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111.: ixtiu~i:iI (hip of rnlwiii >ipj):ir:it~is for .scpnratiiig Rodc i~ i~s l i , ' ~  ni i t l  Savitrit.Ii l Io~vcvcr ,  it is fclt that tlic 
follon.iiig mctliod is siinplcr, csliibits its rcsults in a plniner 
manner thnn nny metliod, annlytirnl or gnphicnl, so fnr 
proposed, nnd is acciirntc cnough for :dl practic:il IISC. 

This pnpcr is to consider the dctcrrninntiou of the nunibcr of 
thcorcticnl plates only, qiid i t  is nssumctl tlirougliout tllnt the 
plntc efficiency, or tlic 13. E. T. I)., for the tyjx of coliimn arid 
the mistiire undcr consitlcmtion is approximately known. 

t h e  conipn~ieiits of iiiinry niist,urcs of vcdatilc, misciblc 
voiiijm~iciits dates back to Sorcl.2 Hc nssumcd thnt 

equi1ib;iuin is est~nhlishcd bctwcen tlic liquid on cntnli platc 
: in t i  thc vapor rising fixmi it, nii t l  cnlculntecl tlic cnricliinent 
f i m i  plttte to plntc by licnt ant1 mntcrial bnlanccs. Sorel's 
iiietliod, though sound, is tedious wheii npplicd annlytically. 
hinny writers h n ~ c  siinplificd or modified Sorel's rncthod, 
among thcm being Le\ris,3 Lcslie,4 
I ' c t e r ~ , ~  Van r \ ; y ~ , ~  n1id Gay,' who 
havc all used nndyticnl methods. 
Iawis's mcthod is typical of mniiy 

c.iirichmcrit per plntc \VIIS sm:ill, n-rotc 

cntin]ly, ilit,cgrntctl it,, ~o (Ictrr- 
l i l i , lc(l  t,llC l l u r l , ] , c r  ( )E  l ' t l C  
]:trKrr tllC I lurnbcr  of l,]ntcs tiiC mOrc 
Rcc,lrntc is tIliS Iilct]lo(~, I,ut for 
co]ulllns of fC\" P]r,tCs tIlr  error 
i I l t ro( ]uce(~  by r ~ s s u n , i n g  coli t i l l~lous 
for st,cp\\isc collditions is apprc(:i- 

Preliminary Assumptions 

For the purpose of initial simplifica- 

innde, which are commonly rcnlized 
(,f  them. L,,\,.is nssilInet~ +Jlnt tile tion ccrtnin nssuinptions will be 

cIiric]lnlcl,t (]iffcr- or npproaclrctl iii ortlinnry practice 
witliin tlic precision of t h e  dntn. 

swy for any prtrticular c w c ,  tlic rc- 
etrirtions so irnposctl enn 1x3 rcmovctl 

I t  \vi11 I)c ~1ion.n Inter tha t ,  if  nc(*cs- 

numbcr of rnols of vnpor able. 
111 all tire proccclurcu ~iiciitio~ietl 

ii  110 ye,  pc rf c c t tli c 
coliiinn! and licncc complcte cquilib- 
riLiiii bctwccii the vapor a n d  liq~iitl 
of cncli plate, is nssuincd, nntl the 
iiumhcr of plntcs $0 dctcrmined is the 
~iunibcr of thcorcticxl or pcrfcct 
plntcs ncccssnry to  cffcct the tlcsircd 
scpnrntion. If nil  actrinl colurnn is 
one of the plntc type, tlic i i u i n l m  of 

i1.111 c t i o 11 i :I g 0 E 

oiling pooiiits of tlic com- 

thcnrctical p1:itcs is tlivitlcd by n n  nvcrngc plntc cficicncy to 
~f tIic co]u lnn  is 

.Yofr-Troutori'Y rille s tntes  t h a t  for normill liquids the  n io ln l  entropy 
of vnr~ariz.ntirm i b  ircnriy constnnt,  or ( J f r l T )  - constnnt,  whcrc  .\f = niolcc. 

u n i t  Wright. 

,tc it into t i lc  , l , l l l l ~ ~ c r  ,>f nct,li,] plntcs, 
(,I Ijn(:+eti tylx t l l c  nr l ln~,cr  of tllcorctical plnt,cs is nlult i-  
plicd by tlic lrciglit of coliiinn equivalcnt t o  onc tlicoreticnl 
plate (11. E. T. P. )8  i f  t.hc height of thc COlUlnii iS desirC(1. 
Both factors nre cxpcrimcntnliy detcrmillcd mid bot.11 Yary 
with tlic design of tlic coiumn iiiid uritli tllc misturc distilled. 
sincc tilcy l i n v c  not been nccurntcly tletcrrnirlcd for rill tyPs 

in determining theoreticnl plntes with grcnt precision and a 
mcthcxl such ns hu'is!s offers sufficicnt nccurncy i n  spite of the 
approximation inhcrent in it. Howcvcr, sincc thc equations 
usctl in nll mcthods are linear, they ndnpt themselves to 

lihr wcifi11t8 T = Iioilinfi tcmpernturc (nbsoltllc), rind 7 - l a t e n t  heat pcr 

2--l'llc Iced crltcrs the  column at a tcinperaturc 

prclieatcd w r y  nearly to this tcnipcrnturc by the feed hot  is usrlally wastc. 
boilirlg 1,oint of the liquid on thc fcctl platc. 

