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IDEAL DISTILLATION SYSTEMS ] "

1.1

In this chapter we shall Jook at the synthesis of distillation-based separation systems. A
separation system is a collection of devices to separate a multicomponent mixture in two
or more desired final products. We shall start this chapter by designing a process 1o sepa-
rate a mixture of three normal alkanes. We shall next Jook at separating a mixture of five
alcohols, using insights from the first problem but adding a few as the problem has many
more design alternatives. These mixtures display fairly ideal behavior and are much easier
to consider than mixtures that display highly nonideal behavior. The heat integration of

distillation processes is the subject of the next chapter while the separation of nonideal
mixtures is the subject of Chapter 14.

SEPARATING A MIXTURE OF n-PENTANE, n-HEXANE,
AND n-HEPTANE

In this example we assume we have an equimolar mixtre flowing at 10 mol/s that is 20
mole % n-pentane, 30% n-hexane, and 50% n-heptane. Our goal is to separale this mix-
ture into three products: 999% pure n-pentanc, 999 pure n-hexane, and 99% pure n-
heptane. Let us assume the feed and the products will all be liquids at their bubble
points—that is, each is just ready to boil. If we were to decide to use distillation to accom-
plish this separation, Figure 11.1 shows two process altematives that we should consider.
In the direct sequence, we remove the most volatile species, pentant, in the first column
and then separate the hexane and heptane in the second, while in the indirect sequence, We
remove the heaviest species, heptane, first and then separaie pentant from hexane. We
might be interested in discovering which is Jess expensive (o buy and operate. When we
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{a) {b)

FIGURE 11.1 Two aliernatives o separate nC5, nCé, and nC7 using distilla-
tion: (a) the direct sequence, and (b) e indirect sequence.

*.'r:.'
consider heat integrating columns—as we shall do in the next chapter-——we can rcad‘nl%-
propose several other dist:Hation-based separation schemes. bl

11.1.1 Do the Species Behave ldeally for Distillation? i
R
We must first decide if these species display fairly ideal beliavior during distillation K
does little good to design a system assuming ideal behavior if the mixture does not di :’%
it. For example, suppose we wish to separate toluene from water. We could assume ideal
behavior and propose using distillation. However, these two species do not like each othér.
at all. They will spontaneously separate into two fairly pure liquid phases: a lo]uene-ri!:l_lﬁ'\ i
phase and a water-rich phase. If the separation is complete enough for our needs, lhenglc
cost of separating is the cost of a decanter. A decanter will likely be much Jess costly thah
the colomn we would have designed assuming ideal behavior. Another possibility ISIIII[“:
some of the species form azeotropes, as ethanol and water do. If any do, then we musl_!de-;;; g
sign a very different process even if we can use distillation to accomplish the final sepas
tion. We will look at how to check for nonideal behavior in more detail in Chapter 14.

For species that are very similar—as are the n-alkanes we are considering 2
should expect close to'ideal behavior. Table 11.1 contains some preliminary physic
property data for these species. From this data we see there is quite difference in nonng
boiling points, which should make the separation easier. All normal
above room temperature, although n-pentane is only just above. We incl ‘
properties so we have an idea of the extreme conditions we would dare to consider. -

One of the first steps we might take is to compute several flash simulations fol_'_

species to see the volatility behavior they will display in a distillation column. In pat
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Sec. 11.1 Separating a Mixture of n-Pentane, n-Hexane, and n-Heptane

TABLE 11.1 Property Data for Alkane Example

Property n-Pentane n-Hexane n-Heptane
MW 72.151 86.176 100.205
Tooiting K 309.187 341.887 37116

o 469.8 5079 540.2
Pn K 333 29.3 210

h to see what their relative volatilities are and how much they vary as
ative volatilities when we perform three flash

a simulator: a bubbte point flash, one where
50% of the feed exils as vapor, and a dewpoint flash. We used the Unifac method to eval-
uate liquid activity coefficients (as a precaution against surprising nonideal behavior). We
see that the relative volatilities do not change too much. When we consider the behavior
at infinite dilution (we did a bubble point calculation for each of three mixtures, each hav-
ing a composition of a part per million for two of the species in the third), the relative
volatilities range from 4.99 to 9.03 for nC5 relative to nC7 and from 2.25 to 3.02 for nC6
relative to nC7. These variations should not be ignored, but they do not indicate particu-

larly nonideal behavior either.

lar, we might wis
composition varies. Table 11.2 shows the rel
calculations for the feed composition using

