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A hierarchical decision procedure for the synthesis of separation system flowsheets for 
vapor- organic liquid - aqueous liquid - solid mixtures is proposed. An expanded set of 
synthesis rules that can be used to obtain a $rst design is discussed, but the final goal of 
the procedure is to generate a complete list of separation alternatives (by changing the 
decisions) that when coupled with short-cut screening techniques, can be used to iden- 
tify the best few process flowsheets. The procedure is based on a decomposition of the 
separation system synthesis problem by phase splitting into a uapor recouey system, a 
solid recovery system, and liquid separation systems. A general superstructure presented 
for these subsystems includes all of the common unit operations for petrochemical 
processes. The procedure focuses on the development of a complete flowsheet for the 
separation system: which separation system recycle loops (in contrast to reactor system 
recycle loops) are required, as well as interactions among separation subsystems and 
those between the separation system and remainder of the process. An example pre- 
sented illustrates the procedure, and the opportunities for pollution prevention at the 
source are noted, 

Introduction 
It is essential to develop more competitive processes (bet- 

ter reaction chemistry and better process alternatives), which 
have less environmental impact. The hierarchical decision 
procedure of Douglas (1985, 1988) for the conceptual design 
of chemical processes attempts to identify all of the decisions 
required to develop a complete process flowsheet. If the way 
in which various decisions are made is changed, process al- 
ternatives are generated. Thus, if the list of decisions is com- 
plete (or can be made complete), a systematic procedure for 
generating all possible alternatives is available. Some deci- 
sions (e.g., the addition of water at some point in a flow- 
sheet) correspond to the eventual generation of waste 
streams. If alternative decisions can be made that eliminate 
these waste-treatment problems, then the procedure can also 
be used for waste minimization at the source (Douglas, 1992). 
This article extends the hierarchical decision procedure to 
include the synthesis of separation systems for vapor-organic 
liquid-aqueous liquid-solid mixtures. These separations of- 
ten exhibit large waste loads. 

The established procedures for the synthesis of separation 
systems are based on list-splitting techniques. That is, a list of 
the components to be separated and their physical properties 
(e.g., boiling points, melting points, solubilities in various sol- 
vents, etc.) is developed, and then separation techniques that 
can be used to split the list into smaller lists, and eventually 
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the desired exit streams, based on the physical properties, as 
well as the sequencing of these operations, are considered. 
The most complete set of rules that can be used to imple- 
ment this approach has been published by Barnicki and Fair 
for liquid mixtures (1990) and for gas-vapor mixtures (1992). 

A proposed taxonomy of separations problems is listed in 
Table 1. From this taxonomy we see that a complete separa- 
tion system is obtained from a list-processing procedure only 
for the case of ideal (or almost ideal) liquid mixtures. For 
separation operations requiring recycle loops (gas absorption, 
extraction, etc.), solvent selection, and the specification of the 
solvent recycle loop is also required to develop a complete 
separation system flowsheet. Similarly, if crystallization is se- 
lected as a separation technique, then it is also necessary to 
specify the type of crystallizer, a liquid-solid separation sys- 
tem, a cake-washing system, and a dryer system, as well as 
the destinations of the mother liquor and the cake-washing 
liquid, which have not been considered in previous articles. 
Processes where a separation of a mixture of solids or where 
separation system boundaries are encountered require spe- 
cial flowsheets, which are not obtained from the usual list- 
splitting procedure. The new decisions that are required to 
extend the previous work to cases where separation system 
recycle loops (in contrast to reactor recycle loops) are re- 
quired are emphasized in this article. 
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Table 1. Taxonomy of Separation Problems 
Systems generated using separation method selection and 
sequencing based on an ordered list of physical properties: 

Systems not requiring separation system recycle loops- 
distillation sequencing of ideal (or almost ideal) liquid mixtures 

Systems requiring separation system recycle loops- 
gas absorption (solvent selection and recycle), gas adsorption 
(adsorbate selection and regeneration), extraction (solvent 
selection and recycle), extractive and azeotropic distillations 
where there are no distillation boundaries (entrainer 
selection and recycle), crystallization systems where there are 
no eutectics (liquid-solid separation selection, cake washing 
operations, dryer selection, destination of the mother 
liquor, and the wash liquid), separation of solid mixtures 
Problems with separation boundaries requiring 
special subsystems: 

Most azeotropic and extractive distillations 
* Separation of eutectic mixtures 

Problems where separations are difficult or require special 
unit operations: 

aceuticals, ag. chemicals)-pass mixtures to a downstream plant 
- Large organic molecules (specialty monomers, pharm- 

* Proteins-special unit operations - Polymers-sDecial unit ooerations 

There are a number of processes where vapor-organic liq 
uid-aqueous liquid-solid mixtures must be separated. For 
example, in the production of terephthalic acid (TPA) by the 
air oxidation of p-xylene two of the important reactions are: 

p-Xylene+302 + HOOCC6H,COOH+2H20 (1) 

p-Xylene + (21/2)0, + 8C0, + 5H,O. (2) 

(A number of other byproducts are also produced.) The reac- 
tor exit stream(s) might contain a mixture of gases (uncon- 
verted O,, N,, and CO,), organic liquid (p-xylene), aqueous 
liquid (H,O), and solid (TPA). The new decisions that are 
required to extend the list-processing approach to include 
mixtures of this type are also considered in this article. 

The goal of the procedure, when coupled with short-cut 
screening techniques, is to identify the separation system al- 
ternatives that should be considered further. When the rules 
are applied in a different order or the way in which the deci- 
sions are made are changed, different flowsheet alternatives 
will be generated. The least expensive alternative will depend 
on the heat exchanger network selected and the optimization 
of the design variables for the complete process. As the de- 
sign variables are changed, the best separation system and 
the best heat exchanger network can change. Terrill and 
Douglas (1987) demonstrated that when the flows to a pro- 
cess with a specified heat exchanger network are optimized, 
the energy savings are translated to raw materials savings. It 
is still desirable to keep the best few flowsheets, however, 
because the final selection will also depend on safety, oper- 
ability, and environmental considerations. 

Previous Work 
Most of the studies on the synthesis of separation systems 

has been concerned with the sequencing of ideal distillation 
columns. As noted in the taxonomy of separation problems 
given in Table 1, the column sequencing problem provides a 
complete description of the flowsheet for this case. The list- 
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splitting procedure has been extended to other separation 
techniques, including gas absorption, extraction, and crystal- 
lization. These articles only consider the separation and the 
sequencing of various separation operations (alternative tree 
structures), and do not consider a complete separation flow- 
sheet because the solvent recycle loops normally are not made 
explicit, that is, the recovery of the solvent is sometimes con- 
sidered, but the impact of solvent recycle on the separation 
of subsequent subsystems and the possible interactions en- 
countered in solvent recycle loops are not considered. Distil- 
lation separations where separation boundaries are consid- 
ered have received considerable attention, and solids separa- 
tions with separation boundaries are under active study. 
Protein separations have been considered by Siletti and 
Stephanopoulos (19921, and polymer separation systems have 
been considered by Malone and McKenna (1990). In these 
last two cases some of the molecules have much larger molec- 
ular weights than those encountered in petrochemical 
processes, and so special unit operations are required. 

Distillation sequencing for ideal liquid mixtures 
There is an extensive literature on the distillation sequenc- 

ing of ideal liquid mixtures. The first article was published by 
Lockhart (1947), and then a wealth of articles that include 
algorithmic, evolutionary algorithmic, and heuristics methods 
have been published; see, for example, Thompson and King 
(19721, Gomez and Seader (19761, Westerberg and 
Stephanopoulos (1975), Seader and Westerberg (19771, Gli- 
nos and Malone (19841, and Nadgir and Liu (1988). Heuris- 
tics for simple columns and sharp splits, such as lightest first, 
most plentiful first, cheapest first, favor equimolar splits, and 
most difficult last, have been discussed by numerous authors. 
A review of most of this work has recently been presented by 
Modi and Westerberg (1992), and the various heuristics are 
compared to a new evaluation criteria, marginal price, which 
appears to give better results. 

The test problems used to develop the heuristics normally 
considered well-balanced feeds and separations where all of 
the columns operate at atmospheric pressure. For this reason 
the difference between the best and the worst sequence is 
usually less than 50% (Modi and Westerberg, 1992). Very im- 
balanced feeds to a distillation sequence are common in in- 
dustrial flowsheets (economics indicates that it is desirable to 
operate at high conversions for single reactions; economics 
indicates that only small amounts of heavy byproducts can be 
tolerated from side reactions; and in many cases a large ex- 
cess of one reactant is used at the reactor inlet to shift the 
product distribution). For a process such as butane alkyla- 
tion, the components include propane, butene, isobutane, n- 
butane, isooctane, and CI2. With this wide range of boiling 
points some of the columns must be pressurized, whereas 
others operate at 1 atm, and the steam temperatures re- 
quired for the various columns are significantly different. The 
difference in the costs between the best and worst sequence 
for these cases can exceed 300%. When pressure differences 
are encountered, it is always preferable to use costs as an 
evaluation criterion rather than vapor rate. 

Glinos and Malone (1984) found some examples where all 
of the commonly accepted heuristics predicted the same se- 
quence, but there was a significantly better solution. They 
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Table 2. Distillation Column Sequences for Butane 
Alkylation 

Feed: xc3  = 0.05, x ,  - c4  = 0.696, x,-c4 = 0.023, x,-c4 = 0.10, 
= 0.10, xCl2 = 0.05 

Seq. cost Seq. cost 
No. ( lo6) No. (lo6) 

1 24.5 
3 26.1 
2 26.2 
4 39.2 

11 42.3 
10 43.3 
5 43.6 

9 73.2 
8 73.3 
6 74.5 
7 76.1 

14 90.5 
13 90.6 
12 92.5 

suggested using exhaustive enumeration to calculate the costs 
of every sequence. Using the short-cut models of Douglas 
(1988), they developed a code called GIGAS, and with the 
code it only requires a few seconds on a IBM-PC to calculate 
all of the sequences for a five-component mixture (which in- 
cludes most petrochemical processes). This is the procedure 
that was used by Kirkwood et al. (1988) in PIP. The codes 
could be made more efficient by replacing the exhaustive 
enumeration procedure by a branch-and-bound technique 
(Westerberg and Stephanopoulos, 1975; Gomez and Seader, 
1976). However, the exhaustive enumeration results calcu- 
lated by Malone and Glinos (1990) are interesting, because 
they indicate that the economics of sequences fall into groups 
that have about the same costs (see Table 2). Moreover, the 
best design is indistinguishable from two others. 