3--Thc only ccindcriscr is n siniplc or total cotrtirnsrr, so thc 
compositiori of  tlic product is the samc as tha t  of thc vapor froni 
t h e  top platc. 

to 
The 

'If O r  for nlisturcs~ there l i t t l e  
No[r- , j  silrlple comdenscr colldeoscs ( h e  vupor f cd  t o  i t ,  b u t  Tcmo,.tl 
of t l , e  sensilrle 

4 - - ~ 1 ~ ~  llcat is 
condensrd liq,,id. 

at  thc basc of colulntl by n l c ~ i ~ s  
of "closed stcam," so the coridc:isirig stcam ~ W S  tiot tlilutc the  
waste. 

stepwisc gmphical mnnipulstions, with conscqucnt sim- .Vofc-ObviousIy, open steuni rnn be used only a.!icri t h e  less volatiic 

pljcit,y ron!wnent  is wntrr, i f  tlie mixture  is to rrninin otic or t w o  c o n r p n r n t s  only. the nRsumption of contjll,,ity from p]Rtc to 

Nomenclature platc. a 

Grnphicnl methods Iinvc bccn prcscntcd by Poiichon,~ 
preRcnltd I,cfnre ,he Divi,ion or I Rcrcivetl 12ebrunry  

Chcrnicnl Society, Slaltimorc, X f c l . ,  Aprll 0 to I O ,  1025. 

Tlic nr~~ncnclnturc is n n~otlifirntioii of tlint uwd by Lewis, 

fcrrct! to ns thc rectifying columil ~ t n d  ttmt part below thc 
feed plntc ns tlic exlinusting caluiiin. .*\I1 coiirciitrl\tioiis 
arc cxprcsscd ns mol frnct.ioris of tlic 1 1 1 0 ~ ~  vo1:ltilc coni~x)iiciit. 
Liquit! coinpositioiis nre dcnotcd by r ,  n i id  v n l m  coillimositions 
by 2/. All qunntitics pcrtnining to tlic cshnustiug coIu~nn RPC 
(~iRtillg,liR~lC~f froln c o r n ? s i w n ~ i n g  c,r,nlltjties pcrtnirljng to tile 

Indus t r iv l  E n d  I:.np$ncrrlng Chemistry n t  t h e  00th Mectlnx of the Aniericnn Tlint PHrt Of the np[)flrnt\IR RbOVC t l l C  fNd p h t C  Will k rC- 
'Compf .  r t n d . ,  68, 1128,  1204, 1317 (1,389); M, 1213 ( 1 8 0 4 ) .  ' T i i i a  J O U Y N A I . ,  14, 1 b 2  ( l W Z ) ,  
' "Motor   fuel^," 1911, p. 70. Cbemical Catalog C o . ,  New York. 
* Tlfr!, J O U R N A I , ,  11, 402 (IY23!. 
I Ckrm. MCI.  Enu., 10, 207, 2.55, 311, 3AQ, 408 (1023). 

C h i m i c  b i n d u s f r i t ,  8 ,  4 ,  178, 7~ (1820):  6, 

I'rtrfS, ' h 5  J O I I R N A I , .  14,  47f i  (]!122). 
7 ' r r l i .  m o d r r n r ,  18, 20,  ,;A r l l r 2 1 ) .  

(1921): 10, 
Y l I ,  1026 (1023). 

10 Tiiir JOUMXAI.. 14, 103U (1022). 
11 Chl'mir b indMsfri,, Spcriul Nu. WT-86,  hlity. IO28 
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rcctifying colrimn by n liuc Ivrittcii over thcm. The  plntcs 
tire numbcred from tlic t op  plate of thc rectifying coluiiin 
down t o  tlie bottirrii plntc of the cxhnusting column. The  
fccd pls tc ,  v h i i ~ l i  is t,hc t o p  plntc of the cxiinusting column. 
will simply l x  a plnte wit~li n definite number.  =\ “gcnernl” 
pltit,c \vi11 bc denoted by 71, i f  i n  the  rectifying column, or Iiy 
n if in tlic csliiiusting column. W i c r c  nny qunntity is writ- 
t en  with n sulw-r ipt ,  thc  subscript refcrs to the point of 
origin of dint  qusi i t i ty;  thus y,, iiictiiis tlic composition of the 
vapor rising from pintc 7i tirid ?,- rcprescnts the coniposi- 
tion of the liquid clcsrcriding frorii plntc ii + 1 I Other symI)ols 
n r c  : 
P = riiols of distillntc \vi?lidrawii a s ~ ~ r o d u c t  i n  a giver1 t ime 
.?.? = coinposition of product 
F’ = mols of misture  fed to thc apparatus i r i  a giveii t ime 
.I-,, = composition of fecd niixturc 
I ( ’  = rrio!s or wastc withdrawti from column in a givcn t ime 

xv = composition of waste 
0 = rnols overflow from a n y  plate in  tjic rectifying columri 
0 = rnols overflow from a n y  plate in the  cxhausting columii 
L- = mols 01 vapor rising f rom any plate in thc rectifying 

I. = rriols of vapor rising from :iny plate in  tlic exhausting 

. . t ,  A ’ ,  E ,  B’ = cocfficicnts i r i  t h e  enrichment cquations 

171 tire u-liolc disrzi.\.sioti, t h e  bclsia u t i 1 1  be 1 mol of product- 

Derivation of Equations 

The following cquntions Iin1.c Iwen devclo~xd mid pub- 
lishcd innny times. 

