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Abst r act
Shortcut Methods for Conplex Distillation Colums:

Part 1 M ni num Ref | ux

This two-part paper presents in detail the theory for calcul ating
via shortcut nmethods the mininmnumreflux conditions and the nunber of

stages and feed tray location for ordinary and thermally coupl ed col unms.

Nonadj acent key conponents are pernitted.

In this paper, part 1, the approxinations nade to estinate ninimm
reflux are simlar to earlier nethods such as those by Underwood and
Col burn. However, sone novel nanipulations lead to particularly sinple
equations requiring only a fewmnutes to use, particularly for ordinary
distillation col ums.

Several exanple problens denonstrate that the method conpares favor--

ably with these other approaches.

-




I ntroduction

Al though thernally coupled distillation schenes were known for many years,
only recently, because of the huge rise in the energy cost which nade them
economcally nore attractive, they have becone the subject of sever al papers.

Thus, Petlyuk et al 4 (1965j', for instance, nmade a study to conpare the
performance of a thernmally coupled distillation systemto that of,conventiona

schenmes. They used the amount of liquid to be vaporized in the reboilers and

the thernmodynamc work required to separate a ternary nixture as criteria

for conparison. Each of these criteria is a neasurenent of the anount 6f
ener gy dénanded by the separation process. Their results showed that the
thermal |y coupl ed system consunes nuch |ess energy than the conventiona
schenes at any concentration level of the mddl e conponent, at least for a
ternary mxture formed by very close boiling conponents.

Stupi n and Lockhart (1971) proposed an approxi mate design method to
find initial designs for the thermally coupl ed schene studied by Petlyuk
et al.. Based on Underwood' s equations, they devel oped a procedure to find
the limting flow conditions. For a ternary mxture forned by not-close
boi I'i ng conponents, they conclude that this distillation systemis definitely
a lower cost alternative to the conventional schenes.

Finally, Tedder and Fudd.(19f8) devel oped a sinilar study which al so
i ncl uded ot her kinds of non-conventional distillation schemes. They found
the optimality region with respect to the feed conposition for each of them
in the separation of vari ous types of hydrocarbon ternary mxtures into
their pure conponents. According to their results, the conventional schenes
seemto be the best choice for a rather wi de range of feed conpositions.

In Part | of the present two part paper, a general nethod is proposed to .

find approxi mate values for the operating parameters at-liniting fl ow conditions




in conmplex distillation systens. The nethod involves relatively straight-
forward calculations and is illustrated through its application to several
exanpl e probl ens.

Part Il of this paper will provide a shortcut method for estimating the
nunber of stages needed in each §ection within a complex colum. This short-
cut method includes a new approach to locating the feedtrays in a conplex
colum. Agai n, t he conputations required are straightforward and are illus-

trated through their application to several exanple problens.
Il. Conventional Distillation Colums

A conventional distillation colum can carry out the separation between

any two selected .conponents of the feed m xture (adjacent or not-adjacent in

volatility), which are usually cal | ed l'ight and heavy keys, respectively.

This type of separation equipment consists of two colum sections, commonly
called rectifying and exhausting sections, respectively. Each of them
acconpl i shes one specific goal which is defined by its own design specification. .
Thus, tﬁe rectifying section washes the heavy key from the vapor phase by neans
of a liquid reflux streamcreated by a condenser. If yi,v is the fraction of

the anobunt of heavy key contained in the feed to be recovered in the battom

product, the rempval of all but (1-Y™ of the heavy key can be regarded as
UK

the rectifying section design specification

On the other hand, the exhausting section serves to strip the light key
out of the falling liquid streamwi th a vapor reflux stream generated by a
reboiler. Such a stripping process is carried out until the desired fraction
of light key in the bottom product, (1-Yn.3, i s achi eved.

When the recovery fractions Yy,, and Yr_ are close to one, the separation |,
tils. .

bet ween the keys is nearly conplete and is called a sharp separation. For
this type of separation, the expressions giving the nunber of ideal stages




required and the limting flows are much sinpler, with the addi t i onal
advantage that the results for limting flows can usually be extended to
ot her non-sharp situations (Yw, Y7 A 0.90) without naking a significant
error.

In the present paper, a shortcut approach to get fast, good estimations
of the limting flows in conpl e'x separation systems is proposed for sharp
separations between the key conponents (which are not adjacent in volatility
if distributed components are present). However, it will be introduced
t hrough particul ar caées, the first of themis the conventional distillation
colum. In the last section, we will describe the algorithmfor a general
conpl ex col um.

In a distillation colum, the interstage liquid and vapor flows, which

are assumed to be invariant in each colum section, can be expressed in terms

. of two paraneters, R« (L/D) and R* = (L'/B), and of the product flowr ates

D and B:
L> RD
V = (Rt1)D
L' - (R+1)B
V' - R'B

However, under any flow conditions, R and R are not I ndependent paramet ers.
They are related through the thernmal condition of the feed q in the follow ng
way,

R'+1 = R(D/B) + q(F/B) ' | (1)
Therefore, in a separation structure conposed by only a pair of colum
sections, the limting flow conditions can be descri bed through the val ue of
a single paraneter R usually called reflux ratio.

At mininumreflux, there nust be a zone in each of the two sections of the

colum, where the conposition change between two plates becones negligible and




the operating |ine becormes "pinched" at the equilibriumcurve (Colburn, 1941).
Based on this fact, a systemof equations relating the conposition at the

pi nch zone and the conposition of one of the products can be derived
(Underwood, 1946) .

