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OZET

Bu g¢aligmada, optimal 1s1 degigtirici gebekelerin tasarimini gergekleg-
tiren iki-bilgisayar:programl sunulmu§tﬁr; HEXNET ve DESIGN adi verilen
bu programlarda en son geligtirilen ySntem olan Bojum Noktasi teknigi

kullanilmgtir. Isi integrasyonu yontemlerinin tarihsel geligimini vur-
gulamak amaciyla, Bogum Noktasi teknifinden 6nce geligtirilmig metodlar

detaylariyla agiklanmigtir.

Yeni geligtirilen ydntemlerin gegerliliginin sinanmasinda yofun olarak
kullanilan problemler, bu galigmada da cbziilmis ve uygun sonuglar elde

edilmigtir,

Hazirlanan programlarin, endiistrinin gereksinimlerine uygun olarak na-

s1l gelistirilebilecegi agiklanmistar.



I1I

ABSTRACT

In this work, computer programs, HEXNET and DESIGN,
which are developed to perform the synthesis of optimal
heat exchanger networks . are presented. Most recently
developed method, namely, the Pinch Technique is utiiised
for the preparation of these programs. A deﬂailed
ocoutline of the previous methods is also included to
emphasize thé progfess of the ‘heat integration
techniques.

Sample problems that have been widely used to prove
the efficiency of a new method are soived by HEXNET and
DESIGN. The resulting networks are in géod agreement with
the optimalistructures.

Finally, recommendations are made to improve the

compatibility of the programs with the needs of industry.
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CHAPTER I

INTRODUCTION

¢

Process synthesis is the step in desigh where the
chemical. enginéer selects the component parts and how to
interconnect them to create‘his flowsheet.

Engineers have been direpted to better designs by the
energy crisis experienced throughput the world in the
early 1970s.The aim has become not only to save
investment cost but also to use energy as efficiently as
possible.So, the synthesis of optimal heat exchanger
networks has become a major subgject in this field.

The problem to be considered in this work has been
first stated by Mésso and Rudd [1].Later 6n, it has been
redefined and formulated by many authors according to the
manner how £hey attack to the problem.A general
description can be given as follows.

M hot streams Sma: (i=1,2,..... ,M) to be cooled and N
cold streams Scj (J=1,2;,..... ,N) to be heated afe brought
into contact in countercurrent shell and tube héat
exchangers in such an qrder that they are carried7£rom
specified supply to specified target temperatures while
‘the total cost of the network stays at its minimum.The

heat capacity flow ‘rates and the heat transfer



coefficients of those streams are also given.Heat
capacity flow rate of a stream is the product of its heat
capacity and the mass flow rate.The temperature effect on

heat capacity is usually ignored, but most algorithms can

be easily modified to overcome this assumption.Effective

heat transfer coefficients for»all exchéngers are assumed
to be  constant by some of the algorithms while some
others use stream/stream match dependent coefficients.

Heat of vaporization, temperature and cost of steam,
input and maximum allowable outlet temperatures of
cooling water are 'the specifications of the utility
streams Sukw (k=1,2,..:..,P) which are employed in
auxilary heating and cooling.Here, it should be noted
that the flow rates of these streams are not specified
and typically noﬁ limitted.

Minimﬁm allowable approach temperature (from now on,

will be symbolized by A Tmin) is generally assumed to be

constant throughout the network.But, as in the case of
heat transfer coefficients, some algorithms can bé
adapted to cover this case i.e. vwhere ATmim is "match-
dependent” and is not Jjust a global value.This can be

achieved by assigning ATmin "contributions" to streams.
Finally, annual rate of return, a correlation to
calculate the investment cost of an exchanger  and

equipment down,timé per year should be defined.

The above specifications for a heat exchanger network .

" synthesis problem corresponds to the information

typically available from a process flowsheet which has



not as yet been heat integrated but for which the heat
and meterial balances are completed.
Following the notation introduced above, the problem

can now be expressed mathematically [2].

8 = 6[F alAes + T aA®ms + T aAPcid + IE Uk Scwes ¢ 1
i i i k1l -

where, & is the annual rate of return, a and b are the

cost parameters, Ami,Ans,Acs indicate area of the i®P

exchanger,steam heater and water cooler,respectively, U
is the operating cost of utility stream S.w per mass and
finally, Suki 1s the'amoﬁnt of utility spent at the 1%"
auxilary equipment per. year.

Since the main aim 1is to minimize the objective
function (8), it is necessary to investigate the effects
influencing the capital and operating costs separetely.

Figure 1.1 illustrates the influence of two basic
thermodyhamic effects on the former.As. we reduce the
driving forces in a network, investﬁent cost increases
due to larger heat t;ansfer area .0On the-other hand, this
will reduce the consuﬁption of utility streams and
decrease the overall heat load of the netwérk.As it is
known in common, such a decrease in heat load will cause
a decrease in capital cost.This complex relationship may
alter the expected results.Figure 1.2(a) is a network
wvhose capital cost is expected to be very low since nall

heat transfer operations are achieved by utility

streams.When energy 1is cheap and capital expensive, this

configuration seems to be the most appropriate ocne.Figure




1.2(b) is ancther solution whose eneray cost is expected

to he very low since there 1is aec much process heat

recovery as is possible in preference to utility ucage.In

1 Capital cost

» Heat load

Driving
». TOrce

Figure 1.1- Effect of driving force and heat lcad on
capital cost

case of expensive energy and cheap capital, this solution

will possibly be preferred if necessary analysis have not

been carried out.

Baced on a uniform heat transfer coefficient and

¢ensible steam and cooiing'Water temperatures, the total-

surface area for both de§igns has been evaluated.What we
see conflicts with our implicit assumption.The rnetwork
for “minimum capital cost" turns out to have higher total

surface area.This result can be explained by'noting that




thhe design without process recovery handles itwice as much
heat as is necessary.So the capital costs are increacsed

even though the drivimg f{orces are large.This rather
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surprising influence of the total heat load on capital
cost, now forces us to redraw Figure 1.1 by combining
these two effects.

Figure 1.3 illustrates that, beYond a certain value
for ATwim, the heat load effect begins to dominate and
capital costs rise even though driving forces ~are
increasing. |

The same figure also shows the variation in energy
cost Qith respect to driving forces.Sensitivity of the
degree of heat recovery to driving forces, classifies the
problems inté . two 'categories.Certaih proﬁlems have

constant utility consumption until the minimum allowed

temperatdre difference, ATmie, 'is increased up to or
beyond a treshold value, ATvrerwn.For this reason such
problems are called  "treshold (or  unpinched)

problems" .Figure 1.4 shows a simplified diagram in which
AQn represents the utility heat supplied to a network and
AQe the utility‘cooling.By simple heat balance, (8 Qu- A Qm)
will always correspond to ﬁhe difference between the heat
loads of the process streams to be heated and those to be
cooled.The maximum feasible degree. of energy recovery
corresponds to the situation whén both ™ AQe: and A Qum ‘are
minimal.Figure 1.5(a) shows AQc and A0Qw as a function
of ATmimn for a hypothetical.problem.BelOW' ATwnim= 20 WF,
the utiliﬂy heat loads are independent of ATmin wheréas
above 20 ©F the load on both utilities increase.Since
( AQe- AQm) is a funétion of the process stream heat

loads which are not ~ subject to change, A Qv and AQg
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Figure 1.4- Maximum energyvrecovéry £31
increase with the same sensitivity beyond the treshold
temperature, 20 “F.

