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ABSTRACT

This paper shows how to draw the heat exchanger networks which
correspond to the mnimm match, mninm utiIit_y solutions discovered in
Part. 2, eveh if the networks require the splitting of streans. and/or a
cyclic structure. The network flow representation of the synthesis problem
can admt several altérnate optim;d solutions involving the sane set of
active streamnistream matches (Ci h.J) qnd energy flows q':.';’ but only one
of them is a clear representation of the network design for which it
stands. To find it, this paper |c-)r'esents a row assignment rule. If_the neat
exchanger network found is cyclic or includes stream splitting, the
optimal solution tableau provided by the row assignnent rule indicates the
mat ches which are to be performed in nmultiple units, the process streans
to split and their split ratios and the arrangenent of the heat exchangers
in the network. Based on that infornation-, a rather sinple systenatic
procedure is presented to draw a prelim’na_ry network*. Additional rmergi ng
rules show how to reduce the number of units in this initia network.
Several exanples are solved where stream splitting or cyclic structures

are required.
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I NTRCDUCTI ON

As remarked by N shida et al. (1977), nost of the proposed synthesis

techniques have no explicit provision either for the use of stream

'splitting or for the generation of a cyclic network in which a stream’is

exchanged nore than once with another stream However, both c_yclic struc-
ture and stream splitting are ordinary features of econom c networks -f_or
industrial problens such as a crude unit preheat train. In the paét, this
type of problem was chosen by several authors to test their proposed
network synthesis algorithms. Thus, Kobayashi et al. (1971) studied the
skynt hesis of a heat exchange systemaround the topping unit in a ref_i nery.
Qude oil was the only cold stream to be he;';\t ed and several hot streans
such as naptha, kerosene, gas, oil, etc. were to be cooled. A simlar type
of problem was Ilater used t;y Cena et al. (1977) to illustrate their
optimal assignnment synthesis nethod. In both cases, the econonic network
design was highly cyclic and included splitting of the cold stream at

several different points in the network.

Two al gorithm c-evol utionary approaches account also for the uée of
stream splitting and/or cyclic matches. They are due to Nshida et al.
(1977) and Linnhoff and Flower (1978). Recently, Flower and Linnhoff
(1980) devel oped the’ t hermodynam ¢ conbi natorial (TC approach which is
capable of discovering all of the network desi gns requiring mni num
utility usage -and corrpr-i sing a mninum nunber of wunits as gi ven by
Hohmann's rule. A 'naj or disadvantage of .the nmethod is that it will yield
no answer if cyclic structures aﬁd/or stream splitting are features of the
econom c - networks. Such a situation arises in practical problens where
full heat recovery is difficult to achieve unless certain streans are

split or nore than the mninum nunber of wunits nust be used. Part 2




presented a systematic nethod to synthesize a maxinmum energy recovery
network where a mninum nunber of stream stream matches is acconplished.
It did this by introducing the following "network flow' related problens

-described briefly for the convenience of the reader.

Fully partitioned prob_l ens

Pl : Mnimumutility problem with streans partitioned

p2: M ni mum match/ m nimum utility prdblem with streans
partitioned

P2: P2 but with integer constraints ignored on yij

P3: P2 with variabl es yij substituted out

Mer ged probl ens
p2f P2 but with nmerged surrogate constraints — i.e.

streams not partitioned. Leads to nuch reduced
probl em si ze. ' '

P21 P2' but with integer constraints ignored on Yy

]
P4 P27 with variabl es y.l.] substituted out.

Once a nmmxinmum energy recovery basis, i.e. a basis for problem P4,
" has been discovered, the next step is to draw the related network
structure. Since P4 is a. rél axation of P2 there generally are several
alternate optimal solutions to the fully partitioned problem P2 giving the

same basis for nerged problem P4« Among them there always exists one

*
YN JU ee* " which is a clear representation of the network design.
I K, Jft Opt .
Besi des the ordering of the active matches in the network, such a solution
*
t abl eau (q'i’lcj'*) opt can indicate if either stream splitting or nultiple

units for an active match is required in the network due to thernodynanic

constraints.




Usual Iy, an optimal solution to problemP2 includes several positive
elenentary matches g, .. between a hot and a cold stream (c, h.) at
116 I*» 1 i
different tenperature levels (k or 1). The P2-optinal tableau

'{qik jl.} opt which is a picture of the network structure describes a match
)

as a sequence of positive el e-nent ary matches of the form

G (kal ), jUsl): qi(k+l);jl? ik, jl 9Pk, j(l-1)i— e Sucha sequen'ce i>;-
plies that the tenperature |evel of _each process stream involved in the
mat ch (Ci' hj) generally varies along the heat transfer wunit which
inplements it. The process of nerging all or sone of those positive
elenentary matches g, .. into a single larger one that can be accora-
plished in a heat exchanger is obviously much si apler if the apprdpriate

solution tableau {q., .-) « *% used.’
: K92~ opt

The Row Assi gnnent Rul e

In order to develop a picture of the network design struct.ure
associ at ed V\A'th a maxi mum energy recovery basis, a sinple conputational
procedure is suggested which we call the towa"% g/ xmerut SILLLQ . The
ner ged q.lj—tabl eau describing the basis is thé type of infornmation the row
assignment rule needs to derive the sought P2-optimal tableau.