11.1.2 Goals for Our System Design

What might be the goals for our system design? One goal is to create the system having
" As we saw in Chapter 5, we can measure

the least cost, but what do we mean by “cost
the cost by modeling the cash flow caused by our design. In this case there will be an ini-

tial investment in purchasing and installing the equipment and then there will be annual
tility and labor costs. The present

costs in operating it. Operating costs will include u
worth of these cash flows can be the cost we then choose to minimize.
We also want our process to be safe. It should not needlessly employ hazardous chem-

icals. Indeed, if the species are sufficiently hazardous, we may choose not to build the
ions of temperature and pressure if we can

process. It should not operate at extreme condit

TABLE 11.2  Example Relative Volatilities

Percent Relative Relative
of Feed Volatility for Volatility for
Vaporized Temperature nC5 Relative nC6 Relative
in Flash {K) tonC7 to nC7
Bubble Point 0 3416 6.24 2.46
50 351.3 5.51 2.32

Dewpoint 100 3574 5.76 2.36

i, Lt L
e de i

ETHE T




390 Ideal Distillation Systems Chap. 11

avoid it. 1 should also be environmentally benign. 1t should be flexible enough to operate at
expected levels of production. From both a safety and an environmental point of view, not
introducing any other species to carry out the separation would have its advantages.

For our original screening, we shall concentrate on minimizing costs, but we shall
always waich out for safety and environmental issues as they anise.

11.1.3 Evaluating Cost

1t will take us some effort to compute the costs for a column. We are trying at this point
just o screen among allernatives; perhaps we can use a simpler evaluation. One we might
consider is the vapor flow predicted within the column. The larger this flow, the larger the
column diameter must be to accomodate it. Also, for a given feed, a larger vapor flow in-
dicates a more difficult separation, which suggests there are more trays. Finally, the utili-
ties consumed in a column create vapor in the reboiler and condense it in the condenser.
Thus, the vapor flow directly reflects the utility use in a column. For this reason several
authors have supgested its use in preliminary screening of design alternatives for separa-
tion systems consisting only of distillation columns. They suggest choosing the separation
process that minimizes the sum of the vapor flows in its columns.

MINIMUM VAPOR FLOWS

How can we estimate vapor flow in a column? For nearly ideal behavior where we are
willing to assume constant relative volatilities and constant molar overflow throughout a
column, we can use Underwood’s mcthod to estimate minimum internal vapor and liguid
flows. For preliminary design purposes, we may set the actual vapor flow to be a multiple,
say 1.2, times the minimum vapor flow estimated for each column. If we do, then the total
of the actual vapor flows in a column sequence will be 1.2 times the total of the minimum
vapor flows for it. Thus, we can search for the better sequences using the total of their
minimum vapor flows.,
Underwood’s method uses the following three equations:

z Uiy fi=(1-q)F (iLh)
T O = ¢
a.
(Rmi,,+1)D=EM—'f$df= rain (11.2)
[l
RminB= ‘2 a:'if_ dlbi = ‘-’mi: (11.3)
i .

where o is the relative volaiility of species i to k, f; the molar flow of species i in the
feed, g the fraction of the feed that joins the liquid stream at the feed tray, F the total
molar flow of the feed, D the molar flow of the distillate, R,;, the minirmum reflux ratio
(= Li/D). d; the molar flow of species i in the distillate, V,;; the minimum vapor flow
possible in the top section of the column to accomplish the desired separation, Ry, the
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Sec. 11.1 Separating a Mixture of n-Pentane, n-Hexans, and n-Heptane 391

minimum reboil ratio (= V_,/B). b; the molar flow for species i in the bottoms product,
and V, the minimum vapor flow in the bottom section of the column). The final variable

in these equations is ¢, which we shall define through its use in the next subsections.

Estimating Product Compositions. We wish to estimate the minimum vapor
flows needed to separate our given feed mixture of 20% n-pentane, 30% n-hexane, and
50% n-heptane into one 99% pure product for each of the three species. To use Under-

wood's equations we must estimate the compositions for the feeds and products to a col-
umnn. To make these estimates, we need to make some assumptions about what exactly is
contaminating each product. Let us assume that a product is contaminated only by species
immediately adjacent to it in volatility. If there are two adjacent species—one more
volatile and one less—let us further assume that they each supply half the allowed conta-
mination. We assume, therefore, that the pentane product is contaminated only with
hexane, that the hexane will be contaminated equally with both pentane and heptane, and
the heptane is contaminated only with hexane. Thus, we start our problem by assuming
that the product compositions are as shown in Table 11.3, where product { is the one rich
in pentane, product i in hexane, and III in heptane. These product specifications are to

hold no matter the distillation sequence we select.
We can write equations based on molar flows,

uAnC5) + py(nC3) = 2 mol/s
RAnC6) + Ly (nC6) + Wy (nC6) =13 mol/s
nCT) + pyy(nC) = 5 mol/s

roduct specifications, that we can also write:

u, for our process as follows.