Figure 1 rcprcscnts a “pcrfcct coluinn” prforriiiiig i n  RC- 
corc!jtricc with the nssuinption listed nbovc. By Iiicnns of 
bnlancca of total  rnntcrial arid niorc volntilc component i t  
has been repentctily shown thn t ,  for the rcctifj’ing colwnn 

- 

- 

CQlumIl 

col u m 11 

- 

i. e . ,  1’ = !. 

0 .Y Jr :1 = O f l  and B = - 
0 + 1  

then > ” * ,  = ,1s, + B ( 3 )  

which, wlicr. plottctl with y as ordiiintcs l’crms 5 ns nbscissns, 
is the cquxtion of r. straight linc‘liaving n slope of A nrid IL 

y-asis intercept of I j .  This ccjuntion !vi11 Ix enllcd thc en- 
richment cquntinn of the rectifying column, or simply tlic 
rectifying equntion, and the strnight line rcprcscnting it thc 
enrichment line of tlic rectifying column or the rectifying linc. 

Consider the entire nppnrntus I d o w  n .scctiori drawn bc- 
tween plates fif 1 niid n. By rnntcrinl balnnccs, it cnn  
be shown t h t  

1.e t 0 .t I F -  I , I , =  0+ - F:i ! ld  /3‘ = - 
U C F Y ’  

( 9) 
- 

Then x. = A ’  y n i ,  “r M ’  (lWi 
which is the eclucitioil of nnothw straight Iitic hnvirlg a slop0 

of 1/A’ nntl  n n  s-nxis interccpt of B’. This equation will IX 
rcfcrrcd to  ns the enrichment cquntion of the cxhausting col- 
uniii or the cxhnusting cquntion, nnd its s tmigh t  h e  a.9 
tlie eiiriciiiricnt linc of t h o  cxhnristing coluniii or  thc cxliaust- 
ing line. 

Use of Enrichment Lines 

For cvcry binary mixture there is I% dcfinite rclntionship h- 
t w w n  2,  the composition of the liquid phnsc, nnd I/, the com- 
position of the vapor phnsc in equilibrium with it. This r e  
Intionship is best exhibited in the form of IL rectangular 
plot of y ns ordinates versus s as abscissas. T h e  curve so 
formed is known ns thc  cquilibriurn curve, a n d  gives the rc- 
Iation bctwccn the composition of t h e  liquid on nny plate 
and  t h n t  of t.hc vnpor rising from the same plate. 

The cquilibrium curve nnd Equntions 3 a n d  10 are all 
t h a t  is ricccssnry to calculate nnalytically t h e  compositions 
of liquid nnd vapor pcrtaining to  cnch plate, nnd hence t h e  
numbcr of theorcticnl plates, once the composition of feed, 
wastc, nnd product, and  rnngnitudcs of fecd and overflow 
hnvo bccn chosen. 

A KA LYTI c A I, MEW OD-PI o t the equ i 1 i bri u 111 curve on 
an x versus y plot, ns in Figurc 2. Sincc t h e  coridenscr used 
is n simple onc, yI ,  tlie conceritrntion of the vnpor from the 
top plnte, is cqusl to xp, the composition of the product,  
and  thcrcfore is known. Accordingly, t he  value of zll t h e  
composibion of the liquid on the top plate, enn be read directly 
from the equilibrium curve, since it is rcprcsented by the a b  
scissn of the  point  on the curve wliicll has the ordinntc yl. T h e  
coefficients A nnd B of Eqiintion 3 nrc cnlculntcd from zp nnd 
0. If thc equntion is 
written ns 

)‘. = A s ,  + R 
and i f  tlic known vnlues 
of A ,  13, nnd xi nre s u b  
sti tutcd thcrein, y2, thc  
composition of the vapor 
rising from plate 2, can 
be calculateti. Since y2 
is dctcrrnined, z? can be 
rend from thc cquilih- n+l 
rium curvc by finding 
the p o i n t  thereon with 
an  ordirintc y2, and rend- 
ing its nbscissn. Thc  
valuc of z2 is substituted 
i n  the equation 

’ 

n.l 

pintc it is ncccssnry to  
rcnd onc valuc from the a Wrlc7-C w 

equilibrium curve, nnd 
cnrry out  the one cnlcriln- 
tion by Equntion 3. Sup- 
pose this prorc.ss lins I ~ c n  
crrrriccl o u t  for n nrirnlxr 
of plntcs, wid .TI, V I ,  ZZ, ~ 2 ,  ~ 3 ,  ~ 3 ,  etc., Iinvc bcmi so detcrniincd. 
Suppow the following ~ x i r i t s  nrc plottcd with tlic roiirrfi- 
nntcq indicntcd: a ,  ro6rdinntcs rl, ~ 1 :  b, coiirdinntca 11, yt; 
c, (Q. yn); d ,  (12. ~ 3 ) :  nntl e ,  (zs, yr). Tlic points so’ plotted 
cnii tx: r-onncctccl by short  horizontal nrirl vertical litiw, such 
11s oh4 k, cd ,  nnd de,  sitire tlic two p u i t i b  coiinrctcd by aiiy 
line linvc citlicr nhacisws nr ordinates in common. Fur- 
thcrrnore, the wink G nnd d nrc on n s tmigh t  line, the  cqua- 
tion of which is 

.V - A x  + /3 
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since thcir ordinntcs were cnlculntcd from Equation 3, which 
is rcprcsentcd by this ,same strnight line. The foregoing con- 
struction can. thcrcforc, be mndc much more simply without 
nnalyticril cnlculntions nt nil by drnwing the linc rcprescnt,ing 
ICquntion 3 in thc first plncc, stnrting witti thc point a, and 
drawing n wries of stcps composed of nltcrnntc vcrtical nnd 
horizcntnl segments, cnch step reprcscnting n pcrfcct plntc, 
nnd defining tlic compositions of tlic liquid on cnch plntc nnd 
thc  v n p r  rising ttr tlint plritc from tlic plntc hclow. 

Similnrly, the cnrirlirncrit from plntc to plntc in thc cxtinust- 
ing colurnri cnri he tlctcrminctf by plotting thc cxhniiating linc 
to  conform with ICqriiitiori 1 0  nntl  moving up or tiown i n  tlic 
mrnc Htcpwise rrinniicr-nnmcly, hy tlrnw*irig nltcriintc hori- 
zontnl nnd vcrticnl scgmcrits bctwccn tho cqriilibrium curve 
nntl tlic cxtintistirig linc. Tlirifc, i f  thc coijrcliiiiiks of point f 
nrc tliosc of h 
a rc  ?", 2/.; nrid those rrf i nrc in, iw+ 1 . 1 7  

Gn-:, thow of point q will lx tn-l, in; 

12 Van N y r ,  in t h e  cotirw of his niathemnticnl [irewntntiori of the theory 
of rectification. u ~ e i  a diuKrnrn w c h  Y S  Pixiire 2. C'hrm. M r / .  E m f . ,  U, 
793 (1923).  

/ I 

I /  I 

. 

The diagonal linc, z = vi is drawn for convcnicncc, since 
the point a is cnsily locnted by drawing the vcrticnl linc z = 
T,,, finding its intersection with thc diagonal (point j ) ,  and 
drawiiig R Iiorizoiitnl linc ja. The coiirdinntcs of  point j 
may bc considered to be xp, V I ,  ns zp = VI.  

Plotting the Enrichment Lines 

Iiispcctioii of Equntions 1 nnd S diows that the  oricntation 
of tlic criric!inicnt lincs, i f  plotted on rcchnpilnr coiidinntcs, 
dcixlnds oiily on tlic rcflux, 0, for nny givcn viiliics of F, E,, nnd 

Thc following nlRcbrnic propcrtics of thc cnrichmcnt lincs 
fncilitntc plottiiig thcm: 

If tlic sulmcripts nrc droppctl f r m  ISquation 1, wid i f  
z is sct cqrinl to y, 0 vnnishcs, nnd it follow that ' 

y = .v = .vp (11 )  
sfiowiiig thot thc rcctifying linc c m w  the dingonal ( x  = y 
linc) a t  tlic composition of tlie pnxluct, whatcvcr the rcflux 
mny bc. 

X w.  



(111 n plnte wlicrc the coinjmitioii (If the liquid is between c 
nntl b, if the column is to  function. Economy demands tha t  
the feed plntc be chosen such thnt tlic total number of plntcs 
is a minimum for tlie reflus clioscn, which means that tlic en- 
ricIiment per plate, nnd tliercforc tlic nveragc length of the 
segmcnts, must be as grcnt ns possible. It can be seen tlint the 
rectifying line slioultl bc used fis far as point C nnd the ex- 
hausting line utilized from there on. Tlicreforc, tlic feed 
should be introduced on that plate on ~vhich the coinposi- . 
tion of the liquid is just less t l inn t h ~ t  of the feed. In Figure 
3 the fccd plate is the fourtli one from the top. The steps 
are then ciirricd bcloiv C, using the eshnusting line, until one 
of the horizontal segments crosses the line x = xu, and each 
step rcpresents n pcrfcct plate. In  Figure 3 the  total number 
of pintcs is O?/,. 

Infinite or Minimum Overflow 

-4s pointed out by LewisIJ there are two limiting coiiditions 
in the dcsign of a frnctionnting column, depending on the  
overflow. On one hand there is a theoretical minimum 
overflow which will effect the required separation in a pcr- 
fect column containing an infinite number of plates. This 
miniinurn overflow for any given mixture depcnds upon the 
xpnrn t io i i  t lcirctl .  011 tlic other h s n d ,  if  nn irifinitely 
lnrgc rcfliis is nssriirictl, the scprntion will be effected in n 
c~oliimn cont:tiiiing n rniniinum number of perfect plates. 
In  the fiwt cnse tlic cost of coluinn, and the fixed charges 
on it, will be infinite, h i t  tlic cost of heat is n minimum since 
n miiiimurn qriantity of vnpor is generated a t  the bottom of 
the  column. In  tlic sccontl cnsc the number of plates in the 
column is IL miriiniuin, but tlie cost of heat is infinite, as an 
infinite nrnouiit of vnpor must be generntcd. Tlic dcsigncr 
should choose 1111 ovcrfow somcwhcre between these two 
limits sucli thnt the  sun1 of the fixed costs nnd the heat cost 
is 11 miniinrim. Tlic overflow so dctcrmined is known ns the 
"optimum oi.crflon.," nricl tlic! number of pcrfcct plates cor- 
responding to the optiin~iin overflow is cnlled the "optimum 
number of jh i tw,"  n n d  must tie determined ljy trial. 