At the bottom of Table 1 a mer ged q.lj.-tabl eau shows a maxi num énergy
recovery basis for probl em 5SP1. Above it is an associated
P2-transportation tabl eaulvvnere‘the row assi gnment 'rale is inplemented. In
it, rows and colums have been ordered as shown 'is Fart 2 of this r.Japer.
Starting with the-first rovv,‘ from left to right* the row assignnent
procedure allocates heat flow uni.ts exclusively to active routes carrying
energy to that destination until its demand is nmet. In the course of the
assi gnnment  process, however, one cannot exceed tlie values shown in the

nmer ged q.'lj-tabl eau. For the first row c. for instance, there is a single

a4’




active route available (CSA’S)' The procedure allots as many flow units to
that route as possible, i.e. min (130, 888) = 130.. In doing so, the match
(cs,S) has been made active. ThereforeA, any further heat flow demand by
cold stream ¢ in the folllowing' rows should‘l‘)e satisfied by '"columns"
standing for the utility S until the specified value q(cS,S) from the

gij-tableau is reached. The next row <14 includes a sole active route

(°14’ h’24) to which min(114, 731, 615) = 114 is alloted.

When row c13 is considered the first available active route in-

volving h, is (c

2 13°

114 = 501) = 501 units for this match (cl, hz). This assignment scheme is

h24)' We can allocate up min(1151, 731 - 114, 615 -

continued up to satisfying the last row demand. In this way one obtains
the P2-solution tableau shown in Table ‘1.

If for thermodynamic reasons the Asplri‘ttingl of a c-old stream is
required, the assignment procedure will be unable to meet the row demand
by only using the 'columns'" standing for the hot stream already in
operation. Thus such a cold stream will require matching with additional
hot streams as many as necessary. First, one should consider those hot
streams not already xﬁatching with another cold stream, proceeding in the
order the hot streams show up in the tableau. If no such hot streams exist
or they ‘cannot completely meet the heat flow demand, then hot ‘streams
which have already started matching other cold streams must be used. When
two hot streams match a cold stream in parallel the assignment procedure
fo‘r the next rows considers first the one which started matching in the
earliest row.

In the same way, one can define a column assignment aule. Usu-
ally bot;h the row and the column> assignment rules provide the same
P2-optimal tableau. Rarely will both rules fail to provide a feasible

P2-téb1eau. If no feasible P2-tableau results, the heat flow demand for a




certain row will require additional auxiliary heating (see Table 1), To
get 'the desired P2-optinal tableau all heat flow uni té assigned to matches
i nvol vi ng any of the two extra auxili ary sources must then - be
"systenmati .caI ly rermved.\ .V\e are féci ng a utili ty‘ usage problem where the
mnimum utility requirenent i's equal zero (Cerda et al., 1981). For this
problem the row or colum assignnent rul e' woul d provide a very gbOd
initial solution, one which is general I'y an optimal one. |In Table 1 there
was no need for such extra auxiliary sources, and the row assignnent rule

devel oped a P2-optiraal tableau.

Drawi ng the Network Design Structure

By keeping track of the active elementary matches involving a
parti cuI‘ ar cold (or hot_) process sfream in the P2-optimal tableau prbvi ded
by the row assignment rule, one can note the route by which it travels
through the heat exchanger network. ' It starts fromits highest tenperature
interval and Qoes to its lowest one, noving from left to right. Fdr
instance, Table 1 suggests that the stream ¢ matches last with h". It
mat ches irmediately before with h-z. It also indicates that hot stream h,
is matched in the network first with é'_-, and then with C'l' Wi | e ke'epi ng
track of a process . stre;";lm one could merge those adjacent positive
el enentary matches which con‘pri_se the sane partner‘hot (or cold) stream
However, the merging procedure is not so sinple be.cause there are cgrtain
constrai nts which pr_event certain elenmentary matches from being nerged.

Every time the P2-optimal tableau provided by the row assignnment

rule includes active elenentary nmatches anong a cold (or hot) and two or

nore hot '(or cold) process streanms, with all of the streans at the same .

tenperature interval, a ApJULt of the common ciaxL (ox. hot) tiyieammay,
be. nc&\WCviy, fx>/i thervetwo/ik de*<Lgnto be fieaAi Jbte. InTable 1, that situa-

tion arises in a single occasion, i.e. h~  giving thernal ener gy




si mul taneously to Cyy and CA]‘ All three streans are at Ilevel 3.

Therefore, a split of the stream h,‘; may be needed. In case the split point
is really required, the nerging procedure should initially *ki~p the el e-
ment ary natc_he_s which my cause it to avoid-developing an infeasible
ne'tvvork. We avoid nerging matches (cs3, 743) -and (Cl:j’ hss) with others’
for the nonment.

To enhance the nerging process anmong the eM.gWZz el ementary

mat ches, one can switch the positions of qgu ._ and q_ .. al ong
TK, J* mp*j- 1
t he h.J— route if | >k and I > p. Such a nove is always thernodynam -

cally feasible. In the sanme way, two active el enentary matches q'l.'x iz
»
and g, along the c.-route can switch positions if k < 1 and
iKrs .X

k < 's. For exanple, "we could interchange the order for the (c™, h—"",“) and

(32 e

) matches along the h*-route in Table 1 if it were useful to do

SO.

Testing Possible Stream Split Points (I)

Generalized pictures of the special c‘:ases whi ch fmy require one to
split the process stream c.u in the network _is shown in Figure 1. If the
structure depicted in Figure 1 admts the sequential rearrangenment shown
in Figure 2, the potential split point is unnecessary and the procedure to
merge elenentary matches can be applied to matches g .~ and g™ 7

) ) y
too. In Figure 2, the hot stream h;1 is the one matching later at higher
tenmperatures with the cold stream c1 The difference between Figure 2 and
Figure 1 is that we match c.u with hj!. after a match with h’u!. ratlher
than in parallel. The first match with h.J" is obviously safe in Figure 2
if it was in Figure 1. However, the stream c”; exits this first match

&
with h.g' somewhat heated, to T~. |If c¢” entering the second match "at
1 .

