
n = order of dynamic system 
qr = denominator coefficient of transfer function 
s = Laplace domain variable 
Td = time delay 
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This note presents a useful technique for merging 
two previously proposed strategies for synthesizing sys- 
tems of simple separation sequences. The strategies are 
the use of heuristics (Lockhart, 1947; Rod and Marek, 
1959; Nishimura and Hiraizumi, 1971; Thompson and 
King, 1972; Hendry and Hughes, 1972; Rudd, Powers, 
and Siirola, 1973; and King, 1971) and evolutionary 
methods. Two examples illustrate the apparent power 
of the approach over the use of the individual strategies 
alone. 

Stephanopoulos and Westerberg ( 1976) outlined the 
view of evolutionary synthesis adopted here, that is, that 
four basic ideas are required: an initial flow sheet, rules 
to make systematic and small changes to the flow sheet 
creating what is termed a neighboring flow sheet, an 
effective strategy to apply these rules, and a means to 
compare the original flow sheet to any of its neighbors. 
At least fourteen heuristics have previously been proposed 
for synthesizing multicolumn separation sequences (Lock- 
hart, 1976). In this note, we examine the use of the 
foIIowing set of six heuristics to aid in the first and third 
ideas above, 

Heuristic 1: forbidden splits. In order to reduce the 
magnitude of the combinatorial problem, conduct a pre- 
liminary screening of separation methods based on an 
examination of various factors. While not rigorous, the 
graphical screening method of Souders (1964) is simple 
and c0nvenier.t. I t  begins with an examination of the 
technical feasibility of ordinary distillation which, in 
principle, is applicable over the entire region of coexisting 
vapor and liquid phases. This region extends from the 
crystallization temperature to the convergence pressure, 
provided that species are thermally stable at the condi- 
tions employed. First, the column operating pressure 
is determined. If refrigeration is required for the overhead 
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condenser, alternatives to ordinary distillation, such as 
absorption and reboiled absorption, might be considered. 
At the other extreme, if vacuum operation of ordinary 
distillation is indicated, liquid-liquid extraction with 
various solvents might be considered. In the wide inter- 
mediate region, ordinary distillation is generally not feas- 
ible economically when the relative volatility between key 
components is less than approximately 1.05. Even when 
this separation index is exceeded, extractive distillation 
and liquid-liquid extraction may be attractive alternatives, 
provided that relative separation indexes for these methods 
exceed those indicated by the curves plotted in Figure 3 
of the Souders article or if an order of volatility (or 
other separation index) for these alternative methods is 
achieved that permits production of multicomponent prod- 
ucts without blending. To develop these curves, Souders 
assumed a solvent concentration of 67 mole % and a 
liquid rate four times that used in ordinary distillation. 
In general, extractive distillation need not be considered 
when the relative vo!atility for ordinary distillation is 
greater than about two. 

Heuristic 2: For each method, develop an ordered list 
of components according to volatility (or other separa- 
tion index), Then, for each adjacent pair of components 
i and f ,  estimate their adjacent relative volatility c ~ i j  = 
& / K j  > 1. When the adjacent relative volatilities of the 
ordered components in the process feed vary widely, 
sequence the splits in the order of decreasing adjacent 
relative volatility. This heuristic is related to the heuristic, 
“separations where the relative volatility of the key com- 
ponents is close to unity should be performed in the 
absence of non-key components,” as stated by King (1971). 

Heuristic 3: Sequence the splits to remove components 
in the order of decreasing molar percentage in the proc- 
ess feed when that percentage varies widely but the rela- 
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TABLE 1. HENDRY-HUGHES PROBLEM SPECIFICATION 

1) Species A: Propane C: ta-butane 

2) Feed specification 

B: Butene-1 D: Trans-butene-2 

Component flows (kg mole/hr):4.55,45.5, 155.0,48.2,36.8, 18.2 
Temperature, pressure: T = 37.8"C, P = 10.3 bars 

3)  Products desired (with high % recoveries): 

