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date. The acousacy of this aigeriium is also veriied by compering & with a rigorous plate-
by-piate simudation waing the Peng-Rebinsen comelations. This analysls is complated by

W e 0n0e studiss enamined here, the comparisons made with the FPeng-
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Introduction

There are two Bmiling Cases I the eperalion of & sulicomponent disillation Colsmn.
These are the mininwm refr and fotef refier Biviis. Thee is a sslationship between the
required mumber of trays and the refux. For a specilied separation, the required number of
trays increases as the refhu Is reduoed. The first Bmiling case of this dependence is the tole!
sl condiion. SIn0e theve s 1o product withcawal the refhux is &t s mesdmum. Under this
condilion we then determing the minimum aumber of plates Acsssary for the given
fractionation.

The other Bmiling case is the minimum refiux condilion. The basic lypothesis of this
condiion is he requirement of Infinke aumber of ways. This is an buportant i as In
practios, he ofecive ref alio Is 1.1 10 1.5 SMes 1he Minkmem refhs 5alio. 16 the prosent
work, we COncnizale on s 00cond Imiiing Case.

Soversl authers have dovelsped & Mamber of Methods 10 Predict the minkausm refla:.
Thees methods may be divided o twe calogevies : plate-by-plate alperiuns and anslytionl
sohstions. The advantage of piate-by-plate aigerihms is the possibilly 10 use rigorous
cowelations for K-values and enthaipies. However, such & siwdalion may roquise a ist of
computer ime, eepecially for suliiple feed cohamns. One AS! SSsUmS & (e Mumber of
ays 99 repraduce the condiion of the IWinke mumber of baye.

On the ether hand, analytioal sehulions Mmay be sheriout metheds requiring Mile
compuier Bme and nut dependant upon $he Mumher of Says 88 the Infialle plate Bk s bl
0o the dovelopment of the algerihms. These Mmetheds, however, aso miied by the
casumptions Mage for he oguileem and enthalpy date.

The chontnut Methed doveleped In the prosent wodk 3 the adaplation of e
“Goncniineg Undorwesd Madel® prosening by Nendehumar and Andes (W00%e) & e
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m-ﬂﬂhmﬂ-“ We then show how they are applied o
wudiiple foad COMRS. ﬁmmﬁﬂnmhh-ﬂmu
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The class of separsiion is very important for minkmum reflux caloulation since
because the number of piates is nfinlle. The disiinciion betwesn class 1 and class 2

QEand (1940) and made very precise by Shivas, Hanson and GReen (1960).




acosust he contibulion of The OIher Ron-hoy Compenonts. Plate-by-plate caloutation 18
besed on & meterisl Dulan0e and uEes oquations bull Wil ralios of twe compenents. I
ond vaper flows 50 sssumed. Racul’s law 15 assumed 19 apply Wil constant o. Since
cetemn ot o 1000 by condiiens. R also means Shat the pinch ragion b lecated aveund

ﬁmﬁh“hﬁymmﬁ* Bicomponent mhwres & doss nt

ﬁ“ﬂm“mﬂm““‘ﬁi

“ﬁ“ﬁﬂghﬂﬁﬁiﬁhm
V.ﬁiﬂmﬁ“ﬂﬁﬁﬁ“ﬂhﬂﬁ

ﬁﬂﬂltﬁ-ﬁﬂlﬁ-ﬂm malhed. & 0
nﬁp—nlﬁﬂhﬁ_nﬂ“ﬁﬁ‘ﬂﬁﬁi
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soversl nms 1o identlly the minkvum reflx are the major drawbacks of this method. &
roquires Superionce om the Weer.

Jonny (1939) presented & plate-by-piate mathod for minkwum rof. Basically,
unmmummn**u-—-ﬂmn:mﬂ
agein. This method requisnes R0 assumplion on L, V, nor a.

hoys a2 the pinch coneapend 10 hese In the fesd, & Mmaterial balance s made armund the
Setwesn the heys 10 the sille euisting i» the Bguld pant of e fosd. This i conect for class
1 soparation, bat for class 2, & predicts & higher minimusm soflu satls.

produst have 10 00 cesumed 60 Tt the caloulation ean b canied e feed. The



dh“mﬁﬂﬁﬁ_mmﬂnﬂ
Mpﬂ-ﬁ—m*mnﬂuﬂﬂm
lbhuﬂyhﬂiﬁﬂl“ﬁﬁ-ﬂﬁﬂmmﬂ.

(1940a) appronimaie methods.

M“nﬁiﬂﬁ-ﬂik&mhﬁuﬂ-ﬁp—ﬂhnﬂ

auﬁgvn;-ﬂsﬂdnaﬁnﬁﬁaﬂnﬂ
mmﬁgﬁﬁnﬁ-—nﬁn_—ﬁﬁ—_ni



mmmﬁﬂinnﬂihmbﬁﬂuﬂ
distilation of mullicomponent | miatuves 88 we Inow i R is based on materisl balance only
m“ﬁ“m“lmqﬂimﬂ

forginns 1.
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m*ﬂ“MdMLV.“&w“WB
mwmmmmuummum
mbiures is the same a8 the one derived by Underwood (1948).

w«mw-mmmnm:n
m*unwunwﬂmnmmm
are no restrictions on L, V, nor . This scheme dillers rom others by the relaxation
wummmmmmwu
WINMF«~1M“MBWM~~“Q
MBWWWMQMM”MMCG
MNMI'““MI“““‘”“““*
is sonched. Besically, class 1 b"“m"“l”ﬂﬂ
MMWﬂhmm.

mumm&m-mmn“uﬂm
mumwuunumummuﬁ
ummmmmnumm,nuu-ﬂ
MdMW“MNNmﬁ“”ﬁ
mmmmuumwammmmﬁ
“h*“ﬂ”.”““ﬂ““ﬂ“ﬂ
suboosied ner everhoated feods.

M“W(mwlmmﬂll
Mumuwmnuumum
mummumunwuumm



mmﬁﬁﬁmw“ﬁﬂnﬂmnﬂﬁm
when the temperaiure profie is stable. As with Bachelor's (1957) method, plates may be
added 10 eatisfy the minkmum refiux condiions. in & companion paper, MoDonough and

‘77;“ £
pquation . The idea is 10 find the limiing cases. The reflux is specilied and graphics are
bull. Minkmum seflux condilion is one of the imiing cases of a distllafion Process.

Samds, Hanson and King (1972) extended the application of Underwood's
(1948) equations to mulliple feed coksmns.
Uniihe sovers! plato-by-piate motheds, the minimum reflux €o0s Ast have % be



mummmumunnmgm
mm.nwummnmn@ﬁmhﬁ
mmmhuulmm'ﬁ-ﬁ“ﬂim
equation.
mummuwummnm-ﬂﬁm
mumu-mma-umumﬁmmm
guess for class 2 separations.

emmwmmunummmmwn
mmmw«mmnmnmgv-ﬂ
a.wlmnMdemmﬂ.mmﬂ
means that (AMNyx = 1 and My = 1. mmmﬁﬂmdhﬂ-
MMMdMﬂMW(ﬂm

wmnmamwmunt mption of constant
Mmmﬂ“dnm This method is called the “Generalized
MMU‘GMWWWﬂHﬂﬁIm
medel.




mmmh-mmdﬁmihhi“n:
funcion of the miniwsm reflux for the sharp separation of the heys.

csicuiation. R is vaiid for binary iwes fractionsied in columns with any mumber of side-
mﬁmﬂﬁmhﬁiﬁilﬁmlhﬂﬂﬁ

R is interesting 10 900 In detall what previous authors have sccomplished.
Reviewing thelr work enables us 10 appreciate the diierent spproaches. Al the
beginning, compuiers were not avaliable and the authors had 10 Make assumpions 10
reducing class 2 separations fo class | separations. The dilerent methods oan be
heving s own ment.
onough 10 shmuiste the minkmum el condiiion of Iinke Rumber of plates (M ~» oo)
and nct 190 lasge 10 render the caloulation 100 laborious. Besides the fact that the
precess 0an be lengthy, ¥ the number of plates is mot adequate, the oalouiation hes %o
be done again.

Anglytiss) mothods roquive Mere Sasulplions 1 heep the equations siwple,
however, the condiion of iilie sumber of INSS OB ~» ©o) I bul-in. & i inesrssting &
note St Mandubwmer and Anires’ (19812) methed |8 rigorous whils inshuling the Iinke
mavher of plates Gondion.

7"
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computalion.