T~ is 100 hot to be counter to the exit tenperature for h.. in t he
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second match, then the match in sequence rather than in parallel is not.

feasible. Thus the sequential arrangenent given in Fi g'ure 2 is feasible if

and only if

d *
- =
Tys T Ty > 0T,

where ATm is the mnimm allowed approach'tenperature. At the other
points in the subnetwork, the tenperature driving force is always -greater

than or equal to ATm in Figure 2 if it was in Figure 1. FromFigure 2, it

follows t hat

»*

= p(#$) -
Tj.t Tout * ATm (I’th) Cq:l..l-,jj +.Z s, 54 )
c

and

* _ (H :
Tis " Tin + (”Fci) (940,18

where F, and F are the heat capacity flow rates of the- process streans
hj Ci .
hd and c?‘ respectively. Furthernmore, the summation is extended over all

the cold streans other than c! exchanging heat with hl at tenperature

level I
* k(D (£) -
T56 " T34 ™ Toue = Tyn * 4, « <1’Fh.,) (qu,j.l. "'zqcx,j.c) -
' c
- '(ll?ci) qi_"u 2 ATm

Then

A'r(‘) - (1/1’\/) (qij,j.l. +Z qc.l,j!) - (UFci) TR R
" ,




wher e:

0 _ 8 _ (H
AT "out Ti.n

(t) (i) . - '
‘Tout and Tan are the outlet and the inlet tenperature for the tenperature
interval 1. Then: - '

| - %)
(mhj) (qi-'-.js +) “ct,js) FUE) Qg AT (1)‘
| c _ . |

It inequality (1) is not violated, active elenentary matches

Glr, ki and G g jfc can be arranged in 2 sequence on the c.-rpute, and the

mer gi ng procedure can be applied to themtoo. A simlar result is possible:

(;1/|:h.j) % X Ji + (lchn) (qﬂ,j‘+§m,hj)s A (2)

where ¢ is the second (colder) streamto be natched agai nst hot stream h.

m . J
in the sequential arrangenment. The sumin inequality is over all other hot
streams exchangi ng heat with cm at level E£e

If the inequality (2) is not violated, the elenmentary matches
g- ._ and Q.. .. can be arranged in a sequence along the h.-route; and
the merging procedure'can be applied to themtoo. Otherwise, the stream h.J
nust be split in the network.

Ve are fa_éi ng the latter case in Table 1 where the hot pseudostream
h,"Z? mat ches with.the cold pseudostreans C.D"- and C.H. Si nce C.J mat ches
earlier with h,‘f c; plays the role of ¢.bin inequality (2), i.e. it wll
be the later match which my not be thernodynanmically possible. Both -

el ementary matches (*Vj, (€53) 23"d Ag3' ¢j3n.can be placed ih7a gagyence

if inequality (2) is not vi ol at ed:




<1/Fh4> q(c53,h43) + (1/]?":| ) q(c13,h43)

* (1/13.29) (558) + (1/11.4) 650 » 99 < AT(® » 195 - 94 * 101

The t.errperature infervals for the probl_em SSPi are given in Table 2.
Therefore, el ementary matches (93> 1#43) and Aj vy hggza  can be
sequentially arranged and the marg.i ng pro-cess can include them At evelrly
process stream route, now, all of the elementary matches for the sane pair
(cl, h'_]) can be conbined into a singlé one which is acconplished in a
single heat transfer unit, as we al ready knew (see Part 2).

In order to illustrate the use of inequalities (1) and (2) to derive
the network design structure from the (P2)-optimal tableau, sever al
exanpl e probl ems are now solved. In all of them the split ratios in which
to divide the process streans are obtained from the (P2)-tableau. W wll

find that the network structures which are so devel oped may be inprovéd by

reducing further the nunber of heat exchangers in the structure.

The Four-Stream Problem | ntroduced by Linnhoff and Flower (1978a)

The four-stream problem reported by Li nnhoff and Flower (1978a) as
test case No. 2 is a particular instance where Hohmann's |ower bound on
the nunmber of wunits in a network fails. The relevant data for the problem
and the set of tenperature intervals to partition the process streans are
listed in Tables 3 and 4. The solution 01; problem (P3) and the subsequent
irrpllerrentation of the procedure to find additional mnimm match networks
produced the two feasible solutions described in Tables 5 and 6. Since the
first of them that is solution No. 1, ninimzes the (P3)-objective
functic- it was used as the starting solution in the search for other

m ni mum nmatch solutions to the network synt hesi s problem The introduction




10.

of the non-basic cells (c.j, H and (C hj) were ruled out by the ini tial
test. The single alternative remaining is to nove heat units around the
cycle (C'l’ h_—£> c_<1<, h4) until one reaches the upper-bound for another match

in the cycle, i.e. (Cl’ h Note the cycle cannot be elimnated. By

d) '
nmoving the heat units as just descri bed,- solution No. 2 was found. The
(P2)-solution tableau produced by the rowtassignment rule for both m nimum

mat ch solutions are also shown in Tables 5 and 6, respectively.

Before attenpting to carry out the elementary match nerging pro-
cedure, one should analyze the (P2)-solution tableau to |ook for possible
process stream split points. For solution No. 1, the (P2)-tableau - suggest s
two potential process stream split points. One of them is where cold
stream c exchanges _heat with hot streans h'z and h,“ at tenperature

1

interval 2. The other one where stream h,q mat ches cold streans Cl and C.;’

also at level -2. The use of inequality (I) proves that the sequential
arrangement shown in Figure 2 is infeasible and the split point for y is

unavoi dabl e:

(1/2) (160) + (1/3) (80) - 106.66 > AT(?) - 140 - 60 » 80

Inequality (2) also shows that a split point for h,“ shoul d appear in

t he net wor k:

(1/4) (80) + (1/2.6) (182) * 90 > AT(?) » 80

The merging procedure suggested bef-ore should not be applied to the

el enentary matches (cip, "p27' A€ 2% N42n and ACgpx hgpn causing the splt
points for streams ”~ and h,, at the tenperature level 2. Such a merging
procedure consists in keeping track of each process stream from its inlet

to its outlet tenperature level in -Table 5 and merging those adjacent

positive elenentary matches which conprise the sane partner process stream




1 -
and do not cause any split point. '.The inpl enentation of the elenentary
match nerging schenme yields a set of eight conbined natches each of which
can be acconplished in a single heat exchanger. In this way, the network
design structure shown in Figqré 3 is obtai ned. It is a cyclic, split
nétwork.