We note, from the initial p
Product I: p,(nC3) = 99 u(nC6)

£ ¢
7 5 5
Product I1: p."(I‘ICS) = -6—9—0- Wy (HCG), H it (nC?) = 6;6-” i (HCG)

©
LA Product IIL: py(nC7) =99 Wy (nC6)
pei - . . S
it Substituing these latter four into the first three gives us three equations 1o the three flows
B for hexane that we can readily solve. Therefore, we can quickly compuie the flows shown
ey in Table 11.4.
'.'.I:In:_-'.:
“ ; TABLE t1.3 First Guess at Product Molar Percentages
Product [ Product 1 Product LI
i Feed nC5 rich nC6 rich nC7 rich
iy nC5 20 99 0.5 0
nCé 30 1 99 1

50 0 0.5 99
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TABLE 11.4 Flows for Process in Figure 11.1a that Satisfy Composition Specifications
Given in Table 11.3

—

Productl Product] Productll  ProductIl  ProductIII  Product Il

Species mol/s mol% mol/s mol% mol/s mol%
nC5 1.985 0.99 0.015 0.005 0 0
nC6 0.020 0.01 2.930 0.99 0.050 0.01
nC7 0 0 0.015 0.005 4.985 0.99
total 2.005 1 2.960 ] 5.035 1

Note that for high purity products (as here), cne can readily estimate these flows
using approximate computations. The contaminant flow for Product I is approximately
1% of the flow of pentane, i.e., 1% of 2 mol/s or 0.02 mol/s of hexane. The contaminants
for Product IT are each 0.5% of the flow of the heptane: 0.015 mol/s each of pentane and
heptane. Finally, the contaminant flow for product IIl is 1% of 5 mol/s or 0.05 mol/s. We
then correct the flow of pentane leaving in product I by reducing it by 0.015 mol/s, for
hexane in Product II by removing 0.015 + 0.05 mol/s and for heptane in Product III by re-
moving 0.015 mol/s.

Estimating Minimum Vapor Flows. For Underwood’s method we start by
using Eq. (11.1) to estimate the unknown variable ¢. This equation involves only relative
volatilities and information on the overall feed to the process. Thus, its value does not de-
pend on the sequence we select to carry out the separation. We know from earlier that the
relative volatilities are not constant, but they are nearly so. We need to use reasonable val-
ues; let us pick those we obtained when flashing 50% of the feed, as given in Table 11.2.
For a bubble point feed, feed quality as indicated by q is equal 10 unity. Thus, we write:

=l X2 mol/s+ 2

551-¢ 232-0

X3 molls+il—¢x5 molls=(1-1)x10 mol/s=0

Inspecting this equation, we will discover that it has three values for ¢ that satisfy it,
one between @, 3 = 5.51 and 0, 3 = 2.32, one between 0y 3 = 2.32, and 05 3 = 1.0 and one
at infinity. To see this behavior, let ¢ take a value just below 5.51, say 5.5099999999. The
first term on the left-hand side will be very large and positive; it will dominate the left-
hand side terms. As ¢ decreases and approaches 2.32 from above, the second term starts
to dominate and move to negative infinity. The left-hand side thus decreases from plus in-
finity 1o negative infinity as ¢ moves from 5.51 to0 2.32. At the same time, the right hand
side remains at zero. Thus, there must be a solution between 5.51 and 2.32 where the left
hand side crosses zero. The second and third terms on the left-hand side display the same
behavior as ¢ moves from just below 2.32 to just above 1. Finally, the left-hand side as-
ymptotically approaches zero as ¢ approaches either plus or minus infinity. We can use a
root finder, for example, the goal seeking tool in Excel®, 1o find the two finite roots,
which are 3.806 and 1.462. B
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At this point we must select which of the two sequences we wish to analyze. For the
direct sequence, the first column separates pentane from the other two species; its light
key is peatane and its heavy key hexane. Its distillate product is product 1, and its bottom
product is everything else: the sum of products II and HI. Underwood’s method requires
us to select the value for ¢ that lie tilittes-for the key compenents _for the

- Therefore, we select ¢ = 3.806 and substitute this value into Eq. (11.2) to com-
pute V.., getting:

551 232
Vinin = oo % 1.985 + — 252 40,020 = 6.4 mol/s
min = S ST 3.806 ?