Minimum Overflow 

Suppose tlic coiiccntrations of waste, feed, niid product are 
plottcd on the z versus y tiingrrim (Figure 4).  It ]ins been 
shown thnt tlir cnriclimerit lines  par^ through tlw points d 

172 / F/G. 7. 



and e,  respccti\.ely, nriti intersect on the line .x = I/. Their 
slope depends on the overflow only, since F is dctcrmincd. 
From Figure 4 it is nppnrerit that ,  if the lirics intcrscct ribovc 
the equilibrium ciir\'e as at, a ,  the desired -scpnrntion cannot, 
be effected; if tlic lines intcrscct a t  the intersectioii of the 
.equilibrium curve n n d  the line .c = 21, as nt point 6 ,  the ~ c p n -  

r a t i o n  ciin be at-  
tnincd, h i t  only with 
an infinite number of 
perfect plates; antl 
finally, if the lines in- 
tersect a t  any  point 
above z = y line and 
below the equilibrium 
curve, ns point c ,  the 
s e p a r a t i o n  can be 
effected with a finite 
number of plates. As 
t h e  o n l y  means of 
moving the intcrscc- 
tion from a to c is by 
increasing the over- 
flow, by definition the 
minimum overflow is 
t h a t  ove r f low for 
which the rectifying 
line will intcrscct the 
z = z! line nt point b. 

,The magnitiitic of the rninirnurii overflow is found by mcnsiir- 
,ing the distance '4 nnd computing 0 from the equation 

-which is obtained froiii l~quntioti 2 .  

.Vo!r--Inspection of Figure 4 shows t h : t t  l o r  normal mixtures (equi- 
librium crirvcs concnvc downw,;ird a t  ii!l points) t h c  leryest, or controllinx 
vrtiur ol ~ ' I C  rniriirnrrrn rrflux IF  t h n t  corrcsrmnding t o  t h e  composition of the 

. f r c r l  

Infinite Overflow 

Inspection of Equntioiis I nnd 8 shows that ns 0 increases 
indefinitely, thc slopcs of the enrichment lines approach 
unity, and for nn infinite overflow, the lines coincide with the 
.z = y liric, nriti tlic rnininiiirn riuniher of p1nt.w is determined 
.by stcps, n s  i n  Figurc 5 .  

Constant Roiling Mixtuics 

Sincc n constniit hoilirig riiixtii~.e behaves like n jxirc coriipo- 
pent ,  an infinite r i ~ i n i l x r  of jilntcs worild tic ricccssary 
to rcncli thc conccntrntioli corrcsj)oiiding to sucli n mixture 
by distillrrtiori Itlone. The dingrnrn of sucli ii systcrn illus- 
. t rnks  this, siiicc i f  nn attempt is rnndc to attRin the coriccii- 
t r n t i o n  of tlic constant boiiin,o mixture, cithcr with tlrc prod- 
uct or the anstc,  tlrc cq~iilil~riurn curve,  the ciiriclirricnt l in t  
a n t l  the ..c = TJ liric all iiiterscct a t  t,lic point wlicrc L equals tlic 
,above conccritrntiun, arid tlic steps must bccoinc infiiiitely 
.,smnll to rench tlic apex of the :iriglc i n  which they nrc confined. 

Technic of Using the Plots 

l,i,wnlly thc product is to t)c riciirly piirc nntl the wntcr prw-  
t.ically cxh:iiistccl, spcrtki::g iri tcrrns of tlic inurc volntilc 
cornpricn t. 'Tliiic rncrtiis tlint :I single dingrim will be too 
corideriscd a t  tlic crids of tlic cqrrilil~riuin curve to uw with 
prccisiun, nriti .wparittc, cnInrKct1 tlirigrnrrix of these two ROC- 
tom rnwt  be rnnde. Ortlirinrily, tlic crluilibrium c u r ~ e  will 
follow Iboult 's  law iit the ttrp nnd Henry's Inw n t  the liottorn,13 

i H a ,  p. 570.  
11 Wnlkcr. Lewk,  nnd A I c A i l n m ~ .  "I'dnciple. ol Chemicni Bnxinceriop," 

hfcCraw.tlill nook Campnny. 

and so can be cnlculntcd and plotted with any dcsircd preci- 
sion in these ranges. 