For the process stream to split, the flow rate fraction going
t hrough each branch of the sub-network corrpris-i ng the heat transfer units
arranged in parallel ?s proportional to the amount of heat exchanged al ong
it. Thus, the fraction of stream c! required in heat exchanger No. 5 is
gi ven by:
80/(160 + 80) - (1/3) « 0.333

while the fraction of h,“ through the sane unit is:
80/ (80 + 182) - 0.308

However, the nunber of units in the .network shown in Figure 3 can b_e
further reduced by alIbwi ng ov& heclLtijig, of the cold stream ¢ al ong one
of its branches in the network. Such a possibility appears when heat
transfer units, like heat exchangers 2 and 7, which immediately follow the
merging point of the divided process stream carry out the sane type of
mat ch (C:.’ h.J) acconpl i shed by one of the units arranged in parallel. That
is the case for the pairs of units 2 and 3, and 6 and 7, which performthe
mat ches (cl-, hf) and (c;, h&), respectively. The nerger of units like 2
~and3ismadetvhLi ekeepi ng, the. ptaati ono{Lthe. -ttsiexi mc;goi ngt hr ough
that branch in the. mwoik unchanged. In this way that portion of c; is
overheated (see Figure 4). By doing the sane procedure, heat exchangers 6

and 7 can be conbined into a single unit but the mxer is in this case not

strictly required. Athough it inproves the tenperature driving force in
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units 1 and 5, the mixer may be removed from the network by simply
adjusting the split ratio for stream h4 (see Figure 4). Figure 4 depicts a
maximum energy recovery network comprising the least number of units that
is capable of reaching the gpedificationé for Linnhoff and Flower's test
cé#e No. 2.

For minimuﬁ match solution.No. 2, the (fZ)—solﬁcion tableau in Table
6 indicates that streams ha and ¢y may have to ;plit at temperature level
2 to make the network feasible. The use of iﬁequality (2) to test whether

or not such a2 split point for h& is really required shows that

(1/4) (240) + (1/2.6) (22 + 160) = 130 > AT¢?) = g0

and h& should be split. Inequality (1) is also violated when applied for

c

.
.

3 L
(1/2) (160) + (1/2.6) (22) = 88.46 > AT(?) = 80

and therefore the network will have to contain a pair of process stream
split points. The merging procedure applied. to the active elementary
matches, except those involved in the split points, leads to the network
structure.shown in Figure 5. The number of units in the network can be
reduced by two when the merging process is completed as just described.for
the minimum match solution No. 1. No overcooling or overheating are
strictly needed and the additional joining of units is achieved by merely

V adjusting the split ratios for h4 and Cq (see Figure 6).
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The Sixth Maxi num Energy Recovery Basis for Probl em 5SP1

Through the searching technique introduced in Part 2 of this paper,
si X maxi mum energy recovery bases were found for Problem 5SP1. As said
there, one of them was not répor‘ted by Flower and Linnhoff (1980) because
it does not represent an unspl i-t network design. Using the row assignnent
rule and subsequently the nerging proceduré, a network design can be
derived for this alternative.

The analysis of the P2-optimal tableau developed through the row
assignment rule and shown in Table 7 indicates four possible stream split
points. Two of them are related to hot stream hE because of its heat
exchanée with .cold streans c and c, at tenperature levels 4 and 3.
Inequality (2) assures that both are required in the network. Here, it is

convenient to introduce another easy-to-prove rule for merging active

el ementary mat ches:

Two split points required for a hot (or cold) process stream
(hZ) at successive tenperature levels (levels 4 and 3) can
always be nmerged into a single split if (1) the split point at
a lower tenperature (level 3) is at least caused by the sane
set of cold (or hot) streans (streans Cyq and Cb) causing the
one -at a higher tenperature (level 4), (2) between split points
the stream (IE) to split only exchanges heat with sone or all
of the streans causing the splitting.

Al the active elementary matches for each pair (Ci h.J) at and

bet ween the upper and lower split points can be nerged into a single match

and then the conbined matches are arranged in_parallel. Thus, active

elementary nmatches (cs4, h24), (Cs3z, h”) and (cs3, h”) are nerged into a

)

single match and arranged in parallel with the conbination of (c , , h-,
1a 24

and (c h,”) . Such? procedure <L* aAvaysi tkejunodynarriically, feasible.

13

Each conbi ned match can be per‘f ormed by a single heat exchanger.
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The third split point which mght be required is for stream c; at
level 3, and it is due to hot streans hi: and hh' The use of inequality (1)

verifies that the split is needed.