If the flows are highly imbalanced, somewhere in the se- 
quence it is necessary to separate a dilute binary mixture, 
which Barnicki and Fair (1990) note is always an undesirable 
situation. In cases of this type it is better to combine the 
column with the dilute binary mixture with a neighboring col- 
umn, and to consider the use of a complex column. Complex 
columns have been discussed by Tedder and Rudd (1978), 
Glinos and Malone (1985a,b, 1988), Glinos et al. (19861, and 
Malone and Nickolaides (1987). Energy integrated distillation 
sequences (see, for example, Siirola, 1994), and sloppy splits 
have also been considered. 

Separation systems using other techniques or speciai flow- 
sheets 

A wealth of studies on particular separation operations are 
available in texts on unit operations, but some additional 
studies with a process design emphasis have been published 
(see, for example, Fair (1969) and Keller (1982)). The synthe- 
sis of separation systems using other techniques than simple 
distillation (gas absorption, adsorption, extractive distillation, 
extraction, crystallization, etc.) have also been studied exten- 
sively. Again, both algorithmic and heuristic methods have 
been considered (see, for example, Thompson and King 
(1972), Brunet and Liu (19921, Douglas et al. (1993)). The 
most complete set of rules for liquid separations has been 
published by Barnicki and Fair (1990), who also published 
rules for gas/vapor separations (1992). These list processing 
procedures and specify a separation technique and the se- 
quencing of separation operations, but do not determine 
complete separation system flowsheets, that is, if crystalliza- 
tion is selected as a separation technique, there is no men- 

tion of the need to select the type of crystallizer, a liquid-so- 
lid separator, a cake-washing operation, a dryer system, and 
the destinations of the filter mother liquor or the wash liquid. 

Separation boundaries are often encountered in highly 
nonideal distillation systems, and these boundaries preclude 
certain types of splits. Rules for determining the feasibility of 
splits for azeotropic systems have been presented by Foucher 
et al. (1991). In some cases these boundaries are sufficiently 
curved that they can be crossed at the expense of large reflux 
ratios (see, for example, Doherty and Caldarola, 1985). Pres- 
sure swing distillation sometimes provides an alternate ap- 
proach for crossing a boundary. The most common proce- 
dure, however, is to add an entrainer that causes a 
liquid-liquid phase split with compositions in different distil- 
lation regions. A procedure for calculating the minimum re- 
flux ratio for nonideal mixtures has been published by Julka 
and Doherty (1990, 1993). Sequencing for highly nonideal liq- 
uid mixtures has been discussed by Doherty and coworkers in 
a number of articles (see, for example, Doherty and Cal- 
darola (198.5), Pham and Doherty (1990), and Julka and Do- 
herty (1993)). Wahnschaft et al. (1991, 1992) have also dis- 
cussed these problems from an opportunistic planning view- 
point. Industrial examples have been published by Siirola 
(1995). 

Crystallization separations where eutectics are encoun- 
tered also exhibit separation boundaries, and require special 
flowsheets. Techniques for separating eutectic mixtures have 
been published by Rajagopal et al. (1991), Dye and Ng (1994a, 
b), and Dye et al. (1995). The separation of mixtures of solids 
has been studied by Rajagopal et al. (1988) and Ng (1991). 

Synthesis of complete plants 
The synthesis of complete plants, including separation sys- 

tem for vapor/liquid processes, has been considered by Si- 
irola and Rudd (19711, Siirola et al. (1971), Rudd et al. (19731, 
Mahalec and Motard (1977a,b), Douglas (1985, 19881, Liu and 
Motard (1985), Smith and Linnhoff (19881, Kirkwood et al. 
(1988), and Crowe et al. (1991). The synthesis of processes 
including solids operations have been discussed by Rossiter 
and Douglas (1986a,b, 1988) and Rajagopal et al. (1992). 
Computer codes for the synthesis of complete processes have 
been developed by Siirola and Rudd (1971), Mahalec and 
Motard (1977a,b), Liu and Motard (1983, Kirkwood et al. 
(1988), and Crowe et al. (1991) for vapor/liquid processes, 
and by Rajagopal et al. (1992) for V/L/S processes. These 
codes develop a structure of the flowsheet and, except for the 
codes of Kirkwood and Rajagopal, do not include estimates 
of equipment sizes or cost calculations. 

The PIP code of Kirkwood et al. (1988) is an implementa- 
tion of Douglas’s hierarchical decision procedure (1985,1988), 
and it includes a complete set of cost models, distillation se- 
quencing (for ideal mixtures) by exhaustive enumeration, and 
an evaluation of the process profitability in terms of the dom- 
inant design variables (Fisher et al., 1985). Pinch technology 
(Hohmann, 1971; Gunderson and Naess, 1988; Linnhoff, 
1993) was used to estimate the minimum utilities require- 
ments, and the approximate procedure of Townsend and 
Linnhoff (1984) was used to estimate the capital cost of the 
heat-exchanger network as a function of the design variables. 
Terrill and Douglas (1987) showed that when alternative 
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heat-exchanger networks were added to a flowsheet and the 
flows were optimized, the apparent energy savings could be 
translated to raw materials savings, so that the energy con- 
sumption increased but the total manufacturing costs often 
dropped by about 25%. Lam (1989) extended the code to a 
limited class of plant complexes using the procedure de- 
scribed by Douglas (1990). Rajagopal et al. (1992) developed 
a similar procedure for solids process, and extended Kirk- 
wood’s code to include solids. The goal of the present re- 
search was to extend the synthesis procedure to vapor- 
organic liquid-aqueous liquid-solid separation systems. 

Scope of the Procedure 
In the discussion below we consider a set of rules (for the 

first design) for the synthesis of complete separation system 
flowsheets and the decisions it is required to make. These 
results can provide the basis for an expert system that com- 
pletes a conceptual design (including size and cost calcula- 
tions) for a particular set of design decisions. Changing these 
decisions will generate a new process alternative, so that the 
“best few” alternatives can be identified. 

The types of separations considered below include reactor 
phase splits (flash drums or quench tanks), liquid-solid sepa- 
rators, (thickeners, rotary filters, belt filters, centrifuges, and 
decanters), gas absorbers, reactive absorbers (with reversible 
and irreversible reactions), adsorption beds, chilled and re- 
frigerated condensers, membranes, single-stage and counter- 
current washing for filters and centrifuges (with homoge- 
neous and heterogeneous liquids held up in the cake pores), 
stripping, distillation column sequencing (ideal mixtures only), 
aqueous-organic extractions, crystallization (evaporative, 
flash, indirect cooling, direct cooling, “salting out’’), counter- 
current rotary dryers, cocurrent rotary dryers, and fluid-bed 
dryers. 

Note that only a few examples of liquid-solid separators 
and dryers are considered. Similarly, many of the gas separa- 
tion techniques and rules presented by Barnicki and Fair 
(1990, 1992) a re  not included. We  consider only 
aqueous-organic extractions, which are the most common in 
chemicals processes. Nor do we consider azeotropic, extrac- 
tive, or reactive distillation. (A code to test the feasibility of 
splits and to design the highly nonideal distillation systems, 
called Mayflower, is currently being developed by Doherty 
and Malone (19931, along with several students.) A recent 
review of reactive distillation has been published by Doherty 
and Buzad (1992). We assume that each plant in a plant com- 
plex will have its own separation system, which is a poor as- 
sumption. A procedure is needed for determining the best 
sequence of distillation columns when there are multiple feed 
streams. Only the material balance flowsheet is considered, 
and so heat-exchanger networks need to be added to com- 
plete a design. 

Hierarchical Decision Procedure (Revised) 
The hierarchical decision procedure (Douglas, 1985, 1988) 

has been revised to accommodate the new separation system 
synthesis procedure, as shown in Table 3. The input informa- 
tion required is the same as in Douglas (19881, except that 
safety and environmental constraints should be added. The 
rules for determining the number of plants (Level 1 in the 

Table 3. Hierarchical Decision Procedure 

Level 
0 
1 
2 
3 
4 
4a 
4b 
4c 
4d 
5 
6 
7 
8 

Decision Procedure 
Input data 
Number of plants 
Input/output structure and plant connections 
Recycle structure 
General structure of the separation system-phase splits 
Vapor recovery system (and gas separations) 
Solid recovery system (and solid separations) 
Liquid recovery systems 
Combine the separation systems for multiple plants 
Energy integration 
Evaluate process alternatives 
Control system synthesis 
Hazops analysis 

procedure) are the same as in Douglas (1990), except plants 
used to produce or degrade homogeneous catalysts need to 
be differentiated from plants that carry out the primary reac- 
tion chemistry. The decisions for the input-output structure 
(Level 2) for individual plants are the same, except that a 
revised list of component destinations given in Table 4 is used. 
This revised list includes waste streams, so that the wastes 
generated by the reaction chemistry are identified early in 
the procedure. For product or byproduct components that 
are solids at ambient conditions, a decision must also be made 
whether to remove these streams as crystals, as a melt, as a 
slurry, or in solution. The component destinations are not 
unique, and when different destinations are selected, process 
alternatives are generated. 

The connections between plants in a multistep reaction 
process has been moved to Level 2, but the rules in Douglas 
(1990) remain applicable. New alternatives can be generated 
by adding fresh feed reactants in a plant upstream of where 
they are needed (to act as a solvent, a heat carrier, etc.) or 
passing mixtures to downstream plants where the separations 
might be easier (although some of the equipment in the 
downstream plant must be oversized to accommodate the in- 
creased load). Most of the decisions for the recycle structure 

Table 4. Component Destinations 

Noncondensable, gas-phase Gas recycle and purge or I reactants vent to fuel or flare 
Noncondensable gas-phase 

Reactants (condensable gas, 

Reaction intermediates Recvcle to reactor 

byproducts 

liquid, and solid) 

Vent to fuel supply or flare 

Recycle to reactor (or exit) 

Homogeneous catalyst Recycle 
Byproducts produced by Recycle or treat as a 
secondary reversible reactions b roduct 

Feed impurities T r e g a s  a byproduct 
Primary product Exit to storage 
Byproducts 

Valuable byproduct, Exit to storage 
Fuel byproduct 
Waste byproduct Exit to 

Exit to fuel supply 

Wastewater treatment 
Incineration 
Landfill 

Homogeneous catalyst Recycle 
Homogeneous catalyst Recycle 

activator 
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(Level 3) are the same, except that a reactor-separator should 
be considered (some reactor recycle streams are eliminated) 
and operation at a high conversion to avoid a reactant recycle 
should be made explicit. In addition, if a solid feed stream is 
supplied to a liquid-phase reactor, either a melter (if the 
melting point is less than the reactor temperature) or a dis- 
solver usually must be added to the flowsheet. We prefer to 
use a reactant, a byproduct, or the product as a solvent. If 
the dissolution kinetics are much faster than the reaction ki- 
netics, the dissolution can be carried out in the reactor. 

Definition of the Complete Separation System 
Synthesis Problem 

The results of Levels 2 and 3 decisions and analyses pro- 
vide the input information we need for the definition of the 
separation system synthesis problem: we have estimated the 
reactor exit flows (the feed to the separation system) and the 
flows of all of the streams exiting from the separation system 
and that either exit the process or are recycled back to the 
reactor (as a function of the design variables). To illustrate 
the information available for a separation system synthesis 
problem, we consider a particular example. 

Exampk - the production of BHET 
The example we consider is an alternative chemical route 

for making bis (2-hydroxyethyl) terephthalate (BHET), which 
is the monomer for polyethylene terephthalate (PET). The 
conventional route for producing this product starts with the 
air oxidation of p-xylene to make terephthalic acid (TPA). 
The TPA is often converted to dimethyl terephthalate (DMT) 
because it is easier to purify (a liquid instead of a solid). Then, 
either TPA or DMT is reacted with ethylene glycol to pro- 
duce BHET. The BHET can be isolated or directly polymer- 
ized to PET. An alternate route patented by Lummus Co. 
(1969) uses the reaction system below. 

Plant I: 
T = 860°F (46WC), P = 26 psia (179 kPa) Vapor-Solid Reaction 

I .  p-Xyl+ NH, + 3V205 = p-TN + 3H,O + 3V20, 

2. 

3. 

p-TN + NH, + 3V,O5 = TPN + 3H,O + 3V,O4 

p-Xyl+ 21V20, = 8C02 + 5H,O + 21V20, 

Plant 2: 

T = 860°F (46WC), P = 26 psia (179 kPa) Vapor-Solid Reaction 

4. v,o, + 1/2 0, = v,o, 
Rxns 2: 
T = 392"F(200"C), P = 15psia (103 kPa) Liquid-Phase Reaction 

5 .  TPN + EG + 2H20  = 2NH3 + BHET 

where BHET = HO(CH,),OC(O)C,H,C(O)O(CH,),OH; 
E G  = HO(CH,),OH; p-TN = CH,C,H4CN; TPN = 

NCC,H,CN. If the selectivity losses in the ammoxidation 
process are significantly less than the conventional process 
and the other costs are also smaller, then the TPN process 
might be able to displace the TPA process. There is a possi- 
bility that the reaction 2NH, + CO, + H,O = (NH,),CO, 

Plant 

Ethylene 
Glycol 

Plant TPN Plant BHET 
1 3 

H20 - 
1 ~ H z O  1 

pxyl,/ plant I TPN 4 Plant I BHET ~ 

1 1 

Figure 1. TPN-BHET process plant connections. 

also takes place, although it is not mentioned in the patent. If 
we design a process ignoring this reaction, and the process is 
not competitive with the conventional process, we will termi- 
nate the design project. If the new process is competitive, 
however, additional experiments will be needed to determine 
if this reaction is present. 

Levels 1 and 2 - Input -output structure and plant 
connections 

The rules for multistep reaction processes (Douglas, 1990) 
indicate that three plants are required, that is, we run reac- 
tion 4 in a separate plant because we do not want 0, to 
come in contact with p-xylene or the other organics (incom- 
patible chemistry) (see Figure 1). The feed streams to the 
TPN plant are p-xylene, NH,, and V,O,, while the exit 
streams are TPN, CO,, H,O, and V204. For a first design, 
we assume that the TPN leaves the process as dry crystals, 
which corresponds to the patent. The V,O, is removed from 
the fluid-bed reactor separately from the gases and is regen- 
erated in a second fluid-bed reactor (steam stripping of the 
V,04 is necessary to remove the organics adhering to the 
solid, and this steam addition results in a wastewater treat- 
ment problem). 

Overall material balances 
The short-cut techniques of Douglas can be used to esti- 

mate the overall and recycle balances, even if the physical 
properties of all of the components (p-TN, TPN) are not 
known. If the desired production rate is 250 Ib.mol/h (115 
kg-mol/h) of BHET, and if there are no reactant or separa- 
tion system losses in the BHET plant (a design heuristic indi- 
cates that we want to recover more than 99% of all valuable 
materials, but for a first design we assume 100% recoveries), 
then from the stoichiometry we see that the byproduct flow 
of NH, will be 500, and that the required feed rates of TPN 
is 250, of EG is 500, and of H,O is 500 (an alternative would 
be to let some TPN leave the process, because both TPN and 
BHET are solids at ambient conditions and a TPN-BHET 
separation might be difficult). Then, if we add the first two 
reactions in the TPN plant to eliminate the reaction interme- 
diate (which will be recovered and recycled) and if we choose 
a set of reactor operating conditions [ x = 0.512, T = 860°F 
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Reactor 
System 

p-TN 
d I - 

1 I I 

Figure 2. Input-output structure and recycle structure 
of the TPN plant. 

(460"C), P = 26 psia (179 kPa), MRp-xyl/p-xyl = 3.961, where 
the selectivities are 

mol TPN produced 
mol p-xyl converted = 0.952 (3) - 

srPN/p-xyI - 

mol p-TN formed 
rnol TPN formed = 0.238 (4) Sp-TN/rPN = 

short-cut overall balances indicate that the p-xylene feed = 

250/0.952 = 262, the NH, feed is 500 (which is equal to the 
NH, produced in the BHET plant and recycled back to the 
TPN plant), the V,O, consumed = 1,752, the CO, produced 
is 60, and the H,O produced is 1,560 (more H,O is produced 
in the TPN plant than is required in the BHET plant, so a 
wastewater treatment problem is encountered), and the V20, 
produced is 1,752. (A small NH, makeup stream will need to 
be added later, when separation system losses are consid- 
ered.) 

Level 3 - Recycle structure and flows 
The recycle streams in the TPN plant are p-TN (a reaction 

intermediate), p-xylene and NH, (reactants) (Figure 2). 
Again, using short-cut balances, the p-xylene fed to the reac- 
tor = 262/0.512 = 512, the recycle flow of p-xylene = 512 
(0.488) = 250, the recycle flow of NH, = 3.69 (512)- 500 = 
1,389, and the recycle flow of p-TN = 0.238 x (250) = 60. We 
use these estimates of the flows (assuming no separation sys- 
tem losses) to synthesize the separation system, and will re- 
vise these flows after we have specified a separation system. 
If we change the reactor design variables (which will change 
the selectivities), the overall and recycle balances will change. 
These design variables always correspond to important opti- 
mizations. 

Sources of pollution problems 
It should be noted that the CO, exit stream from the TPN 

plant is the source of an air-pollution problem. Similarly, the 
short-cut material balances indicate that more water is pro- 
duced in the TPN plant than is needed by the BHET plant, 
and so a wastewater treatment problem is also present. The 
stripping steam added for the V,O, exit will add to the waste- 

Table 5. Component Type 
A. 
B. 
C. Organics 

Toxic, unstable, corrosive, SARA I11 
Special reactants-air, water, CI,, HCl 

1. Organic gases-condensable vs. noncondensable 
2. Organic liquids 

a. Water soluble or not 
b. Monomers 
c. Temperature sensitive 

3. Organic acids-special reactive separation system 
4. Organic solids 

1. Gases-condensable vs. noncondensable 
2. Acids 
3. Salts 

D. Inorganics 

E. Color-forming components 
F. Mixture characteristics 

1. Any explosive mixtures? 
2. Any azeotropes? 
3. Any eutectics? 

G. Anticipate difficult separations 
1. Complete conversion if a reactant and a product 
2. Send to a downstream plant? 
3. Solid product and byproduct-add a purge 

water load from the TPN plant, and the exit air stream from 
Plant 2 is the source of another air-pollution problem. In ad- 
dition, if dry crystals are removed from the TPN plant, then 
an additional air-pollution problem will be introduced by 
adding an air dryer. Other sources of pollution for the TPN 
plant might also be present as a complete flowsheet is devel- 
oped, and it is important to keep track of the sources of wastes 
and to look for alternatives that eliminate these pollution 
problems. 

Separation System Synthesis 
Knowing all of the component flows entering and leaving 

the separation system defines the separation system synthesis 
problem. We start the separation system synthesis by adding 
a new set of component classifications, Table 5, to our com- 
ponent list. We assume that all inorganics we encounter are 
soluble in water when we consider phase splits. Many of the 
other classifications are used to set flags on the applicability 
of distillation separations. 

Level 4a -phase splits 
In order to decompose the separation synthesis problem 

into a set of smaller problems, we first attempt to phase split 
the reactor exit stream, Level 4a (Douglas, 1985, 1988; Bar- 
nicki and Fair, 1992a). For mixed phase organic reactions that 
contain noncondensible gases (those that boil below propyl- 
ene) we use the reactor as a phase splitter to remove a vapor 
stream. If the reactor temperature exceeds 100°F (38°C) 
(cooling water temperature), we partially condense the reac- 
tor vapor stream and phase split it in a flash drum (Douglas, 
1985, 1988). The vapor is sent to a vapor recovery system and 
the liquid is either sent to a liquid separation system or re- 
turned to the reactor (a reflux condenser). The liquid leaving 
the reactor (which may be a liquid/liquid/solid mixture) is 
usually sent to a filter or a centrifuge to remove the solids, 
and then to a decanter to phase split the organics from the 
aqueous liquid, that is, we prefer not to send gases to a filter 
or a decanter, and we prefer not to send solids to a decanter. 
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A thickener, that is, a hydrocyclone or a gravity settler, 
must precede the filter or centrifuge if the solids concentra- 
tion is less than about 20 to 30 wt.%. Selection rules for 
thickeners and liquid-solid separators have been published 
by Purchas (1981) and Ernst et al. (1991). If a gas-solid mix- 
ture leaves the reactor, we use a cyclone separator to recover 
the solids. If a gas-solid mixture is present in a fluid-bed 
reactor, both a gas and a solid exit stream can be removed 
(usually it is necessary to strip organics adhering to the solids 
with steam). This steam stripping eventually leads to a 
wastewater treatment problem. 

For vapor phase reactions, we use a partial condenser (or a 
quench tank) to cool the gases to 100°F (38°C) (the lowest 
temperature available with cooling water) and to accomplish 
a phase split. If the exit stream from the partial condenser is 
a V/L/L/S mixture, we first remove the vapor in a flash drum, 
then we remove the solids in a filter or centifuge, and finally 
we use a decanter to split the organic and aqueous liquid 
streams. There are exceptions to this general rule, however, 
that correspond to new process alternatives. If there is very 
little vapor and no solids, we can remove the vapors from the 
remainder of the liquids overhead in a distillation column. If 
there is very little liquid and no solids, we can recover the 
liquid in a gas absorber. After vapors have been removed, if 
there is very little solid it is often better to decant before 
filtering in order to decrease the load on the filter. 

If the reactor exit stream is a homogeneous liquid, we 
sometimes cool the stream to cause one component to crys- 
tallize. In some other cases we add water to an organic stream 
or an organic to an aqueous stream to cause a phase split and 
to recover one or more components. Similarly, adding an or- 
ganic or water to a stream sometimes will cause a component 
to crystallize. Normally it is cheaper to cause a phase split by 
cooling, rather than adding a “mass separating agent,” be- 
cause the mass separating agent must be recovered and recy- 
cled (unless it is water). If water is used as a mass separating 
agent and is not recovered and recycled, a wastewater treat- 
ment problem is generated. 

The vapor leaving a flash drum is sent to a vapor recovery 
system. The liquid leaving the filter or centrifuge is sent to a 
solid recovery system, and the organic and aqueous streams 
leaving the decanter are sent to separate liquid separation 
systems (Figure 3). We calculate the flows leaving the phase 
splitters as a function of the reactor design variables. Now 
the separation system synthesis problem becomes one of syn- 
thesizing a vapor recovery system, a solid recovery system, 
and liquid separation systems. It should be noted that most 
processes will not contain all of these subsystems, because 
not all of the phases are present. 

Feeds Reactor + 

Interactions among the separation subsystems 
The individual recovery subsystems are usually intercon- 

nected, that is, the solvent required for a gas absorber is re- 
covered and recycled in one of the liquid separation systems, 
and so forth. Hence, a more complete representation of the 
flowsheet superstructure is shown in Figure 4. As Figure 4 
indicates, the coupling between the subsystems introduces 
separation system recycle loops into the flowsheet. The pur- 
pose of the vapor recovery system is to remove valuable com- 
ponents from an exit gas stream or to prevent toxic compo- 

Filter 
Flash + or + Decant 

Centrifuge 
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Vapor Liquid 

A A  I Solid I 1 Liquid 1 
Recovery Recovery 

Figure 3. Phase split. 

nents from leaving with a gas stream (a gas absorber, a refrig- 
erated condenser with a flash drum, an adsorption bed, or a 
membrane are the most common techniques that are used). 
The purpose of the gas separation system is to separate mix- 
tures of gases (cryogenic distillation, pressure swing adsorp- 
tion, or a membrane are common techniques). However, Bar- 
nicki and Fair (1992) note that gas separations are seldom 
economical unless the exit gas flow exceeds 10 to 20 ton/d. 

The purpose of the solid recovery system is to recover valu- 
able materials from the wet cake leaving a filter or centrifuge 
by washing. The purpose of a solid separation is to separate 
mixtures of solids, but most industrial processes are designed 
to prevent the occurrence of such mixtures. The purpose of 
the liquid separation systems is to separate mixtures of liq- 
uids (distillation, extraction, crystallization, and so forth, are 
common techniques that can be used). Thus, this superstruc- 
ture includes all of the common separation system tech- 
niques. 

We consider the synthesis of the vapor recovery system first 
(Level 4b), because one of the streams leaving this system 
normally is a liquid mixture that requires separation. We con- 
sider the synthesis of the solid recovery system next (Level 
4c), because it also produces a liquid stream requiring addi- 

Liquid Recycle 1 , Recycle 1 ; 
Separation 

I I 
Vapor Liquid 

Recovery Separation 

v v  
Reactor Flash Filter Decanter 

Product 
Product or Solid Liquid 3 
Byproduct - Recovery Separation - 

A Byprod. 

Solvent Recycle 
d 

Figure 4. Superstructure for the separation system. 
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tional separation. Normally there is no interaction between 
the vapor recovery system and the solid separation system, 
but both affect the number of components and the compo- 
nent flows fed to the liquid separation system. The problem 
definition for the synthesis of the liquid separation system 
thus might have feeds from the vapor recovery system, the 
reactor, and the solid recovery system, and it might have exit 
streams to the vapor recovery system, the reactor, and the 
solid recovery system, as well as process exit streams. Thus, 
both the reactor recycle streams and the separation subsys- 
tem recycle streams affect the definition of the liquid separa- 
tion system synthesis problem. 

TPN plant - Phase splits (Level 4a) 
When we cool the gas stream leaving the TPN reactor to 

100°F (38°C) in a quench tank (TPN has a triple point above 
atmospheric, similar to CO,, and will form a solid without 
forming a liquid if cooled below the dew point of the mix- 
ture), we obtain a vapor-organic liquid, aqueous-liquid, solid 
mixture. We remove the CO,, and some NH, (and H,O), in 
a flash drum, then remove the solid, TPN in a liquid-solid 
separator, and finally split the organics (p-XYL and p-TN) 
and an aqueous mixture (H,O and NH,) in a decanter (Fig- 
ure 5). The organics can be recycled directly back to the reac- 
tor from the decanter without further separation, because it 
makes no difference if some NH, and H,O are present in 
this stream. 

This phase split flowsheet is different from the one de- 
scribed in the patent (see Figure 6) .  In the patent, two quench 
tanks in series are used that operate at different tempera- 
tures, with the final gas stream sent to a vapor recovery sys- 
tem. The L/L/S stream leaving the first quench tank is sent 
to a centrifuge and then to a decanter. The L/L/S stream 
leaving the second quench tank is sent to a decanter and the 
aqueous-solid stream leaving this decanter is sent to the cen- 
trifuge. If the two quench tanks were combined and operated 
at 100°F (38"C), which would reduce the load on the vapor 
recovery system, and if the L/L/S stream leaving this quench 
tank was sent to the centrifuge, then a decanter and a recycle 
loop could be eliminated from the flowsheet shown in Figure 
6, and Figure 5 would be obtained. 

l i  
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Figure 6. Alternate phase split for the TPN process. 

A three-phase flash calculation is needed to determine the 
flows leaving the quench tank. For a first design we can as- 
sume perfect recovery of the TPN in the centrifuge and per- 
fect splits in the decanter. If the process is competitive, we 
will revise these flows later. 

Separation 

Level 4b - Vapor recovery system (and gas separations) 
The purpose of a vapor recovery system is to recover valu- 

able components from a vapor stream or to prevent toxic, 
gaseous components from leaving the process, that is, we re- 
move almost all (more than 99%) of the condensable gases 
and liquids from noncondensable gases. The common types 
of vapor recovery units include condensers (high pressure, low 
temperature, or a combination), gas absorbers, adsorption 
beds, and membranes. Fair (1969) suggests that adsorption is 
the least expensive method if the solute composition is less 
than 5%, but the use of an adsorption bed, with subsequent 
regeneration introduces a batch operation into the continu- 
ous process. 

If a process contains a gas recycle and purge stream and if 
valuable components are lost in the purge stream, the vapor 
recovery system should be placed on the purge stream be- 
cause it has the smallest flow rate. If components that de- 
grade the product distribution of foul the catalyst are pres- 
ent, the vapor recovery system should be placed on the gas 
recycle stream because it has the second smallest flow rate. If 
valuable components are lost in the purge stream and com- 
ponents that degrade the product distribution or foul the cat- 
alyst are present in the flash vapor stream, then the vapor 
recovery system should be placed on the flash vapor stream. 
If no components that are valuable, degrade the product dis- 
tribution or foul the catalyst are present, then a vapor recov- 
ery system is not needed. 

If a condenser is selected, another flash drum, a refrigera- 
tion unit, and/or a compressor must be added to the flow- 
sheet [the original flash drum operates at 100°F (38"C)I. If a 
gas absorber is selected, a solvent must be selected and the 
solvent usually must be recovered and recycled. If water is 
selected as a solvent, it is often sent to a waste treatment 
facility after the valuable component(s) have been recovered. 
Hence, the selection of an absorber usually introduces a sep- 
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aration system recycle loop into the flowsheet. If a compo- 
nent that is not in the reaction system is selected as a solvent, 
then the solvent may be recovered in a local distillation col- 
umn (if it is lighter or heavier than all of the other compo- 
nents recovered) or it might be recovered in one of the liquid 
separation systems. By using a component in the reaction sys- 
tem as a solvent, a distillation separation is saved. If a reac- 
tant is used as a solvent, then it is desirable to feed the reac- 
tant to the process through the gas absorber because this will 
allow the absorber to operate at a lower temperature. A first 
estimate of the solvent flow rate is made using the heuristic 
that the absorption factor is 1.4, which is valid only for dilute 
mixtures and isothermal operation. 

If a solvent can be found that reacts with the solute, and 
the reaction can be reversed in a second column to regener- 
ate the solvent (for example, CO, absorption in a number of 
solvents, NH, absorption in dilute acetic acid-ammonium ac- 
etate solution), then a reactive absorption-stripping system is 
preferred. For the removal of toxic components from a gas 
stream, a solvent that irreversibly reacts with the toxic com- 
ponent to form a benign material is selected, and the exit 
liquid mixture is sent to waste treatment. 

If an adsorption bed is used, the bed is often regenerated 
with steam. Fair (1969) suggests that 3 lb of steam/lb of or- 
ganic are required for regeneration. The exit stream is con- 
densed and the solute and water are usually separated by 
distillation. It is common practice to send the water exit 
stream to waste treatment. 

Membranes are often used to separate noncondensable gas- 
phase reactants from other noncondensable gases. For 
processes with a gas recycle and purge stream, it is usually 
cheapest to place the membrane on the purge stream. Other 
gas separation techniques include cryogenic distillation and 
pressure swing adsorption. According to Barnicki and Fair 
(1992), gas separations are economical only if the gas flow 
rate exceeds 10 to 20 ton/d. More details on gas separations 
are given by Barnicki and Fair (1992). 

TPN process -Vapor recovery system (Level 4b) 
The vapor stream leaving the flash quench tank shown in 

Figure 5 can be sent to a gas absorber using water (a compo- 
nent in the process) as a solvent to recover most (99%) of the 
ammonia from the CO,. In order to recover additional am- 
monia, and to reduce the load on the exit gas treatment sys- 
tem, the gas stream leaving the water absorber can be sent to 
a second absorber using a dilute acetic acid-ammonia ac- 
etate solution. Water (in the gas feed leaving the first ab- 
sorber) is removed from the top of a second column and is 
sent to waste treatment. The bottoms of the second column 
are sent to a third column, where NH, is recovered overhead 
for recycle to the reactor, and an acetic acid-ammonium ac- 
etate solution is regenerated for recycle back to the acid ab- 
sorber. The CO, exiting the acid absorber still might have to 
be sent to a flare or an equivalent gas treatment system, de- 
pending upon the EPA requirements. 

Level 4b -Solid separation system (and solid 
separations) 

Whenever a filter or a centrifuge is present in a flowsheet, 
some valuable liquids usually are held up in the pores of the 
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Figure 7. Cake washing for homogeneous liquids. 

cake. Cake washing (preferably in the filter or centrifuge) is 
required to recover these components. For homogeneous liq- 
uids and high recoveries, two filters (centrifuges) in series with 
a countercurrent washing and reslurrying are often used (Fig- 
ure 7). The new decisions that must be made at this level are 
the number of washing stages, whether or not to use different 
wash liquids for multistage washing, the destination of the 
mother liquor leaving the filter (centrifuge), and the destina- 
tion of the wash liquid. The amount of liquid retained in the 
cake can be estimated from the porosity. The amount of wash 
liquid (usually water) should be determined experimentally, 
but for rough estimates an amount of wash liquid needed for 
three displacements of the liquid in the pores can be used. 

The valuable components usually are separated from the 
wash liquid by distillation, and the wash liquid can be recy- 
cled. Recycle introduces a new separation system recycle loop 
into the process. Either a local distillation column can be used 
or the wash liquid can be recovered in one of the liquid sepa- 
ration systems. The washed cake is normally sent to a dryer. 
Fluid-bed dryers are restricted to small particles that can be 
fluidized. Large particles can be dried in a rotary dryer. 
Cocurrent flow is used for temperature-sensitive materials 
and countercurrent flow is used otherwise. A large number of 
other types of dryers are discussed in the literature. 

For heterogeneous liquid mixtures held up in the pores of 
a cake, such as in the TPN process, decanters can be inserted 
in the washing flowsheet to accomplish a separation. Several 
examples of these flowsheets are given below. 

Solid separations are seldom encountered in petrochemical 
processes. If crystallization is used to recover a component, 
usually an attempt is made to prevent any other components 
from crystallizing. However, if a mixture of solids is encoun- 
tered, the flowsheets described by Ng (1992) can be used to 
accomplish a separation. 

TPN solid recovery system -Cake washing (Level 4c) 
The solid recovery system in Figure 5 corresponds to cake 

washing. In the TPN process the liquid held up in the pores 
of the cake contains organics (p-xylene and p-TN) and an 
aqueous phase (NH, dissolved in H,O), so that decanters 
can be used to accomplish a separation. Early flowsheets for 
cake washing simply slurried the cake with fresh water (about 
twice the cake flow to obtain a 33 wt.% slurry) and then 
washed the cake (three displacements of the liquid). The cake 
was then slurried again, after which steam passed through 
the slurry to remove any organics remaining (see Figure 8). 
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Figure 8. TPN cake washing with no recycle. 

Obviously, this configuration corresponds to very large 
wastewater flows (3.0 Ib/lb of BHET product), which we want 
to avoid. 

Another alternative is to use a countercurrent reslurrying 
flowsheet with decanters to recover the p-xylene and p-TN 
(see Figure 9). No washing is carried out in the filters. The 
wastewater loads for this flowsheet are much less than for 
that given in Figure 8 (0.05), and the organics recycled back 
to the reactor reduce the feed requirements for the process. 

Another alternative that could be used is to first wash the 
cake, and then use the wash liquid for reslurrying. Decanters 
are again used to recover the organics. It might be possible to 
eliminate decanter 2. This flowsheet requires more water 
(0.61 vs. 0.11) and gives a higher waste load (0.55 Ib/lb) than 
the flowsheet shown in Figure 10, but less equipment is re- 
quired. 

Level 4d - Liquid separation systems 
Barnicki and Fair (1990) indicate that distillation is the least 

expensive technique for separating mixtures of liquids if (Y > 

Aqueous TPN 
Recycle Cake 

Recycle to Reactor 

Decant Waste Slurry Filter 

Slurry 

Filter 

Product 
to Dryer 

I Recyc. to Reac Recyc. to Reac 
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Figure 9. TPN cake washing with reslurrying and de- 
canters. 
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Figure 10. TPN cake washing with decanters. 

1.5. In the range 1.1 < (Y < 1.5 other techniques might be 
competitive, and if cy < 1.1 distillation is seldom economical 
(close boilers). Other techniques should (or must) be consid- 
ered if there are dissolved noncondensible gases (‘‘light 
ends’?, dilute binary mixtures, tangent pinches (a low (Y at 
one end of a column), dissolved solids, temperature-sensitive 
components, monomers, organic components dissolved in wa- 
ter, or water-soluble components dissolved in an organic 
stream. Similarly, if azeotropes are present, distillation sepa- 
rations often are infeasible, and the rules of Foucher et al. 
(1991) can be used to test for feasibility. 

The purity of the desired 
product stream and any valuable byproduct streams are part 
of the original design problem definition. The composition of 
gaseous vent streams that exit directly to the atmosphere are 
fixed by EPA requirements. The composition of reactant in a 
purge stream sent to either a fuel supply or a flare system 
from a gas recycle and purge loop is fixed by an optimization 
analysis. The purity of recycle streams is fixed by specifying a 
recovery of greater than 99% of the reactant. The purity of 
liquid and solid streams sent to a fuel supply are also fixed 
using the greater than 99% recovery heuristic. These recov- 
ery heuristics are actually approximate solutions of optimiza- 
tion problems where the optimizations are insensitive to the 
design parameters, but for a first design we use the heuristic 
value. The final composition of liquid streams sent to waste 
treatment and of solids streams sent to a landfill are usually 
fixed by EPA regulations. 

Remouaf of “Light Ends”. If “light ends” (dissolved, non- 
condensable gases) are present in a liquid stream leaving a 
flash drum, and if the lightest (most volatile) liquid compo- 
nent is the desired product or a valuable byproduct, it is usu- 
ally necessary to remove the light ends in order to meet the 
purity specification on the product or byproduct. A reboiled 
stripper (the bottom half of a distillation column), a column 
with a partial condenser (both a gas exit stream for the light 
ends and a liquid exit product stream removed from the re- 
flux drum), a pasteurization column (the light ends are re- 
moved with a partial condenser at the top of a distillation 
column and the product is removed as a sidestream five or so 
trays down from the top), or the use of a stabilizer (a column 
where the light ends are removed from the reflux drum after 
a partial condenser, but a significant amount of product is 
taken overhead to provide reflux) are alternatives that can be 
considered. 

Stream Purity Specifications. 

Vol. 41, No. 12 2531 



The light ends can be sent to the vapor recovery system or 
to a fuel supply. If the light ends are sent to the vapor recov- 
ery system, a new separation system recycle loop is intro- 
duced into the flowsheet. If the lightest liquid component is a 
reactant, the light ends can be recycled with the reactant. If 
the lightest liquid component is sent to fuel, the light ends 
can be left in this stream. 

If an inert gas is used to strip 
light components from a liquid stream, we normally compress 
the vapor exit stream and send it to a partial condenser and a 
flash drum. The condensed liquids are sent to their specified 
destinations or to further separation, and the inert stripping 
gas is recycled. Hence, stripping with an inert gas often intro- 
duces another separation system recycle loop. The recovery is 
fixed by the product purity and the flow of stripping gas is 
fixed by letting the stripping factor equal 0.7. 

If none of the exceptions 
to distillation need to be considered, and if two components 
with adjacent boiling points have the same destination, then 
the components should not be separated by distillation. If 
close boilers are present, they are lumped together, the best 
sequence of columns is determined, and then another tech- 
nique is used to separate the close boilers. If one of the close 
boilers is a reactant, then the possibility of operating at a 
very high conversion should be considered to avoid the sepa- 
ration. If the close boilers are isomers, then crystallization 
should be considered. If the close boilers are from different 
chemical families or a tangent pinch is encountered, then ex- 
traction or crystallization should be considered. 

For distillation columns with a single feed stream, Glinos 
and Malone (1984) recommend that the best sequence of 
simple columns should be considered first. For mixtures with 
less than five exit streams (which includes most processes), 
they found that it takes only a few seconds on an IBM PC to 
find the best sequence by exhaustive enumeration. They also 
found cases where all of the sequencing heuristics agree, but 
do not give the best sequence. For mixtures with more com- 
ponents, a lumping technique or the method of Modi and 
Westerberg (1992) can be used. Apparently there has been 
no work on column sequencing with multiple feed streams, 
which are encountered in many processes or when the sepa- 
ration systems for several plants in a plant complex are com- 
bined. 

In cases where the component flows are very imbalanced, 
which is commonly encountered in processes, a dilute binary 
mixture will be encountered in a simple sequence, and the 
column will be very expensive. The replacement of this col- 
umn and a connected column by a complex column should be 
considered, so that the dilute binary mixture can be avoided. 
Glinos and Malone (1985) published some useful heuristics 
for ternary mixtures with unbalanced flows. They and Mal- 
one and Nikolaides (1992) also recommend considering the 
replacement of neighboring columns in all of the possible se- 
quences (or at least the less expensive sequences) by a com- 
plex column. They considered 12 types of complex columns 
and found that it takes only a few seconds to evaluate all of 
the alternatives. It is interesting to note that the best column 
configuration, including complex columns for the butane 
alkylation process (Malone and Glinos, 1990), did not corre- 
spond to adding complex columns to any of the least expen- 
sive sequences, but to sequence 5 in Table 2, where a 27% 

Stripping with an Inert Gas. 

Distillation Column Sequencing. 
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total cost reduction was obtained by replacing the n-C,/i-C, 
split by a “complex, direct” column. When energy integration 
is considered later, the results might change. 

It is desirable not to 
distill monomers. If a monomer is present in a mixture we 
prefer to remove it first (or as soon as possible.) If we do 
decide to use distillation, we use a vacuum column in order 
to keep the reboiler temperature as low as possible and 
thereby minimize polymer formation in the reboiler. 

If a component decomposes at a temperature lower than 
its boiling point ( e g ,  adipic acid), then distillation cannot be 
used, and another technique (often crystallization or extrac- 
tion) must be considered. If the temperature-sensitive com- 
ponent is the highest boiler, then stripping of the lighter 
components with an inert gas followed by condensation and 
further separation is an alternative. 

Extraction. We limit our consideration to aque- 
ous-organic extractions, which is a large fraction of the ex- 
tractions encountered in most chemical processes (not refin- 
ing). If a mixture is organic, but some components arc water 
soluble, they can be extracted from the mixture into water 
and then recovered from the water by another separation 
technique (often distillation or crystallization). The wastewa- 
ter stream is usually sent to waste treatment. 

Similarly, if a mixture is aqueous, but contains some dis- 
solved organics, the organics can be recovered by extraction. 
An organic solvent must be selected, and it is necessary to 
recover and recycle the solvent. Thus, the use of extraction 
introduces another separation system recycle loop. If distilla- 
tion is used for solvent recovery, either a local column can be 
used or the solvent can be recovered in the distillation train 
used to separate the reactant, the product, and other byprod- 
ucts. If a solvent that is present in the reaction system can be 
used as a solvent, one less distillation column is required. 
The exit aqueous stream is usually sent to waste treatment if 
it contains no additional valuable components. 

Extraction units can be either an extraction column, a se- 
ries of mixer settlers with countercurrent flow of the solvent 
(which leaves as the extract) and the feed (which leaves as 
the raffinate), or other types of units. The recovery of the 
solute is specified to be greater than 99%, and a first esti- 
mate of the solvent flow is fixed by setting the extraction fac- 
tor to 0.7. More complex extraction systems (center feed 
columns, extractors in series, etc.) are discussed by Cusack et 
al. (1991), and selection rules for various extractor units have 
been published by Reissinger and Schroter (1978). 

The selection of the solvent can affect the structure of the 
extraction subsystem. To separate a mixture of acetic acid 
and water (a mixture that exhibits a tangent pinch at the wa- 
ter end of a distillation column) by extraction, an extraction 
column and either three distillation columns or two distilla- 
tion columns and a decanter are required. Siirola (1994) noted 
that four different solvents (ethyl ether, ethyl acetate, isobutyl 
acetate, and octyl acetate) are representative of solvents that 
are used commercially by different companies, and that the 
flowsheet subsystems for each solvent are different (the dif- 
ferent solvents have different distillation residue curve maps, 
and therefore the best connections between the extraction 
column and the distillation columns or decanter are differ- 
ent). Thus, solvent selection requires more than just a consid- 
eration of physical properties. 

Temperature-Sensitive Components. 
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Crystallization. If crystallization is selected as a separation 
technique, it is also necessary to add a liquid-solid separator, 
a cake-washing system, and a possibly a dryer after the crys- 
tallizer (these have been discussed previously). If the desired 
product or a valuable byproduct is a solid at ambient condi- 
tions but is dissolved in a liquid mixture, then crystallization 
is normally chosen. We prefer to remove the solid compo- 
nent before any distillation operations. If a component is a 
liquid at ambient conditions, but is a close boiler or is tem- 
perature sensitive, and if its melting point is fairly high 
(greater than - 20”C, according to Barnicki and Fair (1990)), 
then crystallization should be considered. If a crystallizer is 
used to recover a component that is a liquid at ambient con- 
ditions, the crystals are melted after they have been filtered 
and washed. Similarly, after crystallization and recovery of 
the solids, the solid is often melted so that it can be pumped 
to a downstream process. Other alternatives include remov- 
ing the solid as a slurry or in solution. 

There are a number of different types 
of crystallizers that can be considered, including evaporative 
crystallizers, flash crystallizers, direct-cooling crystallizers, in- 
direct-cooling crystallizers, and “salting-out” crystallizers. 
Evaporative and flash crystallizers are used when it is desir- 
able to remove solvent (usually water) from the mixture. 
Evaporative crystallizers are used when the solid component 
is not very temperature sensitive, and flash crystallizers (op- 
erating under vacuum) are used when the solid component is 
temperature sensitive. Indirect cooling crystallizers (with a 
cooling jacket or cooling coils) are used when the solubility 
decreases with temperature and cooling water or a refriger- 
ant is adequate. Direct cooling crystallizers, where a liquefied 
gas such as ethylene is added, are used when very low tem- 
peratures are required. If the slurry obtained from a cooling 
crystallizer is less than 20 to 30 wt.% solids, then the use of 
an evaporative or flash crystallizer will avoid the need for a 
thickener. Salting-out crystallizers are used when the addi- 
tion of water or an organic has a significant effect on the 
solubility and will cause a component to crystallize. 

Normally crystallizers are 
operated at only 3 to 5% in excess of saturation, that is, at 
close to equilibrium conditions. If highly supersaturated con- 
ditions are used, the crystals grow too rapidly and often trap 
pockets of solution inside of a solid particle (inclusion). If 
inclusion takes place, then high purities cannot be obtained 
by cake washing. Thus, in order to obtain high recoveries of 
the solute, a number of crystallization stages are required, 
similar to a multieffect evaporator. A filter or centrifuge is 
used to remove the solids between crystallization stages when 
the solids concentration is in the range from 20 to 50 wt. %. 

In situations where eutectics are not present (the eutectic 
composition is < 1%) and we can recover most of the solute 
( >  99%), a single crystallizer with a mother liquor recycle 
and purge stream around the liquid-solid separator, two 
crystallization systems and liquid-solid separators in series 
with 90% of the solute recovered in the first system and 90% 
of the remainder in the second, or two crystallizer systems 
and liquid-solid separators in series with a mother liquor re- 
cycle and purge stream around both crystallizers are alterna- 
tives of interest. The purge streams are often sent to waste 
treatment. The alternative destinations of the solids are dis- 
cussed below. 

Type of Crystallizers. 

Number of Crystallization Stages. 
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For mixtures that exhibit eutectics, separation system 
boundaries are encountered. In these cases pure crystals can 
be obtained along with a liquid mixture at the eutectic com- 
position in a single crystallizer. When the eutectic is a mix- 
ture of isomers (usually formed by reversible reactions), the 
eutectic mixture can be sent to a separate isomerization reac- 
tor (p-xylene and m-xylene mixtures) or recycled to the plant 
reactor. Otherwise, mixtures at the eutectic composition can 
be separated by the extractive distillation flowsheets of Ra- 
jagopal et al. (1991) or Dye and Ng (1994b), the temperature 
swing method of Dye and Ng (1994b1, or the techniques de- 
scribed by Ng (1991) and Dye et al. (1994) for separating mix- 
tures of solids. Special flowsheet subsystems are required for 
these systems. 

Crystallizer System Flowsheets (Recrystallization). If two 
crystallizers are used, the washed solids recovered from the 
filters (centrifuges) can be combined and sent to a dryer, while 
the mother liquor from the second filter is recycled back to 
the first crystallizer (with a purge stream) or somewhere up- 
stream of the first crystallizer. Another alternative is to use a 
sedimenting centrifuge after the second crystallizer and to re- 
cycle a liquid-solid slurry back to the first crystallizer. With 
this approach, the solids entering the first crystallizer act as 
seeds for additional crystallization, and often larger particles 
can be obtained (which are easier to filter). In cases where 
very pure solid products are required, it is often necessary to 
redissolve and to recrystallize the product. The mother liquor 
leaving the filter after the recrystallization step can be recy- 
cled to the first crystallizer in the separation system. Another 
alternative is to added a recycle and purge stream around 
each crystallization subsystem. 

It is well known 
that crystal shapes can be very sensitive to impurities. A very 
small change in an impurity concentration can change the 
crystal habit from a cubical structure to a needlelike struc- 
ture. Similarly, in some cases the solids may resemble pop- 
corn. Since the filtration and washing characteristics can 
change dramatically if the habit changes significantly, a care- 
ful experimental program and a careful design are required. 
In addition, it is necessary to pilot all solids processes with 
recycle streams, since an attempt to avoid a pilot program 
almost always leads to an inoperable process. 

Crystal Structure - Effect of Impurities. 

TPN process - liquid separation system (Level 4d) 
The only liquid mixture that needs to be further separated 

in the TPN process is the ammonia-water mixtures leaving 
the first NH, absorber and the decanter. This separation can 
be carried out in a distillation column, with the overhead NH, 
recycled back to the reactor, part of the water recycled to the 
gas absorber and part sent to waste treatment. 

Other Alternatives and Waste Minimization for the 
TPN Process 

The flowsheet described in the patent sends all the water 
that is produced by the reaction and the stripping steam used 
for the exit V,O, stream to waste treatment, and supplies 
fresh water to the BHET process. However, if the NH,-H,O 
distillation column is designed to give a high purity water exit 
stream, part of this water can be recycled to the absorber, 
part could be used as a feed stream to the BHET plant, and 
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the remainder sent to waste treatment. The water leaving the 
distillation column could also be used for cake washing of the 
TPN. This alternative significantly reduces the waste load 
from the combined process (a 23% waste load reduction). In 
addition, even though the washing flowsheet shown in Figure 
10 requires more water than the flowsheet shown in Figure 9, 
no additional pollution load is encountered (and less equip- 
ment is needed) if the water is reused. 

One of our original assumptions is that we would recover 
dry crystals from the TPN plant, and then supply these to the 
BHET plant. The crystals are soluble in ethylene glycol, and 
the dissolution kinetics are sufficiently fast that the solid can 
be dissolved in the BHET reactor. Thus, an alternative would 
be to dissolve the TPN cake in ethylene glycol, and transfer 
the TPN between plants as a solution (any water left in the 
cake that is in this solution can be sent to the BHET plant, 
because water is a reactant in that plant). This alternative 
requires the addition of a dissolver in the TPN plant, but 
eliminates the need for a dryer in the TPN plant and a screw 
feeder in the BHET plant. 

Another alternative would be to transport the TPN crystals 
to the BHET plant as a water slurry (providing that both 
plants are built on the same site and are close together, that 
is, no storage of TPN is required), since water is a reactant in 
the BHET plant. It should not matter if small amounts of 
NH, are present in this stream, since NH, is a byproduct of 
the BHET reaction. This alternative adds another slurry ves- 
sel to the flowsheet, but again eliminates the need for a dryer 
and a screw feeder. Dryers also are the source of air-pollu- 
tion problems, so the use of a solution or slurry transfer sys- 
tem would eliminate another air-pollution problem at the 
source. This type of pollution prevention alternative should 
be added to the list of the sources of pollution problems gen- 
erated by Douglas (1992). 

Opportunities for pollution prevention at the source by 
considering process alternatives should always be considered. 
One advantage of the hierarchical decision procedure is that 
it makes all of the decisions required to specify a flowsheet 
explicit, and process alternatives can be generated by chang- 
ing some of these decisions. Most companies are very reluc- 
tant to reuse water in a process because trace contaminants 
might build up in recycle loops or affect the reactions in 
downstream plants. Thus, careful consideration of the desti- 
nation of trace components is essential (Joshi and Douglas, 
1992), and experiments must be carried out to test this exit 
stream as a feed for the BHET process. 

Economic Potential at Level 4 

Our goal is to estimate the economic potential of the 
process including the separation system as a function of the 
design variables, where the economic potential is defined as 

EP, = Product value + byproduct values -raw material costs - 
annualized capital and operating cost of a feed or recycle 

compressor - annualized capital and operating cost of the re- 
actor and a melter or dissolver - annualized capital and operat- 
ing cost of the vapor recovery system - annualized capital and 
operating cost of the solid recovery system - annualized capital 

and operating cost of the liquid separation system. (5) 
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It is important to note that the “best” separation system can 
change as the design variables change. For example, for the 
complex reactions where only a distillation train is needed to 
separate the unconverted reactants, the product and the 
byproducts, at low conversions (low selectivity losses) there 
will be a large reactant recycle stream, whereas at high con- 
versions (high selectivity losses) the reactor recycle stream will 
be very small. Thus, the load on the distillation train can 
change significantly, and the best distillation sequence can 
change. 

It is also important to note that even though the economic 
potential will exhibit optimum values as a function of the de- 
sign variables for the process with a specified separation sys- 
tem, the value of the optimum will change when a heat ex- 
changer network is added. That is, the recycle costs will 
change and therefore the optimum flows will change (Terrill 
and Douglas, 1987). Hence, the “best”separati0n system can- 
not be determined until after the energy integration problem 
has been considered. 

Conclusions 
A hierarchical decision procedure has been presented for 

the synthesis of separation system flowsheets for vapor- 
organic liquid-aqueous liquid-solid processes starting with 
the component flows leaving the reactor and the specified 
component destinations and flows leaving the separation sys- 
tem. The decisions required to specify a separation are made 
explicit, and by changing these decisions, process alternatives 
will be generated. The procedure first decomposes the sepa- 
ration system synthesis problem into a number of subsystems 
(a vapor recovery system, a solid recovery system, and an or- 
ganic and an aqueous liquid separation system) by phase 
splitting the reactor exit stream (the reactor may also be used 
as a phase splitter). 

The synthesis of the vapor recovery system and the solid 
recovery system are considered first, because there is little 
interaction between these two subsystems, but both change 
the definition of the liquid separation subsystem problem 
(they can change the number of components and their flows). 
Separation system recycle loops, in contrast to reactor recycle 
loops, are normally encountered between the subsystems and 
within the subsystems. It appears as if there are a very large 
number of decisions that need to be made and alternatives 
that need to be considered. However, the chemical and phys- 
ical constraints associated with any particular reaction system 
make it possible to efficiently prune the search space. Pro- 
cess alternatives that eliminate the source of pollution prob- 
lems were also considered. 

Acknowledgment 
The author is grateful to the Department of Energy for partial 

support of the work on separation system synthesis under grant DE- 
FG02-87ER13676, and to the National Science Foundation for par- 
tial support of the work on waste minimization under grant NSF- 
CTS-9313015. 

Literature Cited 
Barnicki, S. D., and J. R. Fair, “Separation System Synthesis: A 

Knowledge-Based Approach. 2. Gas/Vapor Mixtures,” Ind. Eng. 
Chem. Res., 31, 1679 (1992). 

Vol. 41, No. 12 AIChE Journal 



Barnicki, S. D., and J. R. Fair, “Separation System Synthesis: A 
Knowledge-Based Approach: 1. Liquid Mixture Separations.” Ind. 
Eng. Chem. Res., 29, 421 (1990). 

Brunet, J. C., and Y. A. Liu, “Studies in Chemical Process Design 
and Synthesis: 1. An Expert System for Solvent-Based Separation 
Process Synthesis,” paper 133f, AIChE Meeting, Miami Beach, FL 
(1992). 

Crowe, C., P. L. Douglas, J. Glasgow, and S. K. Mallick, “Develop- 
ment of an Expert System for Process Synthesis,” Trans. Inst. Chem. 
Eng., 70, 110 (1992). 

Cusack, R. W., P. Fremeaux, and D. Glatz, “A Fresh Look at Liq- 
uid-Liquid Extraction: I. Extraction Systems,” Chem. Engr., 98(2), 
66 (1991). 

Doherty, M. F., and G. Buzad, “Reactive Distillation by Design,” 
Distillation and Absorption 92, Birmingham, England (1992). 

Doherty, M. F., and M. F. Malone, personal communication (1993). 
Doherty, M. F., and G. A. Caldarola, “Design and Synthesis of Ho- 

mogeneous Azeotropic Distillations: 111. The Sequencing of 
Columns for Azeotropic and Extractive Distillations,” Ind. Eng. 
Chem. Res., 24, 474 (1985). 

Douglas, J. M., “Process Synthesis for Waste Minimization,” Ind. 
Eng. Chem. Res., 31, 238 (1992). 

Douglas, J. M., “Synthesis of Multistep Reaction Processes,” in 
Foundations of Computer-Aided Design, J. J. Siirola, I. E. Gross- 
mann, and G. Stephanopoulos, eds., Elsevier, New York, p. 79 
(1990). 

Douglas, J. M., Conceptual Design of Chemical Processes, McGraw- 
Hill, New York (1988). 

Douglas, J. M., “A Hierarchical Decision Procedure for Process Syn- 
thesis,” AIChE J., 31, 353 (1985). 

Douglas, J. M., M. F. Malone, and M. F. Doherty, “The Interaction 
Between Separation System Synthesis and Process Synthesis,” 
Comp. and Chem. Eng., 9, 447 (1985). 

Douglas, P. L., M. K. Garg, J.  G. Linders, and S. K. Mallick, “A  New 
Algorithm for Selection of Separation Technologies,” Trans. Inst. 
Chem. Eng., 71, Part A (Sept., 1993). 

Dye, S. R., and K. M. Ng, “Fractional Crystallization: Design Alter- 
natives and Tradeoffs,” AIChE J . ,  in press (1994a). 

Dye, S. R., and K. M. Ng, “Bypassing Eutectics with Extractive Crys- 
tallization: Design Alternatives and Tradeoffs,” AIChE J . ,  submit- 
ted (1994b). 

Dye, S. R., D. A. Berry, and K. M. Ng, “Synthesis of Crystallization- 
Based Separation Schemes,” Fourth International Symposium on 
Foundations of Computer-Aided Design, L. T. Biegler and M. F. 
Doherty, eds., AIChE Symp. Ser., No. 304, 238 (1995). 

Ernst, R. M., H. M. Talcott, H. C. Romans, and G. R. S. Smith, 
‘‘Tackle Solid-Liquid Separation Problems,” Chem. Eng. Prog., 22 
(July, 1991). 

Fair, J. R., “Mixed Solvent Recovery and Purification,” Washington 
Univ. Design Case Study No. 7, B. D. Smith, ed., Washington Univ., 
St. Louis, MO (1969). 

Fisher, W. R., M. F. Doherty, and J. M. Douglas, “Evaluating Signif- 
icant Economic Tradeoffs for Process Design and Steady State 
Control Optimization Problems,” AIChE J. ,  31, 1538 (1985). 

Foucher, E. R., M. F. Doherty, and M. F. Malone, “Automatic 
Screening of Entrainers for Homogeneous Azeotropic Distillation,” 
Ind. Eng. Chem. Res., 30, 760 (1991). 

