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Part T

ABSTRACT

Although considerable attention has been given to batch recti-
fication during the past decade, a survey of the literature revealeq
no satisfactory means for treating‘th_e quantitative aspects of this
operation. The previously pr’oposed design procedures involve
questionable assumptions which lead gehefally to uhéatisfactory
results. Most of the previous worky‘h‘;'a.'s been oi‘-é ‘theoretical
nature without éxper:imeptal vé;'ificétion.’ in fact no experimental
data that included plate compositions were found in the literature.

The purpose of this in\;estigation was to make an improved
theoretical and experimental investigation of binary batch recti-
fication. Accordingly, theoretical relationships fdr calculating
plate compositions and theirr"v'ariation with fraction distilled,
involving only justified assumptions, have been developed. These
relationships are featured by the use of a weight basis rather
than a molal basis and by use of a differential enthalpy balance
in addition to differential material balances. Experimental data
including all plate compositions were taken and used to check the
assumptions on which the theoretical relationships are based.
Moreover, these data have been used to show the faliacy of some of
the assumptions previously employed in batch rectification calcula-

tions.



Using these relationships, a complete procedure has been
developed that will permit, for the first time, design calculations
for batch rectification that are of comparable validity to those
that can be made for continuous rectification. The possibility of
simplifying these calculations through use of additional simplify-
ing assumptions has also been investigated and the error caused by
the use of the simplified equations has been shown for a variety of

operating conditions.

2.



3.

PART IT

INTRODUCTION

Batch rectification is a distillation operation that has
characteristics in common with both continﬁous rectification and
simple batch distillation. A batch rectification unit consists of
a rectification tower mounted over a still pot into which is charged
all of the feed at the beginning of the operation. The distillation
may be conducted at constant reflux ratio which gives a varying
product composition or at variable reflux ratio adjusted continuous-
ly in order to maintain a constant product composition.

Batch rectification is employed by industry in those cases
where the amount of a given feed to be processed is either small
or only available at indefinite times where contimous units would
be ureconomical and inflexible. This situation exists especially
in plants that manufacture relatively small amounts of a large
variety of products. One notable application is in the processing
of the "light oil" resulting from thé destructive distillation of
coal. Wilson and Wells (31) describe the role played by batch
rectification in this industry. '

The theoretical aspects of both,continuous‘rectificationfand
simple batch distillation are well developéd and methods that”érq
both convenient and sufficiently acéuréte are availaﬁle for the‘-

design of equipment for these operations: .H0weVer, the same has



not been true for batch rectification even in the case of

binary mixtures and this unfortunate circumstance has probably been
due to two reasons. Firstly, until recently, there was no general
recognition of the fact that many of the steady state assump-
tions usually made for continuous rectification, and the methods
based thereon, cannot be applied to batch rectification calcula-
tions. For instance, the McCabe-Thiele method for continuous
(steady state) distillation has often been applied to calculate
plate compositions (erroneously) for the batch process. Second-
ly, since conditions vary progressively with time in all parts

of a batch rectification unit throughout the entire course

of the distillation, the mathematical treatment of the opera-

tion tends to be somewhat complex. For this latter reason no
work of any importance has been done concerning the bateh recti-
fication of multi-component mixtures.

In order to design a batch rectification tower or to deter-
mine the optimum conditions of operation for an existing tower,
one must be able to calculate the composition of the product
as a function of the fraction distilled. This curve, as ex-
plained by Rose (16), is the key to the effectiveness of the
separation. This computation in turn requires the calcula=-
tion of still pot composition and of all plate compositions
as a function of the product composition. If there were no
holdup in the tower, the Rayleigh equation could be used to

make the former computation, and the McCabe-Thiele method the



latter. However, the presence of appreciable holdup in the tower
greatly limits the use of both of these methods.

A survey of the literature revealed the need for an improved
theoretical and experimental investigation of the factors involved
in batch rectification. Most of the work in this field consists of
attempts to evaluate the effect of various variables on the opera-
tion, or of the development of various methods of calculation, most
of which are based on wrong or highly questionable assumptions®.

For example, many relationships were derived assuming no holdup or
constancy of moles of holdup.

The only experimental data reported for plate colwumns are those
of Colburn ard Stearns (5) and of Rose et al. (20). However, the
value of these data is greatly restricted by the fact that no plate
compositions were reported.

Considerable interest has been shown in the nature of the
operating "lines" for batch rectification. Although in two publica-~
tions (5{ 18) evidence is presented concerning the non-validity of
the McCabe-Thiele lines, there still remained considerable doubt as
to both the actual shape of these so-called "lines" and the manner

in which they varied during the course of the distillation.

*A more detailed account of the previous work is given in appendix A.



Several authors (5, 11, 1, 15) have written differential
material balances for batch rectification but only Rose et al. (18,
19) and Pigford et al. (13) have tried to effect even an approxi-
mate solution. Rose and coworkers converted their differential{
equations into forms involving finite increments by replacing the
differentials by Ats (e.g.d x became 8x, etc.). They also made
the very dubious assumptions of constancy of moles of holdup and
of equal molal overflow. Then they calculated in a stepwise in-
cremental fashion the effect down the tower of withdrawing, success-
ively, small finite increments of product. The calculations are
very complex and laborious and are best done with the aid of an
electronic punched card calculator as described by Rose et al.
(19). One of the serious limitations of this method pointed out
by the authors is that for a large number of plates, the capacity
of the machine is exceeded. Pigford and coworkers, assuming
constant moles of holdup, equal molal overflow and an approximate
analytical expression for the equilibrium data, combined the latter
with the material balance equations in differential form, and effect-
ed a solution using a differential analyzer.

The use of an enthalpy balance to aid in the solution of the
problem has not been reported in the literature.

In summary, it is fair to say that prior to this investiga-
tion neither satisfagﬁony calculational techniques nor adequate
experimental data were available even for the case of binary mix-

tures. Therefore, limitiﬁg consideration to binary mixtures, the



purpose of this thesis was two-fold:; (1) to obtain accurate experi-
mental data, including all plate compositions, so that complete
composition curves and operating "lines" could be plotted, and (2)
to use these data to check the resulis of a thorough imvestigation
of possible theoretical relationships that would permit adequate

and straightforward design calculations.



Part IIT
THEORETICAL INVESTIGATION

A. Methods of Approach

In previous investigations it has been customary to derive
the theoretical equations for batch rectification in terms of molal
quantities, i.e. material quantities were expressed in terms of
moles and compositions in terms of mole fractions. The reason for
this choice of units probably lies in the fact that they are used
in the theoretical derivations for continuous rectification. In
this latter case the use of molal quantities is advantageous because
with many systems, the components have molal latent heats of vapori-
zation that are very closely equal, whereas the latent heats per
pound may differ widely. In continuous rectification a system
with equal molal heats of vaporization gives equal molal over-
flow of liquid from plate to plate down the tower. Under this
condition, the operating relationship becomes a straight line
which facilitates the plate calculations through use of the con-
venient McCabe-Thiele method.

Before adopting the same units for batch rectification,
one should determine if the same -advantages 30¢rue,'and at'the
same time be sure that other means of expressionAdo not offer
greater advantages. These quesfions,a:e best analyzed through

. consideration of,thé foll;wing differential material balance for
batch rectification written in terms '‘of molal quantities around

the section of the tower above plate n.



Vg V'n+1;

and therefore if dH for each plate‘were the same,” then L! would be

Lt
] 4
_‘(_ - ._l...
Vm

e e  —— i —— — ——

dt

argument is presented on p.4o.

3t
dH!?
V=M =D = 3¢

With equal molal
heats of vaporization
(and strictly speaking,
equal molal heat capa-
cities), one moie of
vapor from plate n
condensing on plate
n+l would produce
one mole of vapor on

that plate, so that

Also at any instant D! is the same for each plate,

the same; i.e. equal molal overflow would exist. However, dH refers

dt

to rate of change of the total holdup above a given blate and this
will be different for each plate because compositions (and therefore
moles) are changing at different rates on every plate. Therefore,
equal‘molal heats of vaporization do not produce equal molal over-
flow in batch rectification. Experimental verification of this

In addition, it can be seen from

the following component balance (written around the same section)

¥Primes are used to distinguish molal quantities from the ordinary
weight quantitites used in most of the equations that follow.



10.

that even if equal molal overflow did occur (i.e. In = ]'.;,1 #1 =

1‘1‘1+2 etc. ), the operating relationship y, = f£(x,,q) would
probably not be linear because of the holdup term.

Component balance, basis; dt,
t 1 ! T B« S
Vy = %ne1 el - %p D 3t (xg H')
Ln+1

n

xn+1

t D 1 4, 1
trp g tgr m;egHE)
n n

At this point it is also easy to understand the inherent
weakness in the assumption of constancy of moles of holdup in a
batch rectification tower during the course of the distillation.
As the compositions change, the number of moles must likewise
change. Consequently, previous investigations based on this
assumption are of questionable validity.

Thus with no apparent advantage to be gained from using
molal quantities, it was decided to investigate the possibility
of using ordinary weight units, i.e. pounds and weight fractions.
As in the previous case, it can be concluded that the operating
relationship will not be a straight line. On the other hand, in
many systems, depending on the relative‘ densities of the com-
ponents, the pounds of holdup, both on a given plate and in the
whole tower, will remain very closely constant. In any event,
the assumption of constancy of amount of holdup is inherently better
when holdup is expressed in terms of pounds than when expressed in

.

terms of moles. Consideration of eguations (1), (2), (3), (L), (5)



and (9) in the derivations that follow will show that the assumption
of constancy of amount of holdup is desirable in order to reduce the
complexity of the relationships.

In the following theoretical development material and
enthalpy balances have been combined to give relationships that per-
nit computation both of plate compositions and of product composition
as a function of the fraction distilled. Thus, for the first time,
it will be shown that one can perform design calculations for batch
rectification that are of comparable validity to those one can make

for both continuous rectification and simple batch distillation.

Assumptions Made in Derivation of Theoretical Relationships

The following assumptions will be made in the derivation
of the basic theoretical relationships;

(1) Amount of holdup per plate constant, i.e. dHp _ 0
dt— *

From this it follows that the total holdup in the
tower is assumed to be constant. For reasons
mentioned previously, ordinary weight units will be
used in order to obtain the best conditions for
constancy of amount of hoid_up. It should be noted,
however, that if cases should arise such that this
condition would be better satisfied in terms of
moles, the relationships can be adap'i;ed to these

units with no change.

11.



(2) The weight of vapor holdup éﬁd its total enthaipy
are negligible in comparison with the same for the liquid.
A numerical check of this assuﬁﬁtion is given in Part V.
(3) Heat losses from the column are negligible.
(&) Wéigh£ rate of product withdraﬂal from the tower is
constant.
It should be noted that constancy'of liquid and vapor flow
rates in the tower is not assumed.

After the basic relationships have been developed, the
effect of several simplifying assﬁmptions will be investigated.
Therefore,faf;the appropriaﬁe.place, these other assumptions will

be listed and discuésed.

