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ABSTRACT

An 'irrportant problem in the design of chem cal processes is that
of bringing process streans from their tenperatures of availability to
the tenperatures at which they are neepled wi t hout undue cost. An
i mportant strategy for reducing the cost of doing this is heat recov-
ery: Using the heat available from streans to be cooled to service
streans to be heated.

In the absence of nonthernodynam c constraints, it is not diffi-
cult to assess the amunt of heat recovery possible; and nmethods have
been proposed .(Nishida et al., 1971 and 1977; Linnhoff and Flower,
1978) that allow full heat recovery to be systematically obtgi ned. The
networks to which these methods lead are, hov»ever., nore conplex than
necessary. Typically, therefore, those methods have been augnented with
techni ques for thé evol utionary devel opment of the initial network in
order to sinplify its structure, wusually by mnimzing the nunber of
"mat ches" between streans.

The present work proposes a sinple method for exploiting features
of maximally sinple networks (those that have as few "matches" as pos-
sible) in order to design, with greatly reduced effort, such a network
that features a high (typically conplete) degree of heat recovery.
Further exploitation of those features allows a sinmple method of evol u-
tionary devel oprfent that makes it possible, in a very few evolutions,
to inprove the initial network as rruc.h as the data all ow

Unlike the other nethods offered, the present ones are not hinder-
ed by the presence of non-thernodynanic .constrai nts (practicality,

safety, operability)e Their generality and enhanced sinplicity nmake




them nore than any others, applicable in an industrial context. Al-
though intended for application by hand, they lend thensel ves admrably
to conputer inplenentation, especially in an interactive node.

These nethods are denonstrated on the standard test exanpl es and

brove t hensel ves power ful .




| NTRODUCTI ON

The Probl em

- An alnost universal feature of chemical processes is the heating and
cooling of process streans. Synthésizi ng networks of heat exchange
i nvol ves devising ways to acconplish such a task at |east expense. Several

of the nore inportant features of process streans are defined bel ow

1. Inlet Tenperature: Tenperature from which a stream is
heated or cooled (T. ).
in
2. Target Tenperature: Tenperature to which a stream is
heated or cooled (T ).
out
3. Heat Capacity Flowate: Product of the heat capacity
and flowate of a stream (C ).

P
4. Heatload: Rate of heat transfer necessary to heat or
cool a streamfromT. to T (Q.
in out

Cp can be a function of tenperature, but a weak dependence on tenperature
can be ignored during the prelimnary stage of design.

We distinguish between hot and cold streans not on the basis 6f
tenperature but on the basis of whether a stream is cooled or heated.
Streanms to be cooled (T less than T. ) are considered hot; streams to

out in
be heated (T. less than T ) are cold,
in out

An example (the sinmplest) of the standard problems that are used to
test synthesis strategies is 4SPl; see data in Figure 1.
Avail able wutilities include steam and cooling water. The mninmm

o
approach tenperature (T is 20 : No heat may be transferred with |ess

mln)

c

than a 20 tenperature difference as driving force. The unit of Cp is
10,000 heat wunits per hour per degree: the unit of Q is 10,000 heat units
per hour. Added detail and the paraneters for estimating the capital and

operating costs of a network are given in several sources, e.g., Gines

(1980).




Utilities provide heating .gnd cooling as required. Their flowates
are not given in the problem but the. cost of any network will be a strong
function of its utility consurrptio.n. A good network consunes as little as
possi bl e.

When the only constraint on heat exchange between process streans is
the mninum approach tenperature, it is possible to assess wutility
requirenents for a problem prior to synthesis. A technique for doing so
has been devel oped independently of one another by Hohmann (1971) and
Li nnhoff and Fl ower (1978).

This analysis proceeds by identifying a "pinch Point!!

and eval uating
the heating and <cooling required above and below it. with enthal py
bal ances. For the case where a nunber of utilities are available to supply
and absorb heat at a nunber of tenperiatures, the standard anal ysis can be
easily generalized in terns of a multiplicity of pinch points.

The task can be divided into independent subtasks at the pinch point
(in the case of nore than two utilities: all pinch points). Any exchange
of heat between these subtasks will involve an infringement on the mininum
approach temperature sonmewhere in the network on the use of nore (or nore
expensi_ve) utilities than necessary. The independence of the subtasks has
gone unreported but not unnoticed (Linnhoff (1980)).

Anal ysis reveals that the pinch point in 4SP1 occurs at 4800 for the
hot streans and 460° for the cold ones. This dou_ble figure is due to the
m ni num appr oach tenperature of 209,

The subtask above the pinch point is trivial. C3 is heated from 460°
to 500° with utility heat. The other subtask is dgfined in Figure 2. It is
sinple but not trivial. A network of heat exchangers for this system of

- streams, the last of which is the needed cooling water, is to be designed.
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By designing such a network wthout resort to extra utilities, conplete
heat recovery for 4SP1 will have been achieved.

There are infinitely nany networks to acconplish the task. An
i nexpensive one is desired. The investnment required to purchase the heat
exchangers should be kept |ow.

The cost of a heat exchanger is approximated as proportional to its
heat exchange area taken to the .6 power. The total heat transfer area of
many networks is alnpbst the same (Hohmann, 1971). Their cost is, however,
very sensitive to the nunber of units anobng which this area is distributed.

A stream system involving m hot streams and n cold streans (includ-
ing utility streans) requires at least m+ n - 1 units. That is the nunber
of matches required to allow the sum of the heatloads of the natches
involving a stream to be equal to the heatload of the stream |f Hi and C,
exchange q(H.l, C.J) units of heat, then the sum (for all C.J) of q(Hi'Cj)
nmust be Q( Hi)' The sum (for all H'1) of Q(H':.’ C.J) nmust be Q( CJ). At nost
mn(mn-1) g s can be specified as equal to zero. Only in those extraordi -
nary cases where one of the remmining g s turns out to be zero, can we
escape the need for mtn-1 units, one for each non-zero match.