Rectifying Section

A naterial balance for the heavy key over the entire rectifying section

at mnimmreflux, gives

' *ur)p
- - e b A 4.- P ——
Oudve = Fdur®dvr = K31 The'we R 41
where the subscript UP stands for the upper pinch zone, |ocated sonewhere
inthe rectifying section. Then,
m . HK D
Kadup = § TR
Kax’up RoHL + TR H) (K)o
For sharp separations,
'R
2)

m

because -(x” "is negligible while the pinch nole fraction (XJ;I;r)np *° not,

._K)D
Ina sinilar way, a nmaterial balance for any other jth-conponent over the

" rectifying section at minimumreflux, after replacing equation (2), gives

)
- D '
“1®?0P (VUP = (HOWP <P * AT )
wher e crj is the relative volatility of jth-conponent, with reference to the

heavy key, at the upper pinch zone tenperature. Rearréngi ng equation (3)

and then replacing ( K*"yp by (2), one obtains
= (% U1 for N |
(XJ)UP = Q) Zrtr~ any | HK (4)
and

] *>UP * kHK>UP =1 | N
JFHK |
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Equation (4) shows that the upper pinch zone contains only those com-
ponents present in the top product (the heavy key and all components lighter
than it) for sharp separations. Since all components are present on
the feed tray, a relatively small number of plates should separate it from the
upper pinch zone in order to reduce all components heavier than the heavy key
to a negligible amount.

After fixing (or guessing) Rm’ equations (4) and (5) represent a system
of linear equations which enables us to determine the upper pinch zone com-
position in terms of the distillate composition. For sharp separations, the
composition of the top product can be known beforehand, unless distributed
components are contained in the feed (the keys are not adjacent in volatility).
In this case, the split of each distributed component between the two products
at minimum reflux as well as Rm are indeed unknowns, whose values should be

predicted by means of a similar number of additional equations.

Exhausting Section
A material balance for the light key over the entire exhausting section

at minimum reflux, gives

Rl
K ™ i-‘ﬂ ' C (6)

m
for sharp separations.

A material balance for any other component over the exhausting section
at minimum reflux, leads to the following eqﬁation,

a . x.)
- -LK “"i’B
(xi)LB = (R'mﬂ)(aLK-ai) for any i # LK )

where the subscript LP stands for lower pinch zone, located somewhere in

the exhausting section. We can also write

z @ pp + Cppdep 71 ®)
1#LK :




Through equation (7) one can conclude that the |ower pinch zone is |ocated
a snall nunber of plates below the top tray gf the exhausting section in such
a way that all conponents lighter than the light key are present in that zone
in negligible anounts.

Equations (7) and (8) are linear relationships between the |ower pinch
zone and the bottom product conpositions, after R,has been fixed. They
would allow us to predict the conposition at the |ower pinch zone, if and only
if a nunber of additional equations as large as the nunber of distributed
conponents plus one is avail abl e*

Addi tional Equation for Predicting MninmumReflux R

A g . m

An-additional equation for predicting the mninumreflux, R, wll be
obt ai ned by assuming that the upper pinch zone is located at the bottom
tray of the rectifying section while the lower pinch occurs at the top tray

of the exhausting section. (See Figure 2).

v

"}
| Upper Pinch Tray
F A T l (x;)yp
—> | Feed Tray
el y Ui
J Lower Pi n_ch Tray
v' L'

m m

Figure 2: Assumed Picture Around the Feed Tray of a Distillation
Col um at M ni num Ref | ux




A material balance for the heavy key over the entire rectifying section gives

VaOmds = Ladue = ° Gidp 9

Fromequations (4) and (5), one can derive the follow ng expression for

(=) yp ¢
R~-0O
m D
Gygdyp = m_ ~ 10
wher e
(x!)D
“D =X aj-l an

J#HK
By substituting (10) into (9) and neglecting the value of (”"g)p because

sharp separations between the keys are considered, we get
An expression for the heavy key nole fraction at the feed tray,

(xggdg: Can be devel oped through a material balance for the heavy key over

the entire exhausting section (see Figure 2).

<F><HKE R mkyHGLP = (CHK>B - a3
Fromequations (6), (7) and (8)
(x. Y-
ek e TR (@ 1) K14

m* LK

whi ch when substituted into (13) gives

o
(). = i *HKB
XK' £ (R ) (@

i) - (15)
Repl acing (15)in (12), we obtain

@ D®Re >\
“1xux’n

(R (R ) = (16)




O the other hand, a material balance for the light key over the entire

rectifying section at mninmumreflux, gives

(R t>ALK>f - RmiXLK>UP=(*LK>D an
Substituting (4) into (17), an expression for (y.g)¢'S derived.
a L (x )
LK *LK’D
et T R e"Rds T @ DR (18)
m .
In turn, a material balance for-the light key over the exhausting section
.leads to an expression for fcu’\f
A X A f " RpdyLksLP = (XLk>B a9
Fromequations (6), (7) and (8):
R' - |
VVLPIT
m
where - Y o (x ) '
°B - - (21)
Therefore
Ra” R
<kt -RHF (22)
which is valid for sharp separations between the keys because (xgzr)r, was
negl ected. Conbi ning equations (18) and '(22); we get
o & IR HL)
LXKV LK'D
R (K e = - (23)
w @ g-1) R' ©p)
Finally, dividing (23) by (16) one can obtain
W
R' o = (24)
m B Rm-oD
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wher e

a8 Fredp

(25)

However, there is another easier way to derive equation (24).

Fromequations (4) and (10)

( LK XLk>D
W FurDESy)
while the mole ratio between the keys at the lower pinch zone can be found

~fromequations (20), (6) and (7)

'(LK _ LK m B
gk’ Lp * x®yx’s

Defining the paraneter Y (Col burn, 1941) as
£ P
¥ = ~ L WA WP (26)
(LK™ HKUP

Then
(Rg"e) (Ry7p)

* 0)

_Vhen the nole ratie between the keys at both pinch zones is the same
(Y¥=1), equation (24) is also obtained.

In absence of distributed conponents, the substitution of equation (1),
whi ch accounts for the thermal state of the feed, into the additional equation

(24) leads us to a quadratic equation in-R¥ (Glliland, 1940).

horiA
R .Y ‘) + A ] . ) (27)
wher e
A = G- 1o, + (- 5 - 10y | | (28,

b, = @ao & - 1) +ol1-q-0F | - (29)
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In equation (27) the sign (+) was chosen because we are interested in
the | argest Rm- Equation (27) is really useful in the absence of distributed
components. Otherwi se, we need to have additional equations avail ébl e tb
predict the split of each distributeddconponent between the products so as to
eval uate the product flowate D

Several exanpl es have been included in the Appendix to illustrate the
performance of equation (27) where sharp separations between adjacent keys are
s'gudi ed. Note how easy equation (27) is to use. Wth no distributed com
ponents and assumi ng sharp separation, DF is readily determ ned. Then
eval uating ag (equation (21)), o™ (equation (11)) and u> (équation (25))
al | ows A—I and A—z to be calculated (equations (28) and (29)) and then Rm
(equatién (27)). Only a fewmnutes is needed using a hand cal culator. The
agreenent with results provided by Underwood's nmethod is conpletely satis-
factory when the reduction of heavies and/or lights to negligible anmunts

is not difficult.

