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PREFACE

A theoretically rigorous method for the calculation of minimum
reflux in multicomponent distillation systems is presented in this
thesis, I have attempted to explain the differences between this
method and other calculation methods.

A comparison of the results using this new method was made with
the results of techniques. |

I sincerely appreciate the advice and constructive criticism
given by Dr. Robert N, Maddox.

I wish to thank the Dow Chemical Company for its fellowship

grant which made this work possible.
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CHAPTER I
INTRODUCTION

The problem of determining minimum reflux for multicomponent
systems has received attention from a large number of investigators
since the concept was first presented., All of the previous inves-
tigators, with two exceptions, have made one or more limiting as-
sumptions which cause the results of their methods to be question=
able for the majority of‘gctual problems.

In 1955 Bachelor (1) presented and later published (2) a me-
thodbfor calculating the minimum reflux ratio, This method was not
based on the classic assumptions of constant molal overflow, con-
stant or linear relative volétility, perfect or very sharp product
splits; pseudo~binary is equivalent to a multicomponent system, or
that actual products are the same as products at the minimum reflux.

The purpose of this work was to develop a reliable and accurate
method for calculating the minimum reflux ratio., Because of the

complexity of the calculational procedure, the IBM 630 computer was

used for making all calculations.

Bachelor presented his method as an accurate, but short cut;*m\%
calculation suitable for hand solution. However, due to the methods

used to simplify the method for hand calculation, it was not readily

adaptable for machine computation. These simplifying assumptions



greatly recduce the time required for hand calculation; but merely
serve to compound the problem and intrnduce unnecessary limitations
for machine calculationo

For these reasons,; a new method was developed and programmed,
This method makes nome of the earlier mentioned assumptions and is
theoretically rigoreus in those areas where Bachelor's is approxi=-
mate,

Mate}ial and equilibriuwm relationships‘developed by Bachelor
and other investigators are used in conjunction with plate to plate
calculations for an iterative solution to the problem of minimuwn re-
flux, Since heat and material balancgs are made around each plate
and the equilibrium relationships are always satisfied, the method
at no time forces the assumption of constant molal overflow. Pro-
duct compositions are computed at ﬁhe conditicns of minimum reflux,
so there is no need to assume that actual operating products will
suffice, This allows the products to be either completely distri-
‘buted or to contain nondistributed componenis, whichever the ey
splits and other conditions imdicateg

This method is not a short'émt procedure nor is it recommendsd

'

for hand calculation due to the enormous number of plate calculations

which must be made, approximately 2000 in an average problem.,



CHAPTER II

GENERAL CHARACTERISTICS OF A COLUMN

OPERATING AT MINIMOUM REFELUX

A distillation column operating at the conditions of minimum
reflux to separate a single feed into two products may be said to
congist of seven zones. These zones are deéfined as: the feed zone,
the rectifying zone, the rectifying pinch zone, the distillate spe-
cification zone, the stripping zone, the stripping pinch zone, and
the bottom product zone, The schematic diagram ¢f a column operat-
ing at minimum reflux, shown in Figure 1, shows these seven zones
and their physical location with respect to each other, The function
of these zones and their relationship te each other will be brought
out in the discussion that follows.

The feed mone is between the two plates on either side of the
point at which the feed is introduced. In the feed zone, the feed
is flashed and combined with the liquid and vapor streams entering
from adjacent seetions, The resulting liquid and vapor streams are
the feeds to the rectifying and stripping sections of the column.,

The rectifying zone begins above the upper feed plate and ex-
tends to the plate at which all components not appearing in the dis-
tillate have been fractionated to zero. If any component is frac-
tionated to zero, an infinite pumber of plates is required. However,

temperatures and compesitions do change from plate to plate in the
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rectifying zone and in this way, ite behavior differs from that nor-
mally associated with a zone of infinite plafeso

The rectifying pinch zone extends from the plate on which tem-
perature and compositions have become constant. All components mot
‘appearing in the distillate (nonﬂistributed components) have been
fractionated to mero, 8ince there i® no composition or temperature
change from plate to plate, the rectifying pinch zone extends for an
infinite number of plates. Because of the constancy of temperatures
and compositions, passiung stregmm are in equilibrium with each other,
The rectifyin@ pinch zone extends outward in the column until a
change in temwerature and composition would occur om the next plate,

The distillate specification zone extends from the plate above
the rectifying pinch zome to the top of the tower, The first plate
in the distillate specification zone is the plate on which tempera~
tures and comporitions differ from those of the rectifying pinch
zone, The purpose of the distillate specification zone is to frac-
tionate from the pinch zone composition to the compesition of the
desired overhead product.

Conditions in the stripping section of the column are similar
to those in the rectifying section, The functions of the stripping
zone, the stripping pinch zone, and the bottom product zone are ana-
logous- to those of their individual counterparts in the rectifying
section of the column,

The foregoing discuseion applies to a column with mpndistributed
components in both products. A nondistributed component is defined
as a feed constituent which appears in only one product of the column

at minimuam reflux, If the distillation column at minimum reflux is



to contain all seven zones, there must be at least one nondistributed
component in the rectifying section and éne in the stripping section,
Only in this case will the column operation be as described above,

If both products contain all components, the produéts are said
to be completely distributed., When there are no nondistributed com-
ponents, several of the zones discussed are absent from the system,
Under conditions of complete distribution for all components, there
isnno need to fractionate any component to zero. Conseguently the
stripping zone and the rectifying zone disappear from the colqmn
and the two pinch zones extend from the f#ed zone to the product spe-
cification =zones..

For thevcase'of'complete distribution, the pinch zone composi-
tions are those of the equilibrium feed liquid and vapor. For this
case, the pinch zones cross the fged and merge with each otheru‘Tem-
peratures and stream compositions are the same in both pinch zones.
Totai stream,Quantities, however, are different because of the addi-
tion of the feed stream in.the feed zone.

vPinchvzone compositions are the same as the feed compositions
only if thleeed is saturated liquid and/of saturated vaporol If the
feed is either superheated or subcooled, the pinch”zone cqmpositions
will be femoved:from the feed compoéition, vThis effect is most
easily seen by use of a MeCabe~Thiele (24) diagram as shown in Fi-
gure 2, |

The operation of a multicomponent column with complete distri-
bution of all components is analogous to the operation of a binary
column. Figure 2 shows a McCabe~Thiele diagram for the conditions

of minimum reflux, The operating line for the rectifying section of
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the column extends through the intersection of the q line with the
equilibrium curve, The intersection occurs at the feed composition
for any saturated feed, but is removed for either a subcooled ligquid
or superheated vapor feed. The operating line for the stripping
section of the column behaves in a similar manner,

A third possibility for column.operation at minimum reflux is
nondigtribution of only one product. For simplicitj, a column ope-
rating wiﬁh components missing in the ﬁistillate only will be dis-
cussed, Performance_for a column operating with components equal
to zero in the bottoms product is analogous.

If the column is operating with nondistributed components being
remo&ed in the rectifying section, all three zones (rectifying zone,
rectifying pinch zone, and the distillate specification zone) will
appearbin the rectifying section, The function of these zones will
“be the same as described for both p;oducts cpntaining nondistributed
components.,

The stripping section of the column, however, will operate as
though both products were completely distributed. The stripping
: pihch zone will begin next to the feed zone and extend to the bot-
tom product zéneo The stripping pinch zone, however, will not have
the compositions of the equilibrium feed.

A number of investigators (5,8,16,18) have discussed1ﬂuacoluﬁn
at minimum reflux, considering five zones to be present., Gilliland
(16) presents this treafﬁent very clearly. ‘

Bachelor (1,2) and Edmistep;(g) have discussed the column at
minimum reflux, using éeven zones, but these zones. are considered in

. a somewhat different manner than in this thesis. They both consider



the rectifying and stripping zones to have a finite number of plates,
the pinch zones to have an infinite number of plates, and the product

zones to have an infinite number of plates,



SURVEY OF THE LITERATURE - DISCUSSION OF METHORS

Investigators have been working on the problem of minimum re-
flux for a great many years, but only recently have methods bheen
presented which are close to being theoretically rigorous for multi=-

component systems with nondistributed components, With the excep-

tion of the methods of Bachelor and of J. Erbar (14), all of these
methods are based on omne or moere severely limiting assumptions,

Some of the more common fimitations are the assumptions of constant
molal Qverflow, constant or limear relative volatility, actual pro-
ducts identical te those at the minimum reflux, sharp product splits,
and the rescolution of mulficomponent systems to pseudo-hinary sys-
tems, These assumptions, while good for any system wherein the ef-

fect of these assumptions is megligible, are inadeguate for the vast

majority of actual problems, ST
"é/ [ o] 4“*“"& M?‘J‘

The assumption of comstant molal overflow impli@@ thﬂt the 1nw oaaa f

thutabL llqu1d and vap@r raicu remain c@mstamt Ln cach uectlun QI

yhe calq@no This comndition would he presemt if the latent heats of
vaporization for all componenis in the system were equal and con-
stant for all temperatures and pressures in the tower. Even the
rather approximate enthalpy data available shows how very inaccurate

this assumption is for many systems, The condition of constant mo~-

lal overflow could alsc cceur if the changes in temperature,; pressure

10
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and composition from plate to plate were exactly compensating. This
is possible to a limited extent for a few trays in some systems, but
highly improbable over th@ infinite plates at minimum reflux for any
system,

The agsumption of constant relative volatility is only as good
as the eatimate of it., There is wome "average" value of relative
volatility for each component that, if used throughout the system,
weuld give the same products as the use of the more correct value@
would, There is yet to be determined, a method of predicting such
an "average“ value., For an actual system to display constant rela-
tive volatility, only a very sm@ll temperature or pressure range
could be uwsed. This small range is not adeguate for the range co-
vered by an actual column, muéh less that covered at minimum reflux,

When actual products are assumed to be the same as the preducts
at;mimimum*reflmx; one has fixed too many variables for the system,
Evem_in*actual operation it is well known that, if the platea and
reflux are both changed, only twe compenents can still be split im
the same ratios and that the total of each product will be different,
or that the total of each product and only one compoment can remain
unchanged., Often it has been assumed that the percentage composi-
tion of two components in the distillate can be fixed, This effec-
tively fixes the relationship of the total distillate to each of
these components just as the fimim@ of the guantities of theme two
components and the total would do. This error has been made in
those»equations for -minimun reflux which have been presented in the

form (L/D)yin = (X4, Xgy) which is valid for binaries only. Un-
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reflux which, within the limitﬁ ¢f their assumptions, would be exaet
for multicomponent systeme if the equétions were rearranged in the
form Lp;, = £(dy,4d,).

This can be easily seen if one applies the phase rule in combi-
nation with the first and second laws of thermodynamics to a distil-
lation column, This was first done by Gilliland and Reed (17) and
later presented again by Kwauk (19).

If 2 column im operating under the following conditionss

1, With reflux, either a partial or total condenser

Z. With boilup, either a partial or total'r@huilef

3. With feed plate treated as in either Figure 3a or 3b

4, With single feed and two products
the following number of variables must be fixed if the column opera-
tion is to be described completelya

Number of variables = C + 2m + 2n + 10 (1%,18),

SPECTFYING FIXES VARIABLES
1. Feed rate 1
2, Feed conditions (temperaturéa pressure, etc,) 2
3., Feed compesition L C-1
4, Total plates, m+n (egual to infinity for column
at minimum reflux) 1
5. Pressure on each plate » m+n
6, Pressure of feed flash or feed plate 1
7o Pfessure of condenser and reboiler 2
.8° Heat loss or gainm on each plate.(usually consli=

dered equal to zero for adiabatic operation) m+n

9, . Heat less.or. gain in. feed flash or on feed
plate (usually. asdiabatic) 1

10. Condenser load (minimum for column at minimum
reflux) ' ' 1
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There'remain two variables which must be fixed to completely
describe the column eperation, At the minimum reflux these can be
-either the total distillate and the amount of one component im the
digtillate, or the product split of two components, The individual
components which are specified must bé‘present in both preducts.

The assumption of sharp product splits immediately limits the
use of a method comntaining this assumption, All components outside
the keys are neglected im one section of the tower or the other,
This means the heavier components are neglected in determining the
reflux rate and condenser load and thmﬁ the lighter conmponents are
neglected in determining the boilup rate and reboiler load., The
possibilities for error are obvious.

‘The resolution of a multicompohént system to a pseudo-binary
contains the poseibility for a number of errcors., It is not yet pos-
gible to describe the preperties of a single composition at various
canditinns of temperature and pressure by assuming it is made up of
one or two pseudo-components, Therefore, it is hardly probable that
one can define the wixture in terms of two pseudo~components that
describe a number of compositions at a number of temperatures and
pressures with any degree of accuracy. This assumption often is
used ag a means of effectively neglecting all components except the
keys.

The first methods of solution for the problem of minimum reflux
were presented in the 1920's, McCabe and Thiele (24), Pounchon (25),
and Savarit (28) presented methods which are guite easy to use and
show graphically the conditions existing in the column at minimum

reflux, The McCabe=Thiele method is limited to binary mixtures
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whose components have identical latent heats of vapeorization at all
temperatures‘ﬂnm‘wressure@ in the columm, that is, constant molal
overflow is assumed. The Ponchon-S8avarit methed takes into consi-
deration enthalpy variations for different components with tempera-
ture and pressure, but is alse limiteﬂ to two component systems,
Souders and Brown (7) have published material balance and -equi-
librium relationships that apply at the pinch zones., These equations

were the first to be presented which were valld for wmulticomponent

systems,
di ,¥
v.. =
Rl [ el
1= (L/KV)gy
b oy S b e el
= Ln o Bt .
l&’;i = D (2‘)

1 - WK/L)Si

These eguations are rigorous for all muliicompoment distilla-
tion systems at minimum reflux, They are easily applied for a dis-
tributed system which has the feed zone included im the pinch zones
{a saturated liguid and/or vapor feed). Since neither the products
nor the pinch zone compositions could be predicted for nondistributed
syatems when these equations were presemted, it was difficult to ap-
ply the eguations usefully. Later however, several investigateors
(1,2,8,14) found these equations gquite useful as predicticn and cor-
rection eguations when combined with other relationships,

In 1932, Fenske (15) and Underwood (32) each published methods j”
for the determination of minimum refluw for multiconpoment systems.

Underwood's equation applies at all feed conditions and Fenske's



i

eguation-applies specifically to bubble point feeds,

aRwl

Fenske (L/D)R = e (3)

(L/D)R + l‘)xﬂl - (1+4q) X _ XRIQL/D)R’f aXay

‘ : : (4)
(/D p+ DXy = (L4 q) Xy Xpp (L/D) = gXgp,

Underwood aR

If the Underwocd eguation is applied to a bubble point feed, it
- reduces to that of Fenske., These equations are based on the assump-
tions of constant molal overflow and constant relative volatility,
They are also based on the presumption that the distillate compesi-
tion and the pinch compositions are known. The equations are rigo-
reous for di@tributeﬂ products if relative volatilities at the feed
temperature are used, and if they are slightly rearranged. For
exampl@, Fenske's equation is rigorous at the above conditions if

in the following form.

_.a‘;ma-f-c-m (5)

The compogitions of the rectifying pinch afe those of the equilibri-
um feed liguid and vapor and the reémlt is the liguid rate in the
pinch, Since the two keys are'knoﬁn in the diéiil;ateg one can find
the correct distillate composition for the other components by ma-
terial balances, Then the usual methods may be/ﬁ;ed to find the Te-
flux without assuming constant molal overflow,

In 1939, Jenny (18) published the first method that used plate

to plate calculations, This method assumes that distillate compositions



are known. The problems solved for publication using this method
were based on congtant molal overflow due to the tedious nature of
the method, although this assumption is not necessary, The pinch
temperatures are estimated by the criterion that (L/KV)Ri 2 1 for
all components that are not in the distillate, and by a similar re-
lationship in the stripping section of the column, A reflux is as-
sumed and stepwise component calculations are made to determine the
feed plate compositions. The results of the trial and error solu-
tion are checked by plate to plate caleculations from the feed, This
was the first multiéomponent method that did not force the assump-
tion of constant relative volatility or comnstant molal overflew for
nondistributed products. The method did not, however, include a means
of predicting the composition of these products. Puhlicatioﬁ of this
method added a great deal to the understanding of the conditions at
minimum reflux and,for the first time, used plate to plate calcula-
tions to some advantage.

Brown and Holcomb (35) wer; the first to propose a method that
used plate to plate calculations for the entire solution of a column
operating at minimum reflux., This method still had the very common
assumption that the products at the minimum were known. They sug-
gested that the first assumption of the reflux rate be made by some
short cut method, either their approximate method (4) or some other,
Plate to plate calculations by the Thiele-Geddes (29) method are
made from the products to the pinch zones. At the pinch =zone, a
small amount of the lightest nondistributed component not appearing
in the distillate is added to the streams. Several plates are cal-

culated and the next heavier component is introduced. In this manner
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calculations are made in the rectifying pinch to the feed zone. A
similar procedure is followed in the stripping section of'the column, .
The matching of the components at the feed plate is tested and, if

in error for any other than the keys and other distributed components,
the calculations are repeated from the pinch zones with the nondis-
tributed components being introduced on different trays. When the

- feed plate mesh is within the desired degree of accuracy on the non-
distributed components, the distributed components are checked., If
they mesh properly, the reflux chosen was the correct minimum reflux.
If not, a new reflux rate must be chosen and the calculations resumed -
at the beginning., This method forces only the assumption that the
distillate at the minimum reflux is known from actual operation or
can be estimated accurately., This can be done easily for binary
systems,

For multicomponent systems; the distillate can be found by sev-
eral methods., These methods are all combined with other minimum
reflux calculations, There is no reason to use Brown and Holcomb's
method after solving the problem and predicting the distillate com-
position by some other method,

Gilliland (12) presented a trial and error short cut technique
'in 1940, This method talkes into consideration those components other
than the keys and their effect on the minimum reflux. Using this
method, the minimum reflux can be bracketed within limits and a con-
servative value might be used. The assumptions of constant molal
overflow, constant relative volatility, and products known are in-
cluded., This method was an improvement over other short cut methods

in that the effect of non-key components was recognized. However,
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this improvement is somewhat negated by the tremendous increase in
complexity.

‘Maxwell (22) later modified Gilliland's method, This modified
method is considerably easier to use; but does retain the basic as-
sumptions,

Using the results of Jenny's method as a basis, Colburn (8) de-
veloped an empirical method of determining the minimum reflux which
was ‘easier to use than Jenny's method and which gave comparable re-
sults. The problems used to develop this method and which were used
to judge its validity were based on the assumption of censtant molal
overflow. Colburn’s method, therefore, indirectly contains this
assumption even though he does provide a wmeans of partially correct-
ing this error when degired.

Later, Underwood (31) developed a second method based on rigo=-
rous equations for the plates in a colwan, He reduced these equa-
tions to a simple set to solve for the minimum reflux, However,
tlrese equations are based on the assumptions of constant molal over-
flow and constant relative volatility., Therefore, only under these
conditions are the equations strictly valid, They are good for both
distributed and nondistributed products, Still later, Underwood (30)
showed how these equations might be used to determine the composi-
tions of components between the key components., They also can be
used to determine the amount of‘any other components in the distil-

late,

(6)
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There are n-1 values of Gj, one between each adjacent pair of
values of relative volatility for the components in the system, For
example, if there are four components in the system whose volatili-
ties are 0.5, 1,0, 2.0, and 2.5, there are three values of 9. These
values are between 0.5 and 1.0, 1.0 and 2,06, 2,0 and 2.5,

If all values of ©® are found for the éystem9 one can then sub-
stitute them into the following equation and solve for the'producf

composition,

Voo il (7)
min & -0,
1 d

Since guantities of the key components in the distillate are
fixed, there remain.n-z compositions to find and the total Vmin°
These variables may be found by solving simultaneously the n-1 in-
dependent equations formed by ﬁsing a different value of @ in each
one,

The distillate comﬁosition variables must be checked after so-
lution, If unrealistic values were calculated9 hondistributed c;mm
ponents are indicated (28)° For example, any negative quantity in-
dicates that this component is present only in the bottoms and is
zero in the distillate., A distillate guantity greater than the
amount of that component in the feed indicates that this component
is present only in the distillate product and is zero in the bottoms.
All components whose values in the distillate are between zero and
the amount of'thatfcompoﬁént in the feed are distributed to both
products. .The calculated‘quantity is the correct amount in distil-

late for these components,
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While preparing results by Underwood's method, it was found
that the minimum reflux is distorted if nondistributed components
are present., This is caused byjthe unrealistic values predicted for
the nondistributed components. This meaningless guantity may be re-
placed by a sound value if the © hetween the heavy key and next
lighter component is used in Equation ¥ wifh the new distillate com-
position and total. Egquation 7 has been rearranged from the form in
which it was first presented to avoid the pessibility of fixing one
too many variables,

The original form iss

midi
ﬂi&lgﬁmin.+1533 d ~©
: i 7j

Equations 7 and 8 are identical, However, form 8 has often been used

(8)

erronecusly by assuming that the total distillate must be known to
find the reflux, when actually the entire left side of the equation
is an unknown, The total distillate is known when the composition
is determined,

Shiras, Hansen, and Gibson (28) suggested a plate to plate me-
thod guite similar to that of Brown and Holcomb, Instead of a trial
and -error technique to change the itray on which each of the nendie-
tributed components are introduced, they suggest that Lewis and Ma-
thesen (20) plate to plate calculations be made from the feed out.
 The Thiele-Geddes calculations are then made from the pinch zones in
again, This method has the same inherent weakness as have those of
Jenny, and Brown and Holcomb, that of assuming actual proeducts are

equal to those at the minimum reflux.
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A number of other investigators (3,6,9,21,23,27) have developed
methods of calculating the minimum reflux for multicomponent systems,
The majority of these methods involve more assumptions or limitations,
are much more difficult to use, and give results no more accurate
than the previougly described methods., An exception is an unpub-
lished method by Winn (34) which is similar,in many respects, to
those of Underwood and Maxwell, This method is guite easy to use
but has not been tested extensively against the results of other me-=
thods,

The methods of Maxwell, Underwood,; and Winn are the simplest to
use and, for this reason,; the first two have been widely accepted,
The results of Underwood's second method are generally comparable to
those of Colburn and Jenny; Maxwell'®’s method approximates Gilli-
land's,

In 1955, Bachelor (1) presented and later published (2) the
first method that made none of the classic assumptions mentioned.
earliéro This method incorporafes parts of other distillation cal-
culation methods with some indepemndent derivations., This methodwas
presented as a short cut, but accurate, solution to the problem of
multicomponent minimum reflux, It is not much more tedious than
many of the methods published earlier, but hardly conducive to hand
calcuiation0

In Bachelor's method, the product compositions and the feed
zone compositions can be found as functions of the passing stream
ratids in the feed mone and of the equilibrium feed liquid and/for
vapor streams. By material balances and eguilibrium relationships,

the temperatures of the feed streams may be adjusted from the first
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assumptions and the product and feed zone compositions adjusted ac=
cordingly.