Driving force requirements sometimes necessitate extra units. Thus,

Li nnhoff " (1979) presents a six stream system (four process streams) that

defies acconplishment in less than six units. He notes the inadequacy of
the traditional fornula but offers no new one.

These extra units can be allowed for by dividing the task at its

pinch points. If as in Linnhoff's exanple, two or nobre streans cross a

pinch point, extra units will be required to achieve full heat recovery.

The nunber of units required will be (mtn-1) + Z (S -1) where S is
P. P.

i i
the nunber of streans that cross (not nerely abut) the ith pinch point.




This estimate of the minimuh number of units is an improvement on
that of Hohmann and Linnhoff in that it takes into account driving force
considerations as well as those involving heatloads alone. It is not
infallible however. Contingencies of the stream data sometimes allow the
merging of units above and below a pinch point [as in Linnhoff's solution
to 10SP2 (1979)]. Sometimes there is no thermodynamically feasible network
involving m+n-1 exchangers for a stream system with m+n members even
though there is no pinch point as is evident in the discussidns of 5SPl
and 7SPl to be found later in the present work. Heatload and driving force
requirements affect the number of units needed in systematic ways. Both
can and should be allowed for. We doubt that any simple formula can
account for the effects of the contingencies of stream data.

The synthesis technique that we will offer is intended to be applied
to the subtasks and leads to a subnetwork of m'+n'-1 exchangers for a
subtask with m' hot streams and n' cold streams. Merging subnetworks will
result in m+n-1 + IZ(S_ -1) wunits for the overall network. The minimum
unit network so desig;:d will, typically, feature full heat recovery. A

high degree of heat recovery will always be achieved.

The Algorithm - A Summary

The algorithm to be presented comprises the following three major

steps:

I. Identify minimum utility requirements and pinch points. Partition the
problem into subproblems at the pinch points, each of which is to be

solved separately.




Il. Following the basic -strategy offered by G eenkorn, .Koppel and
Raghavan (1978), develop a network for each subprobl em with a
sequence of steps, each of which elimnates entirely one of the
streans remaining in the subproblem By reducing the remaining task
purdently at each step, the network developed will feature a high

(often conplete) degree of heat recovery.

W describe the use of a "search matrix" to aid in the bookkeeping

requi red when selecting the next match at each step.

I1l. To the result found in Step Il, apply an evolutionary nethod to
inprove the network. The evolutionary nethod to be described wll
create and break "cycles™ in the network and is useful for nodifying
networ ks which already feature the mninum number of units and full
heat recovery as well for those which do not. It will be seen to be

a powerful tool for the design engineer.

W now describe and illustrate the algorithm in detail. The algo-
rithm is effective for hand i npl enentation and has been used to solve
large problems, as ve shall see. The discussion is ained at the innovative
desi gner who for reasons of his own nmay be seeking preferred fornms to the

final structure synthesized.

Task Reduci ng Matches
Consider the five stream task shown in Figure 2. How shall we, for

instance, heat C3 from 240° (T. ) to 460° (T )? The required 253.66
in out '

units of heat can be supplied by cooling H4 from 480° (T.us to 353.2°.

Such a match is thernodynamical |y feasible, i.e. it is in conformty with
_ATmm, and leaves us with the four-stream task given in Figure 3 rather

than a iive-stream task. C3 disappears, and H4 is replaced by its

residual (H4").




The new-task, analysis would show, " can be acconpl i shed without extra
utilities. By designing a mninum unit network to acconplish this t.ask, we
wi Il have designed such a network for the original task. W approach the
new task in the sane way.

W can use Cl, from 218.7° to 320° (T ), to cool H4. This ther-
out

nodynamically feasible match |eaves a two process. stream task, plus the
cooling water wutility which is given in Figure 4. Finally, H2 can be
cooled with the residual ~of d and the cooling water required by the
overall enthaply balance. The subnetwork is finished.

Upon nerging the upper and |ower subnetworks, we have the network
shown in Figure 5 which is in fact the best network available. Mtches
have been nunbered in the sequence chosen. Heatloads are given beneath the
mat ches. All othér figures are tenperatures.

Not only does that network feature the m ni mum nunber of wunits, but
full heat recovery as well. Further, the design mninizes the investnent
required to purchase the exchangers. Although this nethod does not always
lead to the best network, it alnost always |leads to a good one.

Fortuitous insight is not necessary. It ‘is possible to conduct a
systematic search for nmatches that reduce the size of a task.

The task left by a match should satisfy two criteria. The renaining
task nmust involve one less stream and it should be possible to acconplish
that task without extra utilities or nore than the m ni num nunber of units.

The first step in finding such a match is to consider each pair of
one hot stream and one cold stream in order to determine if a match that
| eaves a single residual is possible. In the absence of stream splitting,
there are exactly two ways to match a pair of streans so as to |eave only
one residual. These two ways are exenplified in the matches chosen for

4SP1.




Fol | ow né the ideas in Greenkorn et al (1978) the first match chosen
is of Type E. It matches the‘ streamwith the smaller heatload (C3) wth
the extrene tenperature range of the streamwith the larger heatload (H4).
The second match is of Type M It matches the stream with the snaller
heatload (H4) with the npderate tenperature range of the stream with the
| arger heatload (Cl).

Let S.1 be the streamwith the larger heatload and S.J be the stream
with the smaller heatload. In a Type E match, S. is taken fromT. to T

J m out
whi | e S‘:. goes from Tin to an internediate temperature T' as determined by
a heat balance. In a Type M match, S is taken fromT. to T whi | e §

J in out

goes from an intermediate tenperature T (as determined by a heat bal ance)

to T
out _
Both types leave single residuals. Type E leaves S. fromT to T .
Jv & Jr 1 out
Type M leaves S from T to T'. Wre S} nmamtched with an internediate

region, Tl to T2 a pair of residuals would remain: S.from TR to T'1

and fromT 5 to Tout' The task would be made no snml |l er.