* g 1"

6‘ — 1Upper Pinch Tray
ol $ 0o
1 ; |l nternmedi ate Tray
oy ¥ X,
E ] ) | 'L( J)BR
___pl

(y;'i M l(;)f
|

JLower Pinch Tray

Figure 3: Assumed Picture 01'c the Conditions Around the Feed Tray at

M ni num Refl ux where Relatively Volatile Heavies are Present
in the Feed.
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However, for cases involving Iérge anounts of heavies and/or lights
(not quite non-volatile and/or volatile) or normal anounts of those com
ponents but with relatively close volatiles to the keys, equation (27) pre-
dicts R -values smaller than the ones indicated by the other nethods, as
m

expected (Glliland, 1940).
Vari-at-an—i-r—Y—as—Ri-nch—Zones—Mve—Apart-

VWhere the reduction of heavies or Ii@hts to negligible amounts is
somewhat difficult, Y is no longer nearly equal 1. In order to establish
the kind of variation that the parameter Y undergoes, a simlar treatnent to
that already described in the previous section was devel oped, but assum ng now
that the upper pinch zone is located on the plate right above the bottom tray

of the rectifying section (see Figure 3). The follow ng result was obtai ned.

=1 4. (LK
Y =1+-] @r______(e-n (30)
LK
wher e (KH )
e = KBRS 1 _ (31)
(KHK UP

The subscript BR stands for bottomtray of the rectifying section.

Therefore, Y > 1 results as the pinch zones move away from the feed
plate. In the general case, definition (29) can be witten in the follow ng
way. |

Ao = (U Y- creap) (| - 1) +ap[1 - (I-q)]l (32)
whil e definition (28) remains unchanged. Since the ratio (F/D) is always
greater than one, it follows fromequations (32) and (27), that the asssunp-
tion Y=I leads to smaller values than the real ones, when the reduction of

heavies and/or lights is rather difficult, as expected (Glliland, 1940).
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Expression for the Paraneter Y

Wien the reduction of hea\)i es and/or lights to negligible amounts is
rather difficult, Y is no longer equal 1. In order to get an expression
for Y which enhbles us to predict its value for those kinds of situations,
we shall assume that the upper _and | ower pinch zones are .I ocated two trays
above and below the feed pl ate, respectively.

Fol | owi ng an anal ogous treatnment to that described in a previous sec-

tion, one can derive the equation

@ . ~DE~1)_ @ -1)e'-1)
R' oy = = (1 + o —— M0+ R ]
w D LK 1K

where a,, o_,u> and e have already been defined through equations (21), (11),

(25) and (31), respectively, while e is given by

_ Rydox

(Ryg)1p

where the subscript TX stands for top tray of the exhausting section.

¢! > 1 (33)

Ther ef or e,
[ (a /—\1)(€-1) L (a -/I\Xe‘-l)
¥ = |1 & — ———]-— dr—_—
“LK _ TK
Then,

aTtr'l aTll-l 2
—1 T gV TE -Z0 "W/ e-D{e’-1)

LK ' LK
Since e and €' are relatively cl os_e_to 1, the last termcan be negl ect ed.
Now, assuming a common value e for them one obtains
2(a._-1)
Y=1 +_g|:{-‘|,<_(e -1) (_34)

An upper bound for e can be chosen as

g
c SHoLp < R'gt) R

1
KHRUuP  *Lkfa® m




=]lfg=-

or

r-KA-rAfAsA-f ]

LKY RmR'm

where t he expressions of ( KAAp2atd agayp: T o rsharp geparations = giyen

by equations (6) and (2), respectively, have been substituted. A fair esti-

mation of Y can be obtained replacing (e-1) by its upper bound in equation (34)..

2¢(¢ -1 (R 41)(R' +1)
Y =1+ LB -1]
LK mm

<35>

whi ch can be used when the reduction of some lights and heavies present in the
feed to negligible amounts are rather difficult. On the other hand, in the
case when the reduction of sone l[ights or of some heavies (but not of both
kinds) is difficult, it folloms fromequation (30) by making a simlar
anal ysi s, |
Yye14" e UM ' (36)
o .

which differs fromequation (35) in the factor 2.

The'use of equation (32) is suggested instead of (29) to estimate the

parameter A, when either the volatilities of sone heavies (ch <agh) and/ or

lights (@. > Qf..) are relatively close to those of the keys or their nole
B LK

fractions in the feed are rather large. A nore precise criterion can be given
in this way:

(1) Use equation (32) when the ratios (5;7«f) and/ or (otjd"),
rds. n XtLK

for a certain heavy or light conponent, is less than 1.70.

(2) \When those volatility ratios are between 1.70 and 2.20 and
the mole fraction of that heavy or light conponent in the
feed is greater than 0.20 al so use equation (32) to eval u-
ate A,.

(3) Oherwise, Ajis deterninéd by equation (29).
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According to the case, equation (35) or (36) should be used to approxi -
mate the value of Y. Estimation of Y using the Rm-val ue given by equations
(29)and (27) have shown to be quite satisfactory. In other words, new
evaluations of Y by the iterative use of equations (32) and (27) produce little
i nprovenent (see exanple 1,2.1), In the AppendiXx three exanples illustrate

. the performance of these expressions proposed for Y. The agreement with
Rm—val ues provided by Underwood's nethod is very satisfactory.

D stri buted Conponents

As suggested by Col burn (1941), the division of a distributed conponent
between the tops and bottons is nmade in such a way that the value of the
ratio [ (")m/(x. )mnJ lies between the valués of that ratio for the keys.