AL o inlet, the 1omperahure gup, which is the driving 10r0e, Is Nigh. AL the cutiel, there i
"o Griving 10000 oR. There s hout enchangs a8 IRy & e NPeralures &0 Aot the

n‘ﬁﬂﬂﬂﬁnhm“mﬁ-“

This podtion of e Sastionation precess Mmay bo called under @INNOFORt AAMOS
ﬂﬂﬁ*ﬂdﬂﬁ*iﬁ.ﬁiﬁ_
] ) PRSRSMENGS —ﬁﬂﬁ—ﬂilﬁﬂhﬂ




mixhre. The point of intorsection i3 he pinch polt. Pinch reglon refers 1o the
cumoundings of $he PInch point whore the @iving 1010es 1ond 1o 20re. Pelat of Infiniude
and region of ininkude NGNIG the fact hat, Roer o PIRCK poiet, 8 Infinle rursber of
plates 15 foquired 10 poriomn infinkesimel factionation. The Aoon of gion s probebly
plate 1 e Aot

M““h“dﬁﬂ*ﬁﬁmm&
22 Cless1 and Class 2 Seperations for
uum-ﬁ“ﬁ_-:_——u_-ﬂnp-

14



Figwes 1, 2, and 3 show the fractionation of six component misures. The quid
mole raction of each component is plotied as 8 funciion of the (0CANOR In The colwmn
(olate mamber) whore plate mumber 1 s &t the 1op. The Bwee graphs in Figwres 1, 2, and
3 ore bulkt om plate-by-plate simulstions. The precision of the liquid mols tractions i
0.001. The boundaries of the Pinch regions are determined when the liquid mole fraction
of "o more Than one component changss by & vaive of 0.001. For all Swee cases, the
teod enters on piste 45. In Figuse 1, ol Compononts disibute. This s clnss 1 separation.
i Figwe 2, componenis A and F do Rot appesr In 1he betiom praduct and e 10
product, seapectively. I Figure 3, components A and B are Rot Present In the betiom
product, and components £ and F % not gresent In the top product. These Wwo cases
constant for ol COMpOnSntS.

W Figwe 2, we can identlly the following i regions :
*Raghon 1: Dbotween the tp and the t0p pinch (plates 1 %o 15), where some
cRaghon3: Dotwesn the 1op pinch and the feed (plates 25 15 45), where some
aslionalion eocws.













I this 0209 (Figuwe 2). stariing Sem he 100d, Componant A (most volatle) is exhasted
0 region & and s CORCORIFASion Foaches 20%0 whove The beliem pinch stasts (piste §5).
Component F (oast volaiiie) is exhaustod In rogion 3 and s COROSAIRESR FOacheS 2000
whore the iep pinch stasts (plate 28).

» Figwe 3, we identlly the same six regions but located at dillerent plates

o Rogion 1 : Sotween the top and the tep pinch (plates 1 0 25), where some
fractionalion eCOurs.

*Mogion 2: e top pinch Reoll (plates 25 10 36), where Re ractionslion Coowrs.

*Raglon 3 : between the tep pinch and the feed (plates 36 10 45). where some
fractionation CODWES.

e Ragion 4 : botween the feed and the betiom pinch (piates 45 o 80), where seme
actionation 6COWS.

*Raghon §: e betiom pinch Reoll (plates 60 10 75), where no Waciionatien Scowrs.
*Maglon 6:  betwesn the betiem pinch and the bettem (Plstes 75 © 90), where some
factionalion S0OwS.

n his case (Figse 3), compensnis A and B are exhausied I region 4. Bven Bough
compenent A s removed between plates 60 and 05, !he betiom pinch Can only Soour
once component B is removed, at plate 60. Compenenis € and F aro axhausiod v
segien 3. Component F is remeved botwesn plates 46 and 40 and component & b
somoved higher I» !he cohummn Detwesn pistes 40 and 35. The tap pinch Stanis Rodr plate
95. Oy Goliniion & pinsh I @ Fagion Where A0 HONlenalien CSowsS, 60 R 6o only EppoRr
when ol components present (% only one produst & cuhausied I e reglens
wontioned provisusly.



e Reglon 1 : mhnﬁﬁﬁiﬂﬂiihiﬁﬂm
e Roglon 2 : ﬁﬁﬂﬁiﬁﬂﬁﬂﬁiﬁyhhﬂiﬁmﬂ.
cRogion 3 : ﬁiﬁﬂl-ﬂﬁnihm“hnnﬂnnﬂ

in s case (Figwe 1), off Components are Pressnt in both products. SIR0S A CONPORSA!
muuﬁﬁﬂ.nmmﬂmmnﬁnﬁ
m-ﬂﬁﬂﬁmﬂﬂuﬂﬂ-ﬂhlﬁﬁﬁmm
adiacent 10 $he 100d Snd make one laege pinch asound the foed.

m:mamhﬁmz_ﬂﬂmimnmi
Mc&n:—-ﬂnﬂnmiﬂgmm

The class of separation indicates the lecalion of the pinch regions. Falkure 1o
mnﬁ—ﬂm:—mﬁmmﬂﬁ-—uﬂndn
u—unﬁ—.ﬁ-—nbﬂn_pﬁnﬁmmn—ﬁ—nn
anmﬁﬂ:“ﬁ-_mmﬁimm
wuﬁ:mn-ﬂﬂn-ﬂnhn—nm
nauﬁﬂ—-_iﬂumn-ﬂnﬁﬂ—:




he shaded areas being the pinch regiens. Since the feed enters the column at the feed
fractionation belongs 1o class 1, see Figwe §. For mullicomponent miktures, R is less

i Figwe 8, all componenis appesr in the 10p product and no ewhaveling region
ﬂmn:nmunmﬁﬂn-mnnm
“hﬂﬂﬁmﬁlﬁlﬁl“ﬂﬁ" ponenit

separaiions. However, they 200 considernd 8o Class £ cases. The same coneld
ﬁﬁlﬁﬁﬂﬂﬂﬂﬁ“ﬁmtﬂfiﬂm
nstond of A andd B.



Raglen 1
m S, f
emeee—> e——
ABCODEF faglen 8 ity AD
Fagion 4

———
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23 Pinch Regions for Multipie Feed Columns

mmuamnumdnmdwm”
mm.mmnmmmt ssparation. With 8 two feed
MNwaMM'.“M“hMMMWR
mmmmmmyummummnnb
mmmazmmmumnmumm:m“u
mmzhmwummmnmwbmwm
wanmhmmmmummmwmu
mmmmmnwm.

mnoaum.nmmhmmmumm
mmmmmmnmmmmu.
mumumammnmwum

2.4 Columns with One Pinch Region Only

Sesically, ¥ muawmmmmm
condilion, One pinc. ~wumnwmunmmw
of infinke number of plates is then respecied.

munwwumwbwumdumu
M““”MN””*D”M““
umum”nmm-wmmu.m
uum,w*mmumuuunu..”
*n.‘hh*nﬂ“““*“ﬂh
resched.
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~ Chapter 3
Underwood's Theory

hmnuymhﬂﬁﬂin““mmﬁ
Underwood Model” and will De shown in Chapler 4.

3.1.1

and Q).

815, 5.94, 515, and 5.1.8. The oquations &0 summurinss i Seciien 3.1.7 and thelr
cppfoaiion & Wiely asplained b Sostien 3.48.



312 Basls for Underwood's Equations

mﬁ“ﬂhﬁiiﬁﬁﬁﬁﬁmll\.ﬁ“
Mm:“mlhﬁiﬂﬂﬂq'ﬂ”'lﬂ‘
being below plate T :

PaVis-Y @)
and for  gven componont T, it 1s willien :

Py= et - Oy on
or

Pjp = Vi1 et - L a3

" V)

Topy
=

are Constent 107 & 80cHion of 1he COMMI, we Can Wile for Compenert T oA plste 7 :
e o
_ )
i

Mow, Squation 3.5 can bo maipled by o ﬁ!s ; Wy



Py sizp
P r i a9
ot

3.1.3  Derivation of the First Equation

The first oquation inis the Squids composiiions of any tray 10 any other iray. The
0000 of nterent is %0 Bnk the wpper and the lower ends of & given Seclion.

Subetiviing Equation 38 10 3.7 :




=] !;z_

ﬂ;ﬂhdh#ﬁﬁﬂ!mﬂﬂgﬂﬁiﬂi
dortved by weing soli-adioint eperalors 107 RORSYRRSNIC Foal Maivioes. Lot us donate

LW VU R where ¢, > 0> > &
mmliehqnmﬁﬁqﬂﬂ'n“mﬂ
ﬁh“-jﬂﬂhmhﬂrwnﬁw

Gty Lod &-0

IR R . N @.11)

“« ,
poy - 0k - o-&

Equation 3.11 oan 5o wien wih ey conbingtion of ¢ O  WheR k = 1, £, ... # 8nd
l-i;nﬂn“nitm-ﬂ-dﬁﬁﬁiﬂh”
Bqeaten 3.99 s weiiion for Wve adjaoent plates T Gnd 1 + 1°. WHERG R for plates V¢ ¥
el Vo1 yohils :



):m_:
T

a1

plates Toaw T T:

L_ . (;I = I @19

i (1]' = R @14

“;ﬂi“hqﬂﬂﬁﬂﬁ“l-ﬁih
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where : (¢ and ¢ are any so0t ¢
k=t,2 ....0
11,2 ...0
kel o n>®

mmmmu--.-u.m«.»u(a' -0.
w’.“m.:

S Yume a0
= ot

wlilwqu'?ﬁ'iod'dunm Finally, o caoe
d“.“”&i‘““”ﬂﬁ“”ndl”
ooclion ¢f !he CohmR. This is neted by the V" and T subsonpts :
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394 Dertvation of the Second Equation