If a mnimumunit solution that involves no split streams exists for
.a task, then an appropriate match exists.to be found. The proof of this
cl ai m depends on an inportant feature of the mninumunit network that, by
hypothesi-s, exists. Such a network nmust be acyclic (Linnhoff, Mason and
Wardle, 1979).

The distinction between cyclic and acyclic networks has been vari -
ously msdefined in the literature on the synthesis of networks of heat
exchange. The best correct explanation is to be found in the discussion of
the m ni num nunber of wunits in Linnhoff and Mason (1979). The definitions
offered by, for instance, Hohmann (1971) and Greenkorn, et al. (1978) are

not quite correct. W suspect that the difference between cyclic and




acyclic networks is one of the many notions that is very sinple to grasp
.intUitiver but véry difficult to define adequately.

-G ven a heat exchanger network, it will be possible to trace a pat h
from sone units to others by following intervening streans. The difference
between a cyclic and an acyclic network is sinply that in an acyclic
network it 1is inpossible to trace a path tHat returns to the unit from
which it started without retracing one's steps. The absence of "cycles'?
that would allow returning to the starting point wthout retracing steps
is essential to the follow ng proof.

Call a match that heats or cools S. fromits inlet tenperature or to
its target tenperature an extrenal match on S‘1' An extremal match on a
stream is the first or last match that it encounters. Unless a stream is
mat ched only once, there will be two extremal matches on it.

What nust be proven is that there is some S‘:. jthat exchanges heat..
with sone S. in a match that is extremal on S. and the only match on S..
Such a match nmust be of Type E or Type M

Choose a stream (81) at random and find a match in the network
hypot hesi zed that is extremal on S.l. Oonsi_der S:2> the stream that ex-
changes heat with S.l in _that mat ch. Choose, if possible, an extremal match
on SZ distinct from the first, which nay or may not be extremal on S*. W
can proceed unless S_~£ encounters exactly one match. Carry the construction
out in both directions as far as possible.

This procedure generates a sequence of streams. No stream can appear
twice in the sequence; that would indicate a cycle. The sequence nust be
finite and, hence, has a first and Iaét element. These two streanms are
mat ched only once, and those two matches are of Type M or Type E

The use of stream splitting leads to conplex topol ogies that involve

costs not reflected by the standard paraneters (Linnhoff and Flower,




1978). Stream splitting is, thus, best avoided unless needed for sone
particul ar reason. Certainly, if the double goal of full heat recovery and
the m ni mum nuﬁ‘ber of units is threatened, streans should be split.

If one is willing to split. the streamwith the |arger heatl oad (S'z.)’
a continuum of internediate match types (Type |) becones possible. 5'1 can
be split into tw branches having C's x*C(S.) and (I-x)*C(S..). The

P P P
first can be matched with S.J and the second left as a residual. The inlet

tenperature of the residual will be that for SJ; but CP and TOut will be

different than those for the original stream Cp for the residual wll be
-x)* : ' i

(1-x) Cp(sj)’ -IE)ut for t he resi dual will be T.I,b(Su)

(+/-)(Q(§_)—Q(%))/((I-x)*CP(S"). The choice of sign depends on whether
S, is a hot streamor a cold stream

If stream éplitting is re-quired, this fact can be expected to be
apparent from the disproportion between the Cp's of the streans to be
mat ched. The possibility of splitting a streamis easy to exploit; but, in
order to keep the exposition sinple, that. possibility will not be dwelt

upon here. The problem under consideration (4SPl) does not require

splitting any streans.

The Search Matri x

W are looking not only for a match that is of Type E or of Type M
We want one that does not bias heat recovery either. The utility require-
ments for _the task left by a giv-en mat ch can be assessed with the standard
analysis nmentioned earlier (Linnhoff and Flower, 1978). It would be
tedi ous, however, to repeat that analysis for every Type E and Type M
match that we may discover. Further, this test would not nake the choice

absolutely safe. The possibility would remain that the reduced stream
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system al t hough feasi.bl e, might defy acconplishnment in a Inetwor‘k i nvol v-
ing the mnimum nunber of units. W want, instead, a sinple heuristic that
will allow us to choose a match that is unlikely to bias heat recovery
wi t hout too nuch tedious effort.

Mat ches that have large driving forces and, thus, degrade heat over
large tenperature ranges, are nmore likely to offend than those with small
driving forces. For each possible match, therefore, we add the driving
forces at either end of the match to obtain the nean of the match. I f
both a match of Type Mand a match of Type E are possible, the nmean of the
Type M match is chosen as it is the lesser of the two. W choose the match
with the least nmean to reduce the size of the task.

In considering every pair involving a hot stream and a cold stream

we need not consider matches involving the utility. Once the original t ask

has been divided at the pinch point (or, if there are mre than two
utility streans, every pinch point), each subtask will have exactly one
utility. In proving that there will always be an appropriate match to be

found, we actually proved the existence of two appropriate matches.
Because of this fact, we can safely neglect any given stream in our search
wi t hout endangering its success. The obvious stream to neglect is the
utility stream

For the bottom half of 4SP1, we nust consider four pairs of streans.
THe results can be displayed as in Figure 6. The entry records the kind of
match and its ‘nean. The dash indicates that no nmatch of either type is

t her rodynam cal | y feasi bl e (satisfies ATm ). The asteri sk i ndi cat es

in
that the least mean possible for a match bétween the streams is too large
to be in the running.

The least nean is 102; we choose to match H2 and O with a Type E

match. C |eaves a residual. W evaluate the matches between that residual
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and the remining hot stréams (Only H4 remains) and, again, choose the
match with the |east nmean. |

When no therrmdynam' cally feasible task reducing nmatches remain, we
may be faced with either of two situations. Typically, no task reducing
mat ches remain when the stream system has finally been reduced to, for
instance, a set of hot streams and the cold utility that nust service
them |In that, the sinple case, we sinply finish the job with the utility.

Someti nes, however, both hot and cold process streams renmain al-
though no task reducing match anmong them is possible. In this case, a
second uti'lity must be used. This extra stream allows an extra match.
Because the evolutionary rules to be offered require a connected network
of exchangers and because any network that requires two utilities in the
absence of a pinch point wll surely be the subject of evolutionary
devel opnent, it is inmportant to introduce the needed match.

The greater the heatload of the added match, the snmaller the utility
loads will be. Thus, it is wise to introduce a large match. W search for
the |argest anount of heat exchange possible between the remaining process
streans, which should be very few in nunber. One can easily evaluate how .

much heat transfer is possible between two streans with the fornul a:

(] Tin(sl) - Tin(sj")l - ra,rAnT. )(%(JS.)) wher e Sl is the streamwith the
| arger heatload. If heat transfer is possible between any pair of streans,

add the match with the pot enti al for the largest heatload at that

heat | oad. 81 will enter the match at T'in( S.I) and |eave at AT.i n(S'l) -
Q’Cp(S].). SJ will enter at T'in(sj) and |eave at T'ir‘-s'? - T - After
adding this match, finish the job with utilities.

This nethod of choosing successive matches deternmnes an effective

- function from the problem data to a prelimnary network. Anyone correctly
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employing this method to generate a network for 4SPl that does not
incorporate stream splitting will be brought to the network shown in
Figure 7. This netwdrk is not quite optimal, but it is very good. The
investment necessary to purchase the heat exchange units for this network,
as estimated in the standard way, is about 3.4% more than that required by
the global optimum. The annual costs, including annualized capital costs,

differ by less than 1l%.

Evolutionary Improvement

The costs of different networks that display the minimum number of
units and complete heat recovery differ, as these figures suggest, only
slightly. Any such network is a good one, but it is always desirable to
make a good design better.

One clear defect in the above design involves the use of the cooling
water. It is unreasonable to cool H4 to 2_80o with cooling water and use Cl
to cooi H2 to 200°. If we put a cooler on H2, however, we no longer have.a
minimum unit network. A cycle (Figure 8) has been introduced. We can

remove the cycle, however, without returning to the original network.

The extra unit allows a degree of freedom in allotting heatloads to
the units. The units comprising the cycle have been given numbers so as to
distinguish between even and odd units. We are at liberty to increase
(de;rease) all even (odd) units and decrease (increase) all odd (even)
units by any given incremental heatload.

If we refuse to consider, as is only reasonable, retrograde heat
transfer, i.e. the transfer of heat from cold streams, we can demand that
all heatloads be non-negative. Given this constraint, there are two limits

to the extent to which heatloads can be altered.
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The relative size of the heatloads of the odd units and that of the
even units will remain the same as all heatloads are altered. The heatl oad
of the odd unit with the smallest heatload can go to zero, and so can t hat
of the corresponding even wunit. The first [limt involves the network
generated by the synthesis algorithm and the second involves the gl obal
opti mum

VWhenever a new match is introduced into a mninmm unit network, a
cycle appears. There is exactly one way to renmpve that cycle without
returning to the original network, and the way to do so is obvious upon
i nspecting the heatloads of the units in the cycle. The new network may be
better or worse than the original one; it my, in fact, be therno-
dynanmically infeasible. It is not difficult, however, to spot cycles that
lead to inproved networKks.

These <cycles are, nmore exactly, polygons: rectangles, hexagons,
oct ogons, etc. The polygon will always have an even nunber of both
vertices (exchangers) and faces (streams). The vertices can always be
divided into even and odd; their heatloads can be increased and decreased
alternately.

One can search the original flowheet for polygons with nmissing
vertices and consider whether the match that would finish the polygon
shows pronmise. One then increases the heatload at the new vertex until a
heat| oad sonewhere else in the polygon goes to zero. Two tenperatures at
each vertex remain the sane and, so, can be taken from the origina
network. Internediate tenperatures are easily interpolated and the therrao-
dynamc feasibility of the new network assessed by conparing the tenpera-

tures of hot and cold streans.




14

Al though this evolutionary technique was invented with mninmm unit
networks in mnd, it is not restricted to them in its application. The
above process can be carried out even though the network under

consi deration already contains a tycle.

Application

G ven any network, the technique of i ntroducing and renoving cycles
allows the rapid identification of neighboring networks and a continuum of
intermedi ate networks with one extra unit. In the typical case, where the
introduction of an extra unit offers no hope of increased heat recovery,
the internediates are of little interest. They have an extra unit and
nothing to show for the added investnment that wunit represents. In cases
_where the presence of an extra unit allows an increase in heat recovery,
however, these internediate units may represent inprovenents. Thus, with a
problem like 6SP3 (introduced in the discussion of 7SP1 in the present
wor k) where full heat recovery is inconpatible with t'he-m' ni mum nunber of
units, the introduction of a match may nmake attractive alternatives that
do not feature the minimum nunber of units apparent.

This nmethod is intended, primarily, as a tool that wll allow the
design engineer to identify networks that satisfy whatever criteria my be
seen as desirable. The only derpnstration of its power that can be given,
however, is in lowering the estimted cost of neworks for the standard
test problems. Three cases will be di scussed.

5SP1, wth a posited non-thernodynam c constraint preventing a
cru.cial match, provides an interesting exanple of the trade-off between
capital costs and operating costs. Heat recovery, in that exanple, can be

i mproved slightly while continuing to respect a Tm‘m of 20° by increasing
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the nunber of wunits; but the network with the mininum nunber of units and
a lower degree of heat recovery is markedly nore attractive than that with
an extra unit and full heat recovery.

In the discussion of 7SP1, an unconstrai ned problem that defies full
heat recovery in the mininum nunber of units (6SP3) is introduced. In the
case of 6SP3, however, the presence of an ext r‘a unit is justified.

Finally, there is an extended discussion of the evél utionary i nprove-
ment of the output of the synthesis algorithm for 10SP1. In that case,
which is nore typical of the- heat exchanger Iliterature, the nethod of
introducing and deleting cycles quickly reveals a considerable nunber of
networks that are as attractive as any offered in the literature.

These exanples are intended to display the goal of the evolutionary
method offered: to reveal options. It is up to whoever is using the
technique to decide which options are good by whatever crilteria are deened
appropriate.

To keep the exposition brief, sone details of the reasoning t hat
notivates the evolutions and many of the internediate and alternative flow
sheets that mght have been included have been suppressed. A full

di scussion of these exanples is to be found in Ginmes, 1980.

5SP1

One shortconming in the Iliterature on designing networks of heat
exchange is its s.irrplistic criterion for the acceptability of a match: A
match may be included in a network just in case the inlet and outlet
temperatures of the streans matched di'spl ay adequate driving forces. An
acceptable match is one with a driving force adequate to the requirenents

of ideal countercurrent heat exchange. Mdst heat exchangers, however,
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enpl oy rrultipasé designs that place greater demands on tenperature
relations than countercurrent exchangers* Al so, t here ahre sonet i nes
practical reasons why two streanms whose tenperatures are conpatible cannot
be allowed to exchange heat. Such corrplicatioﬁs are rarely given their due
in the literature*

One exanple that disallows certai n. thermodynanically feasible
mat ches is given by Li nnhé)ff and Flower (1978) in the form of 5SP1 with
the added restriction that C‘1 and Hh may not exchange heat although C.l
must bring H to its target tenperature if full heat recovery is to be
achieved* Uility requirements for the nodified 5SP1 can be detern ned
with the generalization of the nethod of enthal py balances given by Cerda
and Westerberg (1980). Matching C}. and H,q can save $10,432/yr; the cost
of -the utilities required by the.rmdified 5SP1 is $43,228/yr.

The network for the mopdified 5SP1 given by Linnhoff and Flower is
shown in Figure 9. It features seven units, one more than the mninum
nunmber, and recovers all but $37/yr worth of heat* Its cost, includi ﬁg
capital charges, is $50,341/yr.

Using the nethods presented in this paper, one could approach the
modi fied 5SP1 -by means of a constrained search matrix in which the
forbidden match is never allowed as feasible. Two evolutions lead from the
algorithmc network to that shown in Figure 10. The utility requirenents
for this network are slightly greater thén those for the seven wunit
network shown in Figure 9. The $118/yr increase in operating cost is,
however, nmore than offset by the $6,254 reduction in capital outlay
all owed by the absence of a seventh uni tl. The cost of the six unit network

is $49, 834/ yr.
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This network could also be found‘ by synthesizing a network for the
unnodified 5SP1 with an unconstréi ned search matrix, }epl acing the match
bet ween C.1 and H‘,l with a heater and cooler and inproving heat recovery
with the evolutionary introduction and deletion of matches. -The authors
prefer the latter approach as it is rarely possible to identify every
configuration of circumstances that would make a match unacceptable before

the actual synthesis of a network.

The sensitivity of the present evolutionary nethod to the nunber of
mat ches facilitates the identification of a mnimm unit network wth
enough heat recovery to make the addition of an extra unit, which would
i mprove heat recovery at best a little, of dubious value. Alternative
networks are generated in their conpleted form thereby allowing a full
eval'uati on of each option. The tradeoff between cap.i tal and operating
costs can be nonitored at each step. The feasibility of each match in
light of the indicated exchanger design and the properties of the streans
mat ched can al so be eval uat ed.

Al though a seventh u-ni t cannot, in fact, enhance heat recovery
enough to be an attractive investnent, one mght consider sone of the
seven unit netvvorks available in order to be sure. W could introduce a
seventh‘ unit even if no other unit can be deleted to allow a return to six
units. In this way two seven-unit n.etworks, both of which represent
i mprovements over that of Linnhoff and Flower, have been identified
(Grines, 1980). One is very nmuch like that in Figure 9, but it achieves
the sane level of heat recovery at a lower investment cost. The other

involves splitting one stream achieves full heat recovery and has a |ower

investnent cost. Neither, however, has as low an overall annual cost as

.the network in Figure 10. A seventh unit does not pay its way.
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The stream splitting network that achieves "full 1 heat recovery as
defined by the nmethods of Cerda and Westerberg (1980) requires an invest-
ment of $68,087. The investment is not worth it for two reasons. The
network in Figure 10 achieves an insignificantly |lower degree of heat
recovery with considerably less investnent. Also, it 1is possible to

achieve nmore than full heat recovery with less investnent.

C.L may not be matched with H,q, but it can cool % to a point where
03 is cold enough to bring H,q to its target tenperature. The price of the
exchanger in which C3 is cooled to 1300, as estimated with the standard
par anmeters, is $8,378. The renmining five-stream problem requires | no
cooling water and can be acconplished in five exchangers. The five-unit
network is shown in Figure 11. Capital investnent required by those five

units and the sixth in which C—1 and C—-5 are matched is $67,532. This

six-unit network,as mght be expected, is |ess expensive than any of the
seven-unit networks. Uility costs, nor eover, have been reduced by
$10, 432/ yr over "full" heat recovery. The cost of this final network is

$39, 706/ yr, nore than $10,000/yr less than any of the others.

In probl enms ‘that feature non-thernodynamic constraints on heat
‘exchange, it is sonetimes possible to reduce utility conéurrption by
exchangi ng heat between like streans (cold and cold or hot and hot). This
fact makes the nmere definition of (as opposed to ascertainment of) m ninum
utility consunption in such cases problematic. The unorthodox ploy of
exchangi ng heat between like streans may be useful only infrequently; but
its rewards on the occasions where it is of use can be dramatic. Othodoxy

in the present case would increase annual costs by 257,
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7SP1

In all but one of the standard test problens the algorithm in this
paper‘ leads to an initial network that achieves the double goal of full
heat recovery and the mnimum nunber of wunits. The problem on which it
fails is 7SP1, and the reason for its failure is illumnating.

The first match chosen by the synthesis algorithm heats C,0 to its
target tenperature (4100) from its inlet tenperature (3500) and cool s HZ
to about 397° from its inlet tenperature (4400). This choice of nmatch does
not bias heac recovery. Both 6SP3, as we dub the remaining problem and
7SP1 require only cooling water. Nonetheless, the fate of the algorithmis
sealed by the choice of this match because 6SP3 defies full heat recovery
in a network of six units. No nminimumunit network for 7SP1 contains the
chosen match.

This fact about 6SP3 depends in conplex ways on the details of _the
stream data. A denmpnstration wll illuninate the conplexity of the
dependence. To help the reader follow the proof, the stream date is given
in Figure 12. The inlet tenperature of I-E has been rounded off and the
heat| oad adjusted accordingly.

Ful | heat recovery for 6SP3 entails the absence of utility heating.
To achieve full heat recovery, then, H-J nmust bring both C.l and CS to their
target tenperatures. It is the only hot stream whose inlet tenperature is
sufficiently greater than their target tenperatures. But, because the
heat | oad of H_; is smaller than the heatload of either cold stream both
must be matched tw ce. Four matches, none of which involves C.q, are thus
accounted for.

Because of the small heat capacity flowate of C., it cannot cool

1

ei t her H.I or I-h from 2000 to 1500. As no other cold stream has an inlet




20

temperature below 1800, coolers are required for both H, and H,. Six

2 6
matches are accounted for, and none involves CA'

Any network that achieves full heat recovery must have seven or more
units: two in which C1 is matched, one in which Ca is matched, two in
which C5 is matched and two coolers. Complete heat recovery requires more
than the minimum number (six) of units.

The example of 6SP3 saves us from the tempting inference that the
modified 5SPl1 defies full heat recovery in the minimum number of units
because of the presence on non-thermodynamic constraints on heat exchange.
One important difference between the modified 5SPl and 6SP3 is that in one
(the modified 5SPl) the inclusion of an extra unit to enhance heat
recovery is not justified economically while in the othgr (6SP3) it is.
The only way to come to such conclusion is, of course, to consider the
options available. A network for 6SP3 that achieves full heat recovery by
allowing an extra unit is shown in Figure 13.

Other stream systems will defy full heat recovery in the predicted
minimum number of units. The complex nature of the reasons for the
impossibility of full heat recovery with the minimum number of units in
the present case étrongly suggests that no acceptably simple criterion
will inféllibly predict the number of units needed ‘to allow full heat
recovery. Such criteria give only goals, i.e. heuristic estimates of what
Hohmann (1971) called the 'quasi-minimum' number of units. Our estimate of
the quasi-minimum number is an improvement over Hohmann's in that it makes
allowance for the extra units required by the presence of pinch points.
Further improvement is surely possible, but the goal of infallibility

seems quixotic.
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The objective of our algorithm is to choose matches in sequence
until a minimum unit network that achieves full heat recovery takes form.
The assured success of such an algorithm requires an infallible criterion
for the number of units needed for full heat recovery. As an infallible
criterion seems unlikely, we conclude that no method of choosing matches
in sequence will necessarily lead to a minimum unit network that achieves
full heat recovery whenever applied to a stream system for which such a
network is to be had.

The decision not to incorporate repeated analyses of utility require-
ments into the algorithm as a safeguard against choosing a match which
would tias full heat recovery can now be appreciated in its proper light.
If that safeguard were to insure success, the additional effort would,
ﬁerhaps, be worthwhile. As success cannot be assured, however, the initial
synthesis 1is best kept as effortless as possible. Effort should be
expended where it does the most good, _in the ensuing evolutionary
development.

The algorithm given in this paper usually leads to a minimum unit
network that achieves full heat recovery before evolutionary development,
but such development will be desirable in order to improve the initial
network. When the algorithm fails, as it sometimes will, it produces a
minimum unit network that features a high incomplete degree of heat
recovery. The algorithm can be relied upon only to generate an attractive
point of departure for evolutionary development.

The user of the algorithm will be led to the network shown in Figure
14 for 7SP1. That network is highly non-optimal due to the presence of 84
units of unneeded utility heating and a like amount of extra cooling water
to preserve the overall heat balance. In addition to this defective

network, however, the user of the algorithm will achieve some insight into
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the contingencies of the stream data by repeatedly conparing the tenpera-
tures, heat capacity flowates anc‘i heat| oads of each hot streamw th those
of each cold stream Three inportant facts wll thereby have becone
evident.
1. G shoul d be heated by Hy rather than M.

2. C1 must be brought to its target tenperature by Hj.

3. HZ rat her than H‘_, shoul d heat C‘;:’ to its target tenperature.

A match between C':) and I+2 can be introduced at once; deleting the natch
bet ween C—D and H

7 returns us to the original nunmber of units. In a second

evol uti on, C(,J is matched with I—& and the nmatch between Cb and I—E del et ed,

Finally a match between G, and Hy can be introduced and that between G
and H de-l eted. These three evolutions allow us to dispense with utility
heating to give the network shown in Figure 15.

This network has been identified as the global optimm for 7SP1
(Bol and and Li nnhoff, 1978). It is the optinumgiven tw constraints.

1. No process streamis split.

2. The cooling water neets H, and H, in parallel rather than series.
Rel axing either constraint allows the cost to be lowered (Ginmes, 1980).
| f t-he stream of cooling water is not split but, instead, neets first Hq
and then H’: the necwork shown in Figure 16 beconmes possible. That network

features sonewhat less flexibility but offers a |ower cost.

10SP1

Al though the initial network for 10SP1 (Figure 17) features both the
m ni mum nunmber of wunits and full heat recovery, that network is decidedly
non-optimal. The cost per annum is about 1. 4% greater than necessary, but
the increased annual cost results entirely from investnent costs that are

nore than 67, greater than necessary.
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One source of unnecessary expense in the network is the less than
econom cal di-stri bution of driving forces. In a problem like 10SP1 where
full heat recovery is easy, the conservative use of driving forces_that is
characteristic of the synthesis algorithm leads to some matches with snall

driving forces (C,q/H CD-/Hg) bei ng chosen near the beginning of the

10’
synthesis and others with large driving forces (HQ/ C, HQ/ ch) bei ng chosen
near the end. The disparity in driving forces increases surface area, and

hence, required investnent but is easy to renedy.

The coolers on I-b‘ and H.].0 comprise three vertices of a rectangle. A
mat ch bet ween Hg and C,q woul d conpl ete the rectangular cycle. As heatl oads
are shifted around the <cycle, the distribution of driving forces is
enhanced by thé elimnation of the "greedy" cooler on H-g. The resulting
network can be further inproved by reordering the matches involving H(g to
give the network shown in Figure 18.

I mprovenent is still possible. The match between H(’Q and C; remai ns
as in the first network. This match, HCIQ/ Ci .and H:‘/C—l are three vertices of
a rectangle that can be conpleted by introducing a match between R’o and
CS' Shifting heatloads leads to the network shown in Figure 19.

This network took little work and less ingenuity to discover. Yet it.
is less expensive than any network that has beevi offer.ed in the literature
other than on the basis of exhaustive search. It is not, however, even a
local optimum It has an i medi at_e nei ghbor that is |ess expensive still.

By deleting H'D/C'l in favor of a cooler on H the network in Figure

b!
20 .is obtained. The low cost given for that network presupposes that the
cooling water has been split into tw rather than three branches. One

branch services I-k%while the other is matched with HIO and then H,O.
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This is the |east expensi\;e network without split streans to have
appeared in the literature. It is slightly less expensive than that
of fered by Boland and Linnhoff (1978) on the basis of an exhaustive search
that neglected the option of having the cooling water meet two streans in
seriés rather than parallel.

Greenkorn et al (1978) have carried out an even nore exhaustive
search than Boland and Linnhoff. Using a notion essentially the same as
that of a task-reducing match, they have searched the networks for 10SP1
that feature full heat recovery and the mininmm nunber of units wthout
any limt on the nunmber of times streams may be split. The only constraint
that they seem to inpose is that all mixing be isothermal. They present a
network that features split streans and is slightly less expensive than
that in Figure 20 (Greenkorn et al, 1978). Because théy do not curtail
unfruitful search with repeated utility analyses, their nethod uses prohib-
itive amounts of conputer tinme. Exhaustive search based on task-reducing
mat ches and repeated utility analyses would, however, surely be a most
fruitful approach. Their optinmum is, as far as the authors kr.ww, t he
global optimum It has not been inproved upon by the present methods.
Thei r network can, however, easily be generated by the present
evol uti’onary met hod (Gines, 1980).

In addition to the four cases discussed in this work, the present
nmet hods have been applied to eight other test cases. In five the best
networ ks presented by others have been generated: the two test cases of
Li nnhof f and Flower (1978), the unconstrained 5SP1, 6SP1 and 7SP2. Two new
optima are presented for 4SP2. The network in Figure 21 is the best
network to appear in the literature that splits d into only two branches.

. Figure 22 displays what is, as far as the authors know, the global optinmm




25

for 4SP2. Figure 23 presents a new optimum for 6SP2, a problem t‘hat
features non-thernodynamic constraints. 6SP2 was first presented by
Grossmann and Sargent (1979), In the solutions involving split streans,
split fractions have not been optinmzed. Optinality clains apply only to

configurations.

CONCLUSI ONS AND SI GNI FI CANCE

A high degree of heat recovery and the attendant |ow operating costs
are desirable features of a network of heat exchange, but the capital
costs should also be kept low One way to nmininze the capital costs that
m ght appear attractive would be to minimze the overall heat transfer
area of the network. A nore effective way, however, is to mninze the
nunber of exchangers required. Hohmann (1970) presented- an algorithm for
mnimzing both utility consunption and surface area, but concluded that
mnimzing the nunber of wunits is nore inportant than mnimzing surface
area even though he had no special design teéhni que for doing so.

Later authors presented algorithm c/evolutionary nethods for de-
signing thermally integrated mininmm unit networks but usually enphasized
heat recovery to the exclusion of nininmzing the nunber of wunits dljring
the prelimnary synthesis. The tedius task of reducing the |arge nunber of
mat ches that were introduced to achieve full heat recovery systematically
was left to the ensuing evolutionary developnment and becanme one of the
princi pal objectives of that devel opnent. .Li nnhoff and Flower (1978) and
Su -(1979) present the best of these methods. Another significant contribu-
tion is that of Nishida, et al. (1971, 1977) who also nmninize surface
area in the prelimnary synthesis algorithm although mininmm surface area
is then sacrificed to reduce the nunber of units in the evolutionary phase

as economc optimality dictates.
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W have attenpted to restore a balance between network compl exity
(as seen iﬁ the nunber ~of matches) and heat recovery to the prelimnary
synthesis. The evolutionary devel opment can then tidy up any shortcom ngs
in terns of heat recovery that mght on occasion remain but is primarily
intended to allow the convenient identification of alternative networks
that feature both a high degree of heat recovery and network sinplicity so
that these alternatives can be evaluated in terns of whatever standards
m ght be nobst relevant to the problem at hand.

A synthesis algorithm that strives for the mninmum nunber of wunits
requires a good prelimnary estimate of what that nunber will be. Accord-
ingly, we have loosened the traditional definition to allow for the extra
units required by the presence of pinch points. The failure of the
traditional definition has been noted before in individual cases involving
pinch points (Linnhoff, 1979), but neither the reason for failure nor an
aIte;nate criterion have been offered. As the discussion of 6SP3_indi-
cates, however, no such estimate will bé infallible. It is therefore
inmportant that the evolutionary method offered, while enphasizing the
conservation of the number of matches, allows the introduction of extra

mat ches when, as in the case of 6SP3, that is desirable.

Some of the elenents of this method have been noted by others.
Greenkorn, et al. (1978) exploit task-reducing matches but not in the
context of a convenient initial synthesis algorithm Nor do they denon-
strate that it is possible in every case to see a mininumunit network in
terms of a sequence of task-reducing matches. The interdependent variabil -
ity of the heatloads of the matches in a cycle can be discerned in the
wor k of both Hohmann (1971) and Linnhoff and Flower (1978). The possibil-

ity of renmoving cycles by shifting heatloads until one goes to zero has
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been exploited by Su (1979) to reduce the nunmber of matches resulting
from the use of the Tenperature Interval net hod of Linnhoff and Fl ower.

. The power of the evolutionary technique of introducing and deleting
cycles is supported by proof. A network of héat exchange can be viewed on
two levels, a set of mtches between streanms and the order in which the
streans encounter the matches that involve t‘hem Any two coherent set of
mat ches, sets having the correct nunber of nmatches, neeting a condition of
t opol ogi cal coherence (connectedness) and including no matches wth
negéj[ive heatl oads, are joined by a sequence of coherent sets each of
which differs from each of its immediate neighbors by the presence (and
absence) of exactly one match. It is possible, therefore, to nove from any-
coherent set to any other by passing through these internediate sets,
introducing and deleting one match at each step. In a simlar way, it is
possible to nmve from any thernodynamcally feasible ordering of a
coherent set of matches to any other by passing through internediate
thernodynamically feasible orderings by interchanging the order of t\./vo
mat ches contiguous on a common stream at each step. Rigorous proof of

these clains is given in Ginmes, 1980.

These methods were developed as part of a production-rule system
witten in the experinental artificial intelligence |anguage OPS3RX. This
approach derives from current work in the area of developing conputer
systens that capture the expertise of engineers, doctors and ot her
professionals, in the form of rule-based, know edge-intensive prograns
(Rychener, 1981). The use of OPS3RX was notivated by the desire to test
the use of a production-rule system fof allowing one to readily add and
test various evolutionary strategies. It was hoped that the program would

gradually do nore of the intelligent processing wthout the need for human
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gui dance. The flexibility of production systenms seened to lend itself to
the problem of synthesizing networks of heat exchange, but the slow
response of "the sy'st em devel oped was prohibitive for engineering purposes.
It should be noted that future production systenms pronise to overcone this
difficulty. In an interactive context, but couched in a nore traditional
procedural |anguage, these nethods could be of considerable assistance in

hel pi ng the desi gn engineer to identify the options available to him or

her quickly.
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H7 390-( 2) - 224-( 9 )-188-( C )-150
(557) (123) (129)
1180 1200
Figure 16. An Improvement (?) ($82,522)
Cc2 " Cl c4 C5 C3
1430
H7 480-( 37J-280
: (400)
1400
H8 440-( 38)-252-( C )-150
(527) (285)
|431 1320 |200 |180
H9 520-( 40)-427-( 41)- 402-( C )-354-( 50)-300
(220) ( 60) (115) (128)
|240 |278 - 1100
H6 320-( 46)-200.
(200)
1140 1350
H10 390-( 42)- 224-( C )-150
(557) (249)
1180

_ Figure

17. Algorithmic Output ($99,496)




(o} C2 cT . C5 : c3
N ] 430
Hz -480-( 37)-280
(400)
‘|400 '
H8 440-( 38)-252-( C )-150
: (527) (285)
| 350 |431 |320 | 200 | 180
H3 520-( 39)-472-( 4C)-379-( 41)- ' 354-( 50)-300
(115) (220) ( 60) (128)
|240 - |218 | 100
H6 320-( 46)-200
(200)
|315 | 140 -
H10 390-( 42)- 259-( C )-150
(442) (365)
| 180
Figure 18. 'Reordering the Matches ($95,981)
Ca c2 C5 C1 Cc3
T | 430
H7 480-( 43)-280
(400)
. [190 | 180
H6 320-( 52)-277-( 42)-200
( 72) (128)
| 400 [140 | 100
H8 440-( 44)-252-( 49)-150
(527) (285)
1350 [431  |200 , [320
H9 520-( 45)-472-( 46)- . 379-( 47)-300
(115) (220) (188)
. 1315 |240
H10 390-( 48)- 259-( 50)-150
(442) (365)
| 180 j100

Figure 19. A Second Evolution ($33,724)




o4 T . a (03 oc]

1430
H7 ' - 480-( 37J-280
: (400)
1180
Ho ‘ 320-( C )-277-( 36)-200
( 72) (128)
1400 1100
B8 440-( 38)-252-( C )-150
: . (527) (285)
1350 | 431 1320 j 200
HO 520-( 39)-502-( 40)-409-( 41)-300
( 43) (220) (260)
| 337 1240 | 140
HLO 390-( 42)- 237-( C)-150
(514) (293)
1180
Figure 20. AThird Evol ution ($93,352)
H4 H H3
1400 ' 1430
pmeri— | 2 )-198-=—————-( 3 )-397-( HY
. - (870) (1000) (115) .
. ) 110 1230
a 25- . -420
(500
(1)
(780)
1110
$70, 402
Figure 21. 4SP2: Search matrix without utilities (Optimun)
H H H3
| 400 )
—( 2 )-365 ——( H )-410-=—i
(870) : _ (115)
1110 _ |430
a 25- * _ (2) -420
(1000)
1600 j230
(1 )-465
(780)
[110 - -
$64, 128

Figure 22. 4SP2: Search without utilities, non-isothermal mxing (Qptinumn




c2 ClI . C3

1201 1300 1250
H4 500-( 1 )-400-( 2 )-388-( 3 )-318-( C )-300
(2000) (250) (1400) (350)
| 200 | 283 . | 180 |
H5 400- ( 4 )-399
(2000)
1150

H6 | 350-( C)-250
- - _ (1000)

$89, 511 ($80. 670/ yr.)

Figure 23. - A new. optinmum far. 6SP21