Mat hemat i cal | y,

®due . Sdue . Fagdue

<
®rdp Cve Fadre

where the subscript k denotes a distributed conponent. But,

Cpdve Frdee | *wdie’ ®erdie
LK UP' (XLK*LP (LK UP' *HK* UP

In many cases Y is equal or close to 1, fromwhich it follows that

("_k)UP _ Cydyp
e ) Lp

whose range of validity is undoubtedly larger than the assunption Y=I, W

(37)

can use one equation (37) for each distributed conponent.

By neans of equations (4), (7) and (10), equation (37) can be witten

hoC
by <ALK- V<l B | (3%
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Therefore, when distributed conponents are contained in the feed, their splits
shoul d be guessed so that R can be evaluated. Then , such guesses are checked
out through (37) or (38), which act as error functions.
Al gorithm
(i) Quess Rm and the split_(d/f)k for each distributed conponent.
(ii) Solve the systemof linear equations (4), (5), (7) and (8) to
determne the conposition at both pinch zones,
(iii) Check out the guesses with equations (26) and (37) acting as error
functions. According to the particular case, Y can be assuned equal
- to lor given by equation (35 or (36). .-
(iv), If the error functions are snaller than a certain small value, the
final results have been achieved. Qherw se, re-guess R, and (d/f)'x

using, for exanple, a secant nmethod. Then, return to step (ii).
I11. Dstillation Systemwith a Side-Stream Stripping Section

A single pair of appropriate colum sections can carry out the separation
bet ween htV\o conponents in the feed, called the light and heavy keys, respec-
tively. As illustrated in Figure 4, we shall now consider a distillation
colum structure conposed of two pairs of colum sections. This unit requires
four specifications for its design.

Any three selected conponents in the feed (adjacent or non-adjacent in
volatility) can be separated in this unif, which will be called light key
(LK), mddle key (M) and heavy key (HK), respectively. Each pair of colum
sections accorrpl.i shes the separation between two of the keys; thus, pair (1,2)
carries out the separation (LK/MK) while (3,4) separates (MK HK). The design
specifications are given in the sane way described before for_ a conventi onal

distillation colum. For exanple, columm section 1 which is indeed a

’ ‘ ._ . | I-
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Figure 4. Distillation Systemwith a Side-stream Stripping Section
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rectifying section serves to wash the mddle key from the vapor phasé al nost
conpl etel y when sharp separations anong the keys are considered.

Agai n, only sharp separations are studied here; that is, the recovery
fraction of each key in one of the product streams is very close to 1.
However, the results can be extended to other non-sharp situations

In this distillation system assum ng constant nolar overflows in each
colunmm section, all the internal liquid and vapor stream flowates can be

expressed in ternms of three operating paraneters.

L \Y Y
it @ R,
where the subscripts stand for the nunmbers identifying each colum section

(see Figure 4). Thus,

\-QqR ),+13B

Va=(R¢) 4B
vy =[(R) x+1] D- (R) ,P
L, = (R) xD- QR ) ,+1] P
L,=[R) 2+I] P
Vo,=(R ) ,P

L- (R) «D

Vi=QR) x+1] D

Accounting for the thermal condition of the feed, the follow ng equation

can be witten:

Ly =E(R ).+ 1} B- gF
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Therefore .
[(R')4s+13B-gF =R )xD-[(R" > +1I] P

or

(R)2+1- (R)1(DOP +q(FP) - [(R >+1] (BP (39)
whi ch indicates that under any flow conditions, only.tw of the three
operating paraneters are independent. Thus the limting flow conditions in

a separation structure conposed by two pairs of columm sections are described

t hrough the val ues of two paraneters, for ihstance, (R )u_and (R ) "

As shown earlier for a conventional distillation colum, a pair of zones
of constant conposition are generated by decreasing the single independent
paranmeter R until it reaches a certain value called mninumreflux. GCen-
eralizing this fact for the conplex distillation system now being studied,
the continuous reduction of the independent paranmeters (R )1 and(R )h
gener at es fjnally the formation of Lﬂg_pairs of constant conposition zones,
each of them located around the plate connécting the two correspondi ng col um
sections.of the system (1,2) and (3,4).

Pi nch Zones in Columm Sections (1,2)

The goal for colum sections (1,2) is to achieve the separation (LK/ M).
The expressions for the pinch equations can be derived from those obtained for
a conventional distillation colum by replacing HK by MK. Thus, at the upper

pi nch zone,

(x.)
-1 —4D an ¥ MK, 40
Cilup TTTT TN—p——> ' & (40)
bwi_2  Cvi ™MK
and -
| esup, , t (‘Mx)upl_z =1 | (41)

1K




-—av—

where equation (40) is the type of pinch equation always obtained for a
rectifying section. On the other hand, in the lower pinch zone located in

the column section 2,

o (X))
LK\ *i’p
(x,) = ; , for any i. # LK, (42)
1LP) , LR, + 1J(p-a;)
and ] :
(%;) + {x ) =1 (43)
EI 1'Lp) , © CLIRLR, .

1#LK
where (42) is the characteristic exhausting section pinch equation. The only
difference from the result obtained in a conventional column is .that the
bottom product composition (xi)B is replaced by the composition of the product
stream coming from column section 2, (xi)P'

After fixing (or guessing) (Rm)1 and (R'm)A’ equations (40), (41), (42)

and (43) are linear relationships which enables us to calculate the pinch
compositions in terms of product compositions.

Equations for Pinch Zones in Column Sections (3,4)

The goal for column sections (3,4) is to carry out the separation (MK/HK).
The expression for the lower pinch zone composition is easily written by
noting that column section 4 is an exhausting section whose design key com-

ponent is MK and its product stream is B. Thus,

( “mx ¥ ‘
x = - , for any i # MK, (44)
the, , TT® ), ¥ U@E )
and -
(%), +(x.) =1 (45)
ARG 1P, , = MKLP, , |

1#MK

However, the derivation of pinch equations for a coiumn section like

CS-3 is more difficult because no real product stream is coming out of it.
In such a case, one should express the composition of the net flow (V3-L3)

in terms of product compositions. Since




[Net flow of jth-component

Vcoming out of CS-3 ) D(x

j) + P(x.,)

i’p
and

Vs3-L; « D + P,
then the reflux ratio at CS 3 i_s- gi ven by

5 Layp, +1ls-oF
Vs-L3s D+P

Now, an equation for the upper pinch zone conposition simlar to

"equation (4) can be witten:

_ 1 (P/B)(x + (DB)(x )/\ K (ZB)
&, hP3_4 -(ofjnl) 4‘ ’

and finally

|
=t

:2 ®dup, , ¥ ®adyp (67)

JHIK 3-4 3- 4

Agai n, after guessing (Rn) L (Rm )q and the split of each distributed.
conponent anong the products, equations (44), (45), (46) and (47) are linear
rel ati onshi ps between pi nch zone and product conpositi ohs.