(1/16.62) (829 + 567) 4- (1/11.4) (584) --135.22 > AT(® « 101

Table 7 also indicates a possible split point for stream h,a at |evel

3 taused by cold stream c, and ¢y However , 'i‘nequality (2) shows that the

1
active elenentary matches (c-*, "4_3) R T AT < A uent:ial |y

arr anged:

(1/13.29) (584) + (1/12.92) (249) » 63.21 < AT(® » 101

Next, we nerge adjacent active elenentary matches not causing split

points and involving the sane pair (Ci h.J). An interesting situation

ari ses when the el'enentary nmat ches between process streans c« and, h,u are
joined as well as those between C. and hh' A cyclic sub-network is
generated where stream h,q mat ches succeési vely with c~5 then with Cl’
again with _c’: and finally with c.. There is an easy way to check if such a
cyblic_ su_bstructure is unnecessary based upon the P2-tableau. W swtch
the positions of rows Cfi? anoi C:rZ and reapply the row assignment rule to
generate the P2-optinmal tableau shown in Table 8, one which does "not
iﬁcl ude a cyclic sub-network. The nerging procedure yields the network
design depicted in Figure 7 which contains one nore unit than Hohmann's

| ower bound. .
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Testing Possible Stream Split Points (I1)

Soretines, the splitting of a cold stream C. in a network may be
required because it exchanges simultaneously heat with three or nore hot
i h. and
hm- To- check if the r'ra_tch (g;(.%, I}T&) can pe arranged in a seguence

streans at the sane tenperature level |. For instance, wth h.

with respect to the matches (c.., h..) and (c. =, h, ¢) as show in Fig-
- Xt» IX 1&  cOb .

ure 8, one must verify whether the iriequality (1) when applied to both

pairs (c-g5 b7ty and ok wx Byagrn +s cpeyed. If not so for one of

them for instance (c.-, h,/h.-), it my still .be possible that a sub-
: X% m» jI* '

structure showing (c. , h -) and (c.s;, h,fy) in a sequence but both in
parallel to (c."", h?&) be feasible (see Figure 9). Before using inequal-

ity (1) to check the feasibility of such a sequential substructure one

should mul tiply FC by the factor a given by:
[

ikt t Usns
Yot F Yeme T Ug, g

where a is readily derived from Figure 9. Simlar conclusions are drawn

if the streamto split is to be cool ed.

The Four-Stream Probl em 4SP2l (Ponton and Donal dson, 1974)

The four-stream problem 4SP2 introduced by Ponton and Donal dson
(1974) is another exarrple_ Wnere- both goals, the | east utility usage and
the mni mum nunber of heat exchangers in the network, can only be re;';lched
in a split net\/\ork.- The set of 'rel evant data and the terrperéture interval s
to partition the process streams.for this problemare listed in Tables 9
and 10. By using the synthesis procedure explained in Part 2 one finds a
uni que feasible maxi num energy recovery basi_é (see Table 11). The row

assi gnmani rule provides the P2-solution tableau al so shown in Table 11.
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The P2-optinmal tableau suggests that stream c, may have to be split

1

at level 1 due to its heat exchange with hot streans |Li, h; and h,. On
_ <4

applying the row assignnment rule the hot stream h,q first matches with cl;

then, we should first. verify if match (Ql, hy can be arranged in a

~sequence with the other two elementary nmatches at level 1, For the pair

(cn, hs1) and (c,» h”) inequality (1) is di‘sobeyed:

(1/36.93) (2564) + (1/10.55) (1709) = 23L.42 > AT(} - 199

but an opposite result is attained for the other pair:

(1/36.93) (2564) + (1/26.38) (2506) - 164.42 < AT‘D - 199

Therefore, an arrangement simlar to that shown in Figure 10 is not
f easi bl e. However, ‘there still is a chance that a sub-network like that in

Figure 11 be feasible. As said before, one should first multiply F b'y:
! . q

k ¥ 2564 4- 2506 f0- J48
* + 2564 + 2506 + 1700  °

to apply inequality (1). Then:
(1/36. 93)' (1/0.748) (2564) + (1/26.38) (2506) » 181.78 < AT(Y - 199

Inequality (1) is satisfied and the sub-network shown in Figure 9 is
feasible. Therefore, elementary matches (c”, "21Af Ac|* h31a and AQ |«
_h,“l) are to be skipped by the initial nerging procedure and arranged as
shown in Figure 9. 'i'he result is depicted in Figure 10. The subseduentl
merger of units 2 and 4, and 3 and 5 yields the network illustrated in
Figure 11. Both mergers are feasible only if portions of c” are overheated
and the mxer is strictly required. It is inportant to remark that the
nmerger of. units is made wi t hout changing the flow rate of ¢ in each

branch-of the network.
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If elementary matches (ch%* A21n /\c.|_lf AZ1A Ak A | x Agya are all
ar ranged__ | n par al | e_I , one can -successively derive the heat exchanger
networks depicted in Figures 12 and 13 following the same procedure
“applied before. Figures 11 and 13 shoW split heat exchanger networks
cc.)rrpri sing a mninmum nunber of active matchés. Both were al reédy reported

by Linnhoff and Flower (1978Db).

The General Network Design Synthesis Al gorithm

New steps are to be added to. the network design synthesis algorithm
proposed in Part 2 of this paper to make it capable of dealing vvi.th
situations where stream splitting or nultiple units for an active nmatch
are mandatory to achieve maxinmum energy recovery. Their goals wll be
explained while developing the network structure for the |owest cost
56I ution to the five-stream exanple introduced by Cena et al. (1977). Mass
flowrates, supply/target térrperatures as well as the thermal prope.rties
within the range of interest for each process stream in such a tes_t
problem are listed in Tables 12 and 13. Table 14 indicates the necessary
set of tenperature intervals to partition the process streams, while Table
15 lists the set of new hot and cold pseudostreans. Upper bounds on the

anount of heat to assign to each match are di spl ayed in Table 16.

By solving the Ilinear transportation problem P3 described in Part 2,
thé solution shown in Table 17 is found. Such-a solution contains a cycle
whi ch proves to be unbreakable by using the Reverse Stepping Stone Method.
Thus, .active mat ches '(cl, hl) and (C, h1 ) nust stay in the cycle even for
the relaxation problem P4.