Table 1 shows the treshold values of ATwmaem for cone




of the literature problems.It can be seen that the values
computed by HEXNET which ‘is one of thevcomputer programs

developed during this study, is in good agreement with

the ones given in [31.From this table, problems 4SP2 (4

Stream Problem No.2), 5SP1, 6SP1, 7S8P1, 7SP2 and 10SP1
emerge as being of ~the treshold ones.The remaining
problem§ (i.e. TCl1l (Test Case 1), TC2, TC3, 4SP1 and

10SP2) are of the second " type, namely pinched

problems.For this type of problems, utility vs. ATmie

graph is giQen in Figure 1.5(b).

Back to Fiéure 1.3; ﬁe have to mention aboﬁt another
very important ATmin vaiue which is located to the right
of this minimﬁm in capital.Beyond this point, there is no
trade-off since both cost components incréase as ATminm
increases.LiAnhoff et.al. [4] pointed out fhat “many
state—-of-the-art processes have designs in the - rising
region of the capital cost graph.Hence appplications of

/the techniques to state-of-the—art processes can lead to

both energy and capital savings".The case studies -

mentioned in various references support this idea
[4,5,6,7,8,91].

So far, the correlations bétween driving forces vand
the cost components have been examined without answering
the question how to find the ecomomic value of Aﬁhun.As
it is shown in Figure 1.3 ; the total cost is obﬁainéd'by
summing up annuilisgd utility and Capital costs.Itbpasses
through a minimum value which corresponds to a particular

utility usage and A Tmin.It should be noted that since




TABLE 1. TRESHOLD VALUES FOR VARIOUS PROBLEMS
SENSITIVITY TRESHOLD LIES AT A Tmyn=
(®
REF .
PROBLEM NO | GIVEN BY (31 COMPUTED BY HEXNET
TC1 15 o i 0.
TC2 | 15 0 _ 0.
TC3 25 not mentioned 0.
4SP1 20 0 0. .
4sP2 21 ~ 46 46.43
'5SP1 1 ~ 43 42.86
6SP1 20 -~ 85 ' 65.25
75F1 1 ~ 49 | 49.40
7SP2 1 -~ 51 50.00
10SP1 13 ~ 72 - 71.62
108P2 - 0 stream data not
‘ available

the network confiquration may change with different
values of the minimum temperature' approach, the total
cost ‘function‘ will in general be non-differentiable and
hence a diréct search procedure (e.qg. qﬁlden section
search as"emp;oyed in [101) should be ﬁsed for this
optimization.By costind several designs, it bebomes
poésible to _identify a ATmin in the region of
optimum.Direct search procedure whichlis emgloyed in this
sﬁudy is ' the Fibonacci search [113_HEXNET accepté a
predetermined value for ATmim or it computes the optimal
one.A detailed description of Fibonacci search is given

in Appendix A. .
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. . ’ v ; . . )
- Utility Heat Loads ' f;‘_l Utility Heat Loads .
i : o ]
EE " Steam
100 o
les CW-
£0
40
20
O 10 20 30 40 5D 60 ATm‘in o 3 - AT
Figure 1.5- Utility requﬁrementé as a function of Tenae

(a) for treshold problems (b)> for pinched
problems [3,41.

Finally. an intere${ing footnote may-be added to this

discussicn.All metheods including Pinch Technigue are Lhe

tocls for preliminary design.They | generally dgive ithe

cplione to the engineer who decides .on {ainoedl netverk
after folloving strict design procedures.As it 1¢ pointed
'out,by Linnhqff and Vredeveld [83 "the qsef shéuld always
stay in control”.

The contents of tﬁe following chapters are outlined
below.Cﬁapter Il is a literaiure'surveonnvﬁeat exchanger
network synthesié. Chapter 111 is én.explanation of the
compu{er prograﬁs namely, "~ HEXNET and DESIGN vhich are
' developed during - this study.Chapter_ 1V tabulates the

stream data'for_some probiems,: their solutions obtained

by the computer programs mentioned above and comparisons

with different algorithms.Chapter V includes conclusions,
remarks and recommendations. Finally, Appendix A
explains Fibonacci search method Awhich is employed in

this study to optimise minimum approach temperature.
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CHAFPTER . I I

LITERATURE SURVEY

v

Chapter II which is devoted to the literature sufvey
on design. methods for the synthesis of heat exchanger
networks; is formed by two sections.Algorithms developed
prior to "pinch technique" are .outlined in the first
section.From now on, these algorithms will be referred as
"previoﬁs methods" .Pinch method‘ which 1is the most
recently developed heat integration technique will be

discussed in detail in the second part.

2.1 PREVIOUS METHODS

Previous methods will be summarized by foilowing the
classification of Nishida et.al. [;2] vho have given a
detailed review on process synthesis mos£ recently.

Having given the complete description of heat
exchanger network problem 'in Chapter I, methods of
problem representation becomes the first subsection to be

discussed.

2.1.1 Problem Representation
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A variety of different representations have been used

in developing heat exchanger networks.Perhaps the oldest

is the "temperature/enthalpy diagram".Temperature
(ordinate) for each stream is plotted against its
" enthalpy (abciésa).The enthaipy sEale " is . ‘only
relative;thus,  streams may be moved to the right or left
on this diagram.A match between two streams i§

represénted by placing a cold stream (one which is to be

heated in the match) directly below a hot stream (one

which is to be cooled).Where the streams overlap, the
match takes place.By construction, the overlapped
portions are in heat balance.The match is also:

thermodynamnically feasible as the hot stream is hottef
- than the cold stream in all places along the match.The
vertical distance betweenvthe streams is the temperature
difference experienced along the match.Construction of a
temperaturelenthalpy diagram will be discussed further in
section 2.2.2 by using an example probiem (see Figure
2.13 (b)>.

A second representation introduced by Pho and Lapidus

[13) is the "simple match matrix The authors refer to

an exchanger network with "n" heat exchangers as a n

' step network.At a given synthesis step a pair of process
st?eams will be matched and identified by the (i, J) entry
of a matrix "A" whose row and cdlumn denocte the cold and

hot streams, respectively.If at the n *" synthesis step,

the cold stream cs is matched to the hot stream hs,, the
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(i,3) entry is set equal to "n", or a(i,j)=n; otherwise

the entry is left blank.

. a(ii,jv:.) ..... a(i:l.,.jr'\h) W
A = . s

a(ir’\c,jl) ----- a(ir‘vc,jlrwh)

A "M" step network will therefore have M non-zero entries

vhose Qalues range from 1 to M.The last row and column of
a synthesis matrix denote Vhether the process streams
require the service of heaters (H) or coolers (C) to meet
their témperature specifications. Those streams which
have met their terminal temperatures during thé earlier
synthesis and therefore require no service from the
heaters and coolers in the final synthesis step are
denoted by the symbol (T). The remaining block of the
synthesis matrix is the "A" matrix defined earlier.Figure
2.1 illustrates a sample network ana its synthesis
matrix.Also, the use of synthesis matrix during the
generation of g decision tree diagram is illustrated in
following sections (Figure 2.5).

A third representation is the "heat conﬁent diagram"”
of Nishida, Kobkayashi, Ichikawa [141.In Figure 2.2, the
heat content diagram representing a simple ;yntesis
problem that contains twovhot streams S42, Smx and twb
cold streams Sea1 and Sc= , is shown. In general, £he
_vertical axis of the diagram represents the inpuf and
output températures of hot and cold process streams, or

the input and output temperatures of heating and cooling
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utility streams. The origin of the temperature scale 1is
set separately» such that -all hot streams and_ﬁeating
utilities are located above the horizontal axis and all

" cold streams and cooling utilities below the horizontal

axis. The horizontal axis represents the relative
magnitude of heat capacity flow rates of wvarious
streams.On the diagram, each stream is represented by a

block.The area of a given block corresponds to the amount
of heat to be removed from or added fo the stream in
order for it to reach its desired output temperature.
T
Area = Q = j CP dT ) « 2

Ta
In this equation, Q represents the amount of heat removed

from or added to a stream which ié cooled or heated from
T to . T=. Here, note that the temperature/enthalpy
diagram is the integralv form of the heat ;ontent
diagram.For convenience, both process and utility streams
should' be drawn on "the diagram such that heating
utilities and hot streaﬁs are located in .,a decreasing
order of their ihput temperatures above the horizontal
axis; while cooling ﬁtilitiés and cold streams are
loéated in -a decreasing order of their output'
temperatures below the horizontal awxis.As it is indicated
earlier, in most cases, the output temperatures and the
heat capacity flow rateé\ of wutility streams are boih
uﬁknown before their exchanges with other process

streams.Thus, in representing a given synthesis problem,
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a heating or cooling utility stream is denoted initially
by a point on the diagram, with the ordinate valﬁe
specifying its known input .temperature.Also, ‘on the
diagram, a heat exchange betweén a hot and a cold process
stream is. indicated by assigning the same number or
letter to the correspénding'hot and coid blocks. Note
that since the heat contents of hot and cold process
stream to be exchanged_must be the same, the hot and cold
blocks designated by the same numbers or letters on the
diagram must have the same afea.Likewise, both above and
below the horizontal axis of the diagram, the total
number of hot and cold blocks representing the exchangéd
hot and cold process streams as well as  their
corresponding total heat . contents should‘ also be the
same.Finally, division of a block either horizontally or
vertically is permitted on the diagram. The  former
corresponds to the multiple heat exchange, and the latter
represents the stréém splitting. |
Anéther convenient repfesehtation by .Linnhoff and
Flower ' [151 directly represents the neiwqu structure,
Figure 2.3.Hot streams run from.left to the righi at the
top, and the cold streams run from right to the left at
the bottom.A match between streams is indicated by
placing a pair of «circles on each of the streams and
connecting them by a vertical line.This explains why the
diagram 1is so 6alled; "Grid Representation".Beneath the
symbols for heaters, coolers and exchangers, heat loads

are noted in appropriate units. Temperatures may be shown
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Figure 2.3~ Grid representation

against each stream and so may heat capacity flow rates.

The exchangers may ke numbered at ocne of their

nodes . Though, vunderstanding the significance of pincﬁ»

temperature has affected the structure'v of grid
A\

representation, conventions described above are still

valid for drawing these diagrams.Figure 2.11 may give  an

idea about the new look brought to érid representation by

the Pinch Technique.
2.1.2 Synthesis Algorithms

The hea£ exchanger network synthesis problem ‘can_ be
. conveniently partitioned into the following three major
steps. |

1. Préahalysis'£6\$e£_targéts, limitations.

I1. Network invention. e

I1T1.Evolution.

The first two 6f these steps can- be further
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subdivided, both into the same set of substeps, but with
each ‘emphasizing the substepé differently.The substeps
are as follows.
| A. Partition the synthesis problem.

B. Merge equivalent heat sources, sinks.

C. Select stream/stream matches.

D. Select network capable of producing desired

matches.
Here, it will be shown how the different algorithms,
published for heat exchanger networks, fit into and

contribute to the above pfoblem "generalization."
2.1.2.1 Preanalysis

Preanalysis‘involves establishing targets for the
network to be designed.These targets are: (1) the least
amount of utilities which are needed; (2) the minimum
"area reguired;and (35 the probable, but not guarénteed,
fewest number of heat exchangers kneeded.E#perience has
shown that networks satisfying targets, (1) and (3) are
very attractive soluiions {4,713 Target (2)  1is wusually
only approached, but not reached by the optimal
solutions.

Least wutility targets have been set five ways, vsome
of which only establish lower bounds.Table 2 1lists the
alternatives. An obvious bound (UB-1) is to est;blish the
difference 1in heatJrequired for heating the cold streams

and the heat available,for cooliné the hot streams.The
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bound has sometimes been refined slightly (UB-2) where
one accounts for cold streams vhich }equire heating above
any temperatures évailable by the hotvprocess stfeams or
any hot streams requiring cooling beiow any temperatﬁre
available by cold process streams [2,16,17]. However,
exact targets (UB-3) are possible which can always be
met, and these account for both the difference in heéting
and cooling required and the temperature levels  of the

streams [1513].

TABLE 2. MINIMUM UTILiTY BOUNDS USED IN LITERATURE [121]

UB-1: Net difference between heating needed for cold
streams and cooling needed for hot streams.

UB-2: Same as UB-1 but modified to .account for
portions of hot (cold) streams colder (hotter)
than any existingv cold (hot) process stream.

UB-3: Exact bound accounting for wuniform minimum
allowed approach temperature.

UB-4: Exact bound accounting for uniform minimum
allowed approach temperature and user stated
disallowed stream/stream matches.

UB-5: Same as UB-4 but with match dependent minimum
" allowed approach temperature.

The essence of the method (UB?B) to establish the
minimoum utility‘bguﬁd is to merge all hot streams into a
single hot ”supérstream" and all cold into a single cold
"superstream."Plotting these two superstreams on . a
temperature/enthalpy diagram, one moves the cold

superstream under the hot wuntil the minimum vertical

distance exactly‘éqUals the minimum AT allowed anywhere
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in the exchanger network [181].

 £Thim = 0 . constitutes an impractical -case requiring
infinite heat transfer area (see Equations 3 and 17).The
unmatched portions of each of these streams represent the
minimum - heating and cooling required (Figure
2.13(b));Besides this graphical soiution; an analytical
prqcedgre, namely "Problem Table fethod"” will be
discussed further in section 2.2.1.1.

Cerda in coorperation "with Linnhoff, Maéon‘ and
Westerberg [191] calculates  minimum utility
réquirements.The extension permits one to exclude mat&hes
between designated pairs of streams, either in total or
over certain ranges of | temperature (UB~-4) .This
application becomes very impdrtant ih some special cases
(e.g. the streams may be both vapor and far apart,
leading to very costly piping»requirements, a leakage may
lead to a dangerous situation etc.).He also extended the
ideask to allow‘the minimum allowed temperature to differ
with each stream/stream pair (UB-S).(UB—S) is also
explained by Linnhoff et.al.[43.Each stréam is;assigned a
A Tmim contribution and the minimum approach temperature
for arparticﬁlar exchanger is calculaied by summing - the
contributions of the ﬁatched streams.Thus if liquid
streams are assiéned 5 ®C and gas streams 10 *C, then_ a
liquid/liquid match’ has a A Tmim of 5+5=10 <C, - a
liquid/gas match has a 'ATmin of 5+10=15 r~"C‘and a gas/gas
match has a ATmin of 10+10=20 ©C.

The target of "minimum area" ‘can be discovered rather
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quickly using the superstreams [14]. If exactly hatched
by the introduction of utilities_as needed and if all
heat transfer coefficients are assumed equal, the so
called "minimum area" solution corresponds to a
countercurrent exchanger designed for these superstreams.

v

The area calculation inveolves integrating

2
1 dQ
A= — J — ' (3
U
1

AT

wﬁere A is the area, U is the heat transfer coefficient,
Q thé heat transferred and AT the Vertigal distance
between the two supers£ream-curves at the point that the
incremental heat dQ is trénsferring.An alternative
equation which is developed fo; the case of non uniform
héat transfer coefficients will be discussed in sub-
section 2.2.2 (Equation>17)}

Pridr to explaining how to find the number of fewest
heat exchanger units,it will be beneficial to discuss the
importance of that target.

General cost expression of exchangers is as follows,

"Ces = a APmg . « 4
By wusing this expression, one can write the following
inequalities [21]:
a(APr 1 +APe ot . L +APem) 2 a(Ami+Awmot .. tAea)® ( 5-a )
a(A¥m1 AP+ . +APmn) 2 |
a(Aos+hAez)®+a(Amat . . +Aws )P +a (Amsast. . +Auad®  ( 5-b -

Note that for either inequalities

0 <b

12}

1.
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These imply that withéut increasing ithe total heat
transfer area of exchangers, the investment cost of
exchangers can be 'reduced if several ‘units can be
combined together as a singlé one, or a smaller number of
ethangers are to be used.Here, ' inequality b5-a
corrésponds to the case where m exchanger; are reduced to
a single unit; inequality 5-b represéntsvthe case where m
exchangers are reduced to thrée'exéhangefs.Obviously ‘the
same idea is also applicable in redubing the invesfment
cost of heaters or coolers.

An application of‘Eulér’s general network theorem is

utiiized by Hohmann and later by Linnhoff to determine

the target of fewest number of exchangers [3,47.

u = NtL-s « &)
where,
u = number of units (inéluding heaters and coolers)
N = number of streams (including utilities)
L = number of loops
s =

number of separate components.

A hypothetical problem ,Figufé 2.4, having ﬁﬁo hot
streams and two cold streams will~be used to clarify the
neanings of a loop and a separate comﬁonent.Both utility
heating ana utility cooling are required.Every stream is

indicated by a. circle with the heat 'load given

beneath.Each line connectingV a hot and a cold stream

represents an exchanger.Note that the total system is in
enthalpy balance, "i.e. the total heat surplus of hot

streams equals the total heat deficit of cold streams
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Figure 2.4- Principles of subsets and loops

(190 wunits).Assuming that témperature constraints’will
.allow any match to be méde,the matches can be put as
follows ,(Figure 2.4(a).Ma£ching steam with ;old (1) and
'maxihising fhelload éompletely satisfies or "ticks 6ff"
steam, leaving 10 units of heating required by cold

(1) .Matching cold (1) with hot (1) and maximising the
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load on this match so tha£ it ticks off the 10 units of
residual requirement on coldr 1), leaves 60 units
residual heat available from hot (1).Matcﬁing hot (1)
with cold (2) ticks off hot (1) and leaves cold (2)
requiring 40 wunits of additional heating.Now, matching

hot (2) with cold (2) and maximising load, ticks off cold

(2) and leaves hot (2) with 50 units  of residual heat

load.The last match should be between hot (2) and cooling.

water.As it is mentione: earlier, the system is in
enthalpy balance and this 's why one hot and one cold
stream with ‘the same he: t coﬁtent énd réquirement left
behind.The last exchanger vill satisfy both streams while
the previous ones were elimating only one of the
pair.This explains why the number of exchangers is one
less than the total‘ number of 'streéms.Figure 2.4(Ca)
corresponds to the case in which L=0 and s=1.This is the
case which is mostly en;ountered and leads to the
targeting equation

| Umim = N-1 79
In Figure 2.4(b), a design is shown having one unit
less.In this case, two separate_compdnents exgst and both
of them are in enthalpy balancé individually.Steam, cold
(2) and hot (1) form the first subset while cold (1), hot
(2) and cooling water form the second.What this means ~ is
that for the given data set one can design two compleiely
separate networks,. withvthe Equation 7 applyingvto each
individually,This situation is termed "Subset Equality"

and  very important -since one does not want to overlook
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the chance io reduce the ﬁumber of uﬁits in practical
context.It 'is often possible to deliberately modify heat
load§ of streams and group streams together so as to
create such situations.Finally, iﬁ Figure 2.4(c) a design
is shown having one unit more than.the'design in Figure
274(3)' theknew unit being the match beéween‘ steém and
cold fZ).The extra wunit introduces whatvis known as a
"loop" into the system.That is, it is possible to traﬁe a
closed path through the'netwﬁrk.starting, say, at the hot
utility,Jtﬁe lodp can ﬁe traced through the conﬁection to
cold(l),' fromAcold (1) to hot.fl), from»hot (1) to cold
(2), and from cold (2) back to steam.The existancevbf the
loop introduces an. element of flexibility into the
design.Suppose the new match, which is between steam and
cold‘(z); is given a load Qf { X } units.Then by enthalpy
balance, the lbad on the match between steam and cold (1)
has to be { 30-X },between cold (1) and hot (1) { 10+X 1,
and between hot (1) and cold (2) ( 60-X }.Cleérly X can
be anyihing up to a vélue of 30, when the match betﬁeen
hot wutility and cold (1)‘disappears.The flexibility in
-design introduced by loops is _sometiﬁes ' useful,
particularly in "retrofit design."

The preanalysis steps for the existing methods are
compatible with the four substeps (A to DV bstated
earlier. To establish utility bounds and/or area bounds,
the problem ié usually partitioned according to key
temperature ‘intervals_ [15].First 1if ¥4?hin, . a user

prescribed “minimum approach temperature," is added to

s yivencirec] TR s
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‘all cold stream temperatures, the prescribed inlet and
outlet temperatures for all streams, ihcluding utilities,
are ‘o;dered into decreasing order. Each pair of
temperatures on the list represents an interval for the

hot streams. Cold stream intervals aré the same but with

ka

the temperatures decreased by ATman. If no
stream/stream matches are excluded by the designer,
within each interval the contributions for each sﬁbétream

can be 'mergéd to create hot and cold superstreams.When

the problem table method will be discussed in section

2.2.1.1, a numerical example will be given to iliUstrate
how to define  these  temperature intervals and
subnetworks.

The last step taken to calcﬁlate minimum utilities is
toc select the stream/stream matches among' these merged
substreams. With only one hot stream and one cold stream,
matching is a trivial step. No actual network ﬁeed to be

proposed, so step D is not required for'preanalysis.
2.1.2.2 Network Invention

As stated -earlier, the ﬁetwork invention step‘ can
also be subdivided into four substeps: (A) partitioning
the synthesis problem; (B) merging equivélent heat
sources, sink§; (C) selecting stream/stream matches;‘and
(D) selecting thg_ heat é#changer network capable of
producing the desired matches. Not all of these substeps

are necessarily a part of each of the published
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algorithms.

Paftitioning{ if it occurs, 1is of two ‘types.The
problem may be partitioned by temperature inﬁervals, as
explained already for the preanalysis step. The TI method
of Linnhoff and Flower [15] uses this partitioning. FIf
orne has done a preanalysis and has loceted where in the
problem a temperature pinch point exists, one may also
partition the overall problem into two problems, one
above the pinch and one below. Heat cannot be exchenged
between these two partitions, if one wishes to develop
networks reqdiring ‘minimum utility usage. This
partitioning was implicitly a part of the TI method (153
and used explicitly by the Pinch Technique.

A class df algorithms (e.g., Nishida et.al. [143)
next proposes that streams with equivalent heat be
merged .- This step is exactly that of producing
superstreams mentioned earlier and thus moves these
‘algorithms into the class performing a preanalysis to
find the minimum area target for a problem..

Next, the different. algorithms select which
stream/stream (or superstream/superetream) matches to
make. Many accomplish this step as a sequence of match
decisions, while others make their stream/stream match
decisions in parallel. We shall discuss this step -at

length becouse of the different ways the various

algorithms accomplish this step.

2.1.2.2.1 Sequential Match Decision Algorithms
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TABLE 3. SEQUENTIAL MATCH OPTIONS [12]

Search Strateagy Emploved:

S8-1: Total Enumeration

§5-2: Brach and Bound

8S-3: Heuristic

S5-4: Other

Heuristics Used: (If SS5-3 Employed) .

HR-1: Select hot stream with highest inlet
temperature and cold stream with highest
target temperature. .

HR-2: Select hot stream with coldest target
temperature and cold stream with coldest
inlet temperature. '

HR-3: Select match giving least value to A Tave

HR-4: Select match giving least wvalue to
estimated upper bound on overall network
cost. ‘

Match Restrictions:

MR-1: Disallow stream splitting

MR-2: Disallow stream/stream rematching (cycling)

MR-3: Disallow if match precludes predicted minimum

: utility usage

MR-4: Disallow if match precludes network having
predicted fewest number units

Stream Heat Selection Decisions:

(h = for Hot Stream, ¢ = for Cold Stream)

HE-1 h,c: Take heat from or supply heat to hottest
end of stream.
HS-2 h,c: Take heat from or supply heat to coldest
. end of stream. v
HS-3 h,c: Take heat from or supply heat to inter-
mediate portion of stream.

For algorithms in this class, the principal questions
are the search straiegy employed, how to select the next
match, and wvhat 1s meant by a match.

"Table 3 lists the variety of search straéegies (SS&,
of heuristics for seleéting the next match (HR), of match
restrictions’(MR), ~and of*“*heat selection rules (HS) used

by the various algorithms.
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The essence of élgorithms wvhich develop the network
as a sequence of match decisions is td develop a tree of
networks, wvhere the initial node is the netwdrk with no
process stream/process stream matches. All heating and
coolingv is done directly by utilities by this node. The
children of this node are all networks containing exactly
one process stream/process stream match. Their .children
contain exactly two process stream/procéss> stream
.matches, etc. |

One of the earlief algorithms [13]1 suggests
developing the entire tree of networks #hich.theif rules
allow to be generated, Eut the tree becomes excessively

large~for a ten stream pfoblem. They suggest a fallible

“look ahead" procedure to reduce to a feasible size, the
number of branches of the tree to be examined. As. a

summary, the procedure 1is aefining an evaluation function
to each of the nodes generated during the synthesis; such
a funption'_evaluates the quality of each node.lt can be
used to pull the search toward the optimal.node by first
generating the most promising node, while the remaining
nodes are either retained for future.expansion or simply
deleted from _ further consideration.The evaluation
function can be.exact or merély heuristic; in the first
case optimality 1i1s guaranteed while in the second there
is no guarantee of finding the optimal node.Since "the
‘heuristic procédure would be expected to be much easier
ﬂo compute, Pho agd Lapidus try to define a heuristic -

function which kgenerates a pértial enumeration to the



30

entire tree while stili providing for the possibility
that the optimal nede can be located.Figure 2.5
illustrates the reducedv decision tree for problem
4SP1.S5everal redundantv nodes are elim%nated by the
procedurev developed by Pho and ALapidus.To aid in
interpretation, the blank entries in the rows and columns
of the A-matrix whose corresponding streams have reachea
their final output temperaiures are denoted withllﬁhe
symbol asterisk (*) and if the matching is infeasible
(e.g. temperature constraint ‘is vioclated) the
corresponding éntry is filled with the symbol (“5.

Some other algorithms propose using a branch and
bound scheme [16,17]1 to search the . tree.To use this
scheme a lower bound on cost has to be estimated for all
nodes emanating from a given node. This lower bound is
usually the »annuilized capital cost for the heat
exchangers already involved in the network plus a lower
bound on the = cost of utilities still required
(calcuiating ﬁinimum utilities using one‘of the utility
bounds UB-1 to UB-3). Lee, Mésso and Rudd wused Branch
and BPBound method to approach extremely difficult design
problems gainfully by branching from the difficult
problem to other simpler problems, and generate the
solution to design problems which are unsolvable when
attacked frbntally [20].The more easily solved alternate
design problem B must be‘sélected to bound the original
problem A in the following vay.If On(D) is the economic

design objective to -be maximized in problem A by




31

1 |2 19 |1 |2
12
. 3 % 3
1
5,84 1,97
% ‘V Lo
‘5 - 1 18 {1 | 3
: 6,92";9?? v
co % |2 x |2
2,42 1,37 \
N 17 |
S0 | 1 R 1
1 2 2|3
% 1
4,63 4,06
L 9 : :
5,82 1
: h - /
172 K,01 ,
C y .
1 1 6 | 2]3 21 1 213
¢, 6 .
1.05 | , 1 14
- , js - U4.65 2,74
3 8 1 o s 20
6.97 2 2]
. 113 113
1 7 3,72 1,41
9,31 1 ~
. # 3
0 12 1]2
6.06 2,13
6 ” 13 3 lo
1 ~11 11

0 5.99 3,36 1,90

Figure 2.5- Reduced decision tree for 4SP1

adjusting design D, Da is the sought-for design which
maximizes that‘dobjective, and O=(D) is ‘the economic
objective for phe alternate problem B, if Equation 8
holds, p:oﬁlem B bounds A

"0 (D) 2 Om(Da) : « 8)
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and D~ must be feasible for problem B.

That is, 1if the optimai solution to problem A were
available and applied to problem B, that design would be
feasible for problem B (satisfying all the technical
constraints but not neccessarily at maximum objective
‘function), and exhibit an equal of gréaéer value for thev
economic objective.ff so, problem B is an upper bound for
A.After solving the bounding problem B, the optimal
design being Dx, one should check whether this solﬁtion
is also an optimal solution to the original unsolvable
problem A or not.This test is done by the help of
Equation 9: |

O (De) = O (D) » (9

The fastest, but obviocusly most fallible; algorithms
simply use one of the'heuristies HR-1 to HR-4 to select
a single next match.

A number of poésible matches are disallowed by match
" restrictions (MR). For example, mno stream splitting may
be ailoﬁed (MR-1) or no stream rematéhing ' (MR;2).
Rematchiﬁg is when  two streams exchange heat in two or
more noncontiguous exchangers. If the algorithm was
developed with an awareness that oné can calculate the
minimum wutility usage bound (UB-3), it may eliminate any
match which if made, would preclude reaching this bound
(MR-3) .Detection ﬁf such a match is done by making ‘the
match and then runniﬁg a "preanalysis" on the unmatched
- streams to detect fhe minimum utility usage needed for

them. If this prediction indicates an increase in the use
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of ﬁtilities, the. match <can be excluded (see section
2.2.3.3 for further details).

The algorithm may also disallow matches not leading
to the predicted fewest number of heat exchanger units
(MR-4) .To réach such a solution each match ﬁade in the
sequence must eliminate one of ihé two'streams entirely
and leaﬁe a single residual from the other. If fhe match
cannot accomplish such an elimination becouse of
temperature limitations, it need not be considered.These
type ‘6f algorithms may be fallible in some cases vwhere a
ccmpulsory match should be materialized thdugh none of
the streams can be ticked-off ‘due- to temperature
constraints.55P1 is'a standart problem wﬁich constitutes
,a good example for sqch a-situation.The problem data and
network configurations of 5SP1 are givep in Chapter 1IV.

Tﬁe heat selection options (HS-1h,c to HS-3h,c) can
have a profound effect on the network developed. Earlier
algorithms matched the hottést portion of the hot stream
'agains£ the coldest portion of the «cold (HS-1h/HS-2¢).
This match decision is the most thermodynamically
irreversible, leaving the hot end of the cold stream
and/or the «cold end of the hot Sireamvfor subsequent
heating or cooling.r Ponton and Donaldson [21]1 appear to
be first to aavocate matching the hot end of the hot
stream against the hotﬁest'portion of cold stream (HS-
1h/HS-1c). This heat selection rule is gquite reasonable
for abo&e ambient networks as it is more

thermodynamically reversible and it tends to allow the
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FFiQure 2.6- EXamﬁles to heat selection decisions (a) HS-
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loﬁer-iempérature hot utilities to‘be used. It does this
by using lower—temperature‘cold utiliﬁies.This-'trade is
sensihle since above-a?bient .hot utilities are more
expensive than above—aﬁbient cold ones.Figure 2.6(a)
illustrates HS-1h/HS-1¢ decision reached by Ponton and
Donaldsonpgeat geiectién option preferred by earlier
algorighms is shown in Figure 2.6(5).

Some of thé later papers describe sequential
alygorithms simultaneously requiring mininum utility usage
(MR-3) and accomplishing all this in the predicted

minimum number of heat exchanger units (MR-4) [121].
2.1.2.2.2 Simultaneous Match Decision Algorithms

The first approach that will be discussed in this

. s :
section is one of the ecarliest published, wusing a method
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based on the "assignment algorithm"_in/linear programming
[12,221. In this approach, every stream dis first
partitioned into a set of usually quite small substreams,
each substream having a heat content of "Q" units.  Some
algorithms require this ﬁariitioning- to‘be sequential
(equivalent to no stream splittingi; whéreas somebothers
permit parallel partitioning (equivalent to stream
splitting). "Q" is chosen so every stream is partitioned,
to’an adequate approximation, into an igtéger number of
substreams.It is specified as an approxwimate value of the
greatést common divisor of the heat exchange dutieé of
the hot and cold streams. Utilities are also added as a
generous number of substreams, each again with a heat
_content of "Q" wunits. The . assignment problem is to
assign hot substreams to cold ones in a manner which
minimizes the sum of the costs associated with each
assignment (see Equation 1). Constraints precluding
certain assignments are readily added, and they reflect
thermddynamic considerations (the hot substream must be
hotter than the cold one). They could also represent
user restrictions. Very quicly a large number of
substreams and constraints arevgeneréted, even for small
problems. Thé 7"assignment algorithm" of linear
programming is éffectivé at handling lérge problems.

The cost of an assignment is the weakest aspecﬁ. of
this approaéh; It can- easily include the cost of
utilities by assigﬁing, as part of the ébst for a match

involving wutility substream, +the cost of "Q" units of
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that utility. The coe{ must also include the annualized
cost of  heat exchanger area, but area costs should
reflect overall heat exchanger size, since large
exchangers cost much less per unit area than small ones.
That is, taking cost parameter "b" >as “unity does not
express the actual cost, especially ffor small sized
exchangers.The cost index may be far from unity if such
exchangers are to be used. |

The solutions resulting~ from this approach reQuire
further work as they simply.provide one with assignments
of the small substreams to substreams. It is up to the
user to translate these into a practical set of heat
exchangers corresponding only approximately to the
. substream assignments, This method apparently results in
quite good answvers. |

The second simultaneeus match decision algorithm is
the TC algorithm of Linnhoff and Flower and Linnhoff
£12,231. This algorithm wili generate all heat exchangef
net#ofks setisfying matcﬁ restrictions MR-1 (no stream
splitting), MR-3 (minimum utility ueage) and MR-4 (fewest
nnumber of heat exchanger units). It is readily shown
that such networks are acyclic; tha£ is, 1if one were to
disregard the direction of stream flowsb and- then trace
the pipewvork fer such a network, one cannot find a path
which starts with a given heat exchanger — and which
subsequently returns to it. Figure 2.4(a) may aid in
believing this proﬁerty.An apparent disadvantage of the

method is the fact’,that where solutions of the kind
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specified above do not exist, the method will yiéld no
answer .This situation would be encountered in problems
where full heat recovery is difficult to achieve, i.e.;
where more than the minimum number of units have to be
used and/or streams have to be split f&r‘ é satifactory
golution.Flower and Linnhoff t23] éropose a miged
sclutipon method to handle such  problems.Since, the TI
(Temperature Interval) method leaves little choice in
subnetwork design where heat recover§ is difficult; and
offers alternative designs in subnetworks only when heat
recovery is easier, their general approach becomes bne of
synthesizing partial networks which ensure maximum energy
.recovery by the TI method with suitably' identified
remalning probiems.These remaining problems can then be
tackled with the TC method. ’

The TC algorithm first'predicts the minimum amount of
utilities along with required utility streams, then like
an odometer ticking. off the miles, it generates all
streaﬁ/stream match structures which do no@ contain

cyles.Three constraints should be kept in mind at this

step:

i) Target Temperature Feasibility
Each match brihging. a stream to  its target

temperature ﬁust‘be with a stream or service whose supply

temperature is compatible with that target temperature.

ii) Topological Feasibility
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Each stream or service must be used in at least one

match.

iii) Heat Load Feasibility

If a stream or service is matched .oniy once, its
partner must have an equal or larger heét load.A natural
consequence of this is that in any feasible network, the
stream or the service with the largest heat load must
héve at least two matches.Further, the second largest
stfeam or service must have at least two matcﬁes, ‘unless

matched against the largest stream or service etc.

These constraints  are necessary conditions for
feasibility but not sufficient in themselves.One should
calculate thé heat loads for each match, and eliminate
entire structures if the heat loads suggested by these

matches are not a;l-positive (they require that heat must

~always transfer from hot streams to cold ones). Finally
the élgorithm systematically creates he;t exchanger
networks for each structure. No stream splitting 1is
allowed. The temperatures are calculated and the
structure 1is kept only if . the . temperatures .are
satisfactory thfoughout; that 1is, temperature driving

forces larger than some prescribed minimum A.T occur in
all matches.

Finally, two recent algorithms which in fact-shoﬁld
not be included under the heading of "Previous Methods"

will be discussed.These algorithms do recognize the pinch
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concept | but reach final solutions by employing
simultaneous match decisions.

Duran and Grossmann [24] propose a procedure for
solving nonlinear optimization and synthesis problems of
chemical processes simultaneously with the minimum
uiility target .for .heat reﬁovery networks.The unique
characperistic_in thisvapproach is that wvariable flow

rates and temperatures of the streams can be handled

‘within a nonlinear optimization framework.Ideally, in
order to account for the interactions between the
chemical process and the heat recovery network, both

should be optimized simultaneocusly. However this rigorous
approach would . lead to a difficult combinatorial
problem.Therefore, in order to simpiify the problem Duran
énd Grossmann suggest the optimization 'of the chemical
précess simultaneously with ‘the minimum uvtility target
for heat integration of the process streams.In this way,
the resulting design exhibits flow rates and teﬁperatures
of the streams that guarantee maximﬁm heat integration.

The same article alsé includes a smooth approXiﬁation
procedure developed by the authors.Instead of using a
nondifferentiable optimization, Duran and Grossmann apﬁly
this procedure to obtain continuity‘of the derivative by
replacing the structural nohdifferentiabilities with a
suitable smooth approximatiqn function.

Another rebént approach by  Floudas, Cific and
Grossmann [10]1 enables the consideration of stream

splitting, bypassing, matching in series, matching in
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ﬁarallel, métching in series-parallel and matching in
parallel—series.fn order to show~ how such a task is
reaiised, consider- an example problem having one cold
(C;) and three hot streams (ﬁi;Hx,Hm).FiQUfe 2.7
'illustrates the stream superstructur?s that can be
postulated for theAproﬁlem abové.Ey equating 'thé heat
capacity flow rates ofvspme of the branches io zero; one

can reach a variety of aYlternative sequences.
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Figure 2.7—_Stream superstructures‘EIOJ

The csynthesis strépegy cén be _outlﬁned in five
steps.The first'_step is ihe"determination of minimum
utility cost -as 'welll‘as tﬁe ngation of the. pinch
poinis;This step' is t;keﬁ‘ﬁy avlinear programming (LP$
transshipment model.A£ ihe-éecond‘step, a ﬁixed-integer

linear programnming (MILP) trans#hipment model is solved

to determine the minimum nunber of”matches and the heat
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exchanged at each match.Step three is the derivation of
superstructqres.For' each stream | an independent
superstructure is developed.and these are then combined
into an overall superstructure.At step foﬁr, a nonlinear
programming (NLP) formulation is presented for ihe
automatic generétion of network stfucturés with minimum
investment cost.Finally, at step five; final‘network
configuration is obtained.

As it is given at the begining of sgction 2;1.2,. the
last step bf network invention is the gelection of
configuration ‘that‘ is capable of ﬁroducing desi;ed
matches. For the sequential match decision algorithms
this step is accomplished at the same - time that the
stream/stream matching decisions are made; for the
parallei matech algorithm, it is a separéte step. The
algorithm of Nishida et. ai.-[143, whereiequivalent heats
are merged, has only selected which merged heaﬁ sources
are to‘supply heat to which mérged heat sinks. SubJject
to guiﬁeliﬁes given, it is up to the user to choose among

the alternatives possible to develop the actual network.
2.1.2.3 Evolution

Many publications present steps to aid in improving _a
heat exchanger network, once one is developed. |

‘Nishida , Liu, and Lapidus [2) present a set of

evolutionary ruleé” to improve networks generally

developed with the aid of the earlier minimum area
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algorithms of Nishida,. Kobayashi and Ichikawa [141. The
minimum area algorithm requires one to develop a network
containing far too'many—actual heat exchangers, and. the‘
evolutionary rules were Lo aid one to reduce the number
of exchangers.The suggested rules are as follows:

i) Compare the areas (heat contents) of wvarious hot and
cold blocks in the heat content diagram.Delete - the
exchanger, the héaﬁer, or the cooler with the ' smallest
area or the least amount of heat exchange by‘ increasing
the heat duty of the rest of the process and/or utiliﬁy
sﬁreams.Repeatedlyﬂ apply this proéedure until the total

cost of the resulting network can no longer be reduced.

ii) If a network contains a local sub-network where a hot
(or cold) stream matches with the same cold (or hot)
stream which it has matched before, delete either of

these two repeated matches.

iii) Replace thehstream splitting with the stream un-
splitting (or the multipie heat exchange).Match the hot
and cold. streams in the un—splitfing network in a
decreasing order of their arithmetic avefages of input
and output tempefatures.

It should be noted that these rules are to be applied. in’
their numerical -order; that is, rule (i) should be tried‘
before rules (ii) to (iii), etc.

The ED (evolutionary development) method of Linnhoff
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and Flower [15] is a set of rules to aid one when‘making
small changes to a heat exchanger network, such as those
developed by their TI method. The rules tell one how to
detect easily if thé suggested small step will léad‘to a
thermodynamically feasible network.Bef?re listing these
evalutionary rules, >a parameter shoﬁld be "introduced
which is .called "freedom of a heat exchanger”,

F = CPL ( ATS— ATmin). (10
In this eqguation, ATS is fhe smallest actual témperatﬁre
aifferencer within heat exchangers and CPL is the larger
CP of the tworstreams'matched in an exchénger.?arameter F
has the same pHysiCal dimension as a heat - load.The
purpose of " introducing this parameter is to ease
methodical iﬁvestigatioh of the effeéts of changes in the
positions of exchahgérs.The'maximum load which can be
shifted through an excﬁanger in a simple case_is equal
to the freedom as defined by Egquation 10. Shifts of
smaller load will merely reduce the ffeedomr of the
exchanger by the size of the load.

Figure 2.8(a) summarizes the effects ’that simple
shifts of _heaieré and éoolers have on an exchanger’s
freedom; shifts according to fule No.1l (that is, élong
thé stream with the larger CP)‘ﬁill alter the exchanger’s
freedom by the heat load of the cooler (or heater) which
is shifted.The effect of shifts according to rule NO.Z
(that 1is, 'aldng /the sfream with the smaller CP) is
greater by the factor CPL/CPS (where CPS is the smaller |

CP of the two stfeamS'matched in an exchanger).To make it
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easily recognizable which one of the tvo streams has the
- larger . CP, the following conventions are developed by

Linnhoff and Flower [151]:

1) To situate an exchanger’s reference number in the node
on the stream with the smaller CP. ’ |
2) To.feplace'the node on the stream with tﬁe larger CP
by a triangle as a‘ qualitative indication of the
témperature profile within the exchanéer.Thus, it  will
always point, like an arrow, towards that side of the
exchanger at which ‘the smallest actual " temperature
difference 1is  found.In the case of equal CPs for both
streams, two circles may be retained.For exchangers iin
,bwhich the freedom is zero (that is, A Tmim 15 reached),
the triangle or one of the circles (in case of equal CPs)
may be blacked out. |
In Figure 2.8(bj, twé more rules are given.Tﬁey are
concerned with cases in which:the heater (or cooler) 1in
questién is shifted from one stream tb another.Such
shifts not only affect the freedom of the eXchanger but
also affect its load.On the other hand, the effects are
independent of the heat capacity flow rates so"the
exchangers are not shown in fuli detail in Figure 2.8(b).
It is clear that the direction of each shift shown in
Figures 2.8 (a) and (b) may be reversed and that codlefs
may be shifted instead of heaterg or vice versa.The

effects on load and freedom of the estchanger concerned

would be equal in magnitude £6 the effects shown in
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" Figqures 2.8 (a) and (b) but opposite in sign.Furthermore,

those combinations of rules No 1.

to No 4.

are shown in -

Fiqure_2.8(c)'which have been claimed to be of practical

value.Each of these combinations, again, could be applied

with reversed direction and reversed sign.
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2.2 PINCH METHOD

The most recently deveioped heat integration
technique 1is the pinch method [3,4,6,7,6,9,25,26,27,28].
The method involves two phases: data ana{ysis and network
design. '

Data analysis yields targets that corrésppnd Lo ‘the
performanﬁe characteristics df the  economic optimun
network.These iargets are invaluable when dealiﬁg with
complex integ;ation problems, and give confidence fo an
éngiheer’s current design -or stimuiate the engineer tﬁ
search for a bettér.solﬁtion.Furthermore, the targeting
procedures give a new insight  into a very simple but

‘fundamentally important deéomposition of the original

problém into several parts.

TABLE 4. DATA FOR SAMPLE PROBLEM
STREAM STREAM TEMPERATURE (=(C) HEAT CAPACITY
' FLOW RATE

NUMBER" TYPE SUFFLY "TARGET - {kW/=C)

1 HOT 270 - 160 3.0

2 HOT 250 130 1.5

3 COLD 120 235 2.0

4 COLD 180 240 4.0

Having obtained the targets, one can start to design

the netwvork with the most constrained part; namely the

pinch.This constitutes‘the second phase of the method.
Some concepts (i.e. temperéture/enthalpy diagram,
grid representation, problem table method) which make use

of Vboth' previous aléorithms and pinch technique are
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~

highlighted in section 2.1 and 'will be discussed in

details here.
2.2.1 The Pinch

In this sub-section the phenomenon of the pinch

itself. -is discussed.The discussion is in five
parts.First, the procedure of locating the pinch is
given.Second, the physical significance of the.pinch and.

its implications on utility usage are described.Third, a
powerful repreéentatioﬁ fof both the pinch’ and . heat
exchanger network stream daia is explained.Fourth, the
industrial problems are ceonsidered from this method’s
.point of wview.Finally, the implications of pinches on

capital cost are discussed.
2.2.1.1 Locating the Pinch

Thé task of locating the pinch is illustrated by
using an example problem for which stream dé£a are given
in Table 4. Problem Table algorithm of Linnhoff and
Flower [151 will be first explained to showv how thisriask
is performed.

_?he feasibility of compléte heat esxchange between all
hot'and cold streams is an important feature of fhe
algorithm.To eﬁsurg this feasibility a minimum approach
temperature difference should be allowed between the hot

and cold stream temperatures anywhere in the system.This
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necegsiafes a temperature adjustment which can be made in
two different wayszhe'first method is applicable in the
case of predetermined globai ATmin.This global  ATmie
value is subtracted from Fhe supply and tafget
’temperatufes of the hot streams, yiéiding adjusted
temperatures.Theéé adjusted temperatufeé aﬁd the supply
and targét temperatures of the cold streams aré listed
and ranked in brder of decreasing values.Any duplicatiogs
are ignored io get-the final list.The final list is éh@wn‘
in column é of Table 5. As it is'ipdicated,' this column
belongs to Fhé cb%d  stfeams.For the -hot streams one
should add .Adgin tgfthe teﬁpefatufes iisted in column 2
£Q get columﬁ 4 ,Of the same table.The cold and hot
gtreams running f:oﬁ their éﬁbply to target‘ tempe;atures‘
ére represented by arrﬁws in the secdnd and fourth
columns respéctively;The' arithmetic - means of the
corresponding values of .column 2 and 4 are listed in
Eolumn 3.Every temperatu:e in that column is known as an
intervéi boundary témperature and 1is an upper and/dr'
loﬁer,boﬁnd Qf an inﬁerval‘called a subnetwork.Geherally,
the following expression holds [15j

NSN € 2z-1 [ T
with the equality applying in cases' where no two
temperatures coincide.In the above expressibn,“NSN is the
number of subnetworké\andvz is the number of streams in
the probleﬁ.With the convention introduced in Chapter 1,
z can‘be shown as follows

- z= M+N o ( 12
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The second method to adjust the temperétures is
applicable in case of match dependent minimum alldwed
temperature.Let the hot streams to cross temperature
interval bouhdaries at Te+(1/2 ATmin) and cold streams
to cross at Tw—-(1/2 A Tmim). The v;%ue of ATmig in aﬁy
mateh = is then simply the  sum of the matched
contributions.In problems where a  glocbal A Tonsem is
applicable, the contributions become simpiy 172 ATmie.

The fifth _éolumn of Table 5 shows the heat capacity
flow fates of the subnetworks.The values are obtained by.
emplo&ing tﬁe followiné equation.

Cps= [Z Cp - £ Cpls - ( 13 )
Hot Cold '

For the ihird:interval in our example; the application of
-this eqﬂation results, |

Cp== [(3.0+1.5)—(2;D+4.0)1= -1.5 kW/=C .
For each subnetwork, there should be either a net heat
‘deficit or surplus but never both.Deficit or surplué
figureé calculated by the following equatidn are listed
in the sixth column. |

}AH1= Cpi #¥(Ts-Ti+a) 14 )
Again for the thirdjinterval, Equatioﬂ 14 yields,
Aﬁm= -1.5%(240-185>= -82.5 kW

After campletiAgAiﬁtervai heat balances, the next step is
the heat cascading.The procedure is in two stages.First,
one assumes that the  heat supplied. to the  first

subnetwork equals /zero and calculates the heat flows

passed on intervals by using the eguation below:
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Qs = Qi—1+A;Hi ( 15 )
For the calculation pf Qi, Qo 1is éhe heat supplied to the
first interval and generally denoted by Qn.Likewise, in
our example problém, Qw is the heat rejected to the sink
utiiity and denoted by Qe: . |

Column 7 in Table 5 shows the heat .flows resulting
from a’ value of Qh=0fBetween intervals 3 and 4, the heat
flow is negative (-20.0 kW), i.e., an infeasible
condition.The negativity here, implies that heat flows
against the natural temperature gradient or in other
vwords, it impiies thai the second_rule of thermodynamics
is violated.To remedy this situation, an extra 20 kW of
heat (i.e.; the lafgest infeasible flow) is supplied from

the external source.The resulting heat flows are all non¥
- negative, and are shown inrcélumn 8 of Table 5.

Column 8 yvields three important items of
information.First, the minimum heat supply from external
heat ~ sources, ‘necessary for feasible heat_flows, is 20
kW.Second, the corresponding minimum heat load on
external sinks is 60 kW.Third, there is a point in the
temperature range having zero heat flow.The dark line
between intervals 3 and 4 emphésizes this ﬁoint at wﬁich
the cold and hot streams have temperatures of 180 *C and
190 <C, respectively.From ‘now on, this point will be

called as "the pinch".

2.2.1.2 Significance of the Pinch
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The causes and effects of using more than the minimum
utility usage may now be discussed.Remember that, during
cascading heat is supplied to the region above the pinch
(hot end) and it is removed from the region below the
pinch (cold énd).So, it is possible to refer gg@pgfﬂfnd

A

as a heat "sink" and the cold end as a heat "source".

First consider the effects of removing heat X kW from
the sink (Figure 2.9(a)).This process necés§iates .thé
usage of extra X kW hot wutility and increases the
operating costs.Figure 2.9(b) shows the second possible
case where X kW hea£ is supplied to the source.An
analogous effect can be observed, this .time increasing
the consumption of cold utility.Finally, Figure 2.8(c)
shows the effect of transferring heat across the
rinch.Any heat transferred 4must, by enthalpy balaﬁce
around the sink, be supplied from the hot utility in
addition to the minimum requirement.Similarly, enthalpy
’balance around the source shows that the heat transfer
across the pinch also increases the cold utiliiy above
the minimum requirednln other words, heat transfer across
the pinch incurs the double penalty of increased hot and
cold wutility requirement for the heat exchanger network
design task. |

Three principles arrived as a resultv of abo&e
observations suggest a general approach for the Dverail
process-heat integration.They should always be Lkept in
mind if the designer is to produce optimal solutions.As a

sSUmmary;
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Figure 2.9- Heat transfer principles at the pinch

* Do not transfer heat across the pinch.Any heat flow

acros

s the pinch must result in the same amount of heat

being added to every other heat flow in the problem in

order

transfer

to maintain the interval heat balances.Thus, a

of X units of heat across the pinch must result

in increased utility requirements (Q. and Oa)‘by X units

each.

*

Do not use cold utilipy ébdvé'tﬁeapinch.Abovekthé.

pinch, systems haviﬁg a minimized heat flow do not reject

any heat.Despite this, if one chooses to reject heat into
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a utility sink, he must provide the same amount of heat
through wutility heating.Thus, X units of cