it. In normal times the
making of such tests might involve interference
with the works’ operations, but at the present moment
many works were not operating at full capacity and
therefore these tests would not seriously interfere
with production. Special efforts, therefore, should
be made to get full-scale tests carried out now, and
if the users of chemical plant would undertake such
tests and arrange for the results to be published and
discussed, they would render a considerable service
to chemical engineering.

In a written communication, Mons. R. Savarir said
that he had read Dr. Underwood’s paper with much
interest. It was the most complete study he had read
on a subject which had interested him greatly. He was
therefore very pleased to have this opportunity to
offer his congratulations on this important work and
at the same time to submit his own views on the
subject.

He would explain that his point of view was
essentially and exclusively a practical one. The
study of the physical laws governing the compositions
of the liquid and vapour phases was one thing and
the calculation of distilling columns was another. For
the latter object, it was sufficient to know the vapour
composition curve, and the specific and latent heats
of the constituents of the mixture. In certain
somewhat rare cases, the curve could be drawn by

-applying Raoult’s Law. More frequently, the curve

must be obtained experimentally, as was the case
with mixtures of ethyl alcohol and water. He
regarded it as a mistake to use  mol fractions » in
distillation questions. A chemist, who dealt with
reactions, legitimately reasoned in terms of mole-
cules. An industrialist, whether a manufacturer of
alcohol or a refiner of petrol, only recognised weights.

It was justly remarked, on page 117, that there were
two methods of calculation—those derived from
Sorel, which were exact, and those which assume a
constant molal reflux, which were approximate. The
method of Sorel, using the graphical construction of
Ponchon, was as simple to apply as the second
method. The conception of * mol fraction,” intro-
duced as a simplification but to the detriment of
clarity and precision, was therefore not justified.

Whatever the method employed, he thought it
was very important to keep clearly in mind and to
treat separately the two principal types of columns,
the exhausting column, below the feed, and the
concentrating column, above the feed.

For each type of column there were four funda-
mental characteristics :—

() The minimum quantity of heat to be supplied,
exhausting column or to be absorbed, con-
centrating column, for a given separation,
however great the number of plates.

(b) The minimum number of plates for a given
separation, however great the heat consumption.

(c) For a given separation, the amount of heat to
be supplied or absorbed according to the
number of plates and, conversely, the number of
plates required with a given amount of heat.

(d) The limiting composition in each case. For
example, a mixture of water and ethyl alcohol,
there was for the exhausting column, if the
number of plates and the heat consumption
were specified, a concentration of aleohol on
the top plate which could not be exceeded.
Similarly, for the concentrating column, if the
number of plates and the heat consumption
were specified, there would be on the lowest
plate a concentration of alcohol below which
1t was impossible to pass.

The conception of reflux was secondary as well as
being inexact when working with weight units. In
the concentrating column the reflux was liquid,
and in the exhausting column the reflux was vapour.
The only thing practically constant from the bottom
to the top of the column was the flow of heat.

It the problem were treated in the manner which
had been indicated, there would no longer be the
slightest difficulty in finding the composition of the
liguid on the feed plate as the diagram showed it
immediately. Nor would there be any difficulty in
determining the point at which the feed was to be
introduced which was at the junction of the two
columns.

Plate efficiency affected not only the number of
plates necessary for a given separation, but also the
consumption of heat. This followed from the
fundamental conceptions set out above. Further-
more, a simple glance at the diagram allowed of it
being taken into account. Most authors had made
erroneous statements on this subject.

As far as the ethyl alcohol-water mixture was
concerned, fermented wash from beet, molasses, ete.,
experience showed that the efficiency was very near
t0 100%, even with plates of rudimentary construc-
tion. This fact was verified by the operation of
numerous installations. In fact, the majority of
French agricultural beet distilleries distilled a wash
containing 5%, by weight of alcohol, to obtain a
product of 869, strength, using columns which
operated according to Fig. 24, and in which the wash
was used as the sole cooling agent. These columns
generally comprised 20 exhausting plates and 5 to 10
concentrating plates.

In such an installation it was easy to draw up the
heat balance since the calories brought in by the
heating steam could only be absorbed by the wash
or lost by radiation.

Investigation showed that the consumption of
heat was very close to that determined by using the
data of Bergstrom. That implied a plate efficiency
very nearly 1009,.

The study of distilling columns for binary mixtures
by the Sorel-Ponchon method, permitting the
solution of simple practical cases such as the separa-
tion of mixtures of water-ethyl alcohol, acetic acid-
water, water-acetone, etc., also offered the valuable
advantage of demonstrating the fundamental
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principles which govern the operation of columns in
the most general case of 3 or more components.

For such mixtures there was no simple and exact
general rule as there was for binary mixtures. An
experimental study in each case served to determine
the method of operation. Nevertheless, the experi-
ence obtained from the study of columns treating
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binary mixtures was of great assistance. He had
many examples at the Melle factories such as the
dehydration of alcohol, manufacture of esters,
rectification of the complex mixtures resulting from
the acetone-butyl alcohol fermentation, ete.

In reply to M. Savarit, Dr. UNDERWOOD wrote
that it was quite logical to deal separately with the
exhausting and concentrating columns as M. Savarit
remarked. The paper dealt mainly with the case,
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most common in industrial practice, of the concen-
trating column superimposed on the exhausting
column. Other cases such as an exhausting or
concentrating column used alone or the double
column type of still, used in the German alcohol
industry, had not been specifically treated in the
paper from considerations of space. The methods
described could be applied also to these cases.

The use of mol fractions as units had little physical
significance. It was to be regarded as a convenient
mathematical transformation. Where the molal
latent heats were not equal, as in the case of acetic
acid and water, fictitious molecular weights were
assumed so as to give units of *“ equal latent heat.”
The argument could be illustrated algebraically as
follows for a binary mixture.

Let Vu be the weight of vapour rising from the
nth plate per unit time, W, the weight fraction of
one component, and L, and L, the latent heats,
per unit weight, of the two components. Neglecting
changes in the heat content of the liquid through
the column, the amount of heat passing any point
in the column per unit time was constant, so that

Vo Wy L; 4 Vi (1-W5) L, = constant.
Tf m, and m, were the molecular weights of the two

components, assuming Trouton’s Rule to hold and
neglecting changes in temperature through the

column, then m, L, =m, L,= constant and
3 T 7W
¥a Wy + ¥o 0-Wa) _ constant.
m, m,

If Vo denoted the amount of vapour per unit time
in mols, that is, the sum of the number of mols of
each component, then
Vo Wi Vi (1-Wy)
o=
Voo o

and from the previous equation V' was constant
through the column.

This held good for any system of units, apart from
molal units, so long as the relation m;L; = mzLe =
constant was satisfied—that is, so long as the latent
heats of the two components were constant through
the column and m, and m, were chosen so that
m;, L,
m, Ly 2
priate value, any suitable values of m, and m,
could be taken so that an infinite number of systems
of units was available. The choice of molal units
was simply a matter of convenience, because Trouton’s
Rule applied to a large number of substances.

Regarded geometrically, referring to Fig. 2 of the
paper, it meant that the scales of the X, H axes were
transformed so that the curve X =1 (H) became
the straight line H = constant, parallel to the
X axis. By this derivation, with some modifications,
we arrived at the nomographic form given in Fig. 6.

The Savarit-Ponchon method was certainly more
accurate, since it took into account variations in
latent heat and variations in the sensible heat of
the liquid. These were generally small in comparison
with the latent heat, and, if they were taken into
account, allowance should also be made for radiation
losses. For most purposes the approximation was

. 8o long as this ratio % had the appro-
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a legitimate one, particularly as accurate physical
data for latent heats, heats of mixing, ete., were
lacking for many important problems. When
making any kind of approximation it was desirable
to realise this fact and to know the degree of approxi-
mation involved. For this reason the Savarit-
Ponchon method had a fundamental place in the
study of distillation. The conception of constant
molal reflux was of particular value when dealing
with mixtures of more than two components where
Raoult’s Law applied, as was approximately the
case with petroleum hydrocarbons.  The use of any
method other than one which assumed constant
molal reflux would involve complicated calculations,

A lot of conflicting information had been published
on plate efficiency. The efficiency quoted of nearly
1009% was higher than was usually found. As

pointed out on pages 139 and 143 of the paper, it was
difficult to ascertain accurately the theoretical
number of plates required where the amount of one
component in the product or effluent was very small.
In such cases samples should be taken at other
points in the column,

As M. Savarit pointed out, there was no difficulty
in determining the correct position for introducing
the feed if the calculations were made for the exhaust-
ing and concentrating columns. The methods given
in the paper for determining whether the feed was
in the correct position in any column in operation
did not require any such calculations and could be
applied to cases where the liquid-vapour equilibrium
data were not known. They could also be applied
to any number of components, whether they obeyed
Raoult’s Law or not.