2.32 -3.806

Note we have used the distillate product flows for this colurnn in this equation,

To compute the minimum vapor flow for the second column in the direct sequence,
we must first establish its feed, which, as we noted above, is the sum of products II and 111
in Table 1}.4: 0.015, 2.98, and 5 mol/s respectively for species nC5, nC6, and nC7 re-
spectively. The light and heavy key components for this column are nC6 and nC7 respec-
tively.

For this column Underwood’s Eq. (11.1) becomes:

2.32
33! X 0.015 + —=32
551-¢ 232-¢
and the root between the volatilities for the key components is 1.553. The minimum vapor
rate is given by Underwood's equation Ii to be:

><2.98+—]—><5=0
1-¢

5.51 2.32 !
in = ——————x0.01l5+ X293+ ———x0.015=8.9 mol
min = S S1_1.553 Lt

2.32-1.553 1-1.553

The total of the minimum vapor flows is, therefore, 15.3 mol/s for the direct
sequence.

The two columns for the indirect sequence, as shown in Figure 11.1b, give mini-
mum vapor flow of 10.7 and 5.5, respectively, for a total of 16.2 mol/s. According 10 the
heuristic we should select the direct sequence.

MARGINAL VAPOR FLOWS

We introduce here an even less complicated evaluation function to compare sequences.
Both of the sequences to separate nC5, nC6, and nC7 split nC5 from nC6 and nC6 from
nC7. In the direct sequence, we carry out the nC5/nC6 split in the presence of all of the
nC7 in the original feed, while the nC6/nC7 split is without any nC5 present. in the indi-
rect sequence the reverse is true: The nC6/nC7 split has all of the nC5 present while the
nC5/nC6 has no nC7 present.

Let us compare sequences by looking at how each is impacted by the presence of
other species in carrying out a split between the key components for the column. Under-
wood’s equations give us a possible way to make this estimate. Let us rewrite Eq. (11.1)
in the form:
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'1- . e~ 4oV 2—%_./;=2 ik d:""z Ok bi=(]_9)F
Er (£ o+110 = LT_‘» ; n .' o -0 p o -0 7 oy =0
2 _ . o Rearranging and using Eq. (11.2) gives:
Rl\--.-\ B' e b + -
- Moo
N V.. -_-2.&‘;.:(1_ )F..Z ik,
min aik"b i q 0!,-.-¢ i (“.4)
i {

This equation relates V, ;. to a sum of terms for the presence of the species that exif+
in the distillate and to those that exisin the bottoms. Let us assume that the value of ¢ does
not move very much whether the species other than the key species are in the feed or nat
for a column. Then the marginal contribution we might expect to V,_, in the first column
of the direct sequence caused by the presence of nC7 is approximately:

7 o AVin(nCSICEnCTy= - mCIACT N 8 molls
’ C_m( R Ouemmcr—¢  1-3.806

We note further that ¢ has a value somewhere between the relative volatilities of the
two key species, nC5 and nC6. Let us assume it takes a value that is the average: 3.915.
We would then estimate the extra vapor {low 10 be

S x 5 mol/s = 1.7 mol/s
1-3.915
For the indirect sequence we estimale the marginal vapor flow in the first column
using the same type of argument to be

5.51
_2—.3m X 2 mol/s = 2.9 mol/s

5.51-

The indirect sequence shows a marginal flow that is 1.2 mol/s larger than the direct
sequence. Our more accurate analysis above using Underwood’s method gave a differ-
ence in total minimum flows of 16.2 — 15.3 or 0.9 mol/s. Both are estimates for the same
differences, and both are telling us the direct sequence is better.

A SIMPLE MEASURE TO COMPARE SEQUENCES

We appear to have a very simple measure we can use to compare distillation sequences

for separating relatively ideal mixtures using conventional distillation. It says to form the
term

’ ik
_ Otk ¥ Opp g
2

for each species i that is not a key component for a column but is present in the feed to a
column. The sum of such terms will indicate the increase in the minimum vapor flow

x f; (11.5)

Ok
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caused by the presence of these nonkey species for that column. We would prefer those
sequences having the lowest total of marginal flows for all columns in them.