The sooond equation dsosves 1ho selalionship Botwoon he Sompasiion of the
not upwasd Svavates of e components T () SR o tetal vaper fiowrats (V) for & ghven
wug*muw“quﬂmnmm
V s sosumed 9 0o constent. Rowsiing Bguation 3.8 ghves :



2&- v @19

or

13 A B, C, D, E F). Figes 17a Is for the recillying seciion where aff
B>0@=1,2 ... 0 ond Figure 170 s for 1he spping section where sl py < 0§ = 3,
&...0

volstities ) of The COmpononis constiuie The SoyRPIsies Cressing the x-axis. The
iecations of the Intersections between the graph and the herizontsl Bne V &re the
@lorst 1oots satialying Bguation 3.90. Vy stands 1or vapor fiowrate v section 1 which s

outes betwoon the @Rarent o) , Shay 6an €ise 50 Auted by ¢ap ¥ R 1 leasted hetween
oa 606 ap. Also, W choove st 6% (st for Gush 0oelon [ Rt (00aied BENNOIR S0
. For B0 costiying soution, 6ise & 15 Gmulier han ey $ho Astan b ¢p- . For o
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soction1: (ms)1 (sech (coh (oeh  (erh (o
socion2: (sad2 (Mmsde  (echz (ol  (oek2  (berh2
Py # 0 . This will be shown in the next case.
3.142 Some components do not diskribule — case 2
MNMAmFﬁﬂWMAHQMhh
nmmmﬁhnmmmmmm;om
m,-o.nuumﬂﬁwﬁ.nbnmﬁmnn
The r00ts for each seclion are :
section1: (mah (ech (coh  oeh  (e)
ssction2: (ss)2 (emchr (ecolz  (oElz  (¢erh2
This shows thet the number of rools is equal 10 the number of components for
M”ooTiﬂﬁmﬂ‘Fﬁm






3.1.5 Derivation of the Third Equation

lummuwmmnmmmmw
3.19. Rk is aleo found that some of 1hese fels Can be common 10 two adjacent seclions.
Roots for section T are noted (¢x)i and the rools that are common on the feed plate are

noted (Gxl.

The derivation of the third equation is based on Equation 3.17. For this
Mm““h””dhﬂ“bmwmmﬂu
mmunmmnnumn.mwanum
seclions :

soction 1 ; ;W;M ° 3.20)
—— ;ﬁ;;%. am

The second term of Equation 3.20 and the firet temm of Equation 3.2 desoribe
e same point In the column. There!or (dx)y and (ddg Sheuld be the same. Since only
one torm for each equation must be equal 10 200, both equations are salislied when the
torm re2isd 10 he foed is oqual 10 20re. From Equations 3.20 and 3.21 these
considerations 60 Summasinsd In ne oquation :

S -

whoro: g : Ouuid mslo mstion of component
T on B fosd plate
Q) : commen els on the food plate



318 Derivation of the Fourth Equation

s%-w-v‘-v’-w 329
el
i1 = W2 = (OF
Now wo hove 10 dotonnine whish 1001s (Su)y 00n eatisly Sqvation 3.35. This vl
b Mustrated Wi we Coses.



3.1.8.1 AN componenis distribute — case 1
deﬂhhmmﬁ:ﬁmﬂn
onabies us 10 detorming which fols (Gx)r May be common. Let us recell that rools (Gy)r
As soon In Seclion 3.1.4.1, ro0ls for the recillying seclion are : (0as)1. bac)1.
(0cD)1. WOE)s. WEFN. WEN . The rools combine 10 satisly Equation 3.20 as shown
10 each torm. Since eliher torm has 10 be equal 10 20/0 and recaliing that ¢k > 1. we

<3k

o

ook
“osh
Warh
=)

T .
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be common.
m,mnnmm“hnnmumnm

2‘-0’1 tﬂ -
ot =
“ech

Mnmmmﬂnmﬁmanﬂ

S
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The commen mols oo found at the fesd lovel. By Mapestion, the only Commen



Fﬁnﬂﬁnhiﬂliﬁﬂlﬂﬁ:ﬁmmﬁ
compenenis present in the fesd. Even though all 1ot can be found, enly some of them
3.1.62

ﬁﬂvﬁ“ﬁﬁﬁmqumnm
n the two examples given, they are :

This ule, 88 stated, appliss 10 columns with ene feed. Application for muliple
food columns will be chown In Seclion 3.2 of this chapler.
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317 Summeryof the Equations Talen from Underwood's Work

1°  Melationship between the upper plste V" and the lower plate T of any given
ssction ¢of the columm. This selationship finks the lguid composiions of the plates
" peoviswsly mentionsd. The equetion is satisfied when oliher tomm I equal 10 20%.

] )
Zq!-ﬁ! : - "0
W I

)

of components
volatity ¢of component T
fsaction ¢f Component
wpper piate of seclion T
fsaction ¢f component
tower pinto of section T
-:mh-um

it
H

-
|

)
i

t o Relationship betwoen the net wpward flowrales of the components and the
constant vapor flowrale for any given seclion of the column.

o

‘t’.la
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3.18 Procedure 1o Find the Minimum Reflux for Single Feed
Columns

1*  Speciications : LY j=1.2..0
3 jo1,8 ..M

av

I ET L
b o M.ww-“lﬂhﬂuﬁﬂm,kﬂi;m.H;
ets, where & is the munber ¢f disbuling COMPORSAIS.

 Bquation UR. The usnowns &se By and Vi . The net upward flowsate () for LXK
and HK are specilied (PLK = GLK . DK = i) Snd § ene compenent dees not
Getrats, Py s lwwm () = § o7 By = O, daponding on the soction). The member of
urhnown " is oqual 19 & - 2 . The total Mumber or uRlmowns is hen o - 1,
whon counting Vi . Since there e w° - 1 els (s00 slep 2°), & - 1 Bnoer
Gquations UR are gonerated 1o g &° - 1 unhmowns.

¢ Tho mintmum sl raio s calouiated with $hese Squations :
]
D=2 0 .
ot
LWeW-0 am

~-y | asm

47



common 100is behwesn Soctions 878 1eund by SRalysing wo adjecent sections &t & WRe.

For single feed Colummns, $he met upward flowrste of each component T 1
posiive +* 9y 2 0) 0 e recillying section, and Regative °-* By 5 0) In the WPy
(section 1) and the siipping Clast seciion) sections. However, for e Wermediate
soctions, the flow GeCHONs ore N6t 85 cbvisus. For 0Mo CONPORONS & I8 POSG °”
ond, for others, I (5 R0gsiive °-=. A reasonshie ascumplion is that he Rg Cempensete
ncheding LK have & posiive Aot upwasd flounste (5y 2 0) and it the Resvy CORpOReNS
incheding HIX heve & Rogative et upwand flowsato By S 0). As for Spi-hey Componeste. B
may be olher pesive °+° ) 2 0) o egaiive ** By S ).

One diculy of mulipie foad appliontion s it (Ou)y for Sy X" 18 found for each
toad. Por fond 1, I 15 Noted (O)py Gnd for fosd 2 . (Ouipa. Nowover, oy ene (Su)r b

The other Giovily 15 At sise epithoy Gonponcts May have & posiive or
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The principies iwelved In e aigasihm will be Bustratod with four Cases :

This cane was covered In Sectien 3.1 of this chapler, but will be eated again ©
Tuble 1 shows how Gquations Ut and US are uilined. Bquation Ut i spplied 0
Tabio 1, o0 2P of oash eohumn we heve Bguations U1 and US applied t cach end of
o wo costions and ©» e (eed. Selow B, we have e fesls (x) Placed o0 that
Guuation U1 (s eatiefied for buth sostons § = 1, ). The Biarast of s enoniee s 1o ind



Case : Scomponents :A.8,C, D, E. F




ocolumns

~ are of no interest. The common roots are then (GAB)F. (O8C)F. (OcD)F. (GDE)F

- roots are found with Equation U4, (py)y and (P2 ( = 1
Vi(i=1, 2) are easlly found with Equation U2. .

3222 Column with two feeds and adjacent key components

The
MW‘””“MUMMMM

O k=12 .. n-1)canbe
" found from eliher feed with
Equation
(Oas)rF1 and (GAg)F2, for example, ORly one is valld. e

L L

L)
4

Lot us recall thet :

::.Mhr! (reciilying section), py 20
o components “m.:m:mm.qzomrq
..,:"m in section 2, py £ 0 (slgn is )

components in section 3 (siripping section), py < 0

wWiiting Equation U2 for each seclion :

ooclion 1 : 2"1— (3.200)
- 1 - V4
=]

section 2 : zﬂ—-ﬁ (3.290)
- )2
=]

ooction 3 : ;—%-Vh @.25q)
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tood. This is shoun In Tahie 2.
Tehio 2 that only & fow RSlS 850 CONMMER &t the foed. Por fosd 1, enly (OCDIFY. (GBI,




TABLE 2. Uiiisation of Bgpmtions Ut and US o find the commeon rects
(O\)r 6t the fosd lovels. 2 fosd cohumn.