Pseude~eguilibrium plate to plate calculations are made out
from the feed, the pinch Zone compositions are found using the Bou-
ders~Brown equations, and the pinch zene compositions and the pro-
ducts are adjusted again., This sequence is repeated until the de~
sired degrée of mafchin@ is achieved,

A general outline of the method presented by Bachelor can be
.found in Appendix A, The derivations pertinent for & bubble point
feed are also given in Appendix A, The equations for a dew point or
flash feed are presented but not derived as the method is similar to
that for the bubble point equations.

The most recent short cut technigque is that developed by d, Erbar
(14), This method makez use of the generalized digtillation equa=-
tions developed by Bdmister (10), From these generalized eguations,
Erbar derived relationships that pertain to a column operating at
the minimum reflux, This method makes no assumptions of constant
molal overflow, constant relative volatility and,predictﬁ the pro-
ducts at the minimum reflux, Erbar's method is somewhat shorter for
hand calculation than that of Bachelor and more readily adaptable to
the medium sized or small digital computer, Pf@limiﬂary results in-
dicate that this method will give results comparable to that of Ba-
chelor,

The pertinent equafions and an outline of the method can be

found in Appendix B,



CHAPTER IV
DISCUBSION AND EXPLANATION OF NEW METHOD

The minimum reflux method developed in this thesis is similar
in many respect to those of Bachelor and of Erbar. The expressions
developed by Bachelor are used to determine the feed zone and pro-
duct compositions.

Using the results of problems solved by the minimum reflux me-
thod presented in this thesis, J. Erbar found that the values of

L/K;V for each tray in the rectifying section could be replaced by
assuming L/K{V to be linear over a 5 to 10 tray region, These li-
near factors produced similar results to those produced by the plate
to plate values of L/KjiV . Thie linear relationship is used to es~
timate L/K;V when rigorous calculations would result in a negative
material balance. It is also applied when an L/K;V greater than
that in the pinch zone is predicted for a plate.

An example of the linear estimation procedure is given in Fi-
gure 4, A plot of the L/KV or V/KL on the trays near the feed is
shown for one component., In the stripping section, negative materi-
al balances were calculated on the fourth tray. Therefore, the
values of VKj/L were estimated byllimear relationships hetweenythe
VK;/L on the third tray and in tle pinch zene, An examination of
the etripping =zone curve shows how well the estimatioms fit the other

data.
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In the rectifying section, values of L/KjV greater than those
in the pinch zone were calculated for the sixth tray. These values
were estimated assuming linearity between the L/K;V on the fifth
tray and the pinch zone. The curve for the rectifying section ap-
pears distorted when the incorrect value is considered, This dis-.
tortion is lessened when the estimated value is used,

Negative mmterigl balances and L/K3jV 's that are too large are
caused by round out and truncation errors. They are also caused by
errors induced by the tolerances applied to the bubble and dew point
calculations and heat balances, |

When additional trials are carried cut, the estimated values ?f
L/K;V will be gradually replaced by values calculated directly. This
procedure applies equally well to the values of VKi/L in the strip-
pin@ section,

The major differences between this method and those of Bachelor
and J, Erbar are in areae where they use approximation methods and
this method uses rigorous plate to plate calculations,

The firet ares of difference is in the calculation of the pinch
zone compositions, Both Erbar and Bachelor approximate these by the
use of the Souders-drown pinch zone eguations, It should bhe remem=
bered that these equations are rigorous only if the pinch zone tem-
perature and total flow guantities are known., These equations are
guite -sensitive to temperature and total stream guantities. Often
a cemposition will be predicted that is more iﬁ error than the ome
on which the prediction was based. Small errors such as were shown
in Figure 4 will produce larger errors in many cases.

This new method predicts the compositions of the pinch zones
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by rigerous plate to plate calculations frowm the extremities of the
column to the pinch zones. These plate to plate calculatioens uti-
lize heat and material balances in conjunction with equilibrium re-
lationships as suggested by lewis and Matheson. Pinch mone compo-
gitions determined in this manner are much more accurate than those
determined by other means.

The second and possibly most important difference is the man-
ner in which the plates between the feed zoune apd pinch zone are han-
dled, J. Erbar uses effective absorption factore which have been de-
termined using the results of this rigorous method as a bhasis for
testing their validity.

HBachelor's method involves ‘pseudo" plate calculations from the
feed zone to the pinch zone. These émlmmlmkiunm are rigorouws only
for diestributed products.

For nondistributed products the magnitude of error is dependent
upon stream compositious and degree of unbalance in plate heat ba-
lances., In some cases, total streams have been overcorrected as
much as 70%,

The method presented in this thesis uses rigorous plate to plate
calculations from the feed zone out to the pinch zones, These cal-
culations are the same as described for the extremities te the pineh
zones, When it becomes necessary to estimate the L/KV or V/KL ona
tray that cannot be treated rigorously, the method used has been
tested thoroughly and is not subject to the errors developed by a
single heat balance correction,

Tor the first trial the pinch zones are assumed to extend

through the feed zone, that is, completely distributed products with
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pinch zone compositions equal to the equilibrium feed liquid and va-
por compositions are assumed. Corrections are then made using the
pinch zone results from plate to plate calculations in from the con-
denser and reboiler., The next trial is based on the assumption that
the pinch zones begin one tray rémgved from the feed trays. Succes-
gsive trials move the pinch zones ohé tray farther away from the feed
zone until the change in reflux is considered negligible,

The calculation sequence follows. The theory behind -each step
will be explained or referenced to 'an. appendix. For consistency,
the nomenclature ﬁsed will:be as cloée as possible to that used by
Bachelor,

Data necessary: Liguid and vapor enthalpy data for each component
Vapor-liguid equilibria data for each component
Feed compogition, quantity and condition

Light and heavy key component distributions
(total mols)

1., The temperature, vapor and liqguid, and vapor and liguid enthalpy
" of the feed are calculated.
2, The temperatures of the rectifying and stripping pinch zones
are assumed to be equai to the temperature of the feed., (See Ap-
pendix C)

3. if, as is first assumed, the pinch zones originate at the feed

zone, gi = “cpi and u; = a‘Pi R
1 v
Since, by definition, g = ~ZRIER
1oi/Vri
aj = Ki/Khs



Vri/vr vari

and Ki = yi/%xi = =
* o lmi/Lm Vrlwi
Lmvri/Vrlwi lmhfvrh
then ] G:(Pi L L o 0 K PO ST = pre— = gi
\ varhfvrlwh lwifvri

G o . " ’ 3 . o ° T 4 g 1 o . e
Bimilarly, one can show that %pj = Ui . In this way g and uj

are calculated for the first trial.

By definition, Gji = lwi/vri s U; = Vvi/lsi’
1.w/v
and gy = wgﬁwfﬁﬁ
Loi/Veg
Therefore, Gy = Gp/g;

In an analogous manner, it can be shown that U; = Upuy

Since Uy = f(uy,z1.dp.d1,F), as is G (see Appendix A for equa-
tions and derivations), the values of U; and G; can be calculated.
The distillate composition and the cowmposition of the liquid en-
tering the feed zone from the rectifying secticn are now calcu-
lated, These compositions are functions of U;, Gy, and Fy. (see
Appendix A for egquations and derivations)

The first trial, as stated in step 3, is based on the assumption
that the feed zome is included in the pinch zones, Using materi-
al balances and equilibrium relationships, equations to test the
validity of the temperature assumptions in the pinch zones can
be developed (1,2). For the rectifying pinch zone,

Ly

Kpr = pr——pe—
(L, + DIGy
For the stripping pinch zone,

K Uh(L(P “+ Lf)
@ I e
hS = Lo+ D-Vy
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The derivation of these eguations is given in Appendix A,
If the temperatures for which these K values are valid are the
same as those assumed for the pinch zones, the calculation pro-
ceeds to step 7, If not, the calculation reverts to step 3,
using the calculated temperatures in place of those used hefore,

By material balance, vyj and by are now calculated.

Vqﬁi = l(Pi = Vfi + ﬂi

Bince the products, feed liquid and vapor, and the liguid (IQi)
and vapor (v@i) entering the feed zone are known, the enthalpies
for these streams not already known may be calculated. A heat
balance is made around the rectifying section of the.column to

determine the condenser load, Q.,

"V

Qc vy

]

+ HVV - MlL - H dB

f U

and the reboiler load, Qr ; 1is equal to

Q

e

i

l‘lbm - HVV - ﬂlLf + 'ﬁ:iD + W!c

hs d

Enowing the composition, total quantity and enthalpy of the dis-
tillate and knowing the condenser load, ocne can now proceed
plate to plate down the columi. The rectifying pinch =zone has

been reached when no change occurs in the compositions, tempera-
§ 9 A

ture, and totals of the streams from plate to plate, In a simi-

lar manner, calculations are made from the reboiler to the strip-

ping pinch zone,
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It can be shown (see Appendix C) that

1.
L _ . | a0
Ay = Roi Thor1fei T hesaitesytei toe ot Agy oo Bpr2itoe1 i

for the rectifying section of a column at minimum reflux, where

A, = (LEV).
If the pinch @ones pass through the feed zone, then

A . = A = A T 00 = A

$i P+l ©+24 Ri

and Api <1 for every component.
Therefore, for completely distributed products,

1 .
Qi 2 3 Qo
a7 T AmitARitRRitooc thm

il

1

X A

= A, o
Ri1 - Apy

For the first trial, which assumes distributed products,; the
series equation is used in the above form, An analogous equa-

tion may be derived for the stripping section using 8; x(VKi/L)O

The results of calculations using the series equation can be

rearranged to find the values of B for the next trial,

Remembering that .
J.(Ph/vrh

W eemecouemmme o

1 Loi/Vri

then by material balance

1 ./d, +1 1 . +4d, v .
©if i o Twd i ri
l@i/di l@i , lwi

Analogous relationships apply in the stripping section of the

tower for steps 9, 10, and 11.
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14,

The calculations now start agaih at step 4, and step 6 is elimi-
nated. 1In step 9, a comparison of the new reflux is made with
that calculated on the previous trial, Calculations are con-
sidered complete when the change in the reflux is small enough.
Step 11 is changed somewhat feor each trial, ¥For the second tri-
al in which the pinch trays are assumed to be one plate removed

from the feed zmone, the series eguation of step 10 now becomes

1.
QL 2 w
i - Api * Bpifps T ApifRe T oo HApi AR

i
e 1-4pj

For all succeeding trials, this eguation has the form

Log 1
a = G ) A, v A #1) ...+ 1A .
i .B. e Aljti lP +I1 i P+no- l i @i

Btep ¢ is expanded on trials two through N. .On these trials,
plate to plate calculations from the feed out to both pinch
zones are made, For the second trial, the streams on egch side
of the feed =mone are calculated, This allows the calculation
of A$i and ﬁ@i for use im the first series eguation in step 13,
On each succeeding trial oune more tray calculation is made in
each direction from the feed mone. The A and 8 factors from

the trays are used in the second equation in step 13 or in the

analogous stripping pinch eqguation,

A comparison of the outlines of Erbar's and of Bachelor's me-

thods with this method will show up the differences very quickly.

Inspection of steps 9 through 14 in Bachelor's method show that

“equilibriwn' streams are not in equilibrium for nondistributed
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pfoducts. The single liquid rate correction is not followed by a
corresponding composition correction, therefore, the streams are not
in material or heat balance after the single éorrection is made, Ob-
viously, if the streams above the first plate do not satisfy‘ these
relationships, those on following tfays cannot satisfy them either,
In the feed outaﬁlate calculations and the pinch zone calcula-
tions, the methods of J. Erbar and of Bachelor are good approxima-
tions but are rigorous oniy for distfibuted producté. The pinch
zéne caléq;atiéns are made in both methods by £he use of the Souders-
Brown pinch zone equations.
In summary, the differences between the proposed method and
Bachelofls method aret
I. (a) Bachelor computes pinch zone stream compositions, rates,
and temperatures based on feed zone out calculatioﬂs (Ap-
pendix A, p. 54, Step 14).
(b) The method developed for this thesis computes these quan-
tities by rigorous plate to ﬁ;ate calculations from the
column terminals to the pinch éones (Chapter IV, p. 30,
Step 9). | | ‘

I1. (a) Bachelor's "feed out" calculations do not use rigorous
equilibrium relationshipsj heat balance requirements and
component material balance requirements are not.satisfied
(Appendix A, p. 52, Steps 9-13), |

(b) The proposed method employs rigorous tray by tray calcula-
tions using total stregm and component material balances,
heat balarnces, and equilibrium relationships for feed out

calculations (Chapter IV, p. 32, Step 14)
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(a)

(b)
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(b)

(a)

(b)
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Bachelor's initial assumptions of the pinch zone tempera-

tures are T, = T  + I/S(TB:-TD)’and T, =T, + 1/3(TB-=T ).

R D ] B D

This assumption is not consistent with the initial assump-
tion that the pinch zones coincide with the feed zone (Ap-
pendix A, p. 52, Step 3).

The proposed method initially assumes tha#’the temperatures
of the pinch zones are equal to the feed temperature. This
assumption is consistent with the assumption that the pinph
zones coincide with the feed.ione (Chapter IV, p. 28,
Stepfz; Appendix C, p. 72).

Bachelor checks Ui and Gi, internal stream ratios, to deter-
mine when a satisfactory solution has been reached (Appen~
dix A, p. 54, Step 17).

The method ﬁresented in this thesis checks the calculated
reflux rate, an external gquantity, to determine if a satis-
factory solution has been reached (Chapter IV, p. 28).

For a given cycle number, N, Bachelor uses N+ 2, L/KV or

VK/L values to determine new estimates of the internal

stream quantities (Appendix A, p. 54, Step 15).

The rigorous method uses N values of L/KV or VK/L to de-

termine the feed zome and product compositions on trial K

(Chapter IV, p. 32, Steps 10 - 13)

Bachelor's method requires an approximation of the distil-

late composition (Appendix A, p. 52, data).

The method presented in this thesis requires only the guan-
tities of the light and heavy keys iﬁ the di@fillate (Chapf

ter IV, p. 28, data).



CHAFTER V
COMPARISON OFF NEW METHOD WITH OTHER METHODS
Diseussion of Calculation Procedures

A comparison was made of the results of the rigorous method of
caléulmtin@_minimum reflux and the results of several short cut me=
thods, Two of these methods, Underwood'’s second method and Maxwell's
modification of Gilliland's method, have been used extensively. The
other, Winn's method, until now has been used only by Winn since
it is unpublished,

All four methods were used with the six feed compositions shown
in Teble I, The light and heavy lhey quantities in the distillate
bwere taken from J. Erbar-Maddoex (11,12,13) plate to plate results,

Tables II throﬁgh XLVI show the distillate compositions as pre-
dicted by the rigorou@ method, The distillate compositions pre-
dicted by Underwood were quite similmr in all cases and identical
when all compomemté other than thekeys were hondistrihutedo When
distributed components other than the keys were present, the guan-
tities predicted by the two methods were only slightly different.

Maxwell’s method does mot contain a distillate composition pre-
diction feature, Therefore, some means of estimation must be used,
A generally accépted method is to use the Fenske minimum plates (15)
distribution, While this distribution is obviously in error at mi-

nimum reflux, it does provide an estimate of the distillate composi-
tiomn,
34



Winn“@ method @lso lacks a means of predicting the distillate
composition, For estimates to be used with this method, Winn's mi-
nimun stages (33) distribution was used,

The calculations using Winn's mwethod were carried out at the
feed temperature., Maxwell's method was used with the average tower
t@mperature; défined as 1/2(Tpjst + TBtums) - The Underwood re@ulf@

Care giver for both the average and feed temperatures,

All problems were run uging & partial reboiler. The condenser

type nsed and tower prefsure are noted on each table, ¥Feed condi-
tion is noted BP limuid for bubble point liquid feeds, DPF vapor for
a. dew point vapor feed, and as Xk liquid for a flash feed.

An "L" after a distillate component denotes light key, and an
"H" denotes heavy key.

Both the enthalpy data and the vapor-liquid equilibria data
are from the NGSMA Data Book, 1937 (35),

The convergence pressure used with each feed stream is shown

in. Table I,
Discussion ¢f Results of Calculations

Sufficient problems to warrant comparison were rum only with
bubble point feeds and adjacent keys. Results for a flash and a dew
point feed are included (Tables XLIV, XLV, XLVI) as a point of in-
terest but are not coupared. BSeveral problems are included with re-=
sults for both adjacent and split keys., The effect on composition
and reflux is shown by both Underwood's second method and the rigo-
rous method,

The percentage‘d@viatian of the results of the short cut methods
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from those of the rigorous method was calculated for all bubble
point feeds. Maxwell's method showed a maximum error of -71.0% and
a minimum error of +1.1%. The average was ¥29.9%. The largest er-
rors were at extremely low reflux rates with "sloppy" separations,
The smallest errors were made with very "sharp" separations between
similar components, such as iC4 and nC4.

Winn's method is an improvement over that of Maxwell, The
maximum and minimum deviations are of the same general size, -77.5%
and -2.1% but the aVerage is -26.3%. The largest errors are again
for "sloppy" separations, However, this method is acceptable for
any type of very'sharb separation,

Underwood's method shows considerable improvement over both
Maxwell's and Winn's methods. This should be expected since Under-
wood's method is rigorous for multicomponent systems with only two
limitations. (See Chapter III, pagel9)

When the feed temperaturé is used, the maximum error was found
to be 36.2% with a minimum error of -4,9%. The average error was
117.0%,. When the average tower temperature was used, the average
error was smaller but the range was larger. The average error was
¥14.8% with a maximum error of 54.,9%, and a minimum error of 1,0%.

When a comparison of the data from the Underwood results at the
average temperature was made with those at the feed temperature, it
was found that more consistent results were obtained by using the
Underwood method at the higher of the two temperathres, In this'
way, the maximum error becomes -33.4% for the extremely "sloppy" cut
and the minimum is +1.0%. Underwood's method, when used in this way,

is sensitive only to extremely "sloppy" separations and handles
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other separations with 1ittle regard to degree of sharpuness of the
separation, The average error by this method is 11.9%.
It must be remembered thet the discussion of results and con-

clusions drawn apply only to bubble point feeds,



TABLE I

FEED COMPOSITICNS

feed Composition - Mols

Component 1 2 3
C2
C3 10
iC4 20 20
nC4 as 20 20
iC5 25 20 20
nC5 25 20 20
C6 25 20 10
Totals 100 100 100
Convergence
Pressure Used 600# 80C# 1000#

Feed Composition -~ Mols

Component _ 4 -5 7
¢, 1 '

C2 B 5 : -G

03 20 24 15

iC4 15 13 : 10

,nC4 15 15 16

iC5 15 15 10

nCs 15 15 10

96 15 10 10

C7 10

10 10

Totals ' 100 100 10@

Convergence

Pressure Used 1000#  3000# 2000#




TABLE II

Feed Cohposition 1

Total Condenser

Feed Condition BP Ligq.

Tower Pressure 25 psia

[

TABLE III

Feed Composition 1

" Total Condenser

Feed Condition BP Lig.

Tower Pressure 25 psia

Distillate Composition
Total Mols

Minimum Reflux Rate
Total "~ Mols

Distillate Composition
Total Mols

Minimum Reflux Rate
Total Mols

nC4 "24.19614 L New Méthod 49.113
Underwood
105 0,91698 H @ Thye 41,771
1 . Und d
Tota 25.11312 g ;rwoo 41.876
Feed
i ‘Maxwell 39.840
Winn 29,895
TABLE IV

Feed Composition 1

Total Condenser

Feed Condition

Tower Pressure ' 25 psia

BP Liq.

nC4 . 24.32713 L New Method 47,487
. Underwood '
‘ 165 1.43859 H @ Ty, 40,657
Total 25,76572 Ugd;rwood 10,720
Feed
Maxwell 38.207
Winn 28.321
TABLE V

Feed Composition 1

Total Condenser

Feed Condition  BP Liq.

Tower Pressure 235 psia

Distillate Composition

Minimum Reflux Rate

Distillate Composition

Mini{mum Reflux Rate

Total Mols Total Mols Total Mols Total Mols
nC, 23,81698 'L New Method . 43.114 nC, 25,00000 New Method 184,870
s Underwood ’ . Underwood
ic 2.14663 H 37,757 c o
5 . R e Tave i 5 23.64628 L @ Tyye 169,168
Total 25.96361 Underwood Underwood
37,889
€ Tpgeq . nC5 1,35840 H @ Treod 157,125
Maxwell 37.350 Total 50.00468 ‘Maxwell 152.040
 Winn 25.244 Winn ) 166,543
TABLE VI TABLE VII
Feed Composition 1 Feed Condition BP Lig. Feed Composition 1 Feed Condition BP Liq.

Total Condenser

Tower Pressure 25 psia

Total Condenser

Tower Pressure 25 psia

Digtillate Composition

Minimum Reflux Rate

Distillate Composition

Minimum Reflux Rate

Total Mols Total Mols Total Mols ~ Total Mols
nC4 . 25,00000 New Method 190,474 nC4. 25,00000 New Method 196,095
Underwood L Underwood 1 441

iC5 23,94206 L @ Tyye 174,370 iC5 24,11807 @ TAve 7.
nC5 1,06070 H Ugd;rwood 161,983, nC5 0,88637 H Ugd;rwo:d 164.846

Feed Fee
Total 50.00276 Maxwell 156,832 . Total 50.00445 Maxwell 159,656
‘Winn 171.338 Winn 174,166
TABLE VIIT

Feed Composition 1

Feed Condition

Total Condenser Tower Pressure 25 psia

BP Ligq.