Looking at the form of this term we see that, the more the relative volatility differs
from the volatilities of the key components, the larger the denominator and thus the lower
the marginal flow., That is intuitively appealing. We also see that the marginal flowrate is
directly proporiional to the flowrate of the species in the feed, also intuitively appealing.
A bit less obvious is that, the higher the volatility of the nonkey species present, the more
it increases the marginal flowrate. It appears that the presence of the more volatile species
is bad news. This suggests we should find ourselves preferring the direct sequence more
often than the indirect one, The extra species for the direct sequence are always the less
volatile ones in the mixture.

Reexamining our results for choosing between the direct sequence and the indirect
for separating nC5, nC6, and nC7, we see that the lesser amount of nC5 favors the indirect
sequence (it would be the better extra species present based on its flowrate of 2 mol/s ver-
sus 5 mol/s for nC7), but the higher volatility of nC5 (5.5 versus 1) favors the indirect
sequence. The denominators are 3.9 — 1 = 2.9 for the direct versus 5.5 - 2.2 = 3.3 for the
indirect suggesting their difference is not too important here in deciding. The higher
volatility consideration dominates, and we choose the direct sequence.

11.2 SEPARATING A FIVE-COMPONENT ALCOHOL MIXTURE

We learned a lot from our previous example that will make this example much easier to
analyze. Suppose we have a mixture of five alcohols that we shall label A, B, C, D, and E
with flows in the feed of 1, 0.5, |, 7, and 10 mol/s respectively, for a total of 19.5 mol/s.
Suppose further that their relative volatilities are 4.3, 4, 3, 2, and | respectively. We note
there is a lot of the heaviest species, which suggests we might prefer to remove it early in
the best sequences.

We would like to find the preferred separation sequence based on the use of “sim-
ple” distillation columns. We use our approximate measure that estimates marginal vapor
flows to choose among them. Table 11.5 gives the estimated marginal vapor flows we
evaluate for each species over all possible key component pairs. For example, for a col-
umn to split D from E, having C present will increase the minimum vapor flow by 2.000

TABLE 11.5 Marginal Vapor Flows Estimated
for Nonkey Species for Alcohol Example

A B C D E
A/B —_ — 26 6.5 3.2
B/C 33 —_— . 9.3 4.0
c/D 2.4 1.3 —_ _ 6.7
D/E 1.5 0.8 20 - —
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mol/s, having B present by 0.800 mol/s, and so on. Having both C and B present will add
2.000 + 0.800 = 2.800 mol/s to the minimum vapor flow.

In Figure 11.2 we tabulate the total marginal vapor flows for all the columns that
can exist in any of the separation processes possible based on simple distillation columnns,
They are placed in such a way that we can more easily see the total flows for each of the
different sequences we can construct. For example, suppose we select the direct sequence,
From this figure, the marginal flows should be for A/BCDE, B/CDE, and C/DE for a total
of 12.3 + 13.3 + 6.7 = 32.2 moV/s.

We wish 1o find the sequence with the minimum sum of marginal flows. We can
readily do this from this figure by performing a branch and bound search. We start by
comparing all the first separations we might make for the original feed: A/BCDE,
AB/CDE, ABC/DE and ABCD/E. The one with the lowest marginal vapor flow is the split
ABCD/E at 4.3 mol/s. With this split made, we next compare flows for A/BCD, AB/CD
and ABC/D, choosing the split ABC/D for a total of 4.3 + 3.7 = 8.0 mol/s. We have the
mixture ABC to separate and compare A/BC and AB/C; we select A/BC to add another 2.6
mol/s for a tota! of 10.6 molfs,

We now have a complete solution. We need to examine only solutions that can be
less that 10.6 mol/s. Backing up to the decision among the altematives A/BCD, AB/CD
and ABC/D, we see that the second best decision, A/BCD with a flow total marginal flow
of 4.3 + 9.1 = 13.4 molfs, will lead 10 a partial solution that exceeds 10.6 mol/s. Thus we

13.3 6.7
B/CDE C/DE
12.3 8.0 2.0
ABCDE BC/DE CD/E
18.6 2.8 9.3
AB/CDE BCO/E B/CD
104 9.1 1.3
ABC/DE A/BCD B8C/D
4.3 14.6 2.6
ABCD/E AB/CD A/BC
FIGURE 11.2 Total marginal flows
a7 5.4 for each of the columns making up all

separation sequences for five
components,
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back up to our first decision. Only the decision ABC/DE could be less expensive but it has
a marginal flow already of 10.4 mol/s. To complete this sequence we must add in the
flows for separating ABC, a decision we already examined. The lowest marginal cost
comes from using A/BC with a flow of 2.6 mol/s; it leads to too high a final marginal
flow. Thus we now know that our solution—ABCD/E, ABC/D, and A/BC—must be the
best solution based on the marginal flow estimates we have made to carmy out our search.