An alternate solution is still possible. W reject one of the
remaining active mtches (C, h,) because it has a negative cycle value

associated with it. Therefore, we have a single choice, i.e. to remove




18 A

(Cl’ I}_J) from the cycle. However, the anount of heat involved in match

(CE' Izu) can at nost be reduced to 880 kw if the network is to achieve

naxi num ener'gy recovery. The new cyclic maxi num energy recovery basis is

shown in Table 18. - | ’
No new optinal sol utiqn to P2 can be 'di_scovefed usi ng the sear chi ng

t echni Cjue introduced in Part 2 because by bringing either the hatch (C

hu} or (C h_,‘) into the basis an upper-bound secondary constraint for the

rel axation problem P4 is violated. W now devel op the network for the

P2-optinal tableau in Table 18, which is the I owest cost network found for

this problemand which conprises the fewest matches. B

The new steps to be incorporated into the network synthesis al go-
rithmgiven in Part 1 are:

Step 6: After discovering a maximum energy recovery basis, use the row
assignment rule to- develop the P2-optimal solution which is a
clear representation of the network design.

Step 7: Analyze the P2-solution tableau found in Step 6 to look for
possi bl e stream split points.

Tabl e 18 suggests that it might be required to split cold stream c,
at. four different points -in the network. At level 6, Cy exchanges heat

with hot streans h,q‘ and h'_, \M;i ch are also at that tenperature level. A

level 5, the same situation repeats itself with C'1 recei ving heat from-h”",

tg' and hgé. It seens al so necessary to split Cy again at level 4 because of
its matches -with hot streans h'4 hj and h'1‘ Final ly, C':. shoul d be
partitioned at |evel 2 due to its heat exchange with h,“ and hj.

Step 8 Verify if the stream split points discovered in Step 7 are really
required by using the inequalities (1) and/or (2).

None of the four stream split points found in Sep 7 for the

five-stream test problem can be avoided without violating inequality (1).
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In each case, unsuccessful further tests were made to establish whether or
not a sinmpler split point may be achieved through the sequential

arrangement shown in Figure 9.

Step 9: If possible, merge two split points required for a hot (or cold)
process stream at successive tenperature |evels.

VWhile drawing the network design corresponding to the sixth maxi num

energy recovery basis for Problem 5SP1, the conditions under which this

nmerging rule can be applied were given. In the five-stream test problem
the first and second split points can be joined because all the hot
streans causing the lower split point, i.e. hj and hh’ originate the

hi gher split point too. Then, all the active el ementary matches for each
pai r (C:_’ hj) at and between the first and second split points are nerged

into a si ngle match and the two conbined matches are arranged in parallel.

Step 10: On the route travel | ed by a hot (or <cold) stream through the

network, join all adjacent elenentary matches q., not caus-
. - . 1K. é" .
ing stream splitting. Each process streaa route i provi ded by

the P2-optimal tableau found in Step 6. (See Figure 14.)

Step 11: Make additional nerging of heat exchangers by allowi ng over-
heating of cold or overcooling of hot streaas in the network.

Frequently, one can still Iessen the nu.nber of heat excha.ngers by
allowing the overheating (or overcooling) of portions of the split cold
(or hot) process stream The merging process should start from the éxit
(or inlet) section of the partitioned cold (or hot) stream and nove toward

its inlet (or exit) section in the follow ng way:

(a) Merge all the heat exchangers perform ng natches between
the sanme pair of process streans (cl, h']) that are at and
after the last split point. Wile doing so, the split
ratio of the stream to partition is kept unchanged. If the

nmergi ng process is feasible, go to (b). Oherw se, stop.
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a

Figure 17(a) shows that the merger of heat transfer units obtained
by performing Step 11(a) on the network design in Fiéure 16 is feasible.

The number of units is reduced by one, down to ten.

t

(b) Merge the heat exchangefs carrying out matches between the
same pair of process streams (ci, hj) that are at two suc-
cessive split points. While doing so; the split ratio of
the stream to partition at the split point at- lower
temperature is kept unchanged. Keep doing (b) until the
merging process fails to be feasible or the lowest split

point has been reached.

‘Figure 17(b) shows that Step 11(b) is successfully applied to the
network design in Figure 16 causing the merging of the second and third
split points. The nﬁmber of units is decreased by two, dowﬁ to eight.
Further merging failf to be feasible.

In Cena et al.'s best network, the hot stream h2 reaghes the process'
specifications by exclusively transferring thermal energy to the auxiliary
cooling source (Cena et al., 1977). In other words, the match (cl, hz)
does not show up in that network. From Tables 16 and 17, however, it is
clear that the minimum utility requirement can be achieved only ié the
cold stream c; receives an energy flow at temperature level 5 of 880 kw
from hot stream hZ’ Otherwise, both the heatiﬁg and cooling dgmand
increase by 880 kw. Therefore, the new network design shown in Figure 16
permits one to redﬁce the fuelicost by $231,932, i.e. 11.2% of Cena et
al.'s network total cost. Data cost given in Cena et al. (1977) were used
to estimate the fuel cost reduction. Such a saving does ﬁot include those
derived from the smaller e}ectrical energy cénsumption due to the lower

cooling fequirement as well as those coming from the fact that the new

network design comprises two fewer units.
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CONCLUSI ONS

1. A systenmmtic procedure is presented ‘whi ch permts one to derive the
network design ass_ociated to each optimal solution of the network

synt hesi s problem P2.

2. The nethod can be applied even if the solution stands for a network
edesign which is cyclic and/or includes stream splitting. |If so, t he
P2-optimal solution tableau indicates thé mat ches which are to be
performed in multiple units, the proce.ss s.t reans to split and their
split ratios as well as the arrangenment of heat exchangers in the

net wor k.