B. Derivation of Basic Relationships

- It will be sﬁown in Part VIi that in order to make complete
‘design:calculatidns for batch fectification, relationships are needed
"~ for the calculation of plate compositions and of the product composi-
tionias érfunétiqh of the fraction distilled. Making only the
‘ assumﬁtions discussed above, equations and procedures will now be

developed for each of these computations.

1. ' Calculation of Plate Compositions
" In order to make plate-td-plate combutations, two

relatlonshlps are requlred, namely, yh f(xh) and y, _.f(xh+1)

.': - The flrst of these relationships is available in the form of the -

'equlllbrlum data wh1ch~1s‘generally'used in contlnugusfreqtlflcatign



as such to make calculations for-theoretical-plates. Howeier,_in
batch rectification,'because of the effect of‘the ehahging holdup
‘composition on the caleulations, the equilibrium data should be
corrected for plate efflclency and then used to make calculatlons_
for actual plates. The: second relatlonshlp, whlch is usually re-
ferred to as the operating relatiOhship“br"asﬁthe'oﬁerating "line!
eépatioh, can be derived by'teklng balances eroung'anAappropriate‘
section of'the tower. Since thelmethods for thejprecurement of the
—eenilibrium data ere the same for batch rectification'as for other‘
types of distillation operations, only the development of the
operatlng relationship will be dlscussed..;
- Basis: All balances will be ‘taken around plate nfl for a

differential increment of time, dt. °

Application of MAterigl Balances: '(See.Fig._la)‘

Total mass balance;

kIn+2'f Vn Ih+l - n+l = dHn+l _ | S ,(1)”

or A ) )
Ln+l Vh+l Ln+2 = D ' ] . 7 ) ,(la)

Component balance..

Lny2 Xpa2 +fvhyh In+l *n+#l ~ n+13h+l =

d : dxh +1 danl
R(Hm—l Xn41) = — t *ndl" gt

Hpaa _.221 o ' L _(2?
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Application of an Enthalpy Balance: (see Fig. 1b)

Ln+o brnso + Vn Byp = Lned Brpnsd = Vpel bypel =

d . dhrpey dHpeq
& (Fnvd brae1) = Hpel » —gp— * Broel * g
Hpel * —o (3)

Equations (1), (2) and (3) are the only independent
equations involving Yn and X+l that can be written around plate
n+l, However, analysis will reveal that in stepwise computations
of values for plater n using previously determined values there
are only three independent unknowns, which, assuming that the
calculations have been started at the top of the tower, are yp, Vj,

apparent
and Ipsj. The other/unknown, hy,, is a unique function of yp.
Therefore 'l;.hese equations can be combined to permit solution of Tne

To eliminate dependence on the rate of boilup, the equations can be

written in terms of the fraction distilled, #, as follows,
Dt

Expressed in terms of pounds, D is constant and
3 .
=2 gt or at=-2. ag )
So D

Substituting (5) into (2) and (3) and using (la) to elim-

Lyt (¥nep = Tna1) + Inel Gy - 1) + D (¥ = V1) =

Hg:l . d$+1 (22)

15.



Lo (Brneo = hyney) + Ly (byp = hppen) +

- H dh
D (hVn - hVn+l) = rsﬁ-l . §E+l (3a)
o

The procedure for calculating plate compositions correspond-

ing to a chosen value of @ using (2a) and (3a) is as follows:

Given a desired xp vs. @ curve, So, and xg,.
a. Select values for reflux fraction _I'_R_ = ¢ and rate of
Vg
flow of product, D.

be. Choose a series of product compositions from the Xp Vs.

@ curve, say at A g = 0.10.

16.

c. With a total condenser y; = Xp = Xp» and thus from corrected

liquid-vapor composition curve, obtain values of Xy
corresponding to each yy.
d. Plot x. vs. @ and evaluate 9%t ror each point;
from an enthalpy—concentratgzr_l chart obtain values
for hr4 corresponding to each xy, plot hry vs. &
and evaluate dhry for each point.
e. Obtain values co1 Y41 as follows: (n = t-1,
n+tl = t, .and n+2 = R).
(1) Assume values for yi_j and use equation (3a)
%o obtain values of Lt. - (Hp4p can be calculated
from plate dimensions).
(2) Using these values of Ly, obtain values for:

' Y41 from equation (2a). "



(3) Repeat until each calculated value of yy 3
checks its assumed value.
f. Obtain values of x;_; by repeating step (c).
g. Obtain values of yi_, by repeating steps (d) and (e).

Thus, the calculétion of plate compositions can be cohtinued
to any desired point.

The trial and error involved in.step (e) is caused by the
fact that the relationship between enthalpy and concentration is in
graphical form. (Consideration was given to the possibility of
effecting an analytical solution at this point. Among other things,
this would require an analytical expression for temperature as a
function of x and y. It was found that even the inadequate assumption
of linear functions for these relationships leads to a very complex
cubic equation. Consequently, no furthe£ #ttempt ﬁas made to obtain

an analytical solution.

2. Computation of Product Composition as a Function of

the Fraction Distilled

The required relationship can be derived by writing
overall material and enthalpy balances.
Basisy Balances takeh.around the entire tower (see

Fig. la) for a differential increment of time, dt.

17.



Application of material balances:

Total mass balance:

ds , dH .
wTrawEs? (k)
Assuming dH _ 0
dt 4
ds .
a.-f = D (ha’)

Component balance:

d d
T (%) * g5 (Bxgy) = xpD G)
- 2 Hy X
where XHT —
Substituting for D from (La) and assuming g_% =0
>
dx
S ds Iy . as
T T swE T iw Ch® ©)
or
des + (x-s - D)ds + Hdxgp = 0 (62)

Dividing by 8§ and (xs - xD) and separating the variables,

T ) TS Tey)
1—‘7 §r—‘5 )



Integrating,
Xs WHT
mS- (& . (g %
So ZxD-xs ) S ixD-xs )
X'So XHTe

(8)

To integrate the second -integral, S must be known as a function

of the other wvariables.

Application of an enthalpy balance;

4
IE (Shg) + é% (Hhyp) = hpD

Where hH‘I‘ = Z:thn

H

Substituting for D from (La) and assuming dH _

dh
S
Sz

as
5

+h8§+nthT

Solving for H,

i

S

ahng-%

- -
(hg-hp) ~ § Thg-Rp)

das | dhg (hs" D)
S By p ) Ty

Substituting (12) into (7) to eliminate H,

5
ds . s, |_/as dbs \[hg-hp\| dxyg
S TopXg) S (hg=hp))\ dhyp /1 (xp=xg)
as |, .fBs~hp| dxmr | dxg _  dhg dxyp
S dgp | (XpXg) | *pXg  (xp=xgldhy,

0,

(9)

(10)

(11)

(12)

(13)

19.
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dxg dhg dxgp
ds _ (xD-xS) (XD" S)thT -
S (xpxg)dh,, + (hg-hp)dxyy

(xpg by
dxg (xp2g Jdhyy - dhg dxy, - (eprxg )y,
(XD-XS) (XD-XS )thT + (hS"hD)dXHT (XD-_ S)thT (XD-XS)thT + (hs“ D)dXHT
ds . g gy _ dhg dxyp .
5 (pxg)dhyy * (hg-hpldxyy - Tep=xg)dhy, (hg-hp)dx .
ds . &g - dhg )
S TRg) * (g ) dxyp  Ggwg) gy + (Bg-hp)
dhy &pr
xs

S ~hs &

ds _ dxs dbg

== - (15)

S (xp~xg Jdhyp gy

5[ T+ (Bsp) (xpr3tg Yz * (Bghp)
dhgr hse
. %50 dXHT .
-~ _
dx dh

in 2 = - S + )

S0 dbgy (Xp=s) by (16)

Gpxg) oy (hg-hp) T (hg-hp)
thT ) hSo
| gy
T Xs !

dh
HT
Iet qj -represent l:(xD-x ) + (h -hﬂ
S EB:_H— S D
o T .



S,-S
But the fraction distilled, g = § = 1?§_ or S = (1-¢),
[0} [o} 0
e :
gy hy
= ax:

In (1-4) = = ___Zi?g__ dxg * :;J dhg | (17)

- xs h _

It should be noted that hHT andﬁﬁHT refer to the overall values
for the total holdup in the columm. In the usual case where there is
equal weight of holdup on each plate, these values are the arithmetic
mean of the compositions and liquid enthalpies on the plates. Thus,
provided that curves relating compositions of the still pot and of
each plate to product composition are available, the fraction dis-~
tilled may be calculated from (17 ) using two graphical integrations.

C. Simplified Equations and Procedure

Since the previous procedure is somewhat time consuming, it
is proposed to investigate means for simplifying the computations.
Therefore, the possibility of making simplifying assumptions in
addition to those discussed on pp. /'-'2. will now be investigated.
The validity of these assumptions will be tested with experimental
data in Part V. {

1. Assumption that the holdup terms are negligible.
a. GCalculation of Platg Compositions.
Considering the relative magnitudes‘of the terms
in equations (2) and (3), it can be concluded that the holdup terms

H%% and H%% , will probably be small in comparison to the other terms

21,



in these equations. .If these holdup terms are assumed to be negli-
gible, equations (2a) and (3a) become,

Lnt2 (Knep = Tpe1) + Lpvx O = Xpen) # D(yy = ¥p+1) = O (2b)

.

Lneo (hyneo = bypea) * Inea (byy = Bygeq) + Dlbyy = bypq) =0 (3b)
The procedure for calculating plate compositions would now be
greatly simplified and would involve only the following:
A1l values except Lyis Tn and hyp would be known.
(1) Assume a value for Ypr
(2) Cbtain the corresponding value of hVn from an enthalpy-
concentration chart.
(3) Solve equations (3b) for Loqe
(4) Use equation (2b) tc; calculate y. .
(5) Continue until the calculated value in step () checks
the value assumed in step (1).
The degree of validity of the assumption on which this procedure
is based is shown on pp. #& -#3.
b. Calculation of xj vs. .
Consideration of equation (6) will show that
if H is small, the term ngxg would be small in compérison with the
othzr terms in the equation. Now if H is small enough to make

S .
H%—’é negligible, equation (6a) reduces to the Rayleigh equationg

22.
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jds f o

¥s, Xso
S .
In 52 xn'xs (19)
x,s I’Se
In (1-¢) = 5;,% (192)
Xs

Having xD as a function of Xg from the previous calculations, Xp
as a function of g can be readily evaluated by graphical integratibn
of equation (19a). A comparison of the resulﬁs obtained by using this
simplified equation with exper;imental data is presented in Part V, p.¥.

2. Assumption of Constancy of Liquid and Vapor Flow Rates in

the Tower.

| The doubti‘ul valldity of this assumpt:.on has already
been dlscussed. Since this doubt has been conflrmed with experanwnt-
al data in Part V, p. 40 , the relationships involving this assump-
tion will not be written. Inspection of equations (2a) and (3a) will
indicate the simplification that would result if this éssumptioh

were possible.