4) Separation methods 

a )  A; b) BDE (butenes); c)  C; d)  F 

I. Ordinary distillation 
11. Extractive distillation with furfural 

5) Component orderings 
Method I: 
Method 11: ACBDEF 

ABCDEF ( A  most volatile) 

6) Important adjacent relative volatilities (at 66°C) 
Method I: C ~ A B  IJ 2.45, 

CIEF IJ 2.50, 
Method 11: ~ C B  - 1.17, 

tive volatility does not vary widely (Lockhart, 1947). 
Heuristic 4: When neither relative volatility nor molar 

percentage in the feed varies widely, remove the com- 
ponents one by one as overhead products. The resulting 
structure is the so-called direct sequence, which is widely 
applied in practice. In this structure, when ordinary dis- 
tillation is the separation method, pressure tends to be 
highest in the first separator and is reduced in each sub- 
sequent separator (Hudd, Powers, and Siirola, 1973). 

Heuristic 5. When a mass separating agent is used, 
remove it in the separator immediately following the 
one into which it is introduced (Hendry and Hughes, 
1972). 

Heuristic 6. When multicomponent products are spec- 
ified, favor sequences that produce those products directly 

Cost = 5878.000/year 

(a1 r n l t l a l  sequence 

- Y F )  
C o s t  = 5872,40O/year 

(b) Result of F i r s t  Interchange 

Cost = 5860,40O/year 

( c )  Result of Second and Frnal Interchange 

Fig. 1 .  Development of flow sheet for example 1 .  

E: Cis-butene-2 
F: n-pentane 

or with a minimum of blending unless adjacent relative 
volatiiities are appreciably lower than for a sequence 
that requires additional separators and blending (Thomp- 
son and King, 1972). 

For the second idea above, the evolutionary rules to gen- 
erate neighboring flow sheets are those of Stephanopoulos 
and Westerberg (1976) : interchange the relative posi- 
tions of two adjacent subproblems, and for a given 
separation subproblem using separation method a, sub- 
stitute separation method 8. 

Finally, the technique for executing the four basic 
ideas stated above are contained in the following four 
steps: 

1. Use the above six heuristics in the order stated to 
generate an initial flow sheet. Only if an heuristic does 
not apply should one following it be used. (Note, this 
ordering of the six heusistics is itself an heuristic.) 

2. Consider the current flow sheet. 
A. Generate each possible neighbor. 
B. Keep the neighbor as a candidate only if 

i. it could have been generated by an heuristic 
if the heuristics ranked above it were relaxed somewhat 
in their meaning of the words "does not vary widely." 

ii. it is almost an equivalent choice using the same 
heuristic. 

C. List each neighbor retained in an order reflecting 
the heuristic responsible for its retention. For example, 
if we retained a flow sheet resulting from heuristic 2, 
list that flow sheet before all flow sheets resulting from 
heuristic 3 and after those resulting from heuristic 1. 

3. Evaluate in order the neighboring flow sheets gen- 
erated in step 2 until: 

A. A better flow sheet is found. 
B. No better flow sheet is found. If a better flow 

sheet is found, repeat from step 2; otherwise, go to step 4. 
4. Before accepting the apparent best flow sheet, ex- 

amine a11 remaining neighbors that might be somewhat 
less plausible, but possible, and which were ruled out 
in step 2B. 

We now apply the combined heuristic and evolution- 
ary strategy to two examples. 
Example I. The first example is the problem of Hendry 
and Hughes (1972) as specified in Table 1. For this 
example, we find that all ordinary distillation columns 
can be operated above atmospheric pressure and with 
cooline; water condensers. Therefore, by heuristic 1, we 
consider only distillation for splits ( A / B * * . ) ,  ( * B / C * . ) ,  
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TABLE 2. PROBLEM SPECIFICATION FOR EXAMPLE 2 

Species A: Ethane 

Feed specification: 

B: Propylene 

Component flows (kg mole/hr):9.1, 6.8, 9.1, 6.8, 6.8, 6.8, 
Temperature, pressure: T = 37.8"C, P = 1.0 bar 

a )  A; b )  B; c)  C; d)  D; e) E ;  f )  F 

Ordinary distillation only 

Products desired (with high % recoveries 1: 

Separation method 

Component ordering 

Important adjacent relative volatilities 

ABCDEF ( A  most volatile) 

Q'AB = 3.5 CYBC = 1.20 CXCD = 2.7 
Q'DE = 1.21 CXEF = 3.0 

. E / F ) ,  ( A / C - - . )  and forbid distillation for split 
( . . .C/D.  a ) .  