TABLE IX

Feed Composition 2

Total Condenser

Feed Condition BP Liq.

Tower Pressure 50 psia

Distillate Composition
Total Mols

Minimum Reflux Rate
Total Mols

Distillate Composition
Total Mols

Minimum Reflux Rate
Totnl Mols

nC4 25,00000

iC5 24,24573 L

ﬁCs ‘ 0.75336 H
Total 49,99809

New Method 195,539
Underwood

179.727
@ Trye
Underwood

166,987
e TFeed t,
Maxwell 161,766

¥inn 176.276

ic, 19,01668 L
nC, 0,82294 H
Total 19,83962

New Method 104,048
Underwood

101.587
e TAve .
Underwood

111,327
@ Treed
Maxwell 105.185
Winn 100.148



TABLE X

Feed Composition 2 Feed Condition BP Ligq.

Total Condenser Tower Pressure 50 psia

. TABLE XI

Feed Composition 2 Feed Condition BP Ligq.

Total Condenser Tower Pressure 50 psia

Distillate Composition Minimum Reflux Rate

_Distillate Composition

Minimum Reflux Rate

Total Mols Total Mols Total Mols Total Mols
104 19,49084 L New Method 108.140 104 19.70647 L New Method 110,807
Underwood Underwood
nC4 0.55977 H @ Tyye 106,049 nC4 0,31303 #H @ Tyye 108,841
Total 20.05061 Ugd;rwood 116.077 Total 20.01950 U;d;rwood 119.122
Feed Feed
Maxwell 109,810 Maxwell 112,806
Winn 104,800 Winn ' 107,879
TABLE XIX TABLE XIXX
Feed Compoaition 2 Feed Condition BP Lig. Feed Composition 2 Feed Condition  BPF Lig.

Total Condenser Tower Prossurs 50 paia

Total Condenser Tower Preasure B0 psia

Distillate Composition Minimum Reflux Rate

Distillate Composition Minimum Reflux Rate

Total Mols Total Mols Total Mols _ Total Mols
104 20,00000 New Method 54.077 104 20, 00000 New Method 52,037
Underwood Underwood
nC 19,47923 . 47,7560 . .
4 L @ Tyye nC4 19.16387 L @ Tyye 46,458
105 0.25811 H Ugd;rwood 46,514 105 0.44979 H Underwood 45,300
Feed @ Treed
Total 39.73735 Maxwell 36,570 Total 39.61366 Maxwell 35.213
Winn 40.629 Winn 39.400
TABLE XIV TABLE XV
Feed Composition 2 Feed Condition . BP Lig. Feed Composition 2 Feed Condition  BP Ligq.

Tofal Condenser Tower Pressure 50 psia

Total Condenser Tower Pressure 50 psia

Distillate Composition Minimum Reflux Rate

Distillate Composition Minimuwn Reflux Rate

Total Mols Total Mols Total Mols Total Mols
ic, 20,00000 New Method ‘48,632 ic, 20.,00000 New Methed 184.963
Underwood Underwood
. nC 20.00000 72.315
nC4 18,78379 L @ Tyye 44,142 4 @ TAve 1
i05 0.80316 H Ugd;;wo:d 43.048 105 19,27975 L Ugd;;wo:d 150.834
ee ee
Total 39.67686 Maxwell 32,497 Cy 1.11443 H Maxwell 138.928
Winn 37,132 Total 60,.39418 Winn 169,093
TABLE XVI TABLE XVIX
Feed Composition 2 Feed Condition  BP Liq. Feed Composition 2 Feed Condition BP Liq.

Total Condenser Tower Pressure 50 psia

Total Condenser Tower Pressure 50 psia

Distillate Composition Minimum Reflux Rate

Distillate Composition Minimum Reflux Rate

Total Mols Total Mols Total Mols _ Total Mols

iC4 20.00000 - New Method 190.311 104 20, 00000 New Method 192,975

Underwood Underwood
.2 C 20,000
mC4 20.00000 @ Tave 177.223 n 4 00 @ TAve 179,731
C .

i€y 19.37217 L Underwood 155, 440 1€y 19.53892 L Ugderwood 157,589
© Treea c 0.71201 X "Feed

nCg - 0.78802 B .7 143.323 "% -7iz0n Maxwell 145.366

Total 60.16019 Winn 173.266 Total 60.25093 Winn 175,458



TABLE XVIII

Feed Composition 3 Feed Condition BP Ligq.

Total Condeniér Tower Pressure 100 psia

TABLE XIX

Feed Composition 3 Feed Condition: BP Liq.

Total Condenser Tower Pressure 100 psia

Digtillate Composition Minimum Reflux Rate

Distillate Composition Minimum Reflux Rate

Total Mols Total Mols Total Mols Total Mols
C3 10.00000 New Method 123,487 C:5 10, 00000 New Method 118,061
ic 18.36573 1  Underwood 115,742 ic 17.90530 L  Underwood 109,892
4 @ Tave 4 @ Tave
nC, 1.61941 H Ugd;rwood 117.746 nC, 1.94810 H Ugderwood 111,804
Feed TFeed
Total 29,98514 Maxwell 99,928 Total 29,B85340 Maxwell 94,675
Winn 113.043 Winn 107.199
TABLE XX TABLE XXI
Feed Composition 3 . Feed Condition BP Liq. Feed Composition 3 Feed Condition BP Ligq.

Total Condenser Tower Pressure 75 psia

Total Condenser Tower Pressure 75 psia

Distillate Composition Mipimum Reflux Rate

Distillate Composition Minimum Reflux Rate

Total Mols Total Mols Total Mols Total Mols
C:,’ 10.90000 New Method 46.075 CG 10.00000 New Method 46,850
ic, 20,00000 U;d;:::°d 41,628 ic, 20.00000 Ugd;:::°d 42,392
nC4 19.27919 L Ugd;;wo;d 37,301 n(.)l1L 19.40874 L Ugd;;wo:d 38,008
iCS 1.10445 B Max\ve;; 29,375 i05 0.96838 R Maxwei; 30.261
Total 50.38364 Winn 35,046 Total 50.37712 Winn 35,713
TABLE XXIL TABLE XXIII
Feed Composition 4 Feed Condition BP Lig. Feed Composlition 4 Feed Condition BP Ligq.

Partial Condenser Tower Pressure 150 psia

Partial Condenser Tower Pressure 130 peia

Pistillate Composition Minimum Reflux Rate

Distillate Composition Minimum Reflux Rate

Total Mols Total Mols Total Mols Total Mola
02 §.00000 New Method 4B.596 02 5. 00000 New Method 47,682
!

c 18.66793 L Underwood 40,498 c 18.56424 L Underwood 39,866
3 @ Trve 3 @ Tave

i.C4 0,66297 H Ugd;rwood 40,234° iC4 0.77572 H Ugd;x‘woozli 39,385
Feed Total 24.33996 Feed

Total 24,33090 Maxwell 36,276 ota .3 Maxwell . 34.521

Winn 31,090 Winn 30.377

TABLE XXIV TABLE XXV
Feed Composition 4 Feed Condition  BP Lig. Feed Composition 4 Feed Condition BP Ligq.

Partial Condenser Tower Pressure 100 psia

Partial Condenser Tower Pressure 100 psia

‘Distillate Composition Minimum Reflux Rate

Distillate Composition Minimum Reflux Rate

Total Mols : Total Mols Total Mols Total Mols
C2 5,.00000 New Method 86,434 - C2 5.00000 New Method BB,615
Underweod Underwood
C3 20,00000 @ Tave . 92.703 CS 20,00000 @ TAve 96.688
iC‘a 14,17280 L Underwood 77,526 j.C4 14,47215 L Ugderwood 80,987
. @ Tpeeq " TFeed

nfy 0.75932 H Maxwell 69.259 nCy 0.52592 Maxwell 72.570
Total 39,93212 Winn 83.313 Total 39.99807 Winn B6,725



TABLE XXVI

Feed Composition 4

Partial Condenser

Feed Condition BP Lig.

Tower Pressure 75 psia

TABLE XXVII

Feed Composition 4

Partial Condenser

Feed Condition

Tower Pressure 75 psia

Distillate Composition

Minimum Reflux Rate

Distillate Composition

Minimum Reflux Rate

Total Mols Total Mols Total Mols Total Mols

C2 5.00000 New Method 33.506 C2 5,00000 New Method 32.089
Underwood Underwood
20.0000! . .
C3 0.00000 @ Taye 34,352 C3 20,00000 @ Tave 33.923
1C4 15,00000 Underwood 27,073 iC4 15.00000 Underwood 26.546
c 14.91426 L ® Treed @ Treed
nCy ‘ Maxwell 20.695 nCy 14.98883 L Maxwell 20.079
iC5 0,36575 H Winn 29,237 iC5 0.48801% H Winn 28,927
Total 55,28001 Total 55,47684
TABLE XXVIII TABLE XXIX
Feed Composition 5 Feed Condition BP Lig. Feed Composition 5 Feed Condition  BP Lig.

Partial Condenser

Tower Presaure 300 paia

Partial Condenser

Tower Preasure 300 psia

Distillate Composition

Minimum Reflux Rate

Distillate Composition

Minimum Reflux Rate

Total Mols Total Mols Total Mols Total Mols
Cl 1,00000 New Method 60,576 C1 1,00000 New Method 59,467
Underwood Underwood
[ 5.00000 54.577 C .
P @ Tave 5 5.00000 @ Tyye 53.902
22, L
C3 2,88838 Underwood 52.073 C3 22.84916 L Underwood 51,243
@T @rT :
ic 0.95873 H Feed c Feed
4 . Maxwell 40,405 16, 1.10860 H o well 39,559
Total 29.84811 ¥Winn 39,614 Total 29,95577 Winn 38.705
TABLE XXX TABLE XXXI
Feed C&mposition 5 Feed Condition BP Liq. Feed Composition 5 Feed Condition BpP Lig.

Partial Condenser

Tower Pressure 150 peia

Partial Condenser

Tower Pressure 150 psia

Distillate Composition

Minimum Reflux Rate

Distillate Composition

Minimum Reflux Rate

Total Molas Total Mola Total Mols Total Mols
C1 1,00000 " New Method 47.745 C1 1.,00000 New Method 51,093
Underwood Underwood
. 50.472 C 65,0000 .
C, 5.00000 @ Taye 2 0 @ Ty, 51.622
C3 24,00000 Ugdfrwond 31,641 C3 24,00000 Ugd;rwood 32.612
. Treed . 15. 00000 Feed
ic, 15.00000 Maxwell 24,309 icy 5. Maxwell 25.346
nC4 14.80045 L Winn | 33,863 nC4 14.985079 L ¥inn 34,603
105 0.22947 H 105 0.08176 H
Total 60.02992 Total 60.,03255
\
TABLE XXXII TABLE XXXIIT
Feed Composition 7 Feed Condition BP Liq. Feed Composition 7 Feed Condition BP Liq.