Part IV

EXPERIMENTAL INVESTIGATION

The purpose of the experimental investigation was to obtain data

that would lead to a better quantitative understanding of batch
rectification. Only in two previous investigations (5, 20) were
experimental data reported for ﬁlate columns and in both cases only
still pot and overhead product compositions were given. There~
fore, it was proposed in this investigation to measure all plate
compositions as well as those of the still liquid and overhead
product. It was especially desired to obtain data from which
actual operating curves could be plotted in order that both the
shape of these curves .andfbhe manner in which they vary during

the course of the distillation might be clarified. | Finally, it
was proposed ﬁo use the experimental data as a means- of making
numerical checks of the relationships resulting from the theoreti-
cal investigation.

A. Description of the Apparatus

In Figures 2 and 3 is shown the batch rectification
apparatus used in this investigation. Figure 4 shows the details
of the plate layout.

The equipment consisted of an 8-inch tower, containing 12
bubble cap plates (see Figure 4 for plate layout), mounted over a
20 gallon steam-jacketed still pot. The average plate holdup was
approximately 1000 cc pe:;:- plate (about 2.6 pounds per plate under

operating conditions). The average plate efficiency as determined
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experimentally was approximately 60 percent. The tower was insulated
with a 2-inch layer of standard magnesia pipe insulation. Condensa-
tion of the overhead vapors was effected by means of a conventional
shell and tube condenser mounted horizontally. The overhead conden-
sate was divided into reflux and product by means of a control valve
placed for convenience as shown in Figure 3. A motor driven stirrer
operating at 600 RPM provided adequate mixing in the still pot. The
size and pitch of the blade on the stirrer were adjusted to prevent
any appreciable liquid entrainment in the vapors going to the first
plate.

Mercury-in-glass thermometers were used to obtain tempera-
tures on alternate plates and at other appropriate points in the
system as shown in Figure 3. Rotameters were used to measure rates
of flow of reflux and product. Also provision was made for obtaining
samples of liquid from the plates, still pot, and reflux line.
Reference to Figure 4 will show that representative samples could be
obtained only from alternate plates, because it is seen that on the
lower plate in the diagram the sampij_ng cock is adjacent to the
downcomer from the plate above. Therefore, samples could be taken
only from the even numbered plates (counting from the bottom).
Control of the steam to thé calandria was afforded by means ;f a
flow control valve used in conjunction with a mercury manometer.

B. Qutline of i:.he Experimental Procedure

Since a detailed step—by-étep account of the procedure is

given in Appendix B, only a brief 'outline will be presented here.
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The system selected for this investigation was methanol-
isopropanol and this choice was based on several considerations.
The system closely approaches ideality and therefore has an
approximately constant relative volatility, which béing approxi-
mately 2, is also of suitable magnitude. Likewise, the properties
of mixtures of these two components can be conveniently evaluated
by means of the additive property rule. Because of the large number
of samples to be taken, of major consideration is the fact that
mixtures of these components can be rapidly analyzed by measuring
their refractive indices. Finally, both methanol and isopropanol
of a relatively high degree of purity (99*percent) are readily
available at relatively low cost. .

The major items of data obtained at specified time in-
tervals were:

(1) composition of the liquid on alternate plates, of
the reflux, and of the liquid in the still pot.
The other plate compositions were later obtained
by graphical interpolétion. Composition of vapor
on the plates was obtained from a liquid-vapor
composition curve for the tower described below.

(2) Rateé_of flow of reflux and product.

(3) Weights of initial charge and of product collected

. during specified intervals of time.
(L) Temperatures on the plates, in the still pot, and

) at each flow meter.
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To start a run, the still pot was charged with feed of
specified amount and composition and the stirrer, steam, and
cooling water turned on. The colum was operated at total reflux
long enough to fill the plates with holdup. Then the reflux
fraction was shifted to the value to be employed in the run and
the warmup period continued for 2-1/2 hours in order to insure
that steady state had been attained. During this period, the
portion of the overhead condensate, which during actual operation
would be withdrawn as product, was returned continuously to the
still pot.

The batch rectification period was started by changing
the product flow from the still pot to the product receiver.
Generally, all meter readings, temperatures, and samples were taken
at 30 minute intervals. Also product accumulations during these
intervals were weighed. 1In an effort to minimize errors, sample
lines were purged of stagnant liquid, and samples were withdrawn
into chilled bottles. A constant boilup rate was maintained by
occasional adjustment of the flow control valve on the steam line
to the calandria.

The compositions of the liquid samples were determined by
measuring their refractive indices at 20°C. A curve relating
refractive index to composition was calculated applying the additive

propefty rule to specific refractions of the compohents as developed



by Tour (30)*. This calculated curve was checked using test mixtures

made up by combining weighed samples of the pure c omponents. The test

points showed an average absolute deviation of approximately 0.2
weight percent from the calculated curve.

Vapor compoéitions were not measured directly because it
was recognized that it would not be possible to obtain vapor samples
of sufficient size for accurate analysis from the plates without
seriously disturbing the operation of the tower.*¥ Therefore, it
was necessary to determine these compositions from a liquid-vapor
composition curve for the tower, previously determined by a series
of runs at total reflux.® This liquid-vapor curve is actually the
equilibrium curve corrected for plate efficiency. At total reflux,
Yn = Xps1s 2nd this relationship provides a means for obtaining
vapor compositions without directly measuring them. It would be
expected that this corrected equilibrium curve obtained at total
reflux would apply at other reflux ratios as well, provided that
the factors affecting plate efficiency are kept the same. This
fact has been confirmed by several investigators (9, 10, 12, 27) all
of whom report no effect of reflux ratio per se on the plate
efficiency provided that the tests are made at the same vapor

velocity, same plate layout, etec. (Care was taken to use the same

*See Appendix D for this curve and for the details of its construc-
tion.

*#This difficulty did not occur with the liquid sampling because in
this case only a 10 cc sample was taken from the 1000 cc of liquid
on the plate.
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vapor velocity (approximately 3.7 ft. /sec.) in the batch rectifica-
tion runs as had been used in the determination of the liquid~vapor
curve. Then the vapor compositioﬁ, ¥, on a given plate correspond-
ing to the measured liquid composition, x, was obtained from this
curve.

C. Experimental Results

In distilling mixtures of two given components in a given
columm at a fixed pressure the most important variables that would
appear to affect the course of the operation are reflux fraction,
holdup to charge ratio, and initial charge composition. Runs were
made under various conditions of these variables , but all at atmos-
pheric pressure.¥®

Results typical of all the data are shown in Figures 5, 6,
and 7. Figure 5 shows the time variation of plate compositions
versus still pot compositions for runs 19, 21, 26, all of which were
made at the same conditions. Each point in a cluster represents a
different run. A plot of composition versus plate number was used
to interpolate the values for the odd numbered plates and to smooth
out any obvious irregularities in the experimental data. The
average absolute deviation of the compositions shown in Figufe 5 is
approximately 0.3 weight percent. Figure 6 shows the variation of
product composition with the fraction distilled for the same three

runs. The average absolute deviation of compositions here varies

*A resume of all runs and tabulation of data are given in Appendix
C. , ;
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/

with @ The progressive determination in precision is believed to
be caused by cumulative error due to vapor loss from the condenser
and to losses incurred in sampling.

Figure 7 shows typical operating curves (y, vs. xp,7) for
batch rectification as determined experimentally in Run 19. The
variation of these curves during the course of the operation from
g=.121 to g = .510 is shown. This plot is of particular interest
in that it shows the magnitude of the error that can be incurred by
using the McCabe-Thiele operating line.

‘These and other data of the same type but at different
values of reflux ratio, holdup to charge ratio, and initial charge
composition will be used in Part V in evaluating the reliability of
the theoretical relationships developed in Part IIT.

In addition to the test of consistency given by Figures 5
and 6, the data were also tested by both individual plate and over-
all material balances. Equations la, 2 and 3 were used to make the
plate-to-plate balances. Since flow rates inside the tower were not

measured, equation (3) was used to solve for L 112 equation (la) to

1
obtain V, and then these plus observed values of the other quantities

were substituted in equation (2), rearranged to equate input to out-
put:

dx

L X, +V_ y. +H (= -

nk2 "nt2 - nn a-ﬁ)nﬂ. Toe1 a1 ¥ Vel Tne1

where dx was evaluated graphically from a plot of x vs. t for each
dt

plate. The results of these plate balances are shown in Table TI.



Table T
Results of Material Balances for Run 19
Methanol Balances Around Each Plate at g = 0.25L

Plate No. Percent
(n) Input Output Dev.,
1 0.639 0. 643 0.6
2 0.718 0.731 1.8
3 0.806 0.806 0.0
L 0. 889 0. 886 0.3
5 0. 981 0. 975 0.6
6 1. 066 1.068 0.2
7 1.1y7 1.1y 0.0
8 1.208 1210 0.2
9 1,252 1,257 0.l
1o 1,286 1.311 0.2
11 1.31, 1.310 0.3

Furthermore, the overall mass balance for the entire Run 19 showed
a deviation of about 2 percent. Therefore, it can be concluded
that these data are suitable for use in checking the theoretical

relationships.



Part V

CORRETATION OF THEORETICAL AND EXPERIMENTAL RESULTS

The purpose of this section :x.s to determine the degree of cor-
relation between the various theoretical relationships developed in
Part III and the experimental data reported in Part IV. The various
assumptions made in Part IIT will be checked using experimental data.

Since the theoretical relationships involve enthalpies, it was
necessary to construct an enthalpy-concentration chart®for the
system methanol-isopropanol. This chart was constructed for the
conditions existing in the tower used in this investigation, i.e.,
the chart is based on the actual pressure, temperatures and corrected
equilibrium conditions observed for this tower. Because of the
effect of holdup on the calcuiations, the necessity for working
with the actual liquid-vapof data and the actual enthalpy-concentra-
tion data must be clearly recognized.

Test of Basic Assumptions with Experimental Data

The basic assumptions discussed on pp.il-'2 will now be tested
with experimental data.
(1) Constancy of weight of holdup.
Typical of general results are the data from Run 16.
For a single plate (No. 6) the weight of holdup varied from 2.22

pbunds to 2.21 pounds; the moles varied from 0.0L465 to 0.0395 pound

3t See Appendix D for this chart and for the details of its construction.
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moles. The total holdup in the tower varied from 31-1/4 to 31
pounds, whereas the moles varied from 0.66} to 0.556 pound moles.*
Thus the assumption of constancy of pounds of holdup holds very
well for the system used in this investigation, but there is
considerable variation on a molal basis.

(2) weight and enthalpy of vapor holdup negligible.