We can easily enumerate the marginal vapor flows for the fourteen possible se-
quences for this example; we do so in Table 11.6. We see that marginal vapor flows range
from a minimum of 10.6 mol/s to maximum of 32.3 mol/s.

11.2.1 Discussion

Selecting the best distillation-

based separation sequence among those possible for sepa-
rating relatively ideally behav

ing species has been the subject of many publications over
the past quarter century. The emphases in these publications have been many: how to re-

duce the effort to search among the alternatives, the posing and testing of heuristics to se-

lect among the altematives, how to evaluate alternatives. We shall start this section by ex-
posing the size of the search problem,

NUMBER OF POSSIBLE SEQUENCES

As we have seen in the alcohol example above, we can readily generate many different
separation sequences to separate a given mixture into desired products. A formula exists
to estimate the number of sequences for separating n species into n pure component prod-

TABLE 11.6 Total Marg

inal Vapor Flows for all Fourteen Possible Sequences
for Alcohol Example

Seq. No., Separations in Sequence Marginal Vapor Cost Rank
l A/BCDE, B/CDE, C/DE, D/E 323 14
2 ABCDE, B/CDE, CD/E, C/E 276 13
3 A/BCDE, BC/DE, B/C, D/E 20.3 8
4 A/BCDE, BCD/E, B/CD, C/D 24.4 l
5 A/BCDE, BCD/E, BC/D, B/C 16.4 6
6 AB/CDE, A/B, C/DE, D/E 25.3 12
7 AB/CDE, A/B, CD/E, C/D 20.6 9
8 ABC/DE, A/BC, B/C, D/E 13.0 2
9 ABC/DE, AB/C, A/B, D/E 15.8 5
10 ABCD/E, A/BCD, B/CD, C/D 227 to
il ABCD/E, A/BCD, BC/D, B/C 14.7 4
12 ABCL/E, AB/CD, A/B, C/D 18.9 7
13 ABCD/E, ABC/D, A/BC. B/C 10.6 1
14 ABCD/E, ABC/D, AB/C, A/B 13.4 3
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ucts using simple sharp separators. In this section we shall first define and illustrate what
a simple sharp separator is and then present the formula.

Simple Sharp Separators. A simple sharp separator splits its feed into two
products, each having no species in common with the other, A simple distillation column
that splits its feed containing species 4, B, C, and D into the iwo products A and BCD is
an example of a simple sharp separaior.

There are other separation processes that act as simple sharp separators. For exam.
ple, an extractive distillation column immediately followed by a column to recover the ex-
tractive agent is a simple sharp separator. Consider, for example, using an extraclive agent
is to separate propylene from propane, as illustrated in Figure 11.3. We feed propane and
propylene into this two-column process and remove a pure propane and a pure propylene
product from it. Thus, the two columns together act like a sharp separator. The extractive
agent simply recycles. (Of course some of the agent is lost with the producis and must be
made up using a small makeup solvem stream.)

The relative volatility between propylene and propane varies from about 1.06 1o
1.09, with propylene being the more volatile. Using distiliation to separate propylene
from propane requires a very large column, 150 or more stages, and a reflux ratio of 20 or
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FIGURE 11.3  Separating propylene and propane using an extractive agent.
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more. This reflux ratio says we must condense 20 moles of top product (propylene) and
reflux it for every mole of propylene product we remove from the column. Thus, it re-
quires the expenditure of a lot of utilities for each mole of product.
An extractive agent is typically a heavy species that preferentially “likes” one of the
two species. Here acrylonitrile with its double bonds is a candidate. The extractive agent
is fed into the column a few trays below the top so it will be preseat in the liguid phase on
all stages below where it is fed. The propylene/propane feed enters the column well below
the extractive agent. The agent alters the activity coefficients for propylene and propane
in such a way that propylene becomes much less volatile than propane, thus the stages be-
tween the two feeds remove the propylene from the propane in the presence of the extrac-
tive agent. Only propane makes it to the tray where we feed the extractive agent. Being
much more volatile that the extractive agent, a few additional trays above that feed allows

b us to separate the propane from the agent. Propylene and agent become the bottoms prod-
uct. We then have to separate the propylene and agent in a second column, recycling the
agent back to the first column.