Splits ( A / B .  . * )I and ( - . - E / F )  have the largest values 
of adjacent relative volatility. Because these values are 
almost identical, either split can be placed first in the 
sequence. We choose the former, noting that the small 
amounts of A and F in the feed render this decision of 
minor importance. Following removal of A and F by 
ordinary distillation, heuristic 5 can be applied by con- 
ducting the extractive distillation separation ( C / B D E )  11 

followed by the recovery of the hlSA. The resulting se- 
quence produces the multicomponent product BDE di- 
rectly; however, the adjacent relative volatility of 
( C / B D )  is only 1.17. Alternatively, the split ( C / D E )  I ~ ,  
with a much higher adjacent relative volatility of 1.70, 
preceded by the split ( B / C D E ) I  to remove B and fol- 
lowed by removal of the M S A  can be employed, with 
the product BDE formed by blending of B with DE. 
Because of the very strong effect of relative volatility on 
cost, this latter alternative, shown in Figure la, may be 
preferable despite the need for one additional ordinary 
distillation separation with a low relative volatility. The 
cost for this latter sequence is $878 000/yr. 

The following exchanges are now possibIe by evoIu- 
tionary rule 1: (a )  ( A / B . ' . ) I  with ( * * * E / F ) I ,  (b )  
( - * . E / F ) I  with ( B / C . * . ) I ,  and (c) (C/D*--)Il with 
( B / C . - * ) I .  Interchange (a)  is not likely to cause any 
appreciable change in sequence cost when heuristics 1 
and 2 are considered. The adjacent relative volatilities 
of the key components for the two splits are almost iden- 
tical, and neither of the two compounds removed (A 
and F )  are present in appreciable amounts. Therefore, 
we do not make this interchange. 

Interchange (b)  may have merit. Table 1 indicates 
that the process feed contains a larger amount of B than F .  
According to heuristic 2, components present in larger 
quantities should be removed early in the sequence, 
However, heuristic 2 was ignored, and heuristic 1 was 
applied in developing the original sequence. By making 
this interchange, B can be removed earlier in the sequence. 

Interchange (c )  will result in the sequence that pro- 
duces BDE directly. However, this sequence is likely 
to be more costly because of the small relative volatility 
for the extractive distillation separation ( C / B D E )  
Therefore, we make the second interchange only, with 
the result shown in Figure l b  at a Iower cost of $872 400/ 
Y'. 

If we now apply evohtionary rule 1 to this new se- 
quence, the possible new interchanges are: (d) 

C: Propane 
D: 1-butene 

E: n-butane 
F: n-pentane 

(A/B**.)I with (.*B/C.*)I and (e)  ( * . * E / F ) I  with 
( C / D  - * )  11. Interchange (d) opposes heuristic 1 and 
supports heuristic 2 .  The latter heuristic may dominate 
here because of the very small amount of A but larger 
amount of B present in the process feed. Interchange ( e )  
would appear to offer less promise than interchange (d)  
because of the difficulty of the ( C / D * . * ) I I  split. The 
result of making interchange (d)  is shown in Figure IC 
at a lower cost of $860400/yr. No further interchanges 
are possible; the final sequence happens to be the optimum 
as found by Hendry and Hughes (1972). 

Hendry and Hughes prohibited the ( A / C . * * ) I I  and 
( V - . E / F ) ~ ~  splits and generated 64 unique separation 
subproblems and 227 separation system sequences. We 
have examined, to the extent of performing a cost 
analysis, only three separation sequences involving but 
eight separation subproblems. 
Example 2. Consider the problem presented by Thompson 

la) Inltlal sequence 

.. 
YF) 

cost = 51.211,000/year 
lb) Resul t  of First Interchanqe 

Cost = $1.153,000/year 

l c )  Final Flowsheet 

Fig. 2. Development of flow sheet for example 2. 

AlChE Journal (Vol. 23, No. 6)  November, 1977 Page 953 



and King (1972) as modified by Rodrigo and Seadm 
(1975) and specified in Table 2. 

With no forbidden splits, step 1 of the strategy 
generates the Row sheet in Figure 2a, where heuristic 2 
has bee11 applied throughout; thus, the large value of 
LXAB = 3.5 dictates that split ( A / B C D E F )  be made first 
in the sequence. Then, CXEF = 3.0, the next largest ad- 
jacent relative volatility, dictates that split (BL‘DE/F)  
be made next. Similarly, the last necessary decision is 
to perform split ( B C / D E )  followed by splits ( B / C )  
and ( D / E ) .  The resulting initial flow sheet has a cost 
of $1.234 X 106/yr. 

We note that a A B ,  QCD, and a E F  are reasonably close 
in magnitude, which suggests that we consider inter- 
changing the ( * * C / D . .  ) and ( * * . E / F )  subproblems 
giving a slightly decreased cost of $1.213 x 106/yr, and 
consider interchanging the ( A / B -  * ) and ( * I . E / F )  sub- 
problems, which, however, leads to a slightly increased 
cost of $1.219 x 106/yr. The improved sequence is 
shown in Figure 2b. 

A further improvement can be made to the sequence 
in Figure 2b by interchanging splits ( A / B * * * * )  and 
( . C / D .  a ) ,  which have reasonably close adjacent rela- 
tive volatilities. This leads to the sequence shown in 
Figure 2c which has a decreased cost of $1.15:3 x 106/yr. 
No further interchanges are suggested by the heuristics. 

Unfortunately, the final sequence shown in Figure 2c 
is not the optimal solution, which has a cost of $1.084 
x 106/yr and is achieved by a further interchange be- 
tween subproblems ( . E / F )  and ( D / E ) .  The failure to 
produce the optimal solution is due to the small, but 
important, effect of n-pentane on the relative volatility 
for l-butene/n-butane. In Table 2, (YDE is taken as 1.21. 
However, as discussed by Gomez and Seader (1976), 
LXDE = 1.197 when only D and E are present, but 
LXDE = 1.226 in the presence of n-pentane. The result is 
that the cost of split ( D / E F )  is 15% less than the cost 
of split ( D / E ) ,  and the total sequence cost is reduced 
by making split ( D / E F )  before split ( - E / F ) .  Never- 
theless, we discovered a near optimal flow sheet by 
examining only four of forty-two flow sheets and eleven 
of thirty-five distinctly different separators. 

Not included in the strategy discussed above is the 
consideration of energy integration. Especially when the 
lowest cost sequences are close in cost, energy integra- 
tion may be the deciding factor among various alternative 

sequences. A method for synthesizing optimal distillation 
sequences, where condensers and reboilers are integrated, 
has been presented by Rathore, Van Wormer, and Powers 
( 1974). 

NOTATION 

& 
ponent i 

P = pressure 
T = temperature 
acj 

= vapor-liquid phase equilibrium ratio for com- 

= relative volatility of component i relative to com- 
ponent i 
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Nucleate Boiling in Thin Liquid Films 
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Department of Chemical and Petroleum Engineering 
The University of Kansas 
Lawrence, Kansas 66045 

Nucleate boiling in thin liquid films requires low tem- (1959), Parizhskiy et a]. (1972), and Mesler (1976). 
perature differences for the same rate of heat transfer than Detergents in the film reduce the temperature differences 
is usual for nucleate boiling; this is supported by the re- even more (Nishikawa et al., 1967). These facts are 
search of Fletcher et  al. (1974), Rychkov and Pospelov rather surprising since they were not predicted. One 
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