The following typical results are offerred in support
of this assumption. The weight of wvapor abo%e a plate was found by
calculation to average approximately 0.015 pounds. Certainly this
value is negligible in comparison with the average value of 2.6
pounds of liquid holdup per plate. The corresponding enthalpy
values are 6 Btu. and 260 Btu., respectively for vapor and liquid
and again no serious error is incurred in neglecting the vapor
enthalpy.

(3) Heat losses from column negligible.

| Sufficient insulation was used on the colum to
insure that this condition was met, and the same can and should be
done in practice.

(L) Constant rate of withdrawal of product from the system.

- This condition was met in this investigation by
’controi of the héét\input,to the calandria and the same can be done

in practice.

*¥For description of holdup measurements and calculations see
Appendices B and D. :
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The variation of liquid and.vapor flow rates*® from plate-to-
plate in the tower at any given«time \is shown in Table Iwfor a
typical run No. 19. Therefore , it is well that. the assumption of
constancy of these rates was not made,

Tabie Iw

Rates of Flow of Liquid and Vapori in Tower for Run 19

at g = .254
L v
Plate 1bs. /min. 1bs. /min.

1 .895 1077 Iiquid overflow values
2 860 | l.0h1 expressed in terms of
3 .82 1.007 1b. moles per min.:

L .790 976

5 <759 ol Plate 5; 0.0168

6 .72L . 907 Plate 10: 0.0157

7 . 690 .878

8 . 661 .855

9 . 638 839
10 . 622 .826
11 . 609 .819
12 602 .796

Test of Simplifying Assumptions

‘ In addition to the basic assumptions on which all the theoreti-
cal equations are based, additional simplifying assumptions were
‘made that led to equations (2b), (3b~), and (19a). These assumptions
were that the time variation in weight of more volatile component in
the holdup per plate Hy ;_};n_, and of enthalpy of the hbldup per plate,
Hp %.n,' were negligible. These assumptions will now be checked with
experimental data from Runs 16, 19, 22, 23 and 28, covering a con-

¥Calculated using equations la, 2, and 3 a8s explained in appendix D.



siderable range of operating conditions. Runs 16 and 19 were made
at the samevvalues of holdup fo charge ratio and reflux fraction but
at different values of charge composition. Runs 19, 22, and 23 were
made at the same holdup to charge ratio and at the same initial
charge composition but at different reflux fractions. Runs 19 and
28 were made at the same reflux fraction and at the same charge
composition but at different holdup to charge ratios.

The tests of these assumptions were first made on the relation-
ships for calculating plate compositions by using equations (2) and
(3) to evaluate the percentage error caused by neglécting the holdup
terms. 1In all cases the error caused by neglecting the holdup term
in the enthalpy balance was never more than approximately 0.1 to
0.2 percent. The fact that thevspecific heats of methanol and
isopropanol are of the séme order of magnitude accounts largely
for this small variation in the enthalpy of the holdup. The
magnitude of the error will depend on the thermal properties of -
the components but in'moét cases it should be small. | |

On the other hand,’thg effect of neglecting the holdup term
in the material balance islmore'pronounced. Table IT shows the.

errors obtained for each of the runs mentioned above.
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Table II

Error on each Plate Due to Neglecting
Change of Composition in the Holdup

Error = Percent of methanol flow leaving plate.
Except where noted, all values were computed at @ = 0.25

Run 16 Run 19
£f=0.725 £f=0.725
XSO = O- 231 XSO = O.Ll53
H H
= 0.383 — = 0.383
S, So
For Plate 63
Percent Percent Percent
Plate Error Plate Error 1] Error
1 0. 66 1 - 1.10
2 54 2 0. 98
3 .62 3 1.2, 121 0.42
b L3 b .90 .25 0. 94
5 57 5 112 .380 1.33
6 .53 6 .94 .510 1.38
T . .e70 T .1 )
8 66 8 «Th
10 .90 10 .39
11 1.20 11 23
12 .92 12 .15
Overall error Qverall error |
based on Plate 1 based on plate 1

flow = 10 percent flow = 1h.2 percent
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Table IT (Continued)

Run 22 Run 23 Run 28
£.=.850 f=.575 f=.725
xso 153 xso = 153 %5, = 153
g‘- = .383 S_H- = ,383 ‘SH" = ,272
° Percent ° Percent ° Percent
Plate Error Plate Error Plate Error
1 1.0k 1 1.38 1 0.85
2 0.90 2 124 2 0.75
3 1.0 3 1.Lo 3 0.88
N 0. 69 L 104 N 0.58
5 0.83 5 1.37 5 0.78
6 0.8y 6 1.18 6 0. 61
7 0.59 . 143 7 0. 62
8 0. 37 8 1.1 8 0.43
9 0.30 9 1.11 9 0.40
10 0.20 10 0.%5 10 0.28
11 0.23 11 0.98 11 0. 28
12 0.15 . 12 0.51 12 0. 09
Overall error ~Ovéra11 error Overall error
based on Plate 1 based on Plate 1 based on Plate 1

flow = 11 percent flow = 18.7 percent flow = 9.9 percent



It is seen that the errors range from a few tenths of a per-
-cent up to approximately 1.5 percent per plate. Whereas the errors
per plate are small, it must be recognized that they would be
cumulative when making plate-to-plate calculations. As indicated
in the table these cumulative errors may be as large as 19 percent
for a 12-plate calculation. No quantitative correlation was found
to relate the percent error to any of the variables of operation.
Several qualitativé deductions will be mentioned in Part VII. The
conclusion that must be drawn from this analysis is that for exact
calculations, the holdup term in the component balance should not
be neglected.,

In accord with this conclusion regarding the individual plate
balances, it is obvious that the holdup terms should not be neglected
in the overall balances used to calculate the fraction distilled.
The magnitude of the error caused by neglecting the holdup terms
has been computed for Run 19. " The value of the fraction distilled
calculated using equation (19a) is 0.255 compared to the experi-
mental value of 0.380. Therefore, the holdup terms must not be

neglected in making this computation.

-



Part VI

COMPIETE DESIGN PROCEDURE FOR BINARY BATCH RECTIFICATION

The following procedure is recommended for the exact design of
a batch rectification tower.
1. Givens
a. Weight of feed
b. Composition of feed
c. The desired curve relating composition of product
to fraction distilled.
2. Select the following:
2., The plate design so that the holdup per plate can
be calculated.
b, The reflux fraction to be used during the warmup
period; probably would use total reflux.
3. Assume a plate efficiency and calculate the corrected
liquid~vapor composition data and enthalpy data.
b, calculate plate compositions for the steady state
condition at the end of the warmup period:
a. Assume a nﬁmber of plates, N.
b. Calculate X5, at the end of the warmup period as
follous:

(1) calculate the total holdup in the ¢ olum,
By = () (8))
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(2) S =8 - H,

(3) Assume Xy, and step off compositions using
steady state methods with equilibrium data
corrected for plate efficiency.

(4) Xnowing the weight and composition of the
holdup, calculate the weight of the more
volatile component in the total colum hold-
up, Hpy = (HT)(xHT) where x.. may be taken
as the arithmetic average because of the
approximately equal weight of holdup on
each plate,

(5) By material balance calculate X509
SX.., = Hx + Soxs o

FSF o Ho ave.
Solve for x. .

So
(6) Continue until the value calculated in (5)
agrees with the value assumed in (3).

c. After the value for X350 has been established,
check to see if the corresponding value of
Xpo agrees with the value of xp at g =0 on
the graph mentioned in lc. If not satisfactory,
choose another value for the number qf plates
and repeat step Ub. When a satisfactory value

for Xno has been obtained, then the correspond-

ing number of plates for the tower will be fixed.
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5. Calculate plate compositions:

a.
b.

Ce

d.

Ce

Choose a reflux fraction for use during the batch
rectification.

Choose a rate of flow of product, D to give a suit-
able vapor velocity in the tower.

Calculate all plate compositions and the still pot
composition as a function of the fraction distilled
using the procedure previously developed on p. 16
Calculate the fraction distilled as a function of
the product composition using the procedure pre-
viously developed on p. #. Z/.

If these points do not check satisfactorily with the
curve specified in lc, assume a new reflux ratio and

repeat steps 5b through 5d.

If it is desired to analyze the performance of an existing tower

under various conditions of operation, only a few modifications would

be necessary in the procedure. In step Lha the number of plates would

be fixed and step Lc would be eliminateds In step lc a curve relating

xp to g would have to be assumed and then checked by step 5d. In this

case it would be wise to defer this assumption until after step Lb(6),

so that Xno would be known.

Although several possibilities for simplifying this procedure

are discussed in Part VII, it is believed that this is the only

procedure that will lead to exact results,



Part VII
DISCUSSION OF RESULTS

The most important contributions resulting from this investi-
gation are the relationships developed for the computation of
plate compositions and for the computation of the fraction distilled
as a function of the product composition.A For the first time, equa-
tions involving only assumptions justified by experimental data are
available for making these computations. The significant features
that differentiate this work from that of other workers are the
use of weight units rather than molal units and the application of
a differential enthalpy balance in addition to the differential
material balances. Another important contribution consists of
the first experimental data complete with all plate compositions
to be reported. The reliability of these data was established by
material balances as reported in Part IV.

The basic assumptions of constancy of weight of holdup and of
negligible amount of vapor holdup were justified in Part V. It is
believed that the ratio of vapor holdup to liquid holdup, which is
largely a function of plate design and spacing, would be negligible
in all practical cases. However, the constancy of weight of hold-
up will depend on the relative densities of the components com-
prising the system and the extent and manner in which mixtures
depart from ideal behavior. The excellent check of this assumption

in this work was due largely to the closeness of the densities of
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the two components, methanol and isopropanol. Although this situa-
tion occurs frequently in practice, it must be recognized that there
will arise cases ﬁhére this assumption will not hold as well as
reported here. Nevertheless, the assumption should hold better in
most cases in terms of pounds than in terms of moles., If the mole-
cular weights of thevcomponents are closer in magnitude than are

+ their densities, then the reverse will be true. In either case

the relationships are used in the same manners. It is believed

that the assumption of constancy of holdup will hold well enough

in all cases to give résults of deéiéed validity. Although it
would be possible to make the derivations without this assumption,
the complexity of the equations would be increased to such a point
as to make them of little value for practical use.

Of considerable importance is the proof given in Part V con-
cerning the non-validity of one of the assumptions that has frequent-
ly been made in batch rectification calculations, namely, equal rate
of overflow from plate-to-plate in the tower. This condition was
found not to exist on either a weight or a molal basis. Therefore,
the McCabe-Thiele method should not be used to calculate plate
compositions in a batch rectification tower. Figure 7 shows the
magnitude of the error that can be incurred by use of the McCabe-
Thiele method.

Since the design procedure as outlined in Part VI is somewhat
time consuming, several means for its simplification have been in-

vestigated. It was shown that the relationships for calculating



both plate compositions and fraction distilled would be simplified
considerably if the holdup terms were neglected. Therefore, the
magnitude of the error caused by neglecting the holdup terms in
these equations has been evaluated.