3. By incorporating such new features into the algorithm introduced in
Part 2, an inproved network synthesis rrethod. is defined which is then
applied to several exan‘éle probl ens where econonic networks are c-yclic*
and/or nust split certain process streans. When the five-stream
probl em introduced by Cena et al. (1977) is solved, a new |owest cost
network is found which contains two fewer units and demands a | ower

amount of wutilities.

4. The new synthesis algorithm handles network designs associated wth
any of the maxinmum energy recovery bases for a given synthesis

problem even if sonme of them stand for cyclic and/or split networks.

5. As in Part 2, the new network synthesis al gorithm does not require the
process streanms to make use of the utilities in its last matching step

to reach the output tenperature.
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TABLE 1: The | npl ementation of the Row Assignnent Rule for a Feasible

‘Tree-Type Solution to Probl em 5SP1.

88 1396 1342 3% 10 10,000
AR NS S/ T (L5 B L7 R VR A |
10 | oy 130 | | | |
14 | ooy 114
1316 | g | 78 - 558
1151 | oq 501 650
1137 | o33 16 | 1021
Bl | o 13 | 197
55 | o) 375
10,000 | o ' 10, 000
g_lj-TabI eau
88 2127 1847
H ho hy
1446 ' 833 558
1904 o 615 1259
1512 1512
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TABLE 2: Set of Tenperature int ervals to Partition the Cold am Hot
Streams for the Test Probl em5SP1.

Tenper at ur e Cold Stream Hot “Stream
Intervals (k) Intervals - Intervals
o 38-65 48-75
2 65-94 75-104
3 L 94195 © 104- 205
4 - 195-239 205- 249




TABLE 3: Set of Data for the Test Case No. 2 (Linnlioff and Fl ovier (197c::))

Stréams F. (kw°Q T (20 T e (‘_’C) Q (lew
H 30 | ) 60 190 30
7 2.0 T 40 -280
s T R )
y 4,0 B 40 440

I = o0
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TABLE 4: Set of Temperaturc Intervals to Partition the Process Streans

for the Test Case No. 2 (Linnhoff and Flower (1978a)).

Temperature Cold Streamv Hot Stream
Intervals (k) Interval; Intervals
1 30-60 40-70
2 60-140 70-150
3 140-170 150-180
4 ‘ - 170-180 180-190




TABLE 5: M nimumMatch Sol ution No. 1 for Test Cése No. 2 (Li-nnhoff au
Fl ower, 1978a)).

60 60 1030 60 120
o g "2 R "2 1
0| oy 30 | S |
0 [ o 30 60 ] |
2 | o 0 160, 8 I
12 | oy 1R | |
B oy 60
160 W 40 120
g.ij-TabI eau
60 280 440
H h "4
T — -
360 60 [220] 80
260 ¢ 60 200
160 c 160
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TABLE 6: M ni nus Mat ch Solution No. 2 for Test Case No. 2 (Linnhoff
and Fl ower, 1978a) '

&0 60 160 320 60 120_
Ho "2 42 LYY
30 o4 30 | o | |
90 | o5 30 60 | |- | |
240 1 0 . 1240 | |
182 | o 0/ - ]%e | |
78 o1 18 - 60
160 c | 40 120
gij-TabI eau
60 280 440
360 ;1' . 60 - 60 240
260 s 20 40
160 c 160
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TABLE 7: (P4)-Tableau for the Sixth Tree-Type Solution to the Pr obl em
~ 5SPL Obt ai ned Through the Row Assi gnment Rul e.

888 731 1306 1342 3 10

* *24 - "23 "43 "42 "41
130 | o ferolj . | i B
1, : |
114 C14 U| U _I—_\ | | |
1316 a3 487 829, ! |
1151 o "56_7_l_ e 5@4_1] | |
1137 033 | 838 - 2490 |_
331 o9 il |
375 03 - B 197 1
308 oy | 188 120
gij-TabIeau
el 888 2127 1847
H h2 h4
1446 s [ 1446
1904 .o 681 1223
1512 g 883 - 624




32

TABLE 8: Another (P4)-Tableau for the Sixth Tree-Type Solution to the
Probl em 5SP1 (bt ai ned Through the Row Assignment Rul e

;) Rl 139 1342 38 - 10

o g oty w3 o

130 | o 130 IO I

14 | oy 1w e |

- 1316 05q 1 89 ' L
151 | o s s 1

1137 | o | 838 | 2| |

375 | g9 | 375 |

BL | ¢y 13 - 197 |

308 | o | | I P
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TABLE 9: Set of Data for Probl em 4SP2 (Ponton and Donal dson, 1974).

Streams Fi (}(W/°C) -T-in <c;® ' Tout <°O Q_i CtaO
¢ 36.93 | -4 _216 8125
h, 10.55 _ | 260- l 43 -2289
h3‘ 26.38 221. | - 110 ' -2928
ny - 15.83 205 . 43 2564

g - 3




TABLE 10: Set of Tenperature Intervals to Partition the Process Streans
' for Probl em 4SP2

Tenperature | Col d St_reaim . Hot Stream
Intervals (k) “Intervals Interval s
- 1 4: 205
2 | | 195; 211 | 205; 221
3 211; 250 | 221; 260
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. TABLE 11: (P4)-Tableau for the Only Tree-Type Sol ution to the Problem
4SP2 (bt ai ned Through the Row Assignnent Rule.