Partial Condenser

Tower Pressure 300 psia

Partial Condenser

Tower Pressure 300 psia

Distillate Composition
Total Mols

Minimum Reflux Rate

Distillate Composition
Total Mols

Minimun Reflux Rate
Total Mols

62 5,00000
C3 13.76581 L
1C4 1,84454 i

Tolal 203,61035

Total Mols
New Method 46,743
Underwood 34.516
@ Tpve
U?dﬁrwood 36.356
@ Tpeed
Maxwell 19,254

Winn 23,164

C2 5,00000

C3 12,62757 L

iC4 2,890561 H

nC4 0.84097
Total 21.36415

New Method 34,644
Underwood

23.427
@ Tpye
Underwood

24.051
@ Treed
Maxwell 10,906
Winn 14.170

BP Lig.



TABLE XXXIV
Feed Composition 7 Feed Condition BP Liq.

Partial Condenser Tower Pressure 100 psia

Distillate Composition Minimum Reflux Rate
Total Mols Total Mols
C2 5.00000 . New Method 28,447
Underwood
C:5 15,00000 @ Tyye 32,498
104 10.00000 U;d;rwood 20,475
C 84604 L Foed
nCy 9 Maxwell . 13.005
105 0.32002 H Winn 21,384
Total 40.16606 )
TABLE XXXV
Feed Composition 7 Feed Condition BP Liq.

Partial Condenser Tower Pressure 100 psia

Distillate Composition Minimum Reflux Rate
Total Mols Total Mols

02 5.00000 - New Method 20.188

Underwood
C 15.00000 33.2090

3 @ Tyye

104‘ 10.,900000 Ugd;rwood 21,141

L Feed
nC, 9.97511 Maxwell 13,769
iCs 0.21596 H Winn 21.951

Total 40.19107



TABLE XXXVI

Feed Composition 3 Feed Condition BP Ligq.

Total Condenser Tower Pressure 150 psia

TABLE XXXVII

Feed Composition 3

Total Condenser

Feed Condition BP Lig.

Tower Pressure 150 psia

Distillate Composition Minimum Reflux Rate

Distillate Composition

Minimum Reflux Rate

Total Mols Total Mols Total Mols Total Mols
Cy B8.21174 L New Method 35.915 Cq 8.21174 L New Method 32,526
: Underwood Underwood
5.23098 . .

104 2309 H € Taye 24,419 iC4 5.70342 @ TAve 25,113

nC4 1,46132 Ugd;rwood 28,018 nC4 2,25254 H Underwood 28,401
Total 14,90402 Feed Total 6.16 e TFE&d
otal. ’ Maxwell 20,075 ota; 16.18970 Maxwell

¥inn 11,618 Winn

TABLE XXXVIIX
Feed Composition 3 Teed Condition BP Ligq.

Total Condenser Tower Pressure 150 psia

TABLE XXXIX

Feed Composition 3

Total Condenser

Feed Condition BP Ligq.

Tower Pressure 150 psia

Distillate Composition Minimum Reflux Rate

Distillate Composition

Minimum Reflux Rate

Total Mols Total Mols Total Mols Total Mols

c, 7.80727 L New Method 32,534 Cy 7.89727 L New Method 30,684

ic 5.20751 H Underwood 22,339 ic 5.576453 Underwood 23,642
4 @ Thyg 4 ' @ Taye

nC, 1.88186 Uad;rwood 28,718 nc, 2.31478 H Underwood 26.788
o Feod N @ Tpoed
Total 15,04634 Maxwell 18,034 otal 18,78848 Maxwell

Winn 10,407 Winn
TABLE XL TABLE XLI

Feed Composition 4 Feed Condition BP Liq.

Partial Condenser Tower Pressure 300 psia

Feed Composition 4

Partial Condenser

Feed Condition BP Liq.

Tower Pressure 300 pala

Distillate Composition Minimum Reflux Rate

Distillate Composition

Minimum Reflux Rate

Total Mols Total Mols Total Mols Total Mols
02 3.19781 L New Method 1¢,42188 02 3.19791 L New Method 17,113
Underwood Underwnod
[} 4,38610 H ; 8,7808 C. 4,67504 11,151
3 @ Taye 3 @ Tyye
104 0.08184 Ugd;rwood 12,039 1C‘1 0,63009 H Ugd;rwood 14,605
68385 Feed Total 8.40304 Feed
Total 7.6638 Maxwell 5.620 ota : Maxwell
Winn 4,377 Winn
TABLE XLII TABLE XLIII

Feed Composition 4 Feed Condition BP Ligq.

Partial Condenser Tower Pressure 300 psia

Feed Composition 4

Partial Condenser

Feed Condition BP Lig,

Tower Pressure 300 psia

Distillate Composition Minimum Reflux Rate

Distillate Composition

Minimum Reflux Rate

Total Mols Total Mols Total Mols Total Mols

c2 3.62115 L New Method 23.356 C2 3.62115 L New Method 20,573

Underwood ‘ Underwood
4,10628 H 12,471 - 5.
Cz @ Taye C‘J 16585 @ Ty, 13,314
Total 7.72743 Underwood 18.201 ic, 0.37154 H Underwood 17.366

@ Tpgeq Total 9.1 © Treea
Maxwell 7.616 ota - 15854 Maxwell
Winn 7.035 Winn



TABLE XLIV

Feed Composition 1

Total Condenser Tower Pressure

Feed Condition BP Lig.

25 psia

¢
{

‘Distillate Composition

Minimum Reflux Rate

Total Mols Total Mols
nC4 23.89377 L New Method 45,340
Underwood
. B 37,360
iCs 1.65478 @ Tave . .
' Total 25.54855 Ugd;rwood 30,349
Feed
Maxwell 36,684
Winn 27.003
TABLE XLV
Feed Composition 1 Feed Condition 50% Lig.
Total Condenser Tower Pressure 25 psia

Distillate Composition

Minimum Reflux Rate

Total Mols Total Mols
nC4 23.89377 L New Method 85.785
s Underwood
iC 1,65478 H 66.758
5 @ Tpye
Total 25,54855 Ugd;rwood 72.651
Feed
Maxwell 62,132
Winn 68.502 .
TABLE XLVI
Feed Composition 1 Feed Condition DP Vap.
Total Condenser Tower Pressure 25 psia

Distillate Composition

Minimum Reflux Rate

Total Mols Total Mols
nC4 23,89377 L New Method 139.687
. Underwood
1C5 1.65478 H @ Ty, 107.856
Total 25,54855 Ugd;rwood 117.217
Feed
Maxwell B87.680
Winn 92.170



CHAPTER VI
CONCLUSIONS

At the time of puhliémtion, Bachelor's method was probably the
best general method of minimum reflux calculation that had been pro-
posed., It was the only method available that included a product
correction feature that was free of the assumptions of constant mo~
lal overflow and constant relative volatility. While requiring a
large amount of hand calculation, the results are more accurate than
any of the plate to plate celculatiorns proposed earlier, since the
products are correct for the feed condition and amounts of key com-
ponents in each product,

J., Erbar's trial and error short cut method is somewhat easier
to use by hand., Erbar's calculation procedure is also free of the
classical assumptions usually made in minimum reflux calculations
and predicts the distillate composition.

If the prohlem can tolerate the assumptions of constant molal
overflow and constant relative velatility, or if the products -are
di@.tfibutedﬂ Underwood's second method of calculation is much short-
er than either of the above mentioned methods., Underwood's method
does contain a product prediction feature.

f'or feeds: wherein the rigorous methed predicted that all com-
ponents except the keys were nondistributed, Underwocd's method also

predicted the same digtribution., If cne or more components other
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other than the keys were distributed according to the riworoﬁs method,
Underwood’®’s method made the same type of prediction, However, the
amounts of the distributed non-key components were somewhat different,

The assumption of constant relative volatility is no lomnger pre-
sent if the products are distributed and relative volatilities at
the feed temperature are used, The liguid thus calculated is the li-
guid entering the feed zone, 'Heat balances can be made around the
rectifying section and the condenser to determine the minimum reflux,
Hence, constant molal overflow need no longer to be assumed.

The method presented in this thesis is rigorous and the mini~
mum reflux may be found to any degree of accuracy desired., This me~
thod is not feasible for hand calculation, but is easily adaptable
to medium size digital computers. This method could be used to
great advantage in checking the reliability of short cut methods,

This is suggested as a means ol discovering just which short cut
methods can be used for a fairly good estimate of the mivimum reflux,
under what conditions the short cut methods are most reliable, and
what the depgree of reliability wight be for the variouvs methods,

This vse has beson made in thias thesis for bubble polint feeds.

It has shown that Underwood's second method is fairly reliable con-

sidering the assumptions inhereant in it.



LIST OF NOMENCLATURE

A - component ratio in equilibrium streams, L/Kiv =>1;.L/vi

B « bottoms, total mols

D =~ distillate, total mols

F - feed, total mels

G‘ - component ratio in passing streams above feed entry, lcPi/vri
K - vapor-liquid equilibrium ratio, y;/x;

L = liquid, total mols

N = trial number

G =~ heat load, Btu

8 =~ compcnent ratio in equilibrium streams, VKi/L = vi/li

U <~ component ratio in p;ssing streams below feed entry, V;\Pi/lSi
V - vapor, total mols

b - individual bottoms component, mols

d =~ individual distillate component, mols

f = individual feed component, mols

g -~ relative passing stream ratio above feed entry

1 = individual liguid component, mols

m =~ plates in stripping section of distillation column

n - plates in rectifying section of distillation column

q = feed condition specification

ro.s,t - terms in equations pertaining to Bachelor's method for
flashed feeds

u - relative passing stream ratio below feed entry

48



individual vapor component, mols
mol fraction of a component in the liquid phase

mol fraction of a component in the vapor phase

Q -

fraction of component not absorbed

ﬁraction of component not stripped

tray above feed entry
tray below feed entry

root in Underwood method

“relative volatility

Subscripts

bottoms
distillate
feed zone
feed
heavy key
individual component

light key

liquid

rectiﬁyin@ pinch zone

rectifying =zone

stream entering rectifying section
stripping pinch zone

stripping =zone

stream entering stripping section

vapor

tray above feed entry

tray below feed entry
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APPENDIX A

OUTLINE OF BACHELOR'S ME%HQD OF CALCULATING MINIMUM REFLUX

Data necessary: Liquid and vapor enthalpy data

9.

Vapor-liquid equilibria data
Feed composition, guantity and condition
‘Light and heavy key component digtributions(mols)
An approximation of tﬁe distillate composition
Choose totals of key components in the distillate.
Determine feed condition, temperature and .enthalpy,
Assume T and T, = $1/6(T, +T,) + 1/2(T4+ 1, ).
Calculate gi and u, = ai at assumed temperatures,
Calculate Gi and Ui°
Calculate di and l@io
Check assumed temperatures against calculated temperatures, If
the two do not agree, recalcuiate, starting at 3 with the new
tempefatures. If the calculated and assumed temperatures agree
within the limits set, proceed to 8,
Calculate v¢i and bi by material balance,
Calculate trays out from the feed in both directions. Thoreare
the trial number plus two trays in each section. These calcula-
tions are made az shown below for the rectifying zones, assum-

ing trial number six for purposes of illustration.
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Tray No Components Appearing Components Not Appearing
I ° in the Bistillate ' in the Distillate

) Voi = (1¢+li/di-fl)di = lwi/(L/Kiv)w
P+l Vosl. = (1 /8, +1)d, = vmi/(L/KiV)w+1

i P+2,

i

©+2 Veors, (1m+3n/di1~l)di = vw+l./(L/KiV)@+2

i i i
P+3 vcp+3i (1w+4i/'di +1)di = V$+21/(L/Kiv)¢+3
@ +4 \rq>+4_i = (l(p+5i/di +1)di = vcp+’3i/(L/KiV)q)+4
P+3 Vous, = “o+d, = vcp+a1-./(L/]'€'iV)cp+5

i i i
©+6 V(P+Gi = v(p+5i = V(P"'é‘&'i = V(P+E.ji/(L/.&a.iV)(P+5
w+7 v ., =V =V _ ., =V =v,. = 0

m+ii (p+6i m+ui 0 +4 Ri

10, The compositions of the iiquid streams above the feed tray are
nbt necessary since Bachelor recommends that the over-all rates
and average molecular weights of the vapor streams and the dis-
tillate be used to determine the évera@e molecular weights and
rates of the liguid streams.

11, Dew points are calculated on qll vapor streams to determine
the plate temperatures,

12, Make a sinpgle liquid rate correction based on a heat balance
around th@;trmyg For example, for the first tray:

L HyVy + BV - HL = Hy D
0w+l T ‘

quj - HL(P'*‘]-

This new value of the liquid entering tray ¢ plus the distil-

late is equal to the total vapor leaving tray ¢. Since the



13,

14,

15,

16,

17,

18,

compositions are assumned to remain the same, no further cor-

rection of the total guantities of the passing streams above

tray ¢ can be made, Similar calculations)are made on the other

trays above the feed,

Calculate the enthalpies of the vapor and liquid streams above

the first tray using enthalpies based on average molecular

weights.

The results of the last tray are assumed to be the ¢onditions

in the pinch =one,and the BSouders-Brown rectifying pinch zone

equation is used to correct the total stream quantities and

temperature,

A series equation is used to correct the feed zone to product

ratios, Bachelor recommends that thie equation be initiated

at the third correction from a distributed feed. This will

allow it to be correct if the feed is distributed and gives a

better second guess if there are nondistributed compdnentaa

The rétios of lwi/di are now used to calculate the new values

of 8-

Steps 9 through 15 apply specifically to the r@ctifyimg section
: ‘ l

of the column, Similar calculations are made for the @fripying

section of the column and new values of u, are found.

Calculations are now resuned at step 5. Of course, step 7 is

no longer included., Bachelorn suggests that the calculations

be considered complete when there is noylonger a significant

change in G, and Uio

i

Heat and material balances are now made arocund the rectifying

' ¥
E

section and around the condenser to determine the minimum re-

flux rate,
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Derivation of Equations for Bachelor®’s Method

Pertaining to Bubble Point Feeds

All equations refer to Figure 5.
Basic equations Ibr a bubble point feed:

V, = 0
.m,,Vr:V\i',

Material balance 'A' around feed

fl + gyl + lwi = 151 Vg
(4) £y = lai~ 1m1
By definition
Lo Yoi
(1) G = i and (2) U, = ==~
i v, i 1.,
rl s1
rearranging,
v, .
_ = S
(3) Loi = G3Vey (4) Ysi U
1Lpi ]
(5) Yri TG T Yvi T sili
lmi
(6) loi = 1eiVi% (?) i = &0
- , i’i
PDerivation of:
fiUiGi
l . = —
1 1 .vu.6,
i’i
(A) £f.=1.-1



Substituting Equation (7)3

£,

i

f.U,G,

i7ii

£f.0U.G,

itivi

therefore, 1wi
Derivation of:

1 .

si

(4) £,

Substituting Equation (86):

i
£,
i
therefore, 1 .
si
Derivation of:
V?i =
From (1b) 1

= 1Lpi v lwiUiGi

= (1= UiGi) 1%

£,U.G,
L -3 (1a)
(T20;6)

S T— (1b)

WOV . R oo
Tl = UGy



(4) A E S

therefore, v$i m OV, W e

Derivation of:

Material balance ‘B’

Substituting Equation (3):

d, =v. ., - G,v_.
i ri i rl

o
1
—_
fo]
§
¥
e’
<

from (1lc)

<

2]

e
ji

" therefore, v d

Derivation of:?

i
=
Fan
—
L
=]
[
~

(1c)

(14)

38



Material balance 'C’

b; + Ywi T tsi

Substituting Equation (5):3

From Equation (1b)

£
lsi =
(1 -~ U.G.)
ii
fi
therefore, b, = e 1 - Ui) (1e)
‘ 1l - U.G.
iti
Derivation of:
s fiUi - di
G, = ‘
1 Uib;

£30;(1 - Gy)
(14d) d, = =—ee——
1 1 ~ Ujby

a, - 4, U.G, = £, U, - £ .U.G,
i i7ivi iti Tivivi

(f, -4.)U.G, = f£.U, -~ d.
1 1 1 1 b

Substituting material balance !DP,



b, U,G, = £,U, « 4,
i7i7i il i

fiUi = di
G 1 ORI

i U;b,

Definitionsg of other basic relationships:

vri Gi

1 Vi |

v i : v‘-Ph Ul

(9) i lgi 1sh ‘ Unh
0 = e ] -
1 G] (11) U} = Ulu]

Perivation of3
dlbh(gl/ul) = d by

U = : - =

B flbh%l‘m'fhbl
o £,0, (1~ Gll

1 T=074;

rearranging,

d, - dlUlGl = flUl = flulGl

Substituting Equations (10) and (11),
_ Gy Gy,
di ~ dgUpuy =~ = frUnuy = £1U0ip0y 0
a1 1%h 1gl 1Vh11 1th 15
Substituting Equation (1f)

dyUpuy (£,U, = dp) £,0,u (£,0,

{1f)

- d

h

)

o= = f U u = -
" \ 1Ynuy ‘
1 g1y Yy E1PUn

60



61

rearranging,

du f U d u.dh _ flulthh fluldh
d. + + " = fthulw 7 + —
£1°n €1°h

o . Gty MY U n fHe f U . 4 U Ty
1 &by 8P, 1'h71 gy by &Py
u.d } u, f. U
1% 109,
d, = (f, =@, )eioe = £ U y, = (. = d, ) =
1 I RN N e RS T R

810pd) - Uy - dpwdy = £, 0 me by - () = d) w10,
Substituting material balance 'D’
f. = b, + d
i i i
glbhdl - bluldh .
flulglbh = blulfh h
Dividing through by uy
. dyby ey /uy) = dpby (1e)
h flbhgl = fhbl

It should be noted that when solving problems using these eqgua-
tions, only Equatimns.(la)g (1d), (1£f), and (1g) need be used., Also,
Equations (2a) and (2b) for a flash feed may be used in place of
Equations (la) and (1d) for a bubble point feed and (3a) and (3b) for

a dew point feed since terms not applicable automatically drop out,



Bachelor's Method - Eguations for Flash Feeds

(v..+1,..0.)
fi fii
(2a) d; = o - 6)
1 1
(2b) | R £ 0 it A o
@i = 1-U.U.
1 1
(2¢) . (dy -vep) = 1oy

h T - -
v (g ‘1fh)Uh Veh

—stVsz-ll-rt
(24) U, = 5=
Y
where: r =1fh%-;-1 (ql-lfh) = 140,(d -1.)
] v,
8 = (dl-vfl)(dh-lfh)-(dh-vfh)(d1-1f1)§z
1. v
fhYf1
*lpvenYy - &,
v
£1
t = (dh-vfh -—é-l-- - (dl-vfl)vfh

Bachelor's Method - Equations for Dew Point Feeds

i'i(l -Gi)
(3a) ‘ 4 =T -UG-
1 1

f.G,

11
(3b) loi = T-0.6.
1 1

62



(3c)

(3d)

v - fby = (30, /87)

h = byd - hhd.l(Ul/@};l)
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APPENDIX B
OUTLINE OF J, BERBAR'S MINIMUM REFLUX CALCULATICON PROCEDURE

Data necessary: Vapor and liguid enthalpy data
Vapor-liguid equilibria data
Feed composition, rate and condition
Light and heavy key component quantities

An approximation of the distillate composition

1. If distributed products are suspected, assume TR and TS egual to

the feed temperature. If nondistributed products are expected,

one can assume T, = T, - l/G(Td-ka) and Ty = T

2, Assume values for (L/V)R and (V/L)

gt l/ﬁ(Td-ﬁTb)o

g using the criteria that
(L/T{hV)R < 1 and (VKl/L)S‘< 1. A good first approximation is
that (L/Khv)R and (yKh/L)R = 0,95. Calculate values for both
the light and heavy keys in each pinch zone.

3, For the first trial, the pinch zones can bé assumed to extend

through the feed zomne, therefore,

(L/Kiv)R = (L/I;iv)Lp and (VKi/L)S = (VKi/L)

4., S8ince ARy » Ale Ay s and Ap, are known, Aemzl and AQRZh can be
found using Figure 7. The same is true for the stripping section

80 BSe ard ﬁeszh may also be found,

¥4
8, The valuea‘qf ¢ARZ and gSRZ are now calculated for the light and
heavy key components,

Papg, =1 = Aepg;

64



10,

65

oy - 1 = y.. "
g*"szi Segz;

For the second through nth trials, these values are compared with
those of the preceding trial if the feed momne was in heat balance
in step 16, If the values from successive trials agree within 1
to 2% and the feed zone heat balance is within tolerénce$ 1 to 5%,
cglculations may be completed in step 22,

The values of AF for the light and heavy keys can be calculated

from

Since AFl = %1Ap, , the feed zone temperature can be checked,

h

If this temperature, TF9

(V/L)S should be decreased. If T is greater than Tg, both ra-

is smaller than Ty both (L/V)R and

tios should be increased, The changes in these ratios must be
made, remembering the limiting criteria mentioned in step 2,
Calculations now revert to step 3,

If the feed zone temperature calculated is within range between
TR and ng calculations proceed toxstep 8.

Bimce TF is known and AFI and Apy have been calculated, (L/Y)F

can be éomyuted from the definition,

Ap; = (LK V)

Values of AFig gARZ- and ¢E%Z“ are calculated fer the remain-
o 1 L* 1 .

ing components.

Using the data calculated in step 9, the product distributions
are calculated usin% Eguation 7. Nondistributed components are

indicated by ratics of 0O or w.



11,

12..

13,

66

Using material balances, the compositions of the products are

computed.
£y b
fl=dl+bi a;:l-b—-

4 = T/

The composition of the liquid, lp,leaving the feed zone is cal-

culated by
by
lp, =
i
gsszi
The vapor, VF, is found using
dj
VR, =
i ¢ARZi

These equations are valid for all distributed components and for
those nondistributed components appearing in the product from
each section, For example, a feed stream contains five compo-
nentsj the lightest component appears only in the distillate}
the next three heavier components are present in both products
Agnd the heaviest component #ppears only in the bottoms. Then 1F
can be calculated for the heaviest component and the three dis-
tributed components. The Vp equation above, applies also to
the three distributed components and to the lightest component.