Case : Scompananis : A,8,C, D, E F
2 toodn, 3 ssclions

fm fm feae e

gt



Tﬁﬁa—hdmmﬂﬁm“mmqﬁihﬂ

We must &ty oach oot and discard the sclutions Whough the precess of
olmingiion oocribed I o Reut chapler.
3223 Column with three fesds and adjacent key



Case : Scomponanis : A, 8,C, D, E, F
3 foodhs, 4 ssclons
adjacent hoy com

op

ol : IK=C.HK=D

i



R hes boon found That !he sign change dstonuines which fsts ()¢ May Come
trom mere than one 1904, Tho ight compeneats and LK have & °+" sign, and the hoavy
can be olher " or *-*. Beth aliomatives have 1o be Iwestigated. Fer adjacent keys,
when LK = C and HC = D, the sigh change eccurs betwesn compencnis C and D,
moaning et (OCO)F CON be calouisted frem Mere Than ons feed. WRK one epii-hey

compenont, he sign Change may 00our Detwesn LK and SK or betwesn 8K end HK.
WK=8 and HK=D.




TABLE ¢o. Utiination of Squations U1t and US 19 find the commen rests
(Ou)r ot the foed lovela. 3 food column and 1 spi-hoy
compensnt. Mow lovel Ne. 1.

Case : Gcompenents : A, 8,C, D, E. F
$ foeds, 4 secliens
one spli-hoy component : LK« B, 8K = C,HK =D
flow pafiem No. 1 : sign change section 2 :C -+ D
oign change section 3 :C -+ D

&%t&tﬁ&-&&t

foed 1 fosd 3 bottom
“ech eor
ooh
Sectien 1 (O
m g
=n
Weck o
oom | tade
Sestien 2
- =
Wecls o
-
Sestien 3
- =
o e
Wande
Sestion 4 g g
onde



TABLE . Uiination of Gquations Ut and U3 10 find The onumen rests
(Oy)y o2 e foud lovels. $ foed cslumn and 1 spit-ey
componsnt. Mow lovel Me. 2

Case : Scomponanis :A,.8,C. 0. &, F
$ fosds, 4 soctiens

u“m:u{-t.(-c.m-o
fow patiom No. 2 :  sign change section 2 :C D
sigh changs ssction $ : 8 —+» C

fon-e Pomcoo Pomc-e Dewoe femse

op foed 1 fosd 2 foed 3 Sottom

- BB
- EE__
- g 5



TABLE ¢s. Utiination of Equations Ut and U3 1o find the 0ommen rects
(O.)r ot The food lovels. 3 fesd column and 1 apit-hey
compeneat. Fiow lovel Mo. 3.

Case : Coomponsnis : A, 8,C, D, E. F
$ foads, 4 socions
ono spii-hoy compenent : L = 8, 8K = C, HK = D
flow pattom No. 3 :  sign changs ssction 2 :8 - C
sigh changs ssction 3 : 8 -+ C

- fon o S foae-

foed 1
Wach o (e
ook
Sestion * (B
= =
Weh
Wecie o gk
Sestion 2 g g
ool
Wosk
o o gpe
Sosten 3 §' s
ook
Wosks



FLOWRATE, py

TABLE 8.

VOO WL €800 WM CcBO0OO0OWE <800 WN.

3 Gmiormediste section #
4 (avigping ssction)




The diioront sots of commen rools gonsrated by each flow paliern are the

HITRHTIRH T

TR R

$3988 18448 $3488
il



AR Gemonsirations In Section 3.2.2 were 10r Separation where s COMPORents
Gletribute. I component A dees R0t distribule, e sote remain the same wWih the
anception that (@ag) Would Rot be vald reganiess of o feed & comes iom. The soct
is N0t roquired 10 SO The SySiem DESEUSS (PA)y i1 The FCHlyRg Seclon Is Then KACH :
®a) = g«»..mnuumunalmrﬁumm
(Ogr)r | R0t velld.

cammen soot 00sied between ayx 808 SN,



Tﬁmmmblmﬂﬂmdﬂﬁﬂhm
1*  Speciications : o j=1.2,..n
ﬁ j=1.2,..n
i=12..N
AV j=1,2 ....N
N
dr%ﬁ j = LK, HK
where : 0 : number of components

2¢ Find common roots (Ox)fi (I = 1, 2, ..., N) with Equation U4 for each feed.

3 Choose valld roots (@) following the process of elim
4° Apply selected (Oy)ri In Equation U2 for sections adjecent 10 the feed where the
oot comes from. For example, (OCD)F2 applies 10 sections 2 and 3. Unknowns
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The assumption of constant mols! overfiow in Underwood's equations is replaced
nnmummmwumwwuu
COMpOnents. W.nmmdmwbmhm
component T :

Hy-ty = 3j = constant @.1)
Even though constant A are still & lmiation, & permils us 10 take into account
mmmm“wnmmmw

wmumnmanwmmum
proposed by Nandakumer and Andres (1981a).

in the next sections, we derive the basic equations for the Generalized
Underwood method. The besic assumplions are : constant relative volsiilies (a)) .
constent liquid enthalpies (Ty), constant vapor enthaipies (H). From the lafter two follows
the sssumption of constant istent heats of vaporization (A).

4.12 Basis for Genersiized Underwood Equations

From tha energy balance around piate °T", and recaling that piate T+1° s the
adjacent piate below R, we have :

[ ] [ ] [ ] [}
L1 D N+ Vier 2 WOt = L 2 e + Vi 2, il w2
! =] ot =t

and from the material balance ¢f component T° around plate T we get :

Lot Ot = Ly O+ Vi O - Vies OPet “3)



MMM“'\“““CJ.““:

[ [ ]

ViZ WY = Vi Y. Oty =T = constat (4.4)
ot =

Equation 4.4 con 8lso be wiillen :

ViAi = Vis1 Ajyt = T = constz % a5

when we define A; as follows :

20N = A )
=

wuwumu»mmm»wm.m
US, and U4 from Underwood. Recaling Equation 3.3 and subsiiuting Equation 34 In R :

Lo + PUjp = Vigy . —Slel “n
|
=

MMMQNMMG’M#NM:
Lo Pziel | epgeiN
Vier T Vi “s

]
1

=i



mwuw—‘l-umupu-wm

-¢ z -6 2'”*' o-¢
=1 |
+ Viet ®

o
= - “9
2, opr
=
L
Now, we on divide Equation 4.9 by 2, b+ :
=1
wm T Saws
(4.10)

vmg,wn mZmn [E.qm] [E.mu]

mmunmunmwnramnmu.
Following Underwood's method, ¢ is chosen 80 thet :

o-¢
Bt -1 @.11)

Vi Oty
=

4.1.3 Derivation of the First Equation

As for Underwood's 0ase, this equation inks the fiquks compesiiions of any tray ©
munmnhummmmumhunmn
,muumndanmmwua net:



"2 o-¢ gm'is;

| 2

N ® (o " - w1
vmg.mn [E:.qm ] {Eom]
ARer 8 ‘ow manipulations, we obtain :
¢ %1-
% - s " (4.13)
ot Vt'.? .
=

wuahdnaﬂmmnmumo“nwnw
Underwood, we denote them as follows :

01,02, - 1 Ok. .. . G WO &1 >>®k>Mh

Acplying Equetion 4.13 10 any 0 1001S ¢ 1 ¢ SAd hen diiding one equation by the
mmunmnw-‘,&;num:

3 e
s -4 t -0
L. &J“—-——— (4.44)



Equation 4.14 relates two adjacent plates T and “1+1°. As R was done for Underwood
Equation 4.14 can be generalived for any plaies T and Tew" :

Eﬁ- e . (,’.;]' (€19

ket2..0

=18 ...0

ksl or ¢x>®
*ﬂ“ﬂ-ﬂ—ﬂ.ﬂuaﬂ.(‘r -0
ﬁli‘“ﬁ:

* !1.2&_ f
bt -0 Lot -0 " W
ot et




Ec.ulﬂd?qinbm"l‘:ﬂ“ﬂﬁﬂrﬁuiﬂ“iﬁl
mumnﬁmﬁni:mmdnmm:_ﬂn
e “v" and T subscripls :

2%@3. > e _ wn

Pmipolyy v.im T (4.19)

zﬁ « VA =T (4.20)
ot

Lot us recal that coneiderations discuseed in Sections 3.14.1 and 3.1.4.2 of
of Squation 4.30 &0 e same 8 $1000 Shown I Figwes 178, 170, 108, and 100 with
e ouception hat e wnlls of the y-anis 870 Aot “Vi° but “VIAT for eection T



4.1.5 Derivation of the Third Equation

Each seclion has s own rools ¢ when Equation 4.20 is applied. i is found that
some of 1hese r00is Mmay be Commen 19 twe adjacent sections. As for Underwood's case,
(Ox)s. and so0ts Common at the feed lovel are noted (Su)r.

wWeling Equation 4.18 for two adjacent seclions :

section 1 : z%.z%-o (4.21)
t ot

R - S5O Y wen
] =]