£ B s Tt ok S

The Thompson and King Formula to Compute the Number of Se-
quences. Thompson and King (1972) developed the following formula to compute the
number of sequences that can be developed based on simple sharp separators to separate a
mixture containing n components into n pure component products:

I T RO

no. sequences = Q=D on-1
al(n-1)

i, A Ly e

.t

Table 11.7 lists the number of sequences for different numbers of species in the
mixture and for up to three separation methods. While the numbers of sequences grow
large quite quickly as a function of the number of species, they grow almost explosively
when one allows different types of separators to carry out each task. Thus, many efforts in
the synthesis of separation processes have emphasized how one can search these large
spaces and/or how one can quickly find good sclutions among the large number of alter-
natives.

T

TABLE 11.7 Number of Sequences to Separate n
Components into n Single Component Products Using §
Different Separation Methods

mS 1

[(%)

3

2 3

3 18
4 40 135
3 14 224 1134
6

7

0

R R A A AR SR P e R

W g -
(= iS }

42 1344 10,206
132 8448 96,228
95,698,746

2,489,344
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HEURISTICS

One approach to finding good separation processes quickly is to use heuristics. These arg -+

guidelines based on experience that aid a designer to find the better solutions for tlje
type of problem at hand. If we have a good solution 10 our separation problem, we knoy

we need not look further at any other solution that we can prove will cost more. We useg -

such a bounding idea in the branch and bound search we carried out in the alcohol ex-
ample above. We can also use heuristics in a negative way where we eliminate any pan
of a solution that we believe will be much too expensive to be in any solation. Not al-
lowing certain separation steps in any solution can often dramatically reduce the size of
a search.

We list in Table 11.8 a set of commenly used heuristics for designing separation se-
quences (for example, see Seader and Westerberg, 1977). Note that the last heuristic
states that we have listed these heuristics in order of importance in our decision making.

Let us apply these heuristics to find a separation process for the example in section
11.2, the example to separate five alcohols. To remind ourselves, we have a mixture of
five alcohols that we labeled A, B, C, D, and E with flows in the feed of 1,0.5, 1, 7, and
10 molfs respectively, for a total of 19.5 mol/s. These species have relative volatilities of
4.3, 4,3, 2, and 1 respectively.

Heuristic 1 is not applicable as we are treating none of these alcohols as dangerous
or corrosive. For heuristics 2 and 3, we need first 1o compute relative volatilities for each
possible pair of key components. These relative volatilities are simply the ratio or the rel-
ative volatility for the light key divided by that for the heavy key: 4.3/4 = 1.075 for A/B,
43 = 1.333 for B/C, 312 = 1.5 for C/D and 2/1 = 2 for D/E. While one is only just larger
than 1.05, none is less so we skip to heuristic 4. Heuristic 4 tells us to make the easiest
split first, suggesting we make the split between D and E where the relative volatility be-
tween the key components is the largest with a value of 2. Heuristic 5 also suggests we
make a split that leads to the removal of species E. Heuristic 6 proposes we remove
species A first (the direct sequence). For heuristic 7, we note that all species are desired

TABLE 11.8 Heuristics for Designing Separation Processes

Heuristic 1:  Remove dangerous and/or corrosive species first.

Heuristic2: Do not use distillation when the relative volatility between the key components is
less than 1.05.

Heuristic 3:  Use extractive distillation only if the relative volatility between the key
components is much better than for regular distillation—say 6 times better.

Heuristic 4: Do the easy splits (i.e., those having the largest relative volatilities) first in the
sequence.

Heuristic 5:  Place the next split to lead to the semoval of the major component.

Heuristic 6:  Remove the most volatile component next (i.e., choose the direct sequence).

Heuristic 7:  The species leading to desired products should appear in a distillate product
somewhere in the sequence if at all possible.

Heuristic 8:  These heuristics are listed in order of importance.
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Exercises

ence would maximize the qumber of them that would appear ina

products. The direct sequ

distillate somewhere in the sequence.
The last heuristic says to carry out the decision supported by the heuristic with the

lowest pumber. So we elect to remove species E, as supported by both heuristics 4 and 5.
A similar set of arguments leads us to remove species D next. The B/C split is much easier
leaving us with the A/B split last. This solution is the

than the A/B split so we elect it next,
le based on marginal vapor flows (see Table 1 1.6). It

third best among the fourteen possib
is only slightly worse than the second best. Using these heuristics, the effort we took to

- o find it was minimal.
il With a little thought it is possible to develop a variety of different search strategies

using just these heuristics. For example, one might enumerate all sequences where at least
one heunistic supports each decision leading 10 it. We will not examine any of the others.