As nn illustrt~tion of the npplication of the incthod to an 
Rctunl case, the cxnrnplc cited hy LcwisJ is worked out. 
An alcohol-water mixture contniiiing 10 per ccrit alcohol by 
weight (4.17 mol per cent) is to be scp:tratctl into a product 
containing 94.5 per cent alcohol by w i g h t  (57.05 rnol per 
cent.) imd n waste contnining not more thnii 0.1 per cent 
alcohol by w i g h t  (0.039 mol jjcr cent). The overflow i n  
the rectifying colrimn is assumed to IIC 5 rnols p r  mol of 
product. 

When tlie equilibrium curve for alcoliol-~vatcr mixtures is 
plotted, as i n  Figure 6,  and the values of zp ,  zjr and zu are 
plotted thereon, it is evident that the entire operation cannot 
be indicakd on a single diagram of moderate size. Accord- 
ingly, t,hrce enlarged diagrams are drawn, as iri Figures 7, 
8, and 9, and used with Figure 6, Figure 7 being an enlargement 
between the limits z = 70 and z = 90 mol per cent, and 
Figures 8 and 9 from z = 5 to z = 0 mol per cent. The 
enrichment lines are then drawn, the rectifying line psssing 
through the point P (coordinates L,,, yl)  (Figure 7),  and with 
n slope of 5 / ( 5  + 1) = 0.833, and the exhausting line pass- 
ing through the point 111 (the intersection of the line z = 
and the rectifying line) (Figure 6), arid the point N (coijrdi- 
nates zw, z,) (Figure 9). The stepwisc procedure is started 
a t  point P (Figure 7 )  and carried through Figures 7, 6, 5, and 
9 i n  turn, until the composition of the wnstc is reached with, 
in this case, tlic thirty-fifth step, nnd so the entire column 
contains 34l/3 perfect plates. The cross-over from the 
rectifying line to the exhausting line occurs a t  the thirtieth 
step, and so the fced plate is the thirticth plate from the top. 

Most of the plates are in the rsiige represented by Figure 
7 ,  and a small error in the equilibrium curve in this rnnge in- 
troduces a rclativcly lnrge error in the number of plates; 
but any  method of cnlculation is wbjcct to the snme 
l i ~ n i  ta tion. 

For the sake of more open diagrams, tlic scale of thc z-axis 
tins bcen cspnndcd to fivc times $lint of the y-asis, in Fig- 
ures 5 and 9. This does not affect the corist,ruction or the  
result, except that  it changes the angle of slope of the lines; 
thus, the z = 1/ line is no longer a t  45 deflees. 

F o r  a n y  b i n a r y  
coin h i  ria t i  o n , the 
e q u  i I i b r  iu in curve 
need be drawn only 
once, in ink pcrtiaps; 
ttic enrichment lines 1 

L o  .$ 

artd the steps rnny be 
drawn in lightly, with 
pencil, for nny pos- 
sible combinntion of 
overflow, nnd feed, 
product, ntid wade 
cumposi tioils. 

If Ixwis's rcsults 
for the f o r e g o i n g  
problctn nrc rnulti- 
plied by 0.8 to cliini- 
n a b  his assumption 
of SO jxr cent plirtc 

/ I 

cficicricy, the results 
ifre corni"xblc, ns i n  the table; Lewis's fced plate comes e t  
a cornpositiori t = 2.05 mol per cent. 

Number of Theoretical Plates 

Lewis Author, 
A ~ V C  reed 31 . O  29 
U ~ I D W  iced 3 . 3  6.3 

TOTAL 9 4 . 3  35.9 
- - 
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Tlir : i c c u ~ ~ ( ~ y  of t . 1 ~  rcsrilts obtaincd by the graphical 
mcthod is tlicorcticnlly limitrd only by tlic error int~rotluccd 
by nssuitiing coiistari: 1ii01:d overflow, lvhcrcns t'lic nccurncy 
oi t h c  I.civis tiictlioo ns npplictl to tlic foregoing esamplc 
is liniitcd: not, oiily b\. tlic n.wirnption giT.en above, but nlso 

since the totnl aniount of more volntilc cornporrcnt lost in tiic 
wnste is, i n  tlic cnse of closed stcam, fixed 8s Wz,. 

It  can he sliowii nlgebrnically tha t  i n  the CILSC of open fitcam 
the cshaustiiig I i i x  still pnsscs tlirougli the point of inter- 
scctioti of thc r = ?/ linc and the line z = xw, arid also crosses 
thc Z-Rxis a t  thc point where 1: = rut. Therefore, it is only 
ncccssnry to carry thc steps, not only to \vhcrc 1: = z., bu t  
to thc 2-nsis to nllow for tlic cffcct of open steam. 

,Yo(r-C)p~n s t c n ~ i i  m u s t  be iiscd where o closcd coil woiild bcconic fouled 
I I ~  t i l ?  i w s t e ,  h u t  when used, t h c  n t tmlxr  of plntes  i s  increased ( t h o u g h  
v ~ r y  si ixI i I Iy in I I I O L ~  r n w s )  nrtd tlic waste is dilirtcd. 

Feed Not a t  Boiling Po:?' 