The holdup term in equation (3) was found to be negligible and
it is believed that this will generally be true. The errors caused
by neglecting the holdup term in equation (2) were shown in Table
IT for a variety of operating conditions. Although the magnitude
of these errors per plate is relatively small, it must be recognized
that in making plate-to-plate calculations these errors will be
cumilative. An indication of the magnitude of this cumulative effect
is shown in Table II for the 12 plates in terms of the overall error
based on plate 1 flow rates. Of course this effect will become
greater as the nunber of plates increases.

Although no quantitative correlation was found between the
magnitude of the errors shown in Table II and any of the pertinent
variables of operation, several qualitative deductions can be made.
Comparing Runs 19, 22, and 23, it is seen that for fixed values of
charge composition and holdup to charge ratio, the higher the reflux

. fraction the smaller the errors, Comparing Runs 19 and 28, it is
seen that for the same charge composition and reflux fraction, the
smaller the holdup to charge ratio the smaller the er?ors. At fixed
values of reflux fraction and holdup to charge ratio, the effect of

charge composition will depend on the portion of the equilibrium
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curve that is involved. At the two extremities of the curve the
error would be zero., However, assuming a normal equilibrium curve,
as the middle portion of the curve is approached from either direct-
ion the difference between liquid and vapor compositions increases.
This causes an increased rate of variation of plate compositiohs,
which in turn increases the magnitude of the holdup term relative
to the other terms in the equation, and thereby the percentage of
error increases. This contention is substantiated by the errors
shown for Run 16.

The variation of error with the fraction distilled is shown
in Table II for Plate 6 of Run 19. Although in the range of the
fraction distilled covered there is a progressive increase in the
magnitude of the error with increase in fraction distilled, it is
believed that the data end: near a point of inflection, and there-
fore, the value at the fraction distilled equal to 0.51 should
represent very closely the maximum percent of error for that plate.

In addition éo the above factors, the relative volatility plays
an important role in determining the magnitude of the holdup terms.
The'greatér the relaﬁivevvolatility;'the greater the rate of change
of compositions. Therefore,{the absolute magnitudes of the errors
reported hérein hold onlyyfdr systems having a relative volatility
of approximately 2

It is recognized>that the data reported do not cover sufficient
ranges of the possible operating conditions to permit completely

general quantitative conclusions to be made. Nevertheless, it is



believed that enough data have been included to guide the designer
in estimating the approximate _validity of the results obtained from
use of the simplified equations (2b) and (3b) in calculating plate
compositions. However, because of the cumulative effect of these

errors on the plate calculations, it is believed that in general

the added confidence in the results will justify the slightly greater

expenditure of time required for the use of the basic equations (2a)
and (3a), which allow for the variation in the composition of the
holdup.

If the holdup terms are neglected in the overall material
balances used in the derivation of the relationship for calculating
the fraction distilled, it was shown on p. 23 that the Rayleigh
equation will result. An overall balance 1s subject to the total
cumulative error, and thérefoze; :.résults bbta";ined'by use of the
Rayleigh equation would be expected to contain considerable error.
Since this fact haé previously been reported (3), (5), only one
evaluation of this error was made. The 30 percent error obtained
for Run 19 on p.128 indicates the hazard involved in using the
Rayleigh equation for calculation of the fraction distilled in
batch rectification. It should be noted however, that the magni-
tude of the efror will depend (in addition to the factors mentioned
above) on the holdup to charge ratio. The smaller this ::atio the

smaller the error incurred, but since the effect is probably not
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great, under most practical conditions the Rayleigh equation would
probably givé high]y questionable results. Fortunately, after

plate compositions have been calculated, equation (17) can be used
without too much inconvenience to calculate the fraction distilled.

Other approximations might be made under some conditions to
simplify the design procedure. For instance, if the holdup to
7 cl;érge ratio is small, .the still pot composition at the end of
the {:arnmp period might be approx:’matéd, and thereby, this trial
and error 'com;putation would be eliminated.

Although the désign procedure given in Part VI is somewhat
time consuming, it is much less so than in previously attempted
calculations. In the procedure used by Rose et.al. (18), the
concentration range to be considered is divided into a series of
very small finite increments. Complete calculations must then be
made successively for each of the small intervals of concentration.
Pigford et al. (13) tried to make the calculations by using a
differential analyzer. Both methods, in addition to requiring a
prohibitive amount of time, are based on several highly question-
able assumptions and approximations, such as constancy of moles of
holdup and equal molal overflow.

In summary, a rigorous but somewhat time consuming design
procedure has been developed. Several means of simplification

and the magnitudes of the accompanying errors have been considered.

53.



However, only experience in using the relationships will indicate
which, if any, of the simplifications can be generally applied with

confidence.
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Part VIII
CONCLUSIONS

1. A complete and rigorous design procedure for batch recti-
fication of binary mixtures involving only equations based on
justified assumptions has been developed. Therefore, for the
first time, design calculations can be made for batch rectifica-
tion that are of comparable validity to those that can be made
for continuous rectification.

2. The procedure can also be used to analyze the performance
of an existing tower.

3. The procedure is time consuming but much less so than
previously proposed methods, which, although accounting for the
holdup in the tower, involved several very dubious assumptions.

L. The errors involved in using several simplifications
have been considered. However, it is believed that the added
confidence in the results justifies the additional expenditure
of time required to use the basic equations that do not involve
any of the simplifying approximations. Further experience may
indicate which, if any, of these approximations can be general-
ly applied with confidence.

5. The questionable validity of previous procedures in-
volving the ;{cCabe—I.hiele method and the Rayleigh equations

has been demonstrated.
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APPENDIX A
REVIEW OF PREVIOUS WORK

Since Rose and Rose (22) have given a detailed review of all
work prior tov1951, only the more:important contributions before
that time will be mentioned. 1In addition a review of the work since
that time will be presented.

Afthur Rose has been the foremost pioneer in the study of batch
rectification, and to h:un and his coworkers must go the credit for
much of the preliminary spade work that has resulted in a clearer
understanding of the basic principles. For instance, in 1940-L1,
Rose and Welshans (23), Rose, Welshans, and Long (24), Rose (15),
and Rose and Long (21), discussed the general stat.us of the problem
and some of the difficulties to be encountered in both theoretical
and experimental investigations. In addition, they attempted to
evaluate theoretically the effect of such variables as number of
plates, reflux ratio, holdup, and composition of the feed on the
sharpness of separation produced by batch rectification, The
utility of all of these re:sults is tempered by questionable assump-
tions or by impractical conditions of operation such as total reflux.
Of greater significance, however,‘ is the contributions by Rose and
Welshans (23) and Rose (16) in which they explain the correct
criteria to use in judg:ing- the effectiveness of a separation through
analysis of curves show.ing product compdsition as a function of

fraction distilled. They conclude that a curve with a small inter-
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mediate fraction is the most desirable.

About the same time several design methods were presented by
various authors (1, 16, 28) but they all neglected the effect of
holdup and usually made other assumptions of questionable validity.

Colburn and Stearns (5) also made an early contribution of
considerable significance. They presented a good analysis of the
situation based on differential material balances and gave, although
incomplete, the first experimental data for batch rectification in
a plate colum. Also they were the firstrto recognize clearly the
non-applicability of the McCabe-Thiele _methbd to batch rectification
calculations.

In 1943-hly Edgeworth-Johnstone (7, 8) presented an analysis of
operation under conditions of varyiﬁg reflux ratio to maintain con-
stant product composition. He presented methods for calculating the.
tyield fractiont of a'component under va:rious’ zconditions s but assumed
constant moles of holdup, constant average composition of holdup, and
the validity of the McCabe;-Thiele operai'iﬁ.ng liﬁe in compufing composi~-
tion. Chu (3) later presented an analytiéél .solution of Edgeworth-
Johnstonel!s graphical method. The limitations of this work are dis-
cussed by Rose and Chu (17). |

Bowman and Cichelli (2) and Cichelli et al (4) introduced the
concept of.a so-called "pole-height" in an effort to relate emperical-
ly the effect of various operating variables to the size of the inter-
mediate fraction. Again the assumptions of no holdup and of equal

molal overflow limit the usefulness of this work.
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The recent work of Rose and associates (18, 19, 20, 25) in-
volving the use of finite incremental calculations has already been
discussed in the introduction to this thesis. In addition, using
data from a small packed columm, Rose et al (26) have recently dis-
cussed the effect of reflux ratio on the relatiohship between hold-
up to charge ratio and sharpness of separation.

Marshall and Pigford (11) and Pigford et al (13) have presented
the basic differential material balances with the aséumption of
constancy of moles of holdup and of equal molal overflow.- They also
discuss various possible techniques for effecting the s olution of
these equations. If the differential material balances are combined
with an analytical expression for the equilibrium daté, a differen-
tial-difference equation will result. Then, if the expression for
the equilibrium data were. linear, the differential-difference
equation could be solved by use of the LaPlace transform. Since
the non-linearity of the equilibrium data eliminates this possibi-
lity, they used a differential analyzer to solve the equations in
differential form using an approximate expression for the equili-
brium relationship.

From this review, it can be seen that prior to this investi-
gation neither satisfactory calculational techniques nor adequate

experimental data were available for batch rectification.
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APPENDIX B

DETAILS OF APPARATUS AND EXPERIMENTAL PROCEDURE

1. Description of Apparatus

Figures 2 and 3 (pp.+=29 show the general arrangement of
the apparatus used in this investigation. Figure L4 (p.27) shows
the plate layout and includes the pertinent dimensions.

The apparatus was set up by revamping a tower of somewhat
ancient vintage. The best information indicates that the tower was
installed in the unit operations laboratory around 1925. Neverthe-
less, the tower was in perfect operating condition and it was
necessary only to rearrange some of the lines, add insulation, and
to install a stirrer in the still pot and a rotameter in the
product line. The reflux rotameter had to be calibrated, but a
calibration curve was obtained from the manufacturer for the newly
installed product rotameter. The exact calibration of the latter
was of little importance because the product was weighed at 30
minute intervals. However, this meter was of value in setting the
control valve to maintain a constant rate of product withdrawal.
The reflux rotameter was calibrated by connecting rubber tubing
from the bottom of a constant level tank to the inlet of the
rotameter. The rate of flow, adjusted to a desired value by a

screw clamp on the tubing, was obtained by noting the time required

to £ill a 1000 cc volumetric flask. The results of this calibration

are shown in Figure 12, p.!30:
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Although the plate layout (one four-inch, non-slotted cap

per plate) does not represent modern construction, the plate efficiency

of the tower (60 perceynt)rwas‘ nevertheless of the same order of magni-

tude_ as is usually found in distillation towers of the most modern
design. Dimensions were measured on the ’c.oi)k plate of the bottom
section. The volume of hoidup on the indiviaual plates was obtained
while the tower was disas.s‘errbled by measuring the amount of water
that could be drained from each plate after it had been filled to
overflowing. It was recognized that the volumes of holdup would

be greater during actual operation than these values obtained under
static conditions. Therefore, the total holdup was later measured
under dynamic conditions and then the values for each plate were
adjusted by the ratio of total dynamic holdup to total static hold-
up. This ratio amounted to 1l.43. In TableXXWl, p.)z#4 are given the
dynamic holdup values for each plate.