The second tenm of Equation 4.21 and the first term of Equation 4.22 describe
e same point In the column, the feed plate. As for Undernweod, (4x)1 and (e sheuld
be the same. Since only one form for each equation must be equal 10 2000, beth
summarized In one egquation :

g;‘;ﬁ-O 23
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gq—um - o - 2 “Eﬁ‘l "-Em 4.24)

g.-m “E"‘ vgg.m (428)

Lt 09t - Lg Oy = FERpr o Vi O - Viget D0t “29

74



mz‘mn L.Zum -vnz.m -VmZom-s F)Zm
" ] [ [.]
Ly oy -Lg o0y = Vi 0P - Vst ZiniguiH - F i
= ot =t =t
Fre - F Xty = Vi Jop - Vo ZO%oN
=] = ]
EL - Fe-£3
- o - OF ' Em
o

# -w‘ i
zqi“ Eﬂﬂi

(427

(4.29)

(4.30)

(4.31)



veporized portion of the feed appears I Equation 4.31. In both cases, saiurated iguid s

the reference state. mm‘ww .““.““.m.

mnanmuuuaumunw-u-wzmw,
=



4.1.7 Summary of the Equ
section of the column. This relstionship links the composhions of the pisies
provicusly mentionsd. The equation is satisfied when eliher term Is equal 10 2er.
] o ;3 »
Hﬁ" & -f!% -0 ©u)

ok > (0
enesgy content of the vapor flow for any section of the column.

Hm@hhm (ouz)

E) t 3 E8 s
1
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Subtraction of Equation GU2 applied 10 two adjecent sections. This gives &
relationship between the feed composhion and the energy contribution of the
state (zer0).

-m--ﬁﬂn ﬁZum Vﬂg.w-m:m (ous)

where :




4.18 Comperison Betwesn Underwood and Generalized
Underwood Equations
When compared with Equations U1, U2, US, and U4, Equations GU1Y, GU2, GUS,
and GU4 are very similer. Underwood's method s a special case of Generalized
Underwood Muthod when the lstent heals of vaporization are assumed 10 be the same

for all components T, 4] = Ajy1 .

For Equations U1, U3 and GU1, GUS, the form is exactly the same. For
Equations U2 and GU2, the right hand side ferms dilier, but are constent quantilies in
thelr repective equation. in Equation U2 & is the vapor flowrale, V, and in Equation QU2
we define I" which takes account of the veriable vapor flowrste in a section. This
comparison shows very well that the Generalized Underwood method removes the
assumption of constant molal overfiow while keeping the simple form of Underwood's
oquations. For Equations U4 and GU4, the right hand side terms represent the
conribution of the feed. In the first equation & is & material contribution snd in the
s0cond one R is an enewgy conrustion. In both cases the iquid phase is said 10 be the
wuuummmummanwmnum

MWWMa‘MMWMMbN
anmwbmmuwmuumu
oquations for the caloulation of the minimum reflux are given In detall in Section 4.2 of

this chapler.



42 Generalized Underwood Method Applied
fo Multiple Feed Columns

421 Iintroduction

n Section 3.1 of Chapler 3, we derived the basic equations established by
Underwood ©0 calouiate the minimum refux for distilation of mullicomponent mbdures
with gingle feed colummrs. In Section 3.2 of the same chapler, These equalions were
extonded to mulliple feed columns.

n Section 4.1 of this chapler, we derived the basic equations for the Gensralized
Underwood method. These equations have exaclly the same form as thoee from
Underwood. The appearance of the latent heats of vaporization () constiutes the only
diflerence. Underwood's equations are based on material belance only. Generalized
Underwood equations are based on material and energy balances.

In Section 4.2, we present the coniribution of the present wosk, which consists in
the application of the Generalized Underwood method o mulliple feed columns. A
computer program wes developed 10 calculate the minimum refx with this method. The
necesssry steps are described in detall and are followed by 8 block dlagram which
summarizes the procedure.

422 Deecription of the Computer Program

This program con find the minimum et with olther Undorwosd or Goneralined
Underwood method. R can acospt minkeres containing up 10 1R Componsnis and
Siatiation cslumns with up 1 five foods. Each food must contain aft components. Fer
RON-PIesent Componsnis (n & foed, & very small ameunt should b assigned instead of
2000. Also we Can choose betwesn partisl or total condonsers. To clmudate the

)



mbhnmy:lﬁi . mmmmhm

The basic idea of this program s Shweelold :
1- Tresiment of the input data
2- Solving the equations and finding all the possible solstions

* constant by
* constant Hy

° constant relative volaiiity of each component, o

. m-lnmm-umnﬂm
* constent iquid enthalpy of each component, iy

. mﬁmdmmﬁ
¢  ondgy content and composhion of each fesd

*  ssleciion of the ight key (LK) and the heavy hey (HK)

*  oslection of & partial or & tota) condenser

ﬁﬁmmﬁﬁmiﬁ““hh
ool The shing b @stenningd by $he Bmiis of ton Componsnis and fve foads:



*  maximum number of sections

o  maximum number of Iight componanis

*  maximum rumber of heavy Componsnis

°  maxivum number of ro0ls ¢

e maxiwmem number of roots ¢ between the lightest cComponent 8

*  maximum fumber of rools ¢ between LK and HK

o maxivum number of s00is between HK and the heaviest component
¢ maximum rumber of hypothesls (nlemal flow patiems)

e maximum number of hypothesls for a case

*  maximum rumber of cases

volatie components. They can be epecilied with reference 10 any conponent. The

be specilied In the best order or Mmay be specilied 90 that the ssparalion is impossible.

The latent heat of vaporization of each component is then feund with
Equation 4.1 :

NeH-N “.9)



and the energy contriution of each feed (AHF), which is equal 10 the gap between two
(ar) = (2P Que)

From the specilied recovery of the keys in the distilate, Py i and Py &re known
HK-piR. Otherwise, the sections Iocated between LIX-epit and HIX-epit become & miker

maxivum dimensions of the avays. However, the dime sions of the actual problem can
be smalier. The aciusl dmensions are also caloulated v the same tashion. At this poing,
he sohstion of the problom stans. First, the common roots (Oy)p ave found with Equation
aus :

32




component A doss not disiritnnte, (Gag)r: must be rejected for sach feed. The mots are
kept In memory for fubuse recalls.

As described in Chapler 3 (Section 3.2), (Oy)r; May be chossn from any feed T.
This generates more than one possible sohdions. In order %0 cover all cases applicable
10 a given problam, the compuler program s struchwed In the following manner :

not 1o distribute.
20 From the exiermal distribution, the program assumes the lemal flow patiern. R

each case in order not 10 repeat &. The coresponding Nypothesis for each case

oy - T toun)

Lot us Mustrate he problem with $he separation of oix componcnts with & Wwee




Oa)r3 (Gacrs (OcO)2 (PDEN2 (OEF)Fs. Each (6y)r; can apply 1 the sections
adjacent to feed T. h“%mmwammmhwb
Equation GU2 for sections 3 and 4 of the column. For practical reasons, each (Oy)¢; is

1° The unknowns are :
o «mﬂ-umn: 24
n 4 sectlions T 4
) (4 secions T) - (8 room X 20

which makes a total of 41 unknowns.
o The equations avaliable are:
Type 1 : om Equation GUR

;ﬁ-n o

(4 osctiens T) - (S mets W) : 20



Tpe 2:

"

L §9 - o “3n
(3 sections )+ (6 components ) ;18

Type S :
nogm - Iy 39
3 sections T : 3
total 49

Adding equations of Type 1, Type 2, and Type 3 makes a tolal of 41 equations
avalisble 10 determing the 41 ynimowns. Equation 4.32 is a relationship between the
net upward flowrate In any seclion T and the net wpward flowrate In he 18p seclien, for
any component 'T". Equation 4.33 inks I} for any seclion T 10 I'y 1908 tap seclien by
introducing the contribution of e feeds. From Equation GUY, (AMF) = (AT).

This inear systom of equations can be siwmplified. Equation GUR for any seclion
T (1 » 1) can be Wansiered ®0 section 1 with Equations 4.32 and 4.33. Substiuiing
Equation 4.32 In QU2 ylelds :

2 [”'; ?gl"" n s

14



O
g'ﬂﬁ N <= dowed o (430

and substivting Equation 433 In 4.35 :

z 'HZQ C]
a6 - ,'H ém 7t )

Basioatly, &l the urhmewns appear In the (oR hand side temn. SIce ()1 15 equel ©0 @) for
LK and HKX, and oinoe (i1 |5 oBRer 200 or the amount fod 10 the cokemn for the

T et T LS L e




problom started wih 41 ynknowns and is reduced 1o § unimowns. Basicelly, we solve

4.33 %o find he unhnowns In the lower seclions. In more gaeneral terme, the dimension of
he simplified systom is equal 10 #°-1, whem W s mamber of disiruiing Components.