If thc iccd is not  wliolly a liqiiid nt its bc~iling point, thc 
nunihor of tnols of vapor rising from t.hc fccrl plxtr, is not the 
smie iis tiint rking to it. If the fcctl is hclo~v the  boiling 
point, thc \.:ipor. rising to  thc fccti plate wi!l heat the fccd to 
tlic iioiiiiig pnirit by condcnsation, thcrcby increasing the 
ovcrflow below the feed R I ~  decreasing the vapor above the 
feed by the number of mols condensed. If the feed is partly 
or wholly vapor, thc vnpor above the feed will bc increased by 
thc nmouiit of vapor admitted, while the overflow below the 
fccd will be lcss than 0 + F. I n  cithcr case the effect on 
the diagram is to cause the locus of the intersection of the 
two enrichment Iines to incline from the vertical. 

Let q = the total heat needed to convert 1 mol of feed 
i n t o  sntumtcd vapor, dividcd by the molal lntcrit heat. 

Then in thc cnsc of n liquid a t  thc boiling point, q = 1. 
I n  the cnsc of a feed of wholly saturated vapor, q = 0. 
If thc feed is partly liquid and partly vapor, q is the frac- 

tionnl part wliich is liquid. 
If tlic fccd is below thc boiling point, t?icn q is grentcr 

t l ini i  1 nnd is cqurtl to I plus the fractional part of R mol of 
vapor nccdcd to mise OIIC mol of feed to thc  boiling point. 

I n  plncc of 15jiintion G JVC hnvc 

Ilcnec F;qunt,ion 8 liccomc.9 

- 
U = O + q F  (20) 

To find thc locus of the 
intcrscction (for different 
vnlries of 0 )  of this cn- 
richincnt linc with that  
rcprescntcti t)y Equntion 
1, c l i r n i i i x t c  0 f r o m  
Equations 1 and 21 rind 

as given Iiy Erjriation 10. 
\.Vht!ii this is tlnnc thcrc 
rcs!il t s 

This is the cqii:itiori of R 
strniglit lint.. If z = y, 

this line n l w a y ~  Crosses 
t h i  z = ?/ liiic :it r f .  If 

. ciylicti!!itC - _I ._ . f:>r pitr, -;n!;;c 

'is - ( ? - I ) ?  = .Y, (22) H 

t i1~112 = = TI. ~ r c l l c s c  

RG. // q = 1, z = LI. This is 
thc resr~lt nlrcatly given 
in Eountinn 17. 

horiaontnl line pw.-".inR 
t ~ l ~ O l l K ~ i  Z = !/ = ,rf. 

If q > 1, the elope is 
positive-i. e., up niitl to 
the right. 

If 9 < I ,  tlic slopc i R  iicgntivr-up to tlic Icft. 
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Tlicsc fonr (:I~PCP nrc re~~rcscntcti  in Figure 10, wlicrc tlic 
nunibcr of iiiols of vapor rising to fccd i h t c  pcr mol ofprotl- 
~ c t  is tlic sniiic for nil  CRSCS. 

Variation on  hlolal Cl!, crflow 

Tlic inolnl overflow miiy not, be coi.stcyit in a column, for 
tlircc renso~is.  Tlic first c‘:iwc niny bc a Jific. -*;cc in tlic inolnl 
heats of \~:iporiz:\tiori of tlic two co~iipnr :*:ite. illlownnce 
niiiy bc nintlc for this by coniputing nl‘ :lunnti ies, not i n  
mols, h i t  i n  “latelit 1ic:tt units,’Js tlint is, tlic c inntitics of 
liquid cvnporntctl by any dcfinite quantity . ,t. Thus, ii 
tlic liquids liiive heats of v:iporizatioii ( I m  grain) of 969 anti 
305 cdorics, me inxy adopt as our base 969 calorics and the 
Iat.cnt heat units will be N9/969 :tnd 969/305 grains of t,lit! 
two iiqiiids! rcspcct,ivcly. They will t h e n  bc trcatctl csactly 
RS if they lint1 molcculnr weights of 1 and 3.177, rcspectively. 
Siricc no clitinicnl rcaction tiikcs place, tlie oidy reason for 
using rnols :it :ill is tlic filct tha t  t h y  corrcspoiitl iienrly to 
thc rnorc :iccur:itc “Intciit heat units;” if this corrcspond- 
ericc docs not lioltl thcrc is no object in using tiicm. If 
Intent Iicat uriits iirc choscn, t h y  must be used tlirough- 
out-in tlic construction of the equilibrium curve as wcll as 
in cspressiiig tlic coinpositions on cnch plnte and of the fccd, 
product, aiiti waste. 

1 lic scconti ~ C R S O I I  why tlic ovcrflow iiiiiy Ynry is tlic chnngc 
iii  boiling ~ x i i i t  of tlic liquids on the successive plntcs, and 
the third cause may be iicat losscs from tlic column. To sllow 
for tlicsc cffccts rigorously would require the construction 
of II tliffcrcnt cnricliincnt linc for every p ln tc ,  and so would be 
tedious. J i o w v c r ,  tlic cffccts arc usurilly sinal1 nnd tend to 
bnlniicc cwli  other! so tiicy rnrcly rcquirc consideration. 

r 7  

ip1iic:il i n c r l i o d s  of P V I I C ~ O ~ ’  : i i i < l  S:i\,nrit ’ i  i i rv  rigorously 
: i p p l i c i t b l v  to c:ise\ n11c:c t I ic  ovc r f low \miirks, l i i i t  Ihcsc inethodu urc  r:atlier 
coni plic;i  red , 