The variation in these holdup values is probably due to the
poor construction of the downcomers which a.mohg other things wvaried
in height from plate-to-plate. In towers of more modern construction
these values would be more nearly constant.

Conventional laboratory thermometers marked with 1°C in-
tervals were used on the plates. These thermometers were calibrated
against one having a Bureau of Standards certificate of calibration.
The average deviation was about 1/3 °C. All other thermometers in

the system were of the industrial type and were reliable to t;l.'or 2°F.
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2. Detailed Experimental Procedure

a. Totql Reflux Runs
The still pot was filled about half full of liquid
of desired composition -and the distillation was carried out at
total reflux for approximately 3 hours to insure the attainment
of steady state. Then the samples were taken, the temperatures
recorded, and reflux meter read. The initial still pot composi-
tions were varied from 0.03to o0.1s weight fraction methanol in order
that the points on the curve would cover a wide range of composi-
_tions.
b. Batch Rectification Runs
(1) Charging the still pot

All holdup in the column from the previous
run was drained from the column. Then the still pot was i‘ilied
with the desired amount of liquid of specified composition.

(2) Startup and warmup period

The cooling water for the condenser was turned
on, the steam valve waé opened to give about 0.5 inch Hg. pressure
(flo-control valve set at a position of about 0.65), and the stirrer
was started. In approximately 15 m:'I.nutes the first reflux appeared,
and all of it was returngd to the column (total reflux) fox; approxi-
mately half an hour in order to fill the plates with 1§quid. Then
“partial reflux, equal%"bo the value to be empioyed in the run, was

used for an additional 2-1/L hours. During this latter period of



time the "product" was returned continuously to the still pot. Thus

the total warmup time was 3 hours, and in all cases, all temperatures

were observed: to be constant during the last 60-90 minutes of this

period. Meanwhile, the cooling water to the condenser was adjusted

to give a reflux temperature of approximately 125°F. (a higher value

gave rise to serious vapor losses from the vent of the condenser).
(3) Batch rectification period

The batch rectification was started by closing
the valves between the still pot and the product receiver so that pro-
duct was removed from the systeme. At this moment (time = O min.) the
stop-watch was started. In runs 1; to 18 constant reflux was main-
tained by adjusting the reflux control valve. In runs 18 to 28
constant reflux and at the same time constant vapor flow were main-
tained by adjusting the flo-control valve in the steam line to the
calandria.

The column had thermometer wells only on
alternate plates and therefore temperatures could be obtained only
for the even numbered plates (counting from the bottom). As
explained previously (p. 28) representative samples of liquid could
be obtained only from the same plates. To enhance the accuracy of
the results, several precautions were observed in regard to the
sampling. All sampling lines were purged adequately before the
actual samples were taken. The volume purged depended on the
dimensions of the sampling line and a considerable factor of
safety was used. For all plates, 15 cc of purge liquid was

withdrawn before the sample was taken;
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for the reflux the purge was 25 ccj for the still pot L4OO cc. The
volume of the samples was between 10 and 15 cc. To prevent loss of
vapor, chilled bottles with necks that fit closely to the sampling
lines were used. These sampling bottles consisted of dropping
bottles each of which had its own medicine dropper to prevent
contamination.

The order in which the data were taken was as follows;

~6 min. to -I min.*; Temperatures of still vapor, of

liquid on plates 2, L4, 6, 8, 10, 12, and of reflux

taken in that order.

=4 min. to -1 min.¥; Sampling of liquid from still,

plates 2, L, 6, 8, 10, 12, and reflux in that order.

0 min.: Beéinning of product withdrawal from the

systeh; stbpwatch started. ﬂ

25-27 min.; Temperatures recorded as described above.

28-29 min.; Meters read.

30 min.s Product flow changed to other side of product

receiver,

30-33 min.: Liquid samples taken as described above.

3k min;; If necessary, steam valve was adjusted to

maintain a constant vapor rate as indicated by constancy

of product and reflux meters.

) negative time indicates time prior to the start of the batch
rectification period.



3.

35 min.; Product collected during the time interval from

0 to 30 min. was withdrawn from the receiver and weighed.
The set of readings listed for 25-35 min. was repeated at 30 min.
intervals until the end of the run. The batch rectification was
continued for 2 to 2-1/2 hours, giving 5 or 6 complete sets of
data.
Analysis

The compositions of the samples were determined by measur-
ing their refractive indices at 20°C (- 0.1°C). These measure-
ments were made with an Abbe refractometer which was adjusted
(using conductivity water) to give readings that required no
subsequent correction. A curve relating composition to refrac-
tive index (f‘ig. 8, p.94 ) was calculated theoretically using
the procedure described in Appendix D. This theoretical curve
was later confirmed experimentally with mixtures made up by
corbining weighed amounts of each of the two pure components.
The average deviation between the theoretical and experimental

values is approximately 0.2 weight fraction.



APPENDIX C

EXPERIMENTAL DATA

In Table IIT is given a resume of all the runs made in the
experimental investigation,

The data for the total reflux runs 2-9 are given in Table IV,

Runs 16, 19, 22, 23, and 28 were chosen in Part V to test the
theoretical relationships because these runs represent the widest
range of variables. Therefore, the experimental data for these
runs plus that for Runs 21 and 26, the runs made to check Run 19,
are given in Tables V-XI.

Table XIT presents the holdup measurements; miscellaneous data

are presented in Table XITITI.
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Table XII

Experimental Holdup Measurements

A. Static Holdup

Plate Number Vol. Static Holdup
(Counting from bottom) (cc. of water, — 1lOcc.)
1 1125
2 955
3 1130
L 785
5 1085
6 955
Total (bottom section) 6025
7 1220
8 1000
9 110
10 290%
11 1400
12 985
Total (top section) 6035

Independent cumulative measurements for top and
bottom sections:

Bottom section 6000 ( £ 50 cc.)
Top section 5980 ( = 50 cc.)
B. Dynamic Holdup
Feed to still pot: Volume 1.71 cu. ft.
Mole fraction 0,362
Temperature 75°F

Liquid remaining in still pot after equilibrium had
been attained at total reflux: ’

Volume 1,10 cu. ft.
Mole fraction 0.300
Temperature 162 OF

*Low value due to small hole which passed liquid under
static conditions but not under dynamic conditions.
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Table XIIT

Miscellaneous Experimental Data

A. Check Points for Calculated Refractive Index Curve (Fig. 8).

Refractive Weight Weight Wt. Fraction

Index Methanol Isopropanol Methanol (x)
- (grams) (grams)

1.3665 2.9380 10,2415 .225
1.3667 11,0610 1L .4690 .218
1.3758 0.59L45 15.5690 .033
1.371h 2.0735 14.8200 .123
1.359L 7.1210 12.3280 .370
1.3503 9.0005 7.2865 «557
13409 15.3L20 5.1030 .750
1.3341 17.61L0 2.1755 .893
1.3540 10.08L0 10.8880 180
1.3694 3.1670 16.2820 .16l
1.3753 0.7550 17.L4610 .0L3
1.3552 8.6920 10.6L35 453
1.3288 100% Methanol
1.3776 100% Isopropanol

The values for the two pure componénts agree exactly with
those given in Lange's Handbook.

Be Sizes of Purges and Samples for Batch Rectification Runs

Material Vol. Purged (cc.)™ Vol. of Sample (cc.)
Liquid on plates 15 10 - 15
Reflux 25 o 10 - 15
Still pot liquid L0oo 10 - 15

Total weight of all samples plus purges for Runs 19, 20, and
21 ranged from 5 to 5% pounds.

C. Physical Properties of Methanol and Isopropanol

Vapor pressures, densities, specific heats, and heats of
vaporization taken from Timmermans (30).

*Governed by the size of the sampling line.
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APPENDIX D

CAICUIATION PROCEDURES AND SAMPLE CALCULATIONS

The various calculations performed in the course of this investi-

gation will be grouped and discussed as followss

1.

2.

3.

Calculation of refractive indices of mixtures of methanol
and isopropanol,

Preparation of the liquid-vapor composition curve using
data obtained at total reflux; calculation of plate
efficiency.

Preparation of the enthalpy-concentration chart for
mixtures of methanol and isbpropanél. |

Calculations made in the evaluation and presentation of

- the batch rectification data.

Calculations made in Part V to check assumptions made

in Part IIT.
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1. Calculation of refractive indices of mixtures of methanol
and isopropanol.

The following relationships are based on some unpublished
work of Professor R. S. Tour (30). The underlying principle
consists of applying the additive property rule to the specific
refractions of components that exhibit additive volumes on mixing.

This relationship can be expressed mathematically as follows:

e R (1-x7 )rp (20)
Iet N1 be represented by a.
N2
then r = {} (21)
. . .
S 1 a2
— =Xy Z+ (le=xq) <= 22
I g ‘ " : ( ?

Basis; 1 gram of solution (assume additive volumes)

1 1 dl dg

TR, O T R QU @ (G
az - do - 4 4, , o
oo —2
T (23)

Substituting (23) into (22),
dy-d,
a 1 172 < .
S d 1 a a
EF——75£4-—*; Xt (1,x1);_2,=
2 |- 1 D da




ii ig -x %2 o
=x1dl+d2 la'z'

Xy a4 _ Xq 2 . d2 Xy an . ap _ Xy ap

dy dy dydy & < dp

X d
-1 _ 1 2
2 e R0 o) =

dj_dp
= o= (aq=a,) + a
3 (e1-22) 3, 2
(ag-ap) = | T 49, (a1-25) = Tay (a1-25)
1'- il Xl
1
i N-1
Now substitute for a =
Ne+2
2 2 2 2
N S-l No-l  xp d, . Nj-1 ) N2—1
Pon T w2, a dy-d5 2 2
Ngt2  Npr2 L fq 1772 . | INj*2 NGe2
2
.1\.I§_-:}- - b = le
2 LT =
NS ‘ 1 kxl
where, 5 »
k=2 Mt wpl
d -

(2k)
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d;-do Ng-l
k 3 b=
dy N§+2
Ng-l le 5
1\?28+2 I-koey . ( )

Converting to mole fractions

. ,
% = X1 My - 1 - 1
1 xi M + (l-x:'.__) My 1+ l-x]r_ My 1 (1-x:'|_)
. - —_— + m
1 n T
let m = E'Iﬁ
l
[ (1-151)
Ns-l h
+ b
N2+2 N
h l-xi)
+ T m
1

By algebraic manipulation this equation can be rearranged to give,

N2-1 KXZ‘L
F———a—+D 26
N§+2 m +}{x1 . : ( )
where, .
d, - d
\( 2 ] -me 1 2

9



1
Kx
let 2z represent 1 b

m +¥Xl
2
N -1l
Then S ”
NS+2

2
Ng—l = 2z Ng + 2z

(1-z)N§ =27 + 1

N 4% (21)

Since Fig., 8 in its final form involves weight fractions, equation

(25) could have been used directly to compute the refractive indices.
However, when this plot was initially prepared, it was thought that
mole fractions would be desired. Therefore, equation (27) was used

to compute refractive indices for various mole fractions; and then
later these mole fractions were converted to weight fractions and
used to prepare Fig. 8. The calculation procedure will be illustrated
for a mixture having a weight fraction, x = 0.347 (mole fraction,

x' = 0.500).

Component 1 = methanol; component 2 = isopropanol; temp. 20°%

i

My = 32.04; Ny = 1.3288; dp = 0.791L; M, = 60.09; Np = 1.3776;

0.7853

do

M
= 2 = 600 09 = 1.8
m % o 755

92.



2
Nz-l

- (1.3776)%-1 . 1.8578 - 1.0000 .

93.

0-8978 - . 2303

N§+2 (L.3776)2+2  1.B978 + 2.0000

dy~dp

3.8978

Y = (1-m- - ) = (L~ L8755 - 2791 - .7853

1

2 2

K= dy | ngr2 B NG+2 " 791 | (T, 32852
[ 1.7657-1
= 9923\ T7g7%2 ~
x,= «3L7 x] = 500 Yxi = -.L4L16
1 Kxi
= "000 3 b= =
m+Xx3'_ 9 le- + Z 0. 2210

?.;:':%. = 1.8511 ;-\, 2222 = §g = 1.3606

<7914

) ==8755 -~ ,0077079
B e .O~8832

-
-7853| (1.3288)3-1 _ 51.3776)2-1] .

(1.3776)2+2

02303} = - 00268

mryxy =1.4339  Kx; = =.0L3LO

2z+1 = 1,4420 1-z = ,7790
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2. Preparation of the liquid-vapor composition curve using data
obtained at total reflux.

The liquid-vapor composition curve Fig. 9, p. 96 , (actual-
1y the equilibrium curve corrected for plate efficiency) was pre-
pared from the data taken at total reflux where Y = Xpe1e In this
manner vapor compositions at total reflux were obtained by deter-
mining the composition of the liquid on the plate above. The data
from total reflux Runs 2-9 were smoothed by least squares with
inconsistent points being statistically eliminated. After this
had been done, the remaining 58 points showed an average absolute
deviation of approximately 0.3 weight percent from the curve.

Tﬁe smoothing was done by first converting the experimental

liquid~vapor composition data to relative volatilities:

A =

S .:f[ A

A plot of these relative volatilities versus their respective liquid
compositions in terms of mole fractions was best fitted by a linear
equation. The constants for this equation were determined by least
squares., Using this equation, values of relative volatility were
calculated corresponding to each point of data and the inconsistent
points were rejected in accord with Chauvenett!s criterion as described

by Crumpler and Yoe (6). Then the constants were recomputed using
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least squares and the resulting equation,ot= 1,4395 + 0.1475x',
was used to compute relative volatilities, which in turn were used
to compute values of y' corresponding to the various values of x'
shown in Tablexxw. The weight fraction values shown in this table
were used to plot the liquid-vapor composition curve shown in
Fig. 9. The experimental points are included on this plot to show
the consistency of the results. For comparison, the ideal liquid-
vapor equilibrium curve, as computed from Raoult!s and Dalton!s
laws¥, is also shown on Fig. 9.

Once these curves have been constructed, the plate

efficiency can be computed graphically. For example at x = 0. 600,

P.E. = =100 - .600
i -7;5-0660

x 100 = & percent
3. Preparation of Enthalpy-Concentration Chart.

Choosing a datum plane of 0%F., the standard procedure was
used in the preparation of this chart. The most reliable thermal
data were obtained from Timmermans(29). The specific heats and
latent heats of vaporization of both methanol and isopropanol are
linear with temperature over the range of temperature between the
boiling points of the two pure components. These thermal data were

expressed algebraically with the aid of least squares as follows;

Specific heatsg

Methanol = ¢y = 0.56; + 0.000470T

Isopropanols Cy = 0.489 + .00177T

*This standard calculation is indicated in Table XXV.



Heats of vaporization:
MeOH: 1y =55L - 0.564T
ISOOH: 1 = 332 - 0.235T

Because of the negligible heat of mixing of the two components,
thermal properties of their mixtures were computed by the additive
properi:y rule. The following sample calculation illustrates
the procedure in detail;
(1) Choose temperature = 149°F,
(2) From a plot of temperature versus liquid composi-
tion, obtain value of x = 0.900
(3) cCalculate mean values of the specific heats of
each component between datum plane 0°F. and 149°F.,
Because of linear function the mean value is the

arithemetic average, i.e.,

- 056 + 0.56 + 000470 (80) . o5, 4 o,000235%

Q
%
=

[}

0.564 + 0.000235 (149)

Cl = 0.599
Likewise,

c} = 0.489 + 0.000885%

c}* = 0.489 + 0.000885 (1L9)

* o \
Ct = 0. 621

98.



(L) calculate the specific heat of the mixture
Chize, ™ G % * OF (=)
Ciiix, = 0.9 (599) + 0.1 (.621)
Crpgxe, = 0601

(5) calculate enthalpy of liquid

3

By, = Cypax,

(T-0)
hy = 0. 601 (149)
h, = 89.5 Btu. /1b.

(6) Obtain value of vapor composition corresponding to
value of x = 0.900. From Fig. 9, ¥ = 0.935. Note
that this is the actual).z_lit. the equilibrium
c omfnos ition.

(7) Calculate mean heat of vaporization of both pure
components, at 149°F.

1, = 55L - 0.5kLérT
1, = 55L - 0.546 (149)
1, = 473 Btu./Ib.

1= 332 - 0.235T
:LI = 332 - 0.235 (149)
1; = 297 Btu. /1b.



1o00.

(8) cCalculate the heat of vaporization of the mixture:
Iypix, = g ¥u* 1p (1 - vy)
Lysxe, = 473 (.935) + 297 (.065)
1M:ix. = };61 Btu./lb.
(9) Calculate the enthalpy of the vapor.
By = b, * Lyix,
h, = 89.5 + L61
h, = 551 Btu. /1b.
On Fig. 10 the hL is plotted against x and hy vs. y.



TONVHL3W

NOILOVYd LHOIIM-L Jo X

e
B 5%

LR

R

',J'.“'.‘

| - .
i

B SaaS ERE RS BRERE BESE BSSTS Jo .

N

(2]

{
eE

e

w 41 B e ,

i i SR g

s
e

kS \‘.»swl edce ~

é"

: wxe_ .wSM

FAEG £

3

| A_Om wzj_oﬁmm:m m_w .%.ao w

] | w ! i .—..3 ‘ _m o w :

- o e w‘q&w?ﬁ%q P ﬁom.zs wo w8 oN | | wﬁsi_s_ ._oimemn_om. ._ozé.ﬁ.,w@ B
s ; “ ey BEBOAS SREEE SRt ~11”x!.l1||. - - g g JI&»O..II.TIwI%:!TI» saxni .» s
- S ] et vy g gnord [

3

e

) i
3

—

d Ni8 NI AdTIVHLINI

d d3

AaNf




L. Calculation procedure for the batch rectification data.
a. Holdup
The values for the individual plates measured
under static conditions were corrected to dynamic conditions as
follows:
Total static holdup by measurement = 12,875 cc.
Estimation of total “dynamic® holdup (i.e. under
operating conditions) on plates in columms
Initial still pot data:
Vol. = 1,71 cu. ft.
Conc. = 0.362
Temp. = 75°F. = 244°C.
Sp.gr. = .78l
Still pot data at end of warmup period:
Vol. = 1.10 cu.ft.; corrected to initial
temp. , Vol. = 1.10 %g = 1,04 cu. ft.
Conc. = 0.300
Temp. = 162°F, = 72°C.
Estimated holdup in product line = 175 cc.
Vapor holdup assumed negligible. |
Total amount dynamic holdup = 1.71 = 1.0L4 = 0.67 cu.ft.
Estimated holdup in condenser and reflux line = 2(175) = 350 cc.
Dynamic holdup on plates alone = ,67(28,320) - (175 + 350) = 18,415 cc.

1o2.
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Thus total plate holdup ratio, Heynamic . 18415 _ 1,13
Hstatic 12875

This value was used to convert the static holdup on each plate to the

corresponding dynamic value. (See Table XXVII) Using the densities

of the various liquids, the volumetric values were converted to pounds.
b. Compositions

(1) Iiquid compositions for the even numbered plates
corresponding to the observed refractive indices were obtained from
Fig. 8.

(2) These liquid compositions were plotted versus
plate number as shown in Fig. 11 for Run 19. Values for the liquid
compositions of the odd numbered plates were read from these curves.
Also any obvious irregularities in the experimental data were
smoothed out with the aid of this type of plot.

(3) vapor compositibns corresponding to the various
liquid compositions were read from Fig. 9.

c. TFlow rates, vapor velocity, reflux fraction, fraction
distilled.

(1) Product rate, D.

weight for a time interval
time interval

D in Ibs, /min., =

(2) Reflux rate, Lpe
(a) Apparent volumetric flow rate corres-
ponding to the observed float level was

read from Fig. 12.
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(b) This volumetric rate was corrected for
the density of the material passing through
the meter.

(c) Volumetric rate converted to weight rate
in lbs./min.

3

ID

(L) cCalculation of internal liquid and vapor rates.

(3) Reflux fraction =

Using data from Run 19, (time = 60 min. ):
Following procedures as outlined above, previous
calculation gave, D = 0.217 lbs./min. and

L = 0.579 lbs./min.

Vip = Iy + D = 0.579 + 0.217 = 0,796 1bs./min.

Rearranging equations (la) amd (3,

- hooy . dh
L, = IR ("viz = Prr) + p (12 - Byi) + Hip 2
(hy11 - hy1g)

Enthalpy values corresponding to cbmpositions in
Table XV were obtained from Fig. 10 with the excep-
tion of that of the reflux, which had to be computed
separately because its temperature was below its
boiling point.

The holdup value for plate 12, obtained from

dh
Table XXVII, is 2.33 lbs.; }1:%2 was obtained

graphically from a.plot of hyq, vs. time.
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Substituting,

L =579 (552 - 7h4) + .217(552 ~ 551)+ 2.33(.0113)
I12 5T = B9)

Inp = . 602 Ibs./min.
(Note that the holdup term is negligible in compari-
son to the other terms in the equation. )
Vip = Igp * D
Vqq = 602 + .217 = .819 Ibs./min.
These calculations can be carried out successively
from plate-to-plate down the tower to obtain the
flow rates for any plate.

(5) Vapor velocity.

The vapor rate in lbs./min. was converted to cu.
ft./sec. and this value divided by the cross-sectional
area of the tower to give the superficial vapor
velocity in ft./sec.

(6) Fraction distilled, @.

g = wt. distilled
wt. 1nitial feed - wt. of total column holdup

d. Material balances.
(1) Overall balances for entire run.
wt. initial feed = wt. product + wt. residue +

wte. total holdup + wt. samples and purges



(2) Individual plate balances.
Using equation(a), P-36 and data from Run 19,

(time = 90 min. )

Ip *g * Vi1 ¥11 * Hip ("2:%3 " L ¥pp * Vip V1p
The derivative was obtained graphically from a
plot of Xy, vs. time. Lp, Vi1s Hyos Iy, and V12
obtained as previously described.
«579(.9L5) + .819(.93L) + 2.33(0.000907) =
-602(.927) + .796(.9L5)
1,31 = 1.310
5. Calculations made in Part V to check assumptions of Part IIT.
a. Constancy of weight of holdup.

For each plate the weight of holdup as desired above
was computed at beginning and at end of a run. Likewise
the moles of holdup was computed at the two times for each
plate. Total values obtained as the sums of the individual
values.

b. Negligence of amount and total enthalpy of vapor.

From dimensions given on Fig., L, the volume of the
vapor space was calculated and then the mass of vapor was
calculated using the ideal gas law. Total enthalpy = (wt.)
(unit enthalpy). 4

c. Errors reported in Table II.

Referring to the individual plate balance shown above

107.



d.

the error for plate 12 that would be incurred

by neglecting the holdup term is,

Percent error = 2°33§_:g?_g907) (100) = 0.15 percent

2 values of holdup terms
Overall error = pIate I input (100)

Rayleigh equation calculations.
Standard numerical integration using

Simpson'!s rule,

108.
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APPENDIX E
Tabulation of Calculated Data
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Table XXIT

Refractive Indices of Methanol-Isopropanol Mixtures at 20°C

A. Calculated Values

(see Appendix D for calculation procedure)

Xy x'y Ng
0. 000 0. 000 13776
.56 0. 100 1.37L8

117 .200 1.3717
.186 300 1.368L
.262 .hoo  1.348
« 3l <500 1.3606
oLy . 600 1.3556
554 700 13504
. 680 .800 1.34k3
.827 .900 1.3372

1.000 1.000 1.3288
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Table XXII (Continued)

B. Comparison of Experimental and galculated Values

R.I. Expttl. calctd. ™ Absolute

x X Deviation
1.3758 0.038 0.033 0. 005
1.3753 .oL3 . 043 . 000
1.371h .122 .123 .00l
1.3694 . 163 .16, .001
1. 3667 .218 .218 . 000
1.3665 . 222 .225 .003
1.3594 .36 .370 . 005
1.3552 <Lh9 53 . ook
1.3540 180 -L80o . 000
1.3503 553 557 .00k
1.3L09 <750 750 . 000
1.33h1 .893 .893 . 000

Ave.Dev. .002
Experimental refractive indices for pure components;
Methanol 1,3288
Isopropanol 1.3776
Both values agree exactly with the values given in Lange's

Handbook.

*Values read from calculated line on Fig. 8.
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.66
.086
<117
.151

.222
.262
<302
<3kt
«393
i
L97
554
. 616
. 680
750

3%
Values

= LL395 + 0.175x'; ¥ = TGy

X

O.lO_

.15
.20
.25
.30
.35
.Lo
U5
.50
.55
.60
N
<70
.75
.80
.85

computed using these equations:

Smoothed Liquid-Vapor Compositions*

0. 75x"
0.0148 |
.0221
.0295
. 0369
. 0Lk3
.0516
. 0590
. 068,
.0738
. 0811
. 0885
0959
.1033
.1106
.1180
<1254

Table XXIV

A
14543
1. L4616
1.L690
L.h7éh
1.4838
14901
14985
15069
1,5133
1.5206
1.5280
1.5354
1.5428
1.5501
1.5575
15649

o x!
0. 145L
0. 2192
0.2938
0.3691
0.ul51
0.5215
0.5994
0. 6777
0.7567
0.8363
0. 9168
0.9980
1. 0800
1.1626
1. 260
1.3302

xl

& -1)x'
0. 0L5L
0. 0692
0.0938
0. 1191
0. 1451
0.1715
0. 1994
0. 2277
0.2567
0. 2863
0. 3168
0.3480
0. 3800
0.4126
0. k60
0.4802

yl

.139
206
. 269
.330
.389
<Lh5
.500
552
. 602
.60
. 696
.7ho
.783
.823
.862
.899

y
. 079
.120
.163
. 207
.252
.297
347
.3%

Lot
549
. 602
.68
712
<767
.825
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Table XXVII
Calculated Dynamic Holdup

Volume of Weight of

Plate Holdup Holdup*
cc lbs.
1 1600 2.62
2 1365 2.2l
3 1615 2.6l
L 1120 1.8
5 1550 2.55
6 1365 2.25
7 1745 2.88
8 130 2.36
9 1630 2,68
10 1645 2. 68
11 2000 3.30
12 110 2.33
Condenser
and lines 350 0.58
Total - 30.95

*Values at the beginning of the batch recti-
fication period of Run 19; only very slight
change indensity with change in composition
for the system used in this investigation.



Table XXVIII

Data Used in Preparation of Table IT

Run 16
g=.26
Plate  Methanol H (- dx/dt) H(- dx/dt) Percent
Input (1bs) (1bs/min) Error
(1bs/min)
1 0. 639 2.62 0. 00160 0. 0042 0. 66
2 .718 2.2l .00173 .0039 .5l
3 .806 2.64 . 00187 . 0050 .62
L .889 1.84 .00208 .0038 43
5 .981 2.55 .00219 0056 .57
6 1. 066 2.25 .00246 .0056 .53
7 1.7 2.88 .00279 . 0080 .70
8 1.208 2.36 . 00338 . 0080 .66
9 1,251 2.68 . 00388 . 0104 .83
10 1,286 2. 68 . 00430 . 0115 .90
11 1.311 3.30 .00476 . 0157 1.20
12 131 2.33 .00518 .0121 .92
~. 0638
overall error = %%g%g = 10 percent
Run 19
@ = 0.25

1 0. 639 2.62 0.00283 0. 007 1.10
2 .718 2.2 .« 00337 . 007 0.98
3 .806 2. 64 .00380 .010 1.24
L .889 1.8 .0oLL5 .008 0. 90
5 .981 2.55 . 00LbL5S .01l 1.12
6 1. 066 2.25 . 00458 .010 0. 94
7 1. 17 2.88 . 00458 .013 1.1y
8 1.208 2.36 . 00388 .009 0.7k
9 1,251 2.68 .00232 .006 0.L48
10 1.286 2.68 .00212 . 005 0.39
11 1.311 3.30 . 00091 .003 0.23
12 1,31, 2.33 . 00070 . 002 0.15

. 091
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Table XXVIII (continued)
Run 19 (continued)

Overall error based on Plate 1 input:
%L%%%(loo) = 1), 25 percent

For Plate 6;

g  Methanol H ( - dx/dt) H(- dx/dt)  Percent
Input (Lbs) (1bs/min) Error
(Lbs/min)

0.121 1,066 2.25 0. 0020 0. 0045 0.42
.250 1. 066 2,25 .00lLb .01l0L 0. Sk
.380 1, 066 2.25 . 0063 .02 1.33
.510 1. 066 2,25 . 006 . 0146 1.38

Run 22

g = 0.26

Plate Methanol H ( - dx/dt) H(- dx/dt)  Percent
Input (1bs) (Lbs/min) Error
(1bs/min)
1 0. 648 2.62 0. 00258 0.007 1.0L
2 0.7LO 2.2L . 00301 . 007 0.90
3 0.871 2.8y . 00347 . 009 1.6
L 0. 989 1.8L .00370 . 007 0. 69
5 1.100 2,55 . 00355 . 009 0.83
6 1.191 2.25 .003L0 .008 0. &4
7 1..270 2.88 . 00262 .007 0.59
8 . 1.319 2.36 . 00204 . 005 0.37
9 1.346 2. 68 . 0019 .00k 0.30
10 1.373 2.68 . 00101 .003 " 0.20
11 1.373 3.30 . 00094 .003 0.23
12 1379 2.33 . 00090 . 002 0.15
Lorl

Overall error based on Plate 1 input;

9%%%%(100) = 11,0 percent

0
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Table XXVIII (continued)

Run 23
g=0.25
Plate Methanol H (- dx/dt) H(~ dx/dt) Percent
Input (1bs) (1bs/min) Error
(Lbs/min) .
1 0. 633 2.62 0. 0034k 0.009 1.38
2 .659 2.2 . 00366 . 008 1.2L
3 .708 2.6y . 00377 .010 1.40
L .733 1.8L . 00406 .008 1.04
5 <775 2.55 .00L415 .011 1.37
6 .819 2.25 . 00429 .010 1.18
7 .876 2.88 .00L33 .013 143
8 .931 2.36 .00l50 .011 1.1,
9 . 987 2. 68 . 00408 .011 111
10 1.033 2. 68 . 00366 . 010 0.9
11 1.085 3.30 .00321 .011 0. 98
12 1.109 2.33 . 00240 . 006 0.51
0.118
Overall error based on Plate 1 inputs
-8—‘%%%(100) = 18,7 percent
Run 28

g =0.25
1 0. 639 2. 62 0.00207 0.00542 0.85
2 .718 2.2 .002L40 . 00537 .75
3 .806 2.6y . 00268 .00708 .88
I .889 1.8 .00278 . 00512 .58
5 . 981 2.55 . 00299 .0076L .78
6 1. 066 2.25 - .00281 . 00633 .61
7 1.7 2,88 .002L6 . 00709 . 62
8 1.208 2.36 .00218 . 00515 U3
9 1,251 2. 68 .00190 .00510 .40
10 1.286 2. 68 .00133 .00356 .28
11 1.311 3.30 .00110 - .00363 .28
12 1,31 2.33 . 00052 . 00121 .09

06270

Overall error based on Plate 1 inputb;

%%36—37-(100) = 9,86 percent



Table XXIX

Rayleigh Equation Calculations

Using data from Run 19:

*s *D *p*s xn'l‘xs
0.350 0.7 0. 607 1.60
.303 « 956 .653 1.531
.230 . 9U3 <713 1.L.03
.15 .918 773 1.293

Using Simpson's rule with increments

of xg = 0.010,

In (1 - g) = - 0.2%2
(L - ¢@) = 0.745 or g = 0.255

By experiment, @ = 0.380

. 8 - 3
Percent error = 0.3 8.388 22 . 32 percent

128.
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Table XXX

Calibration of Reflux Rotameter

Shutte - Koerting Meter: 02152 #2G L20

Float Level Flow Rate

(mm. ) (cc./mine of Hy0)
11 11k

30 192

55 298

80 L22
100 528
126 653

1L48% 795
1793 99k

220 1290
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