The nondistributed component quantities leaving the feed zone

may be computed, applying the definition

Apy = (LK Vg = 1py/VF;
AF was calculated in step 9 and one of the feed zone guantities

is known from step 12.



14.

15.

16,

18,

67

By material balance, calculate VWi and 1@1

The temperature and enthalpy of each stream entering and leav-
ing the feed zomne are calculated.

A heat balance is made around the feed zone., If the feed zone
is in heat balance, calculations are continued but the values
calculated in step 8 should be checked.

If the heat leaving the feed zomne is greater than the heat en-
tering, the total stream guantities in the rectifying section
are adjusted, If the heat entering the feed zone is greater than
the heat leaving.leaving the feed zone, the total stream quanti-
ties are adjusted in the stripping section. In either case, com=~
ponent material balances are adjusted by holding the composition
of the smaller stream constant in the affected section. This
procedure eliminates the poés;bility of negative material balance
guantities,

Plate calculations are made around plates ¢ and Y to find new
values for (L/K)(p and (V/IJ? . T@ and Ty, were calculated in
step 15,

If a negative material balance is encountered, constant molal
overflow is assumed for this trial. The temperatures T@ and T
are modified to reduced cycling.

_Tocarc *Toass . Twearc * Tvasew
2 - ) ' W T >

Ty

Tos carc * Tog

2

For the next trial, T¢3 =

From the results of step 17, the values of A@i and Syi are cal-

culated.



19,

68

The pinch zone compositions are found by the Brown-Souders pinch

zone equations.

d, b.
Ri ® T-Ag; 5i 7 T-8g,

Carry out pinch zone tray calculations based on adjusted heat
guantities. Here again, use smaller stream quantities and com-
positions and adjust larger,

The temperature of each pinch zone should be found by bubble or
dew point calculation., The temperature thus found for each zone
is averaged with that from the preceding trial to reduce oscil-
lation in convergence,

New values of AR; and Ssi can be calculated. Calculations are
resumed at step 4. BStep 7 is used simply to find the feed zone
temperature, not for checking purposes,

Heat and material balances are made around the upper section of
the‘column and condenser in the conventional manner to determine

the heat load on the condenser and the minimum reflux.
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J. Erbar's Method -~ Equations for Minimum Reflux Calculation

All equations in Erbar's method refer to Figure 6.

Panz, =1 = Aeggy (1) Poguy = 1 = Segyy (2)

By definition,

,AFi = (L/Kj_V')F = lFi/vFi (3)

dividing through by bj/di , and rearranging

OV (4)
Since
vp. /d. = 1 (5) p; /b, = L (6)

then, substituting Equations (5) and (6) in Equation (4),

b, gﬁszn
T% = AF'i. 53 = (7)
i T PApz,

For the derivation of these equations for general application,
refer to Edmister (]10). For the derivation of the equations and

applications to the minimum reflux, refer to Erbar (14),
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APPENDIX C

Reference to step 2, p. 29! In Bachelor's method, the recom-
mendation is made that the temperature of the rectifying pinch zone
be first assumed equal te the approximate distillate temperature
plus 1/3 of the "average" tower ‘temperéture° The temperature of the
gstripping pinch is assumed to be the bottoms temperature minus 1/3
of the average towgr temperature, 7This requires an approximation of
the distillate and botioms compositions in addition to unnecessary
calculations on these approximate compositions., In addition, and
of most importanqe, gquite often this first approximation of T, and

TS will result in temperatures both of which are above the actual
femperature of the stripping pinch zone or below the temperature of
the rectifying pinch_zongé.’lf this occﬁrs, it becomes imposgible

to calculate realistic values of Ui or Gi (see Appendix A) and forces
negative compesitions in the distillate and/or feed zone. This is
immediately obvious to an experienced engineer who is making hand
calculations. It would mot be obvious to those unfamiliar with the
intricacies of distillation calculation. In addition, such condi-
tions would require comﬁlex testing on the computer. For this reason,
the method reported in this thesis makes the initial assumption that

the pinch zone temperatures are equal to the feed temperatures.
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Derivation of the General Series Equation

For Internal Stream — Product Ratios

For simplicity, "i" will be left off as a subscript., However,
all "l"s, "v"s, "A"s, and "K"s indicate single components.
A material balance around some plate, 9o +n, in the rectifying

section gives

l@+n + vcp+n = w+n+l vw+nwl (1)
Since, by definition, K = y/x, ¥y = v/V and x = 1/L, then
v/V l L - 1
K-—m? -‘-r--ﬁ, and V-m
By definition, A = (L/KV)
then v = 1/A (2)
Substituting Equation (2) into (1)
1
Q+n-1
1 + Vv =1 [ oy
P+n ¢+n ¢o+n+l Aw+n-l
réarranging,
lcp+n-l = (l@+n + v(p+n - 1(p+n+l)Acp+n—l (3)

By combining a number of relationships similar to those of Equa-
tien (3) for the plates in the rectifying section of a column, the

following general eguation is obtained.

A A A +...+AA, ... A

= A A
lm - vl(Aw'FA A P+279+17 172 P+n ° mfl 0]

9+l T

A A -fnon-rAzeoq A eood A (4)

- 1o (A +A) 1A oen 0r18

o189 g r2he 180

The above equation was first derived by Brown and Souders and has
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been used in many distillation calculations (1,2,7,10,14).
Rearranging Equation (4)

1 =4 A A
(A¢+

® U+l )

tooo tALAL oo 000A2)+v1(AA R P 1

+1 P+n 0 0+l ©+2 1
(5)
Since, at the minimum reflux, there is a zone of infinite plates over
which the compositions and total quantities of the stream remain
constant, the ﬁA"s will also remain constant. If the A for some com-

ponent is less than 1,0 in this infinite zone, all terms above this

zone become zero, Therefore, Equation (5) becomes at minimum reflux

2 ©
l(P = d(“\(p-'-A(PA(P-f-l-FD o o +A(PA(P+1 0o DAJ}I')-'-A(PA(P-}-]_ o o QA.]{ + o000 +A(.PA(P+1 oo OAI& )

. w \ . ,
where the term containing A, = 0, and all preceding terms are in or-

R

der of decreasing wagnitude,



Table No,

I1
III
Iv

VI
VIX
VIIT
IX

XI
XTI
XIII
XIV
XV
XVI
WII
XVIII
XIX
XX
XXI
XXII
XXTII
XXIV
XXV

APPENDIX D

PERCENT DEVIATION OF APPROXIMATE METHODS

FROM RIGOROUS CALCULATION RESULTS

Underwood

[ 1
Tave

«14,950
~14,742
~17,598
- 8,494*
- 8,454*
= 9,512*
- 8,086*
- 2,366
- 2,935
- 1,774
-11,701*
-10,727*
- 9,231*
- 6,838*
- 8,876

- 6.863%

~ 5,402
~ 6,919
- 9,652%
- 9,515*
~16,664*
-16,392*
- 7.253

- 9,110

Underwood

Treed

~14,736*
~14,252*
~13,212*
~15,008
~14,957
~15,935
-14,601
+ 6.995*
+ 7.340%
+ 7.504%
~13.986
~12,947
-11.480
18,452
-18.322
~18.337
- 4.875%
- 5,224%
-19.143
~18,.873
~17.,207
-16,981
-10,307

75

Maxwell

~-18,882
=19 .544
=18,310
-17,.759
-17,662
~18,582
-17.271
+ 1,082
+ 1,545
- 1,804

32,358

=}

B

-32,331
-33.176
-24.888
~24,5680
=~ 24,671
~19,154
-15.808
~36,.245
- 35,409
-27.410
~ 27,601
-19,.871
-18.107

Winn

=39,131
~40,362
-40,442
- 9,914
-16,046
-11,182
- 9,881
~ 3,749
- 3,088
- 2,642
-24,869
- 20,285
~23.645
- 8,580
~ £.956
- 9,078
- 8,491
-~ 9,200
~ 23,937

23,772

- 36,024
~ 36,292
- 3.611
2,133

8



XXVI
| XXVII
XXVIII
XXIX
XXX
XXXI
XXXIT
XXXIII
XXXIV
XXXV
XXXV
XXXVIT
XXXVITI
XXXIX
XL

XLI
XLII
XLIII
XLIV

Max.Error
Min,Error

Ave Error

* Indicates the deviation for
wood calculations. ¥or the

+1.035, Ave.Error = *11.900.

-32,378
+14,240
+14.085
~32,009
~22,791
~31,3%6
-23,276
~54,927
~34,843
-46,605
«350291;
-12,427

~54,927
+ 1,035
+14,806

~19,199
- 20,390
~14,037
-13,661
~3% . 730
~36,171
-22,203*
-30,577*
~ 28,024
~27,.570
=21, ORE*
-1, 405*
20, OH0*

= Mngi*

-33,380%

=-14,661*
-22,072%
-15,807*

12,120*

-36.171
« 4,875
$16,993

=38,234

-37,027

=33,298
=33.492
=49,087
=~ 50,3592
~58,810
~ 58,52

~354,285
=52,827

- 44,104

~ &4, D68

~71,012

=87 ,3092

~13,370

76

=12.741
- 9.854
=34,604
~34,913
=28,076
-32.247
=50 .445
-%9,088
=24 .829
ww4 795
“’ﬂ”f ¢:=w1

-G8, 012
“??0463
=69 ,880
~41 ,449
W77%463

- 2,133
“"26 o ¥ 2b8

the higher temperature of the Underm

U*  Max,Error = ~33,380, Min.Error =



APPENDIX E

BLOCK DIAGRAM FOR RIGOROUS METHOD

Set Up Constants

Punch Input Data

Float Input Data

Calculate Teed Temperature,
Enthalpy, Liguid and Vapor
Composition

Calculate g

<::>———————-Calculate Gh’ Uh

Calculate Gig U,,. 1 ., 4.,

Veit Py

Condenser Calculation

1

Is Ly, = Ly, fTolerance?

1 = Teg
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Punch Output

STOP ~ Problem is Complete

r

Plates Down Calculation

4

| Has Pinch Been Reached?

o

Add One to Plate Number

'

Reboiler Calculation

Yes

Plates Up Calcuiation

Has Pinch Been Reached?

Add One to Plate Number

'

Feed Up Calculation

)

Plates Up Calculation

} Is This Assumed Pinch Plate?

Add One to Plate Number

'
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Feed Down Caichlation

Plates Down Calculation

Is This Assuméd/pinch plate?
.

Add One to Plate Number

i

Calculate 1 ./d.
@i’ "i

Yes

Calculate g

Calculate “fi/bi

‘Calculate u
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Plate Calculation Loop

The composition of one stream,
A, is known

Aséume Total Mols of Stream A

Material Balance to Find
Stream B

Bubble or Dew Point of Cal-
culated Stream B

Heat Balance Around Plate

Is Heat Balance Within
Tolerance?

Correct Total of Sfream A

!

A

Exit

Yes
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