The solution for this case is found. Now, we have 1o mahe sure that the
assumptions made prior 1o the caloulation are verllied. Eight tasts are pasiormad and S
order minimizes the addiional cslouiatiens required o olminate or heop he Caee.

oign changs ocours betwesn components C and D. As demonsirated In Chapler 3




mmhauuﬁnmm As for the thind
oQuation, & may be satisfied by oliher torm. This ensrcise tolls us that ¢ag and ¢gc weed
ﬂ”“"m“““h“l“hﬂ.(‘“ﬁ
(®ac)r2. respeciively. ™ the same fashion, ¢gr Must be equal 10 (Ogr)rycoming from
hui.ﬂummmhacnbﬂ“hMngwm. The
*ﬂ““Qd“MUMﬂ“”mdhm
@onerated with the actue! flow patiem. § e original ¢gc Comes from feed 1, (Gpc)rs. R
uumummmuu—umm Only the feed
ndenss ave required 1 periorm this test.

Tost Ne. 2 : mummwummmmubu
number of foeds :

Zopn-qey 439

7]
where : 420, by 20, (3 >0
Test No. 3 : verlly intemal flowvates. This procedwre requires several steps.

$i0p 1 : The et 5tep is 19 fnd the ro0ts (Gy)g valld on the feed trays I, They
should satisly Equation GUS :

- -

hu““umnnmmmm
Gouation GUS. The atter asre potontinfly valld rests. Among them, enly he et
mhwﬁubl“dh“ﬂauﬂm MHowever,



(Ox)s cannct be found with Equation GUS because the iquid concenirations on the feed
ways, (xin. are not lmown. The ots (Gx)x Muet be found with Equation GUR applied to
the adjecent sections of a given fesd plate W".

)
o - = Ty D)
M

where (P o A, and I'; are imown. There are r00is (4n)i 10 be found. We now explain
the selationship between (4n) and (Sulu.

Table ¢ displays the application of Equations GU1 and GUS for & six component
mixhure fractionsied with 8 Wwee feed column. The sign change occurs between
components B and C in both intermediate seclions. The underiined rools satisly
Equation GU1 for each section (horizontal anis). mﬂm;'ﬂ.“lcib.“
(¢9C2)s. for example, only one is necessary. The et of COMMON OIS (Sy)r; goneraling
Wiscase s : (GA2)r3 (GuC)r3 (OCDIF (GDEIF (OEFIFY, Where T i the feed Index:.
These common rools are indicated by the siars. At this point, the latier 80 the only rools
known.

Now the selsciion of the double 00t can be done. As indicated by the stars,
(09C1)s and (0aC)e 0re the same. This is & COMMON 0l and Mmust be ChOSEN.
Thereters, (baC2)s (s Aet required ©o satisly Equation GUY. Siasting ferm the 0. (bac)s
and (Yacaie 8% not commen. The latter is eiminaied becavse (4ac)) s roquived 1o satiely
Equation GUY In sostion 1. Sinse ($gCe)e s chminated, (ac1)z B hept. This s b
concesdance wilh the provicus eimination of Hace)s -



roots (Gy); on the feed plates. 3 feed column and 2 spit-key
components.
Case : 6components : A, B8,C, D, E, F,
3 foeds, 4 sections
wo spli-key components : LK « B, HK = E
flow patiern : sign change section 2 : B —» C
sign change section 3 : B 5 C

s o - 0n




foed 2 : (@anh2 = (aB)2

foed 3 : (®an)3 = (0AR)3 = (MaB)4 = (OAB)FS

roots (Gy). The valid common rools (®y)F; do not have 10 be determined agein. N all



Siep 2 : Once all (@y)y are found, Equation GUS is solved for the liquid fractions
Equations GUS. The system of equations is the following :

S -

Yom -1 (4.40)

Siep 3 : Other quantities related 10 the feed piate are calculated. The vapor
mmnﬁmmtummmuﬁvﬁﬁg fom

Ovecw = ——L—— “.41)

Ops - qm(‘%l (4.42)



Wy » —El— (440
2, gy
=
where subecripls are :
§ : fesdplate T
u : eeclion above a given feed
1 : section below a given feed
Siep 4 : Caiculation of the vapor and liquid fractions as well as the vapor and
iquid fiowrates at the t1op and the botlom of the reciliying section. The besic
relationships used are Equations 3.2, 3.3, 3.4, and GU2.

*  Top of the section with a total condenser :

oWy = 40 (ee9)
oy = 40 (e
Mh - 51— (44n
2 (ophy
=
Qb = (VK- E’-h\ (49
) |

e Top of the seciion with a partial condenser :

O = 4O “n



(4.50)

(4.51)

(452)

(4.59)

(4.84)

(4.585)

(459



%P of the section
botom of the section

Siep S : Calculation

of the vapor and liquid ractions as well as he vapor and

- Top of the section :

Qo = (Lak (4.99)
b

M-M*Eﬁh (4.00)
1

O = (OPak 4.81)

(4.62)

Mk = (Ve (4.63)

ok = mZm (4.84)
ot



I : oceclion T
t : top of the section
b : Dbollom of the section
‘il : “Yesd plate I’
Siep 6 : C dnmﬁhﬂm:-ﬂnﬁ_ﬁm
mm:nnmmdnmm The basic relationships

*  Top of the section :
@ = (Lah (4.67)
[ ]
M =t e 2 (“on
=
(4.09)

(.70

Wn - /8 )

1 “m



“.7

4.79)

(4.79)

79

“.m

.7



32,33, 34, and GUR2.

e The equations when moving up e :

€ = Vak- ,.i.» 4.7
gn - (llhh- ) (4.50)
ok = ———1 “81)
[ q((%n'
P = o inedh ((f;l]' T
V- (es9
2 oy
ot

3
M-
E

100



— 4

O = L Baedh [(;,‘,—])l s

i . oseclionT
I : anyplate T

_

oh coneepends 15 he lecalien of The “sign change” In



e case is rejected. m%’mnmm The equations snd the

W‘;ﬂ"& - E:‘-H‘H -n (4.90)

B = 0" - on (491)

W = o9 = Oy 4o

" = o - o )
we hove :

" use

102



<]

flows (4™ are easlly found with Equation 4.91. AS concentrations &t the pinch must be
greater than or equal 10 2000 and are caicuisted with these equations

o - M “
o - S (.99

i : osoliomT

| : swype T
we reash $he phush consontraiions found v Teut 000.7. This is done going wp and Gown
sonsenbalions /0 et cowest or I any CORsRIEING B Rapaive, he Gaee Wt b0




ralio is calculated. This complstes afl the calculalion 10r One Case. The program retums

mﬂﬁidﬁmmhma

104



Find commen rests
with Bquation GUS for

L e

©

FOURE 21. Blosk dagram of Bhe Compuler program. — (Rurt 1 of §
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Chapter 5
Evaluation of New Method

5.1 Method of Comparison

in the previous chapters we have shown the development of the necessary
oquations for the caloulation of the minimum reflux ratio with the Generaltzed Underwood
model applied %0 mulliple feed columns. Also, we explained the ulliization of these
oquations and the sequence cbesrved 10 eliminate the mulliple solutions generated.

The evaluation of the method is twolold. Firstly, resulis obtained with the model
&re compared with those obtained with a piate-by-plate aigorihm using the same basic
assumptions. In other wonds, both methods should generate exaclly the same resulls.
This ensures that the mods! is comect within the sssumplions made. The evalustion is
made for dierent condilions inckuding single and mulliple feed columng and for dillerent
mbchures. mmnmmuwummm(m.

m.nmbmummmmmwm
model. munmmmuummmm
on Peng-Robinson's equations. The rigoreus siwulation is considered as the reference.
Alss, S Generalized Underwood mods! is compared with Underwood's mode! 10 809008
1he Gawiriution of the latent heats of vaporization (A). These comparisons are mads for
single foed columns and for nanow and wide beling mbdures.

8.2 Verification of the Model
82.1 Methodology

munuumummwum As
munwwmnmg;unam

108



Swoughout the column. They are estimated &t the feed conditions. For mulliple feed
columns, they are estimated with the geometric meen of the values of each feed.
Comelations for the K-valves and the enthalpies are taken from Holland (1983). Knowing
VEF, the tempershure is esslly determined rom a flash calculation. The temperahure is
then inserted in the corelations. Relative volatillies are calculated from the K-velues. Any
component may be the reference, bit, in this work, we choose the heaviest 5o that & 2 1
forall °T.

lshl's piate-by-plate algorihwn can 800Ut 107 Pressure (rops and acoepis Figorous
comelations for K-values and entheipies. However, in this exerciss, vapor and liquid
onthalpies are st constant 10 the values estimated earfier. Also, since the calculations
require K-valuss, we must provide the K-value correlation of the relerence component. R
onabies the program 1 calouiate the K-vaiues of the other components ¥om the relative
volatitiss. The specifications required by this program are the feed degrae of vaporization,
he 1p product, and the refhux ralio. We have 10 mahe sure that the rumber of plates is
large encugh 10 ebesrve pinch regions. This ensures that minimum refu condilions are
reached. Once all the speciications are estabiished, wo Gan A Ighil's program.

n the (ast step, we run the Generalized Underwood model 10 reproduce exaclly the
resulls generated by the plate-by-plate simyiation. We uee the seme propertiss. One must
note that the aigoriihm requives relative volatilies and Aot K-values. However, providing
the K-valve comelation ¢f the relernsnce Component enabies the program 10 Gstonming the
tomponature &t diierent locations I» the cslumn. The speciiisations requived are the
FScovery ralls of the amount of LI In the 10p produst over 1he amount 104, he mesvery ralle
of the HX secoverad in the betiom predhuct over the amount fod, and he enongy content of
e foed. These Swee spociisations ave 1hen Wom e resulis of the plato-by-plate
oioudution. Thon, the aiparihum provides us with hese Sulpuls :



. mnw‘-nmﬁmnnmﬂmm
* Liguid and vaper flow changes on the feed rays

o  Edomal miniwen sofx ralio (L/D)

*  intomnal sinkwusm refha ratio (L)

. Fﬂmm

composliion of the top and bollom producis, the composhion of the feed rays, the
composiiion of the pinch regions, and the minlwum reflux ratio.

We present hare hvoe examples (Exampies 1 10 3). In all examples, the
components which difer for each Case. hnmnwﬂmﬂnm

dhabate, respaciively. However, this program allows the $election of any WO COMPOnRNS
algeriiun and e Gonsnalized Underwesd mude! appeer in Tables 7a and 70, reepeciively.
A compariosn ¢of B aulis Is shoun In Tabis 8 and & conplamentary analyels of the pinch
vagians for he plste-by-plate shvulation It Tabis 5. The compiate puls and euipuls for

110



1fend

Composiion : A=0.16 B<0.15 C=0.20 D=020 E=0.15 F=0.16
Liquid feed (LFF) 1 05

Nuwber of plates : 120

Componant s h

»

Cate) 178 16204
¢Ca 1.3 19188
611 22004

n-Ce) V) 23508
230304

874

33

w7
=-Co 1.00

%

n



TABLE7b. Specifications for Example 1.
Generalized Underwood method for a 1 feed colummn.

OENERALRED UNDERWOOD MODEL

Scomponents : Cgig. C¢. ICs. 0Cs. nC7, nCe
1fo0d : 100 B-mole

Composlion : A0.15 B8«0.15 Ce020 D=020 E=0.15 F=0.1S
Enosgy content of the feed (F) : 2001888.79 BTU

iXK=C

HK=D

LK recovery in the t0p product (0% x : 0.6079815

HX secovery in the botiom product e : 0.0079815

Condenser : Towl
Presaure v the column : 300 PSIA
Propertiss of the components
Component « h H A=Hh
STUR-mole —————
A (Cog) 1738 10204 19052 7%
8 @¢Co 11.38 88 23207 4082
C @Cp (8] 22004 28708 9804
0 (nCq s.41 23608 20967 85001
E Gy 177 30384 40042 10688
F @®Co 1.00 874 47 12082

12
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i Example 2, componsnis B, C, D, and € disbibute. Componanis B and E are e
keys. The sepavation is pesiormed with & twe feed colwmn. A eumunary of the input date
appoars In Tables 108 and 100. The resulls and the anslysls of the pinch reglens are

pnents A and F ave the heys.

The saparation b periormed with & Dwee feod caluvn. A summary of the gt date appeer
Tables 14 and 15, reapeciively.

» Tabie 16, we complets




»

o H-h

16



- D =
TUSLEEIELY LS UL LN

i 1

iK=B
KB

Condonoer : Totsd

Prapestios ¢f the cam

Composlionfosd #1: A025 =030 C-0.00 D=030 E=0.10

LK recovery in the fop product (0 x : 0.9143744

Coe 11.04

"TMOO® >
s=
e e
g3k8¢E

A=Hh

"
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TABLE 12. Resulis vom Bxample 2. tato-
Losations of o pisch regions for the plate-t

X
oy | 12em weo®
0.1407 wen
: %%
02008 W
0209 LY
0.0000 1028
0.0023
00000

"TmOO® " 1
:

190 none
o100 104
8w 101
90 %0 100
0.1088 L
0.0000

"mMoOOO®>»

- 12010
(Y 31a 140 %0 108
02008 180 147

TRMOOO®>
i

e —— ]




AR ATION WATH ISHIFS PROGRAM

Stoscts

Feed #1 : 100 b-mole
Feed #2 : 100 b-mole
Feed #3 : 100 b-mole

Liquid feed #1 (LiF) : 0.40
Uiquid feed #2 (LeF) : 0.80
Liquid feed #3 (LeF) : 060
Fesdplate 1 : 30

Feed piate #2 : 100

Feed plate #3 : 175
Number of pistes : 200

Top prodiuct : 140 b-mole
Rofux ratio : 0.18
Pressure in the column : 300 PSIA

484 12029 10008
240 i e
.14 urn 20000

2800

:

mOoO® >
3.

b4
&

147 1000
100 17438

;

1?
K
|

Component a h H

Composiion feed #2: A=020 B«0.20 C=0.15 D<0.15 E=0.15 F=0.15
Composlion feed #3: A=<0.10 B+0.10 C=0.10 D=020 E=025 F=0.25

120



Feed #1 : 100 b-mole

IK=A
HK=F

Component a

. é
'

i3
3

Mmoo
EEXE.
&
:'.‘:.j‘

Enengy content feed #1 (HF) : 1716361.13 8TV

HK recovery in the boliom product (/M : 0.9110081

D=0.10
D=0.15

E=0.15 F=0.18

21



TABLE 14. mmrlm o
mnnmm-ﬁﬁm
and Generalized Underwood methods.

- A_LS 1 S—

3] 0.1908 | 0.1136 | 0.0843 | 0.0208 | 1.0000
0.1908 | 0.1138 | 0.0843 | 0.0208 | 1.0000 | 0.150
0.2002 ] 0.1300 | 0.1624 | 0.0836 | 1.0001
7]0.2002 | 0.380 | 0.1634 | 0.0836 | 1.0001
7 0.2002 | 0.1300 | 0.1624 | 0.0836 | 1.0001
0.2002 | 0.1360 | 0.1624 | 0.0835 | 1.0001
B 1 0.1518 | 0.1508 | 0.2471 | 0.1078 | 0.9000
B |0.1518 | 0.1508 | 0.2475 | 0.1078 | 1.0001
0.9484 | 0.1633 | 0.1901 | 0.1962 | 0.9000
0.1384 0.1484 ] 0.1533 | 0.1901 | 0.1082 | 0.9000
0.0011 0.1508 | 0.7020
0.0810 | 0.2033 | 0.1505 | 0.1020 | €
0.0818 | 0.1288 ] 0.1175 | 0.9918
0.0818 1 0.1288 | 0.1175 | 0.1918 | 0.1
0.0016

00018

0.0814

0054

HIf 0¥ F]

iy
i

B10.1285 | 0.1175 | 0.1915 | €
§ 1 0.1933 1 0.9000 | 0.9000 | 0.1
§ | 01133 | 0.9000 | 0.9000 | ¢

0.1958

0.19%8 09000

02428 09000
B]0.1208 [ 0.1175 | 0.1915 | 0.5¢28 | 0.0¢12 | 0.9000

08877 1.0000

08877




TABLE 15. Resulls from Example 3.
Locsations of the pinch regions for the plate-by-plate
csloulation.

Location Component liquid mole mn-n
in the column feaction Lo‘ﬁqh
] Somponent S
Top pinch A 0.1783 6 703
[ ] 0.2307 69030
C 0.2002 630
D 0.1300 630
E 0.1624 703
F 0.0838 7%
intermediate pinch #1 A 0.130¢ 1.1 00 and §1
8 0.19358 SO
o 0.1818 W
(] 0.1508 Wn s
E oMnNn B
F 0.1078 [ ] 1]
intermediate pinch #2 A 0.0011 1810 187 18100 1857
[] 0.2093 140 187
C 0.1588 1440 159
D 0.1000 1430 159
E 0.1968 41918
F 0.1913 1470 168
Bottom pinch A 0.081¢ 1750 192 175w 192
s 0.1288 1750198
C 01178 1780 194
D 0.9918 1750 102
[ 3 00408 1780183
l F 08412 170199

Suwber of plutes : 300
Losation ¢f the feeds : Piate 880, Plate #1600, Mate #1178




TABLE 16. Resulls from Exampies 1, 2, and 3.
he Generalined Underwood

Comparieon of the ime required by the piate-by
methods.
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8523 Discussion

Exampls 1. - Table 8 shows a complete compasison of the iquid mels fractions in
e 10p and boliom producis, on the feed piale, and in the pinch rgions. Both metheds
yiold exaclly the same resulls. Also, the refiux ratio specilied in the plate-by-plate
cuiculation is vediied by the value cbitained from the model.

Table § shows in more detall the pinch regions for the plate-by-plate caloviation.
We can e the number of plates on which the mole fractions remain the same for a given
component. For example, in the top pinch, the fraction of A is 0.0508 from piates 16 10 54.
Fraction of 8 is 0.1119 from plates 21 1o 53. Each component has s own pinch region, but
he boundasies of tho pinch, as defined in Chapler 2, must only consider the intersection of
il theee individual regions. In the case of the 10p pinch, there are RO CORCENITANON
changes from piates 32 10 40. They constiiute the pinch region. The 1op and botiom
pinches spread over 18 and 12 plates, respeciively. In both Cases, they are easlly
ideniiied because they ave fully doveloped. For this separation, 130 plates are adequale 1
Mmoot minkwum reflux condilions.

Exampie 2. - Table 11 shows the comparison of the resulls. As in Example 1, there
80 pinch regions in the recillying and the stipping sections. However, SInce hes a7 two
foeds, & thind pinch Is present In the itermediate section. For 1he 1op and olom pinches,
Concenirations Coneapend exaclly. However, concentrations ¢f componenis C and D @
"ot enaclly match i» the intenmediate pinch. This pinch is nut hdly dovelaped. R is pointed
out in Tahtie 12. Gach component has Rs pinch sogion bt $here & A0 commen ene. A low
addiiong) plates would b roquired i» the tormadiate soalion 10 Mast il IRIRM rolhu
condiisns. Finally, 88 in Sxample 1, the mirimsm sofiex catls ealavinted with the mede!

Consaponds % e plato-by piate sigedihm epeciication.

13



#2 spread over 2 and 7 plates, respeciively. As previously mentioned, adding a fow plstes
is verllied.

The comparisons made i he Swee exampies show that the mods! is comect within
peacision cbiained in these exampiss is adequate.

As discusssd in Chapler 2, we 0beerve that $he 10p and botiom PInches GOCUr away
Conconirations In Tabies 8, 11, and 14. We also notice that, for Examples 2 and 3, the
g 1275 sooonds. The Ume requived aponds, 157 ene part, on the muber of Revations

128



r £1.0x 101 which is tight. This precision was required for the comparnieon with the
Generalized Underwood model.

However, 10 mahe a fair comparison, we divide the numbers clied by thwes which

by the model is smalier by &t lsast two orders of magniude.

muuuummmﬁmhmm

¢-values generated for each one, and on the aumber of non-diskibuling components
gonerating dilerent disiributions 10 investigate. The Mmost Importest characlerietic
129ge encugh 1o moest the same requirement.



83.1 Mesthodology

% this seclion, we evaluale the acowacy of the Generafized Undevwood model.
mumwmhmnnnm-ﬂhm
*‘b”d:“mm-ﬂ:ﬁm
mnumﬁﬂﬂﬁmmnﬁm

0 Gliod madels have the Same basic fonm, we 87 able 12 6besrve the dNerence mads by
hmuuﬂmnﬁ-mdﬁmhﬁ

The plste-by-piate simutation s performed fvet. The speciicetions are the feed
15mporature, oo amuunt of 19p product, and the faflx ratio. I each simlation, SRough
o apesiioations Recessary 10 A the Swe Mmedels.
vORRIse. $h vaperiad fo0¢ and the resevery salies of LK and HX i the (0 and betiom






POUPS COnBIpORIing 10 twe Siiures : Aavow-boling and wide-beling. For each mbtwe,
@50 based on & five component mikiuwre and a single feed cohemn.

'» Exampios 4 and 5, we have the same Ranow-beling Wiiuse composed of Cyl.
Gy, #-Cy, HCg. and n-Cy. Example 4 exhibis the Class 1 separation and Example 5, the
class 2 separation. Tables 17 and 16 show & Summary of the input data of each example.
Each table conteing the data for the e methods. Tabiss 19 and 20 show the

ﬁ“lﬁ?ﬁhimmmd@thﬁ.
respostively. ‘iﬂhﬁﬂﬁﬁﬁuﬁiﬂ-ﬁ. Each tabie shous




Proswe s e colemn : 300 PBIA




PLAFR-SSY-PLAY ATRAN VNI FPEE F IS - | | SAFSPRER S ¥ _

1f00d: 100 b-mole

Food tomperatue : 280 F

Feod piate : Mate 520

Nusber of plates : 0

Top prodhect : 99 D-mole

Mo satlo : 100

Condonser : Pastial

e i he ¢ : 300 PBIA _ _ _

IX:8

HK:E

LIX recovery satie In the tep product : 0.0008

HK socovery satie b the beliom product : 0.0080

Vaperiaed foed” (Vo) : 0.0002

Enogy content of the feed™ OF) : 1045248.38 BTU

Pvasswre s the column : 300 POIA

Praportios of the components :

Componant e [l [ A" e H-h
M-ty ————

8 #Cd 198 s "we 5904

o ¢ .91 ™e ;e 1, (4

e olp 190 7004 e o088

* Appieets Unieruoeds modet only

L] ¥

>
|






TABLE 20. Results from Example 5. 7
product composition and the minimum reflux ratio.

TOP PRODUCT

K B (Cy
C (nCY
D (Cy

8.74

134



LK recovery ratio in the 10p product : 0.9506

HK recovery ralio in the boliom product : 0.9005
Vaporized feed® (VpiF) : 0.4414

Ensegy content of the feed™ (MF) : 2700400.71 BTU
Pvessure In the column : 300 PSIA

Properies of the cOmMponents :

1%



HK recovery ratio in the boliom product : 0.7828
Enongy content of the feed™ (MHF) : 2700400.71 BTU
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19.13

TOP PRODUCT B (-Cy
COMPOSITION C Gy
D (»Cy
TOTAL
LMINIMUM AEFLUXRATIO




TOP PRODUCT

A CHY

KX 8 ¢Cy
C G
HK D (nCy




Examples 4, 85,6, and 7.
mhﬁn“lﬁﬁn

m&iﬂnﬂﬁt’pim

2



TABLE 28. umm;ggﬂn
between the three methods for the minikmum
Hﬁnﬂ:h“ﬁhﬁpﬂm




833 Discussion

Example 4. - Tabls 19 shows the compasison of e 10p product and he minkwum
componenis A and E are the keys, the reepeciive amounis recovered in the 1op product,
19.22 and 1.61 moles, are the same for the wee methods. We nolice no signilicant
class 1 seperation comesponds 1 & flash calouiation and the apit is enly & funciien of the
rolative volatillies. However, when Companng the refhux flios we OBn cbeerve the efiect of
he intert hoats of vaporization In the Generalized Underwood model. The epecilioation
1.36. Underwood predicts a lower vaiue of 1.27. Generalized Underwood pradicts & higher
value of 1.49.

Example 5. - Table 20 shows the comparison of the 109 product and the minimum
A @a0s not distriute, componenis B and E aro he heys. Again, e amsunts of hoys s the
P prodhuct are the same for the Twee metheds. As in Example 4, we Retice ne significant
epeciied refhux ralio is 1.00. Underwood predicts & lower valve of 0.563. Genecalised
Undorwesd predicts & higher vaiue of 1.08.



of 0.431. Genevalined Undeswood pradicts a higher value of 0.588.

€ @o not disritaste, therlers B and D are the hey Components. Again, we nelice me

motheds. The mlsrence refux ratio s 1.20. Undorwood pradicts & lower valwe of 1.01.
All s ansiyels of Examples 4, §, 6. and 7 s summarized 3 in Table 25 for the kp

solum.



For the same reason, Underwood is eupecied 1o undersstimate the refiux ratle
pradicted by the Peng-Robinson plste-by-piate shwuistion. In ol four Cases presented, he
refiux ratio is underestimated. However, this result cannct be generafized singe the
periormance of Underwood is dependant upon the cstimate of the constant relative
volaiiies.

As for Genesalized Underwood, In all four 0a0es, he mathed oversetimated the
sl salio prodicied by the Peng-Rebingon plate-by-plate shnuiation. This result cannet be
goneralized because of the estimates of the constant relative volaillies and the enthalples.

Sy inspeciing Tabie 26 in move detall, we find hat Undermesd undersstinates the
vefhax calio by & range of 3.7% 1 22%. Generalized Undorweed oversslimates the st
ralio by a range of 1.1% 10 10%. Since we are leching for & Minbwum B for g dlalliation
Process, e weage of the Generalized Undervoed appears 1o be safer when predicling the
minbmum refhat salio.

= the four case siudies examined, we find that Undensesd predicts & mave
Undorwooed prodicts & mere accurale sefhx raillo for the wide-boling miktwre. Even though
Genesaiined Undornesd moadel as he beling range of & mbitwre ereases besawse of the
nevessing diieronses of intont hoats of vaporalion SOAwEsR COMPOnents.

R i Wupertant to montion that @ mede! cannst b Mere Soewale Than e
*“.“..“ Ot sinee the Gonsrained Untormeed
madel s & chorteut sethod, $:000 DuRations v past of $ho Methed.

Alnugh Sis program s peimasly dosigned © cstimate the minbusn sefux rlle
requied for & ssparation, & ean corve ether puipeses. n pasiingder, & B vouy woshd






Underwasd Model® s comect within the sssumptions of constant relalive velniiiies and
constent icuid and vaper enthalples of the componsnis.

tonils o oversstinnte &. They alee indicate That Undorened tonde 0 pradist s aoowale
vaiues of the miniwum seflux et for navew-boling mhtwes. I epposiion, Gonsralined
hat, for he prodiction of the 1P pradhct, he e sheritnt matheds e I Cloes agreement

fasihngin
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