where I, Is vapor prossure of pure waler A and Py 35 vapor pressure of pure B. Then the
Yapor composition is

ya=td =l (113-14
As fomg as the two liguid phascs arc present, the mixtare will boit at the same temper-
ature, giving « vapor of constant composition y, . The temperatare is found by usinig Lthe
vapor-pressure curves of pure A und pure B.

Note that by steam distillation, as Tong as liquid water s present, the high-boiting
component B vaporizes st a temperature well below its normal boiling point without
using a vacour. The vapors of walcr (4) and high-boiling component (B} are usuaily
condensed in a condenser and the resulting two immiscible Bguid phases separated. This
method has the disadvantage that large amounts of heat nmst be used to simultaneously
cvaporate the water with the high-hoiling compound.

The ratic moles of B distilled to moics of A4 distilied is

L P,I
H}i P_d.

(11.3-15)

Steam distillalion Is sometimes used in the food industey {or the removal of volatike
lainis and favors fTom edible fats and oils. 1o many cases vacunm distillation is used
instead of steam distilfation to purily high-bolling materials. The lotal pressure fs quite
low so that the vapor pressure of the system reaches the total pressure at relatively low
temperatares,

Van Winkic (V1) derives cquations for steam distillation where an appreciable
amount of a nonvolatile component is present with the high-Twoiling component. This
mvolves a three-component system. ITe also considers other cases lor inary batch,
coniinuous, and mulicompoenent halch sicam distiflation.
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Rectification {lractjonalion) or stage distillation with reflux, frem a simplified point of
view, can be considered to be a process in which a serics of Sash-vaporization slages are
arranged in & sories in such a manner that the vapor and Equid products from cach stage
flow countercurrently to cach other. The liguid in a stage is conducted or flows fo the
stage below and the vapor from a stage Tows upward to the stage above. Hence, in each
stage a vapor sircam V and g hquid stream L enter, arc mixed and equilibrated, and a
vapor awd & liquid stream leave in equilibrium, This process iow dingram was shown in
Fig 10.3-f for a single stage and an example given in Example 11.2-1 for a benzenc -
tohucne mixture,

For the countercurrent contact with multiple slages in Fig 10.3- 2, the material-
batience or operating-line equation (10.3-13) was decived which relaies the canmntratidus
“of the vapor and Hauid streams passing each other in each stage. In a distiijation eolumn
the stages (referred 1o as sfeve plafes or trays) in a distillation tower are arranged
vertically, as shown auht.mat:caiiy inbig 114-1.

The feed enters the cofumn in Fig. 11.4-1 somewhere in the middle of the column. If
the feed is iquid, it flows down to a sieve tray or stage. Vapor enters the tray und bubbles

See, 114 Digiiflarion With Reffux and feCabe—Thiele Metiad 49
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through the liquid on this tray as the ¢ntering liguid Aows across. The vapor and Bquid
feaving the tray e essentintly in equilibrium. The vapor continues up to the pext tray or
stuge, where i is again contacied with a downflowing hgquid. In 1 this cuse the con-
eentration of the more volatile component (the lower-boiling component 4} is being

“cach stage going downward. The finul vapor product coming overhead is condensed in g
~condenser and a portion of the liguid produet {distillate) is removed, which eontains 3
high concentration of 4. The cemaining Hauid from the condenser is rehurned (refluxed)
s a higuid ta the top tmay.

The liquid leaving the bottom tray eniers a reboiler, where it is partiatly vaporized,
] and the remaining Hquid, which is lean in 4 or rich in B, is withdrawg as Fguid produc,
The vapor from the reboiler fs sent back (o the bottom slage or tray. Only three trays arg
shown in the tower of Fig, 11.4-1, Tn most cases the number of lrays is much greater. Tn
the sieve (ray the vapor enters through an opening and buhbles up through the figuid 1o
give intimate contact of the liquid and vapor on the tray, Tn a theoreiical tray ke vapor
and Hquid leaving are in equilibrivm. The reboiler can be considered as g theoretical

stage ur tray. o

cnndenser—\{\{ coling water

vapor

owverhesd product reflux
{distillate)

o tiguid

sieve fray
or stage

¥

Licguid

bottom lignid produact

ki

Fecens 1E4-F Process fow of @ fracrionating tower contaiiting sieve tra Jrd
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increased in the vapor from each stage going upward and decreased in 1Bé ligiid from
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FL4B  MeCabe-Thicle Method of Caleplation for Momber
of Theoretical Stayes

1. Intreduction and assumprions. A mathematical-graphical method for detcrmining
the number of theoretical frays or stuges needed for a given separation of a binary
['mixture of A and 8 has been developed by McCabe and Thiele. The method uses
. magerial balances around certain parts of the tower, whick give operating lines somewhat

L similar to Bg. (0.3-13), and the xy equilibrinm curve ot the system.
The main assumption made in the MeCabe-Thiele method i3 ihat there must be