185

591

7349

_ 3 M1 169 42 1709 2506 2564
\ Hoag hp gyt oy My g
crg | 185 o o |
ey | 156 m 24 T |
¢l s 42 T709 2506 2564
913"Tab| eau
il 2289 2928 2564
H hy 3 hy
8125 o Ul 2289 2928 2564
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TABLE 12: Set of Data for the Five-StreamTest Probl em | ntroduced by

Cena et al . (1977).

wems | Tt 1 fe 1 fp
, - 219.0 a0 350.0
b 180.3 T 37.4

- | 21.4 210 38.0

g 585 - 271 88.0

” 79.0 " 310 80.0
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TABLE 13: Specific Heats for Each Process Strcam Within the Range of

Interest.
Streams Témperéture Rangg (OC)_ S?ﬁg;f}§g§2§t

c 30 <T=x<198 - 0.580

198 < T < 350 . _ 0.832
h, 92.6 = TS 149 1.259

T= 92.6 : A = 35.04

37.4 < T < 92.6 ’ 1.291
h, ~0.580
h3 . 0.600
h, 0.590
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- TABLE 14:. Set of Tenperature Intervals to Partition the Process Srearas

for the Five-Stream Test- Problem Based on AT=12°C.

Tenperature ol d St_reaim' Hot Stream'
Intervals (k) Interval s Interval s
1 25.4-30 37.4-42
2 30-80.6 42-92.6
3 80.6-80.6 92.6-92.6
4 80. 6- 137 192.6-149
5 137-198 149- 210
6 198- 259 210-271
7 259-298 271-310 \
8 298- 350 310- 362




TABLE 15: Set of New Col d and-Hot Pseudostreans for

3

the Five-StreamTc. :

- Probl em
Streans (kcaI/kg°C) Fo (kw'Q | T, nC°Q Tout <°0 aik(CkJ\rN) g-z

og 0.823 212.03 | 28 350 11026
o7 0.823 212. 03 59 - 29 8269
o6 0.823 | 212.03 198 259 12934
oS 0. 580 147.63 137 198 9005
o 0. 580 147. 63 80. 6 137 8326
oL 0. 580 147. 63 30 80. 6 7441
" 1. 259 263.83 | 149 92.6- - 14854
h3 (condensat i on) 92.6 92.6 - 7343
My 1.291 270.53 92. 6 42 - 13689
" 1.291 - 270.53 I, 37.4 - 1245
'9g 0. 580 14. 43 210 149 880
- 0.580 14. 43 7 92.6 . 814
. 0.580 14.43 | ~92.6 42 730
- 0.580 14, 43 | =» 58
" + 0. 600. 40. 79 n 210 . 2488
g 0. 600 40.79 |- 20 149 . 2488
' 0. 600 40.79 149 92. 6 - 2301
"3 0. 600 40. 79 92.6 83 196
7 0. 590 54.17 | 310 27 - 2113
g 0. 590 54.17 | 2 210 3304
"45 0. 590 54. 17 210 149 - 3304
44 0. 590 54. 17 149 92. 6 - 3055
> 0. 590 54. 17 92. 6 80 683
7 4 - 2544
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TABLE 16: Match Upper Bounds and Cost Coefficients for the Five-Stream |

~Test Probl em

Mt ch Uy Goo) (1/U;,.Lj)x104 1in (2, by)
(c,s) 26657 .0.375 26657
(cyohy) 15767 0.63 37131
(c,.hy) 22r 4.125 2482
{C.bj) 7473 --1.338 : | 7473
(Coha) 12459 0. 803 12459
(Why) © 29201 0. 342 | 29201
(Wh) 2482 40 2482
(why) 7473 1.338 7473

CV,v 12459 0. 803 12459




TABLE 17: Optimal Solution to the Transportation Problem (P4) for the Fi ve-StreamTest Probl em

N N hg7 ngg mg ngs s mon My wgg by mgg hgzohgp by hpp hgp mpp hpp
P [ O O O O e I
ci7 | 8269 N e e e
cpg | 7302 2113 3304 155 1 L 110 L1 1
e 2333 3304 2488 80 |11 1 1 1 1 1 1 1
¢l 0 3055 2301 814 2156 | | 1 | I
¢t 5832 68 196 730 |
c 6866 7343 | 13689 58 1245
gij-Tabl eau
26657 11776 7473 2482 37131
H hy hg h, | h
57001 ¢t 26657 11776 7473 2424 7988
20201 | c - : 58 29143

1%



TABLE 18:  Anot her Nlnimﬁnwhtch Solution to the Five-StreamTest Probl em

\ Ho h7 hgg hgg h45 "35 250 44 34 "24 M4 M3 2o '3z "a2 M1 M ngg
18 I N
c7 | 8269 e
o | 7362213 [B04THHL
1o 2333 [3304 2488 880\, | 1 1 1 1 1 1 1 1 1 |
e . o foss T01) 2070 |1 1 1.1

19 S | | 6562 {683 196]
c | | | 814 5322 7343 730 13689 58 1245

giJ-TabIeau

H 4 V h2 Mn

57001 ¢ 26657 11776 7473 . 880 9532

29201 c | o 1602 . 27599
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NOTATION

.31 -
. lik -
bjl =
c =
Ci =
ik
F =
H =
h =
J
hjl =
Yy -
] Ui, 34
L

61

thermal energy flow required by the cold stream i, kw.

thermal energy flow at temperature level k required by the cold
stream i, kw.

thermal energy flow at temperature level L to be removed from hot
stream j, kw.

cold utility stream

primitive cold process stream i, dimensionless.
s

primitive cold process stream i at canperat:urellevel k, dimensionless.
heat capacity flow, kw/°C. |

hot utility stream.

primitive hot process stream j, dimensionless.

primitive hot process sti'ea:n j at temperature level £, dimensionless.

thermal energy flow exchanged in the match (ci, h,), kw.

3

thermal energy flow exchanged in the match (c h.‘l ‘), kw.

ik’

upper bound on the thermal energy flow exchanged in the match (c hj
]

), kw.