Two Feeds 

Supposc it i y  tlcsircti to rcctify in tlic mine column two mix- 
tures of tlic s:tnic t i v o  liquids but  of different compositioiis. 
Lct tlic inok of the t w o  feeds (per mol of product) IIC / I  nntl 
K .  Let zh : i i id  r k  be tlic coinpositions of thc rnisturcs. 
Similiirly, lct C; arid .zg lie the ainouiit and composition of tlie 
mixture t h t  n%~ild lx produced if tlic two fectis were miscd. 
Thcn 

I ;  = I i  4- K 
C‘S, = I i S h  -!- K.Si 

(23)  
(2.1) 

h t  xh > s:, PO that  tlic “II” fCCd Wil l  liIltUKLlly b C  pu t  
i l l  lIi!;hr,r tt:c column. Tlic ct)!riniii i s  tii:igrnmmntically 
rcprcscritc:ti hy F’igurc 11. 

Through inaterid 
bnlanccs it ( w i  1x2 slio~vti, by dcriving tlic cnricli~ncnt cqun-  
tioiis for tlic tlircc ixirts of tlic coliiinn (iibovc both feeds, be- 
t w c n  the fccdr, irr i t l  bclon. both Iccds), znd dcteririining tlic 
loci of tlicir iritcrscctions hy clirninntiiig tlic ovcrflow, that  thc 
cnriclirncnt l i t m  for tlic top iind bottoin sections of tiic coluinu 
cross tlic z = 2/ line nt zl ,  ~ i n d  s., rcspcctivcly, and intcrscct 
on the vcrticnl line z = s,; and tha t  tlic cnrichmcrit liric for 
thc mitidlc prirt of t,lic colurnn (bctwccn thc two feed plates) 
must p:rss through two poirits--namcly, tlic iiitcrscctioii of 
thc rippcr cnriclirncnt liric with the vcrticnl line z = X A  
nnd thc iritcrscction of thc lowcr cnrichinciit line with tlic 
vertical liric z = z l .  For n two-fccd coluniii, tlicii, tlicsc 
rulcs follow: 

I--To coristriict thc cririclirricrit lirics for n two-Iced coltiriiri, 
compiitc tlic cornpositiori tlr:it wotrltl restilt i f  t lic feeds were 
mixed. Thc  vririchrncrit lilies for the crids oi the colirrnri will 
be cxactly thc ;wmc as for n siriglc-fcctl coliirtiii that  is fed wit11 
this mixture. Thc cnrich~nrrit liric for tlic rniddlc of the wlumii 
i.s found by joiniiig thc points whcrc the cririchmcrit 1iric.q for tlic 
Crith intcrscct the lirrcs x = X I  arid x = XI, whcrc XI nrld x k  
a r c  the comix~sitir~iis Of thc two ictds. 

Tlic originiil nssiirii ptioiis will IJC uscd. 

?-If tlicrc arc two fccds, cnch hmtcd to  hil i i ig,  each fccd is 
t o  bc admittcd or1 thc highest plate tha t  has n composition lowcr 
th3ri tha t  fced. 

Thesc rulcs nrc illustrntcd in Figure 12. When  thc 
two feeds arc very different in composition tlic column may 
function wcll irlicn tlie fccds &re put in at  the projxr points, 
though a t  the same oycrflow it would not function if thc fccds 
were mixed. 

If for any rcnson part of tlic liquid (not R third constitucnt) 
is witlitlrnmn regularly from tlic colurnn, the calculations are 
qirnilar to those for two reedy, except that  either N or K 
will be ncg n t’ ive. 

Mainsi4 has cxtcndetl Lewis’s method to the de,:,.. ’ 
columns for the scparntion of mixtures such as furfural 
md witer where the product, on cooling, forms two layers 
~vliich can be separated in a continuous decanter and one of 
them returncd to tlic column. This is a special case of a 

two-fcctl column wlierc thc second fccd is one of tlic layers 
formed in thc tlccnntcr. If this sccond Iced is not n t  the 
boiling point the cnrichmcnt Iiiic for tha t  pzrt of t he  column 
bclow the entrnncc of thc tlccrintcd fccti must b e  niodificd 
?.E c ! c s c r I h i  ~ I n d r r  thc scctinn “Fcctl Xot a t  I%oiliiig Point.” 
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New Green Dye 
Thc DycstiilTs Dcpnrtinr.rit of 1:. I .  clu Potit tlc Srriiours k 

Cutxip:irry lins just p1ncu.d on tlic rnnrkct R ticw clirornc gnxri ,  
ktiowri us potitncltrorirc g r m i  C., to tnkc tlrc plnm of Imit?c!rrotnc 
yccti  GLO, wlriclr will k tliscoritincrrul. I t  is blucr tlinri poiitn- 
clrrotnc green GI.[), 1)irt very siitiilnr i n  propcrtics RS well .as in 
strcrigtli. 1’~)rit;ieIirorric g r r w  CI rnti Ix: npplicd tu R strnigtit 
color or rnti Ix cisctl i t i  cotiil~irrntions to prwlum b r o w i s ,  gmt is .  
o r  olives, nritl cspcccinllp it!  inircturcs to pnxlrim blecks that  lcorc 
silk cfTccts iitrstnirtcd. 