.[‘:_ad intet_and hottom tray, This cun be shown in Fig. 11.4-2, where liquid and vapor

" sireamns enter a fray, are equilibrated, and leave. A total material halance Bives
Vier ¥l =¥V + 1L, {11.4-5}
A componen! balanee on 4 pives
Vevidss t Xy = oy b Lox, (11.4-2)

where ¥, is moi/h of vapor from tray n + 1, L, is mol/h liquid from tray my, ., is mole
fraction of 4 in ¥, |, and 50 on. The compositions y, and x, are in equilibrinm and the
lemperaluze of the tray nis T,. If 1 is taken as a datam, it can be shown by a heat
balance that the sensible heal differences in the four streams are guite smal} if heats of
solution are negligiblc. Heneo, only the Iatent heats in sirecam ¥, , , and ¥, arc Important.
Since modar latesi beals for chemically similar compounds are almost (he same, ¥, , —
Voand L, — L . Therefore, we have constant molal overfiow o the tower.

2. Eguations for enriching section. In Fig. 11.4-3 {Ec&htinum@*}jiﬂiiiati—:}n column is
shown with feed being introduced to the column #1 T infermediate point and an
overherd distiliate product and a botioms product buing withdrawn. The npper part of
the tower above the feed entrance is calied the enviching section, since the entering feed of
: binary vomponents A and B Is enriched in this section, so that the distillate is richer in 4

. —% thanthe feed.iThr: tower i al sicady state. l
] An overall material balance around the entire column in Fig, 11.4-3 states that the
R entering feed of & mol/h must equal the distillate D in mol/h plus 1he bottoms W in
S molh.

F=D+W {(i1.4-3}
A total material balance on component A gives

FJCF = D'XD + W.x“r (Il-‘i"d]

l T h=1

NI

= Va. ¥n Lpais Xn—y
: - [ ip

Viis. Fra+l Ly xp
S I 1ntl

Ficuwee 1042, Vapar amd Ferdd flows entering and feating u fray.
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Figure [1.4-3.  Distilfation cefunn showing maerial-bolance sections for MoCabe—
Thiele method.

In Fig. 11.4-4a the distillation tower section above the feed, the enticinng seclion, is
shown schematicalty. The vapor (rom the lop tray having 2 composition y, passes o the
condenser, where it is condensed so ehat the resulting Hauid is at the hoiling point. The
velux stream L mol/h and distillate b mol/b have the same composition, 50 ¥ = Xp-
‘Sincafg_tlgimuiai overflow is sssumed, L, = Ly = Ly and V, =¥, = ¥, = Vet

Muking 7 Fotal inatorial bafance over the dashed-line section in Fig. 11.4-4a,

Vs = F+ D : {15.4-5}

— — 7

| § ¥it

'I |§ Fzrt-

1 [
L i
: Xp Xb 1 FYut+i
¥z |
|
i
_

{b)

Figure E1.4-4,  Muteriaf hulance and aperating tne for enviching section © {a} aehes
metic of tower, (b} operating aned equetibrium limes,
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Muking a baksnoe on component 4,

Fu brVuer = Lﬂrxil + Dxﬂ (t1.4-6)

Solving [or v, ,, the enriching-section operating line is

LR 11.4
| yr!-l'l_p;_'_l Xy [{74.1 :E ( - -7}
D el
Since ¥ — L, + DLV ) = RAR + 1) and Eq. (11.4-7} bocomes
LU 114
anE_K_}_l "TR 11 {1L.4-8)

_where R — L/I = reflux ratio = constanl. Equation (11.4-7) is a straight line on a plot
of vupor vomposition versus liquid composition. It relates the compositions of two
streams passing each other and is plotted in Tig. 11.4-4b. The slope s LV, ,, or
RAR + 1}, as miven in Eg. (1E4-8). Tt intersects the y = x line (457 diagonal {ine} at
x = xp. The inlercept of the operatingline at x — Dis p = x,{R + 1).

The thooretical stages are defermined by stariing at x5, and stepping off (b first
plate to x;. Then p; is the composition of the vapor passiig the Hauid v,. In a similar
manner, the other theoretical trays are stepped off down the tower in the enriching
spction to the food tray.

3. Eguations for siripping section.  Making a foial material balance over the dashed-line
section in Tig, 11.4-5a for the stripping section of the tower below the feed entrance,

ety = Ly — W - (11.4-9)
Making a balance on componunt 4,
l(/a,cu:i l}rm{-l = I‘m-xm T wxw [11«4“}“}
At
. Eap !
C?? Frr+ir Vin+1
u ety Vel
: — e it e
H |_ # % X‘ _l
: mtl | mtl g
I I R -
|
| E ! | |
A f P iV | y
i N | yYub - |
PLy v slope =
; X J : Yk E i
2 iw, Yy i E
i | E
1_ | AT X0 Ly
— - — —-—sfeam—— I )

{a)

Frouas 1045, Material balance and sperating line for siripping section : {a) sche-
maiie af foweer, (B} eperat ing and equilibricem lires.
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Solving far p,, . ;, the stripping-scction operating lne is

— = T

L, Wiy
= X o — H
-.FJH'F]. Vm+1 il 'p;”-'-i

(11.4-11)
Again, since equimolal fiow is assimed, I, — L, = constant and ¥ur: = Fy = constant.
Fguation (T14-I1)is a strﬁrighl line when plotted as y versus x in Fip. 11.4-5b, with a
siope of L, /K, .. It interscots the y = x bne at x = x,.. The intereept 8t x = Qiay =
—Wxy/For .

Again the theorelicul stages for the stripping scclion are determined by starting at
Xy, BOIRE VP 10y, and then across to the operating hne, efc.

4. Effect of feed conditions. The condition of the feed stroam F entering the tower
determines the relation between the vapor ¥V, in the stripping seclivn and V, in the
enriching scetion and also between L, and 1, Al the fecd is part liguid and part vapor,
_the vapor will add to I, to give V.. T
For convenicnce, we represent the condition of the feed by the quantity g, which is
defined as

heat necded fo vaporize ! mel of feed at entering conditions

: bl 11.4-i2
miclar fatent heat of vaporization of fecd ( )

If the foed enters at its hniiin.g.]_mint, the numerator of Eq. (11.4-12), is the same as the
denominator and ¢ — 1.0. Equation (11.4-17) can also be written in terms of enthalpics,

i, — H,
=t _=F {11.4-13)
H, —H,

where fl, is the cathalpy of the feed at the dew point, B ;. the enthalpy of the feed at the

boiting point (bubble poinl), and ff; the enthalpy of (he feed at its entrance conditions, if

ihe feed entors as vapor at the dew point, 4 = 0. For eold liquid fred g > 1.0, for

superheated vapor i <2 6, and for the leed being part hguid and part vapor, g is the
Iraction of feed that is liguid,

We can look at ¢ also as the number of moles of saturated liquid produced on the
focd plate by cach mok: of feed added to the tower. In Fig. 11.4-6 a diagram shows the
relationship between flows above and below the feed extrance. From the definition of G
the following equations hokd:

— ——r

[,=L,+qF (£1.4-14)
V,=F,+{l--g\F (1E.4-15}
Figure Ho4-6.  Relationship hetween  flows | L Ly
ubave and below rhe feed en-
tremnce.
(1-g)&
F -
S e
gk
Vin Lo
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The point of intersection of the enriching and the stripping operating-line cquations
on an xy phot can be derived as follows. Rewriting Tigs. (11.4-6} and {11.4-10) as follows

wilhout the tray subscripis:
Fay = Ly x + Dy (£1.4-16)

Py = Ty x — Wiy (E14-EN

where the p and x valucs are the point of intersection of {he (wo operaling lincs.
Subtracting Bq. {11.4-16) from {1 .4-17,

(V. — Vip=(L_ — L —(Dx, + Wxy) (11.4-18)
Subaulmmg l"qq {H 4-8){11.4- 14} amck (L1.4-15) into l:q (11 4-18) and rearranging,

Fapp = P +WrLW. U B X (11.4-19)

g—1 g-~1

__ This eguation is the q—hm. wu:“.lﬂ]]. and is the locus of the interscetion of the 1wo
up{:mimg lings, Sefting y = X i Eq. (11.4-19), the intersection of the g-line equation with
“the 45" line is ¥ = x = xp, where X, is the overall composition of the feed.

In Fig, 11.4-7 the ¢ e is plotied for various feed conditions given below the figuce.
The slope of the g line is gf{g — 1} For example, for the liguid below the boiling point,
g = 1, and the slope is > 1.0, as shown. The enviching snd operating lines are plolted for
ihe casc of a leed of part hiquid and paztl vapor and the two Enes intersect on the g line. A
convenient way (o [oczte the siripping operaling line is to first plot the enriching
operating line and the g [inc. Then draw the stripping line belween the interscehion of the

g line and enriching operating linc and the point y = x = x,..

5. Locarion of the feed tray in a tower and mamber of frays.  To determine the namber of

theoretical trays noeded in o tower, the stripping and operating lines are drawn 1o
iniersect on the g line as shown in Fig, 11.4-8 Starting al the top st x,, the rays st
stepped off. For trays 2 and 3, the steps can go to the enriching operating line, as shown

‘Il,f—‘-}':“-“'l

g =1
.".\II
g [0<g<l
o
Z - enriching
= operaling line
g !
gm0
]
o | |
3 I L
- stripping operating line
|
i | |
Xy XE ip

Mole fraction in liguid, x
Fioure L14-7.  Lacarion of the g line for verfons feed conditions @ fquid helow hoiling

paint {g = 1, lgeid el boiling poine (g = 1} Hquid -+ wapor
(@ < g =0 1), setwraded vaper (g — 0}
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