Predicting Liquid Reflux Ratio ( R"

Calling
& /"m()l.r
= s .(48)
one can show t hat Yl 2 is close to 1 when the reduction of lights and/or

heavi es involved in the separation (LK/MK) to negligible anounts is not
difficult, using a derivation simlar to that for a conventional distillation

colum. Cherwise, the value of Y*o (S'e2'e" than 1) can be predi cted by

Y=t @ x /a )2 (49)

o (2, /o )~ 1] t (R) +1I[ (R« )2+1] }
-1
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with 6 =1 or 2, as described earlier. FEquation (48) with.) given by (49)

provides us an additional relationship to predict (Ru)‘ T

Predi cti ng Vapor Reflux Rates (R‘m),q

An equation to predict (Rn),4 is given by

y - Gy /%) LP}
3-471. LN G UF,_

with Y3_,q = 1 or evaluated by

9(
Y., =1+

3-4

with 6 =1 or 2.

S npl e_Case: Adjacent Keys and Y. _

If the three keys are adjacent in volatility and Y,

-1)
{[L(R' ), * LiB-qF) R’ ),

oy} (51)

3‘_‘,'zl i sa good

approxi mation, then anal ytical solutions can be derived to deternine (Rn} 1

and (Fén},q#'Equation (50) leads to a quadratic equation in (R ) g Whose

solution is given by

) b)), 2 ¥
®' ), = 123-4 + {[ A123-4] + (52)3_&}

wher e
(A1)s_4 =a3 tagq + o/ B) - 1
(A253.4 = (P/B)w3_.4 - 0'4[0'3 + q(F/B)- 1]
and where
CT — fD"R\ﬁrJ\ + (D/B)O:A)T
3 L M a = 1
"HK j
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Nx ) » ) 8

o = 7
34 CHERY

Equation (48) enables us to derive a quadratic equation in (Rm)l'

whose anal ytical solution is
B M1
o 1-2
Ry =—2  F I"’(‘52)1-2}

(A

wher e
D1z = L®' D, +1](B/D) + 0, + (P/D), - q(F/D)

<A2>|-2 =0 ,<PP> 9y {qﬂ"/D) - o, (e/D)-L (R ws * 1](311))}

j#}fx( _ 5

. z Y rx)p

o
1#1.1( 1
(xLK) (xMK)P
w -
._1-2 oaLKAxMK)

D stributed Conmponents in the Separation (LK M)

Since Yl-f Is frequently close to 1, for the same argunent already

expl ained for a conventional distillation colum, one can wite

G/ mgdp
— =1 . (52).
G /g dyp
1-2
where the subscript k stands for any distributed conponent in the separation

(LK/MK). Equation (52) can also be witten in this way:

e T AR (nlp)[(nm)l-cl'_l

Pk ~ (am'ak) (xMK) P
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Di stributed Conponents in the Separation (M HK)

For anal ogous reasons,

& /x )

("m”‘HK)LP] - | (53)
o “HK'UP ,_,

where the subscript mdenotes any distributed conponent in the separation

(MK/HK). By appropriate substitutions, equation (53) can be witten

_ O D EDLR Y+ 1-q(F/8)-0 4]

8" |s®

(a}ﬁ(-ak) G HK) B

General Al gorithm

1. GQuess (Ry]» (,RrTM and the split: of each djgtrjputed conmponent.

2. Solve the systemof linear equations (40), (41), (42), (43), (44),
(45), (46), and (47) to find the conpositions at both pairsof pinch
zonese ‘

3. Evaluate the error functions obtained fromequations (48), (50), (52)
and (53), respectively. If their all values are small enough the

| val ues of (R”j and (Rfm)Aq have been found. Oherwise, go to step 4.

4. Update the guesses through, for instead, the secant nethod and return

to step 2.
IV. Arbitrary Thernmally Coupled Distillation System

Li ke conventional schemes, any thermally coupled distillation system can
be regarded as being fornmed by a certain nunber of two-section fractionators,
each carrying out a specific separation between its design conponents. How
ever, sone of the fractionators in the system can be single-product ones or
even nonprodﬁctive. Those fractionators do not have their own condensers or
reboilers so that their liquid and/or vapor reflux streans ar-e obt ai Ined by

drawi ng them out of adjacent fractionators.
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In general, the internal liquid and vapor stream flowates in any
distillation system can be expressed in terns of a certain nunber of in-
dependent operating paraneters and of the product flowates, if constant
nol al overflows are assumed in each columm section

In a conventional schene and in some thermally coupled distillation
systens too (i.e. a distillation structure with a side stripping section),
at limting flow conditions, a pair of pinch zones shows up around each
fracti onator feed tray. In such cases, the nunber of independent operating
parameters is equal to the nunber of fwo-section fractionators conposing
the distillation system The way one can deternmine their linmiting values was
al ready described in sec;ions (1) and (Ilf) and its generalization should
be evident.

However, the distillation systemshow in Figure 5 represents a different
situation. Although it is conposed by three two-section fractionators (one
non- productive and the other two single-product ones), the_unit acconpl i shes
only two het separations because of the Qay the three pairs of columm sections
(or fraétionators) are arranged. Pair (1,2) carries out the separation be-

tween two non-adjacent keys LK and HK, while pairs (3,4) and (5,6) conplete

the separations between adjacent keys (LK M) and ( MK/ HK) , respectively;
Like the distillation unit depicted in Figure 4, this one only has three

overal |l key conponents.
Looking at Figure 5, one can identify fOU( operating paraneters,
gi ven by
R = (Ls/D)
X, - (L1/L3)
(54)

*\/ (1] ( W
Rt = (Ve/ B)
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Figure 5. Petlyuk's thermally coupled distillation system
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Since the distillation systemis formed by Lﬂng_fracLionators,'one
could expect that it has three independent operating parameters, but it only
possesses two. One of the operating parameters, i»e. R, as usual, is fixed
by the thernal state of the feed

R - (R1)(DB) + (1-0a)(F/B)

On the other hand, limting flow conditions at the fractionators (1,2)
can be achieved by decreasing X (or RX_ ), while the reduction in the val ue
of R finally generates a pair of pinch zones around the feed plate of either

-fractionator (3,4) or (5,6). |In that situation, the splits of distributed
conponents (any jth-conponent such as 1 < o._< O..) in the pair (1,2) between
the net flows (VI_LI) and (E}"y?) are perfectly defined and so also is the

ot her operating paranmeter 3L. _,

<R|Vm= I(RXLVD/B> + «F/B> n ._.....é—‘_.:‘.‘J‘

so that only two operating paraneters are indebendent.
Kegping inmnd that the goal of fractionator (1,2) is the separation
of the keys LK and HK, the expressions of its pinch equations can be derived

following the procedure already described in previous sections. They are

C(vri-£m) 1/ D . P
<% "oeme——<______» '°r an
Ve, " @TDE; y

_ (RXL) m - cl
UHKUP,. - T (®RRD),

wher e
ol (le-LTl) !/D]
1 A a- |
i J
and
o (¢ -v_.)./B] : .
) - LRV B2 B2/ , 14LK
1Ly, (@ )U(RX ) _(D/B)

+q(F/ B)]
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(RX;)_ (D/B) + q(F/B)-0,

Cwdre, T T (mx),(078) + aCE/B)
where
o =ZQLKL(ZB2 Vo) /8]
2
N %%
Defining,
G/ %) Lp

1-2

¥ = —
1-2 (xLK/xHK)UPl_Z

and substituting the expressions for the key mole fraction ratios at both
pinch zones, one can finally find an algebraic quadratic equation whose

analytical solution is given by

@), @A)
SECUE I USRI

where

(A1)1 s =9 +02(B/D) - q(_F/D)

B, =¥ 2, +-01[q(F/D)-02(B/D)]

“Lx 1 ®ax B

-2 - -1)2
1-2 @ 1%

Y1-2 can be assumed equal 1 or given by

0 ~1) ([ ®x) + qF/D)IL(R'X,)_(B/D)+(1-q) (F/D)
Y, . =1+ LKZ{ *m : ]1}

1-2 K (RX, ) o ®R'X)n (8/D)

®©® =1 or 2)

In order to evaluate 01 and 02, one should know the splits of the dis-
tributed components in the fractionator (1,2). As written before
k ) (xk
—_ = { —— <
(x s for any aHK‘< @ <

HK'UP, _, Bk LP

LK
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which leads to

wher e

P
(V- Xn )« = 1957 B

k

(@, 1) (@ -1 /B[ (Rx ) o]

Pkn (aLK-ak) (KH.K)B

The other pair of pinch zones can show up around the feed tray of the

fractionator (3,4) or (5,6), whichever gives the |argest Rm.

- bef or e,

where

one can find for fractionator (3,4)

45, (81)4.4,2 ¥
B - T2 *_’_{[ 2+ By)

<V3'4:CT3+CT4+(RXL >m

(A2>3-47Y3-4'""3-4-23[<RX | Im*2a4l]

rtm(~-1)
MK
ar ( T r "'Tl)i ’I_
{

VK )

i ALK '

_ aLKa}ﬂ((xg.rK)D[ (Vg =d )y /P
0%.4 — @ _-a__)?

LE MK

For fractionator (5, 6)

Bse 1B
=3 +{L 3

2 1
R =8 4 (Az)s-s}

Proceedi ng as




- 30-
wher e
(M 15§ = A Am* 2<PID) + (CT__HT)(BID) q(F/D)
2 F P
(&) ¢ = (8/D) {(Yu:)s_a +lag -3 - 06][| (RXL)m + f +o*5]}

(‘!' -sz)

B2 i
4 = el B - (xj)B]
5 L a -l
j J

(£, ,-V5,)
B2 'B2'MK +
_ %k Figep! B -

*3-6 —

The paraneters Y"__.q and Yj_é are assumed equal 1 or given by expressions
whi ch can feadily be derived by a simlar treatment to that shown before. O
course, the largest Rm is the mnimmvalue of that operating paraneter.

O fhe other hand, a conponent with a volatility O‘k such that
dm( <‘0L < Qg distributes itself between the products D and P.

s predicted frorﬁ

X - (B
(/XI\/K)UP:‘_‘& ("HK LP,_

Its split

4
which leads to

k
a_ =T, Vg ~doy)y
wher e

- &'ﬂfm{) (aLK-aMK) (R - 3)
“mc(aLK"“k)[ (“':i:l""’1‘1)1~ﬂs‘.J
D -

Py
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In the sanme way, conponents with volatilities between those of M

and HK split between the products P and B. Such pplits can be determ ned

@, G
P5.6 NXHK P5_6 1 m m

It should be noted that one of the fractionators either (3,4) or (5,6)

from

(that one with smaller Ry), at limiting flow conditions, operates normally

and not at pinched conditions. Therefore, the use of the above equations

"to predict the splits of distributed conponents anong the products in such a

case yields poorer results.
V. Di chssion of the Proposed Mt hod

Several exanmples are included in the Appendi x to show the performance of
the method for a wide variety of situations. Thus, in exanples 1.1.1/2 neither
distributed conponents nor lights/heavies with close volatilities to the keys
are contgined in the feed to a conventional distillation colum. In such
cases, the value of 3n is found in a straightforward manner with good accuracy.

Li ght s/ heavies with close Volatilities to the keys or in large anounts are
Considered in exanples 1.2.1/2to check the results given by the equations
proposed to predict the parameter Y. Here, the nethod not only provides
satisfactory Rnivalues but al so converges in one or two iterations. Exanple
I,3.1 adds another conplication fo the problem it also includes two dis-
tributed conponents so as to verify the performance of the equations enabling
us to determne their split at limting flow conditions. The conparison of the
results with those found by Underwood (1948) for this exanple shows a satis-
factory agreenent.

Al t hough the proposed technique tends to give Rm-values alittle |ower

than the real ones, it is still very reliable because of the normal shape of the
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cost-versus-reflux curve. Stupin and Lockhart (1971) found- the sane pattern
in Petlyuk's thernally coupled distillation system

Finally, the performances-of conventional and thernally coupled dis-
tillation schenes are conpared through two exanpl es I .1/ 2, using the anount
of liquid to be vaporized in the reboilers as the criterion for conparison
In both cases, the thernally coupled schemes prove to be better than the con-
ventional ones, especially Petlyuk‘s, | eadi ng to savings which amount to
around 35%

Example 111.1 was also studied by Stupin and Lockhart (1971) to make
the same kind of conparison for Petlyuk's thermally coupled system They
found Rm equal to 1.50 and the anmount of liquid to be vaporized in the reboiler
equal 0.885, when the degreeSof recovery of the keys are 90% For conplete
separations, this nethod predicts for those paraneters, 1.97 and 0.99, respec-

tively. Ve believe an error exists in the earlier calcul ations.
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Appendi x

(I') Limting flow conditions in conventional distillation colums..

(1.1) Exanples in which the reduction of |ights and/or heavies to

negligible amounts is not a difficult task:

(1.1.1) Exanple proposed by CJ. King (1971):

Conponent s M i 9 °i
: 2%6  18.65 26 :

Co 9 4.75 9 -

Cs( LK) 25 1.92 25 -

- Ga( HK) 17 © 1.00 i 17
n-G 11 0. 46 - 11
n- Gs | 12 0.23 - 12
100 60 40

Thermal condition of the feed: g = 0.33
Since the keys are adjacent in volatility, no distributed conponent is

present inthe feed. Furthernore, the ratios (%.<% &) and (~/ ~pj are
’ LI s WK L3
greater than 2 so that the anal ytical expressions for A" can be used to find

its value. Fromequations (11), (21) and (_25), one can determne 0 o

and U, respectively.

dp = 0.5173
ag = 0.5894
U = 0.4016

whi ch when replaced in equations (28) and (29), gives:

61 = 1. 0269
AZ = 0. 004
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Finally, the substitution of A/ and A, into equation (27) gives |
Ry - 1.03
whi ch shows a good agreenent with the Rm-val ue provided by Underwood' s

~method (R =1.07).
m

(1.1.2) Feed - Bubble point liquid (q = 1):

Conponent s . f|__ ° * by
1 10 9.0 10 -
2 30 5.2 30 -
-3 (LK) 20 1.7 20 -
4 (HK) 15 1.0 - 15
5 20 0.4 - 20
6 5 0.3 - S
60 40
Results:
- Wth the proposed net hod: Rm =0. 83
Wth Underwood' s met hod: R =0.86
m

(1.2) Exanples in which the reduction of lights and/or heavies to

negligible anounts is a rather difficult task:

(1.2.1) Exanple proposed by C:J. K ng (1971):

Conponent s f_l_ Hi tL bi
A 5 3 ) -
B 10 2.1 10 -
C (LK) 30 2 30 i
D (HK) 50 1 50
E 5 0.8 5

45 55
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Thermal state of the feed: q =1

Since the volatilities of conponents B and E are close to those of the
keys, one can expect pinch points noving away fromthe feed plate and a
Y-value greater than 1. This value can be estimated with equation (35).

Assuming first Y = 1, we predict

Rn = 1.825

whi ch leads through equations (1) and (35) to the follow ng Y-val ue:
Y = 1.61
New eval uations of A—i by equation (32) and Rm until convergence (3

iterations), finally gives

Rny = 2.04
Y =154

Underwood' s net hod provi des an Rm-val ue equal to 2.03.

(1.2.2) Feed - Dew point vapor (g = 0)

Conponent s | £|_ N 4] ?_L
A 5 5 5 -

B 15 2.65° 15 -
C(LK) 20 2 20 -
D(HK) 25 1 * - 25

E 35 0.80 - 35

40 60

Fol | owi ng the conputation schene described in the previous exanpl e,
we obtainin 3 iterations

Rn= 3.16 (Y = 1,75)

ageii nst R* - 3.24 given by Underwood' s nethod.
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(I.3) An example with distributed components (taken from A. Underwood

(1948)): (q = 0)

Components fi 31 Ei Ei

1 20 3 20 -

2 (1K) 15 2.5 15 -

3 .15 2 ? ?

. 4 15 1.5 2 ?
5 (HK) 15 1 - 15

6 20 0.50 - 20

According to the criterion given before, the reduétion of component 1 to
negligible amounts can be considered as difficult and ¥ should be estimated by
equation (36). The algorithm, quite similar to that applied to previous
examples, also includes the estimation of each distributed component split
between the products by equation (38). The final results are found when con-

vergence in the values of (d/b)k have been.achieved in 5 iterations. They are:

R d d

Methods _m 3 4 D
Underwood 2.54 12,72 9.16 - 56,88
Proposed method 2.48 13.05 9.38 57.43

¥=1.57)

(I1) Expressions for determining limiting flow conditions in a distilla-
tion system with a side-stream enriching section (for sharp

separations) -~ Figure 6

b)), A, ,.2 ¥
Ry, = 121 2 + {[ 121 2]+ (Az)l-z}
where

B)y.p =9, + (B/D)9, - q(F/D)
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<Vl -2° @Mlwy _, + “1(‘1% -9l

jag J ™

| o LB/BY & It Gey)p]
o, = —
2 k™%

1#LK

“LK“HK(XLK) &P

m1 -2 © -ck K) <

and

B4 B4 4.2 %
®, = —53%+ {t L I (AZ)M}
wher e |
By =LY, +110/B) +0, + (P/B)0, ~ (1-) (F/B)

(4253-4 = (PIB)f1o3q 4 40, LQ-)®/P) - 04 -((RY + 1)(n/P)]}

@ (x.)

,°3=X ==

5 €
om)

i.#ﬂ(

. & p*'n
“3-4 (@ -1)*

and
(Rib2 = [(RIM™ +1](B/P)-(R)(D'P) - q(F/P)
When distri bﬁt ed conponents are preseﬁt inthe feed, use the follow ng
equations to predict their splits anong the products:

P

d, = f
3 ey
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-39-

wher e .
s ) Oy ) /P (), -o,]
3 Yk L) K p
for any jth-distributed conponent with a volatility o. such that G ...<o. <or

J MK J LK
which splits between the products Dand P. n the other hand

1+pi i

wher e _
) (aMK-l) (o i--1){[ (Rm) 3+1] -G 3(P/B)}
Chg3) K

Py
for any ith-distributed conponent with @ . such that G..._<or, <or_. which splits

. i HK 1 M
between the products B and P.

(I'11)- Limting flow conditions in thernally coupled distillation.schemnes.,

(I'r1r.1) Conparison of the conventional and thermally coupled distillation
‘schene perfornmances through the exanpl e proposed by Stupin and

Lockhart (1971):

Conponent s l mi i .b_i Ao,
A(LK) 0.333 9 0.333 - -
B (M) 0. 334 3 - 0. 334
C(HK) 0. 373 1 - 0. 333 —

Feed: Bubble-point liquid (g = 1)

The results are shown in Table 1.

(I'11.2) Conparison of the conventional and thermally coupled distilla-
tion schene performances through the exanpl e gi ven'by CJ. King

(1971):




C,.

Cs (LK)
n-Cs (M)
n-G (H
n- G

Thermal state of the feed:

26

25
17
11

12

=40~

| t °l

18. 65 26

4.75 9

1.92 25
100
0.46

0.23 -

60

q=0.33

The results are shown in Table 2

17
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Table 1; Conparison of conventional and thermally coupled
distillation schenes in Exanple (EI.I)

Val ues of the independent paraneters Limi ting vapor
Distillation System describing internal flows at limting rate generated
condi ti ons bir reboiler(s)
R i onal ‘1st colum: R =0.47; R =2.93
istiliation schems T 1.64
2nd colum: R =1.00; R' =2.00
m m
Direct conventional 1st colum: R =1.03; R =1.02
m m 1. 34

distillation schene 2nd colum: R,=1.00; R’,=2.00

Distillation system (R_).=1,03; (R'_ ),=3.76

with a side-stream o'l w4 1.25
enriching section (Ry 3=0. 73

Distillation system (Rm)1'2.76*u <R 54721 93

with a side-stream m . 1.25
stripping section (R m 2=0.83

Petlyuk's thermally R=1.97; le:2. 97

coupl ed distillation 0.99

system 0oo0~, -0.375




Tabl e 2:

Dstillation system

Conpari son of conventional and thernally coupl ed

distillation schemes in Exanple (111.2)

Val ues of independent operating
paramet ers describing interna
flonws at limting conditions

Limting vapor
rate generated
by reboil er(s)

Rever se conventi ona
schene

~1st colum: R1.02; R*-1.35
2nd col umn: R=1.72; F?n$2.01

100. 22

D rect conventiona
schene

1st colum: R,=0.44; R,=1.90
2nd col um: R.=0.71; Rfm=6. 03

146. 25

Dstillation system
with a side-stream
enriching section

(R);=1.03; (R 1).=3.93
(R, s=1.08

90. 39

Dstillation system
with a side-stream
stripping section

(R_);=1.45; (R p).=1.90

(R ) 2=2.15

80. 19

Petlyuk's thernally
coupled distillation
schene

R+1.19; R +2.80

(RX) n=0. 524

64. 34
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Nomenclature

Molal flowrate of a component in the bottom product of a distillation
system, mole/h

Molal flowrate of the bottom product, mole/h

Molal flowrate of a component in the top product of a distillation
system, mole/h

Molal flowrate of the top product, mole/h

Molal flowrate of a component in the feed to a distillation system,
mole/h :

Molal flowrate of the feed, mole/h
Equilibrium constant of component i, dimensionless

Molal liquid flowrate in a column section of a distillation system.
For a conventional distillation column, it denotes molal liquid
rate in the rectifying section, mole/h

Molal liquid flowrate in the exhausting section of a standard dis-
tillation column, mole/h

Molal flowrate of a component in the intermediate product of a
distillation system, mole/h

Molal flow-rate of the intermediate product, mole/h

Thermal condition parameter for the feed, dimensionless

Liquid reflux ratio in a rectifying section, dimensionless
Vapor reflux ratio in an exhausting section, dimensionless

Molal vapor flowrate in a column section of a distillation system.
For a standard distillation system it means molal vapor rate in
the rectifying section, mole/h

Molal vapor flowrate in the exhausting section of a standard
distillation column, mole/h

Liquid mole fraction, dimensionless

Operating parameter in Petlyuk's thermally coupled distillation
system, defined by equation (54), dimensionless

Operating parameter in Petlyuk's distillation system, defined by
equation (54), dimensionless

Vapor mole fraction, dimensionless
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Rel ative volatility of a conponent Wi t h regard to the heavy key,
di nensi onl ess

Rati o between heavy key K-val ues at the upper pinch and the feed
respectively; dinmensionless

trays,

Rati o between heavy key K-values at the feed and |ower pinch trays,
respectively; dinmensionless

Rati o between the key nole fractions at both pinch zones of a pair
of columm sections, dinensionless

Degree of recovery of a key component in one of the distillation
system products, dinensionless

Subscri pts:

Refers
Refers
Refers
Refers
Refers
Refers
Refers
Refers
Refers
Refers
Refers
Refers
Ref ers

Ref ers

to
to
to
to
to
to
to
to
to
to
to
to
to

to

the bottom product

t he botton1tray of a rectifying section
the top product

the feed tray

t he heavy key

conponent i

conponent j

the light key

| ower pinch zone

l[imting flow conditions

the m ddl e key

the m ddl e product

the top tray of the exhausting section

the upper pinch zone