Glinos, K., and M. F. Malone, “Minimum Reflux, Product Distribu- 
tion, and Lumping Rules for Multicomponent Distillation,” Ind. 
Eng. Chem. Process Des. Deu., 23, 764 (1984). 

Glinos, K., and M. K. Malone, “Minimum Vapor Flows in a Distilla- 
tion Column with a Sidestream Stripper,” Ind. Eng. Chem. Process 
Des. Deu., 24, 1087 (1985a). 

Glinos, K. N., and M. F. Malone, “Design of Sidestream Distillation 
Columns,” Ind. Eng. Chem. Process Des. Deu., 24, 822 (198%). 

Glinos, K. N., and M. F. Malone, “Optimality Regions for Complex 
Column Alternatives in Distillation Systems,” Chem. Eng. Res. 
Des., 66, 229 (1988). 

Glinos, K. N., I. P. Nikolaides, and M. F. Malone, “New Complex 
Column Arrangements for Ideal Distillation,” Ind. Eng. Chem. 
Process Des. Den, 25, 694 (1986). 

Gomez, M. A., and J. D. Seader, “Separator Sequence Synthesis by a 
Predictor Based Ordered Search,” AIChE J. ,  22, 970 (1976). 

Gunderson, T., and L. Naess, “The Synthesis of Cost Optimal Heat 

AIChE Journal December 1995 

Exchanger Networks. An Industrial Perspective,” Contput. Chem. 
Eng., 12, 503 (1988). 

Hohmann, E. C., “Optimum Networks for Heat Exchange,” PhD 
Thesis, Univ. of Southern California, Los Angeles (1971). 

Joshi, S. K., and J. M. Douglas, “Avoiding Accumulation of Trace 
Components,” Ind. Eng. Chem. Res., 31, 1502 (1992). 

Julka, V., and M. F. Doherty, “Geometric Nonlinear Analysis of 
Multicomponent Nonideal Distillations: A Simple Computer-Aided 
Design Procedure,” Chem. Eng. Sci., 48, 1367 (1993). 

Julka, V., and M. F. Doherty, “Geometric Behavior and Minimum 
Flows for Nonideal Multicomponent Distillation,” Chem. Eng. Sci., 
45, 1801 (1990). 

Keller, G. E., Adsorption, Gas Absorption and Liquid-Liquid Extrac- 
tion: Selecting a Process and Conseruing Energy, MIT Press, Cam- 
bridge, MA (1982). 

Kirkwood, R. L., M. H. Locke, and J. M. Douglas, “An Expert Sys- 
tem for Synthesizing Flowsheets and Optimum Designs,” Comput. 
Chem. Eng., 12, 329 (1988). 

Lam, K., “Synthesis of Multiple Reaction Step Processes for Single 
Product Chemical Plants,” MS Thesis, Univ. of Massachusetts, 
Amherst (1989). 

Linnhoff, B., “Pinch Analysis. A State of the Art Review,” Trans. 
Inst. Chem. Eng., 71, 503 (1993). 

Liu, M. D., and R. L. Motard, “Computer-Aided Total Flowsheet 
Synthesis,” Comput. Chem. Eng., 9, 431 (1985). 

Lockhart, F. J., “Multicomponent Distillation of Natural Gasoline,” 
Petrol. Eng., 12(12), 111 (1947). 

Lummus Co., “Production of Aromatic Polynitriles and the Corre- 
sponding Aromatic Polycarboxylic Acids,” British 1. 162, 359 (Aug., 
1969). 

Mahalec, V., and R. L. Motard, “Evolutionary Search for an Opti- 
mal Limiting Process Flowsheet,” Comput. Chem. Eng., 1, 149 
(1977a). 

Mahalec, V., and R. L. Motard, “Procedures for the Initial Design of 
Chemical Processing Systems,” Comput. Chem. Eng., 1, 57 (1977b). 

Malone, M. F., and I. P. Nikolaides, “Approximate Design of Multi- 
ple-Feedbide-Stream Distillation Systems,” Ind. Eng. Chem. Res., 
26, 1839 (1987). 

Malone, M. F., and T. F. McKenna, “Process Design for Polymer 
Production,” in Foundations of Computer-Aided Design, J. J.  Siirola, 
I. E. Grossmann, and G. Stephanopoulos, eds., Elsevier, New York 
(1990). 

Malone, M. F., and K. N. Glinos, “Computer Aided Synthesis of 
Distillation Systems,” paper 122a, AIChE Meeting, Chicago (1990). 

Modi, A. K., and A. W. Westerberg, “Distillation Column Sequenc- 
ing Using Marginal Price,” Ind. Eng. Chem. Res., 31, 839 (1992). 

Nadgir, V. M., and Y. A. Liu, “Studies in Chemical Process Design 
and Synthesis, 8. A Simple Heuristic Model for the Systematic 
Synthesis of Initial Sequences for Multicomponent Systems,” Ind. 
Eng. Chem. Res., 27, 2304 (1988). 

Ng, K. M., and J. M. Douglas, “The Synthesis of Processes Contain- 
ing Solids Operations,” Symp. on Process Systems Engineering, 
Sydney, Australia, p. 88 (Aug. 28-Sept. 2, 1988). 

Ng, K. M., “Systematic Separation of a Multicomponent Mixture of 
Solids Based on Selective Crystallization and Dissolution,” Sep. 
Tech., 1, 108 (1991). 

Pham, H. N., and M. F. Doherty, “Design and Synthesis of Hetero- 
geneous Azeotropic Distillations 111. Column Sequences,” Chem. 
Eng. Sci., 45, 1837 (1990). 

Purchas, D. B., Solid/Liquid Separation Technologv, Uplands Press, 
Croyden, England (1981). 

Rajagopal, S., K. M. Ng, and J. M. Douglas, “A Hierarchical Deci- 
sion Procedure for the Design of Solids Processes,” Comput. Chem. 
Eng., 16, 675 (1992). 

Rajagopal, S., K. M. Ng, and J. M. Douglas, “Design and Economic 
Trade-offs of Extractive Crystallization Processes,” AIChE J.,  37, 
437 (1991). 

Rajagopal, S., K. M. Ng, and J. M. Douglas, “Design of Solids 
Processes,” Ind. Eng. Chem. Res., 27, 2071 (1988). 

Reissinger, K. H., and J. Schroter, “Selection Criteria for Liquid- 
Liquid Extractors,” Chem. Eng., 85(11), 109 (1978). 

Rossiter, A. P., and J. M. Douglas, “Design and Optimization of 
Solids Process: A Hierarchical Decision Procedure for Process 
Synthesis of Solids Systems,”Chem. Eng. Res. Des., 64, 175 (1986a). 

Rossiter, A. P., and J. M. Douglas, “Design and Optimization of 

Vol. 41, No. 12 2535 



Solids Process: Optimization of Crystallizer, Centrifuge and Dryer 
Systems,” Chem. Eng. Res. Des., 64, 184 (1986b). 

Rossiter, A. P., and J. M. Douglas, “Trade-offs and Optimizations 
in Continuous Solids Processes,” Filtr. Sep., p. 348 (Sept./Oct., 
1988). 

Rudd, D. F., G. J. Powers, and J. J. Siirola, Process Synthesis, Pren- 
tice-Hall, Englewood Cliffs, NJ (1973). 

Seader, J. D., and A. W. Westerberg, “A Combined Heuristic and 
Evolutionary Strategy for Synthesis of Simple Separation Se- 
quences,” AIChE J. ,  23, 951 (1977). 

Siirola, J. J., and D. F. Rudd, “Computer-Aided Synthesis of Chemi- 
cal Process Designs,” Znd. Eng. Chem. Fund., 10, 353 (1971). 

Siirola, J. J., “An Industrial Perspective on Process Synthesis,” 
Fourth International Conference on Foiindations of Computer-Aided 
Design, L. T. Biegler and M. F. Doherty, eds., AIChE Symp. Ser., 
91, No. 304, 222 (1995). 

Siirola, J. J., G. J. Powers, and D. F. Rudd, “Synthesis of System 
Designs 111: Toward a Process Concept Generator,” AIChE J . ,  17, 
677 (1971). 

Siletti, C. A., and G. Stephanopoulos, “BioSep Designer: A Knowl- 
edge-Based Process Synthesizer for Bioseparations,” Artijicial In- 
telligence Approaches in Engineering Design, Vol. 1, C. Tong and D. 
Siram, eds., Academic Press, New York, p. 295 (1992). 

Smith, R., and B. Linnhoff, “The Design of Separators in the Con- 
text of Overall Processes,” Chem. Eng. Res. Des., 66, 195 (1988). 

Tedder, D. W., and D. F. Rudd, “Parametric Studies in Industrial 
Distillation,” AIChE J., 24, 303 (1978). 

Terrill, D. L., and J. M. Douglas, “Heat Exchanger Network Analy- 
sis: 1. Optimization,” Ind. Eng. Chem. Process Des. Deu., 26, 685 
(1987). 

Thompson, R. W., and C. J.  King, “Systematic Synthesis of Separa- 
tion Schemes,” AIChE J . ,  18, 941 (1972). 

Townsend, D. W., and B. Linnhoff, “Surface Area Targets for Heat 
Exchanger Networks,” Meeting of Instn. of Chem. Engrs., Bath, 
England (1984). 

Wahnschaft, 0. M., T. P. Jurain, and A. W. Westerberg, “SPLIT A 
Separation Process Designer,”Comput. Chem. Eng., 15,565 (1991). 

Wahnschaft, 0. M., J. P. Le Ruddier, P. Blania, and A. W. Wester- 
berg, “SPLIT 11: Automated Synthesis of Hybrid Liquid Separa- 
tion Systems,” Comput. Chem. Eng., 16, 305 (Suppl.) (1992). 

Westerberg, A. W., and G. Stephanopoulos, “Studies in Process Syn- 
thesis: I. Branch and Bound Strategy with List Techniques for the 
Synthesis of Separation Systems,” Chem. Eng. Sci., 30, 963 (1975). 

Manuscript receitwd Aug. 17, 1994, and revision reuised J a n .  11, 1995. 

2536 December 1995 Vol. 41, No. 12 AIChE Journal 