The next chapter (Chapter 12) will look at heat integrating distillation columns.
Chapter 14 looks at the synthesis of separation processes for species that behave highly
nonideally. In Chapter 17 and part of Chapter 18 we shall look again at the search prob-
lem for distillation sequences for relatively ideally behaving species, but this time we
shall propose search algorithms that use mixed integer programming.
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EXERCISES

raduate distillation concepts. Students who

The first four problems are a feview of underg
dergraduate textbook material on distilla-

cannot do these should review appropriate un
tion.

1. Consider a column to separate acetone from ethanol. The equilibrium data for ace-

tone in ethanol at one atm are in Table 11.9 (Perry, 1950).

The feed has a flowrate of 0.1 kgmol/s. It is 50 (mole)% acetone and is liquid
at its bubble point (g = 1). Products are liquids at their respective bubble points. As-
sume 99% of the ethanol and 96% of the acetone are recovered in their respective

products, The column operates at one atm.
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402 Ideal Distillation Systems Chap, 11
TABLE 119 Acetone Vapor/Liquid £
Equilibrium Compositions

for Acetone/Ethanol Mixtures

x ¥y X ¥
0 0 40 60.5
5 15.5 50 67.4
10 26.2 60 73.9
15 34.8 70 80.2
20 41.7 80 86.5
25 47.8 90 92,9
30 524 100 100
35 56.6

a, Using a McCabe-Thiele dia

acelone from ethanol,

b. Shouid the column have been designed for one atm? If not, how would you
choose the pressure? Explain your answer.

¢. Compulte the condenser and reboiler duties for the column. How c
to being equal? Can you guess why they are this close?

d. Should you preheat the feed to the column when it js running at one atm? Ex-
plain. You can answer this question withowt doing any computations. Look at
the impact of preheating the feed on the construction of the McCabe-Thiele dia-
£ram 1o make your argument.

2. A column is a passive piece of equipment once it is designed and built. Assuming it
is properly designed, how is it that one can “make” a column carry out the separa-
tion desired? For example, consider separating a mixwre of ABC into two products
A and BC. Explain how to operale a column so it gives one 99% of species A in the
distillate product (top product) while forcing 99% of species B and virtually all of
species C 1o the botiom product. What would y
volatile and C least.
Using all that you know about the use of the McCabe

binary distillation columns, demonstrate that the number of degrees of freedom is
five plus the total of those associated with completely specifying the feed,
Show that the mole fraction averaged relative volatility

Ek —:-Zajkxj
J

is equal to 1/K,,, the reciprocal of the X-value for the selected key component.

5. You are t0 separate the following relatively ideally behaving mixture of A, B, and
C. The feed is at its bubble point of 345.8 X at 1 bar.

gram, determine the number of stages to separate

lose are they

L

-Thiele diagram for analyzing
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Exercises
Component feed, kmol/hr VPA, unitless veB, K VPC, K
A 50 1.1 3000 =10
B 100 10.2 2800 =70
C 30 10 3000 =710

The last three columns are the Antoine constants for evaluating vapor pressure,
using the following formula:

VPB,

ﬁsnl [bﬂl‘S] = CKP(VPA; - m]-l-_VFTC—
i

a. Show that the bubble point termperature for the feed is 345.8 K when pressure
is 1 bar.

b. The Underwood roots for the original feed are 1.116 and 2.826. Show that the
minimum vapor flow in the top of the column for the A/BC column should be
approximately 828 kmol/hr. What assumptions do you need to make to do this
computation?

¢. The minimum vapor flows for the following columns are similarly computed to
be:

Vnin(AB/C) = 254 kmol/hr
Vipin(A/B) = 830
V,in(B/C) =183
Which sequence is to be preferred: A/BC, B/C or AB/C, A/B? Why?

d. Compute marginal vapor flows using the very approximate method developed
in this chapter. Are they in rough agreement with numbers that can be computed
from the information given above? Do they predict the same sequence?

6. You have a mixture of 35 mole % n-heptane, 30% n-hexane, 10% isobutane, and

25% n-pentane.

a. Determine the bubble and dewpoint temperatures for the above mixture. Pressure
is one atmosphere. Assume Raoult’s law for expressing vapor-liquid equilibrium.

b. You want to run a flash unit for the above mixture in which 50% of the n-
hexane leaves in the vapor product. Determine the fraction of the other species
that leave in the vapor product. The pressure is one atmosphere. Repeat this
computation for a pressure of two atmospheres. Do you notice anything interest-

ing here? (Hint: Note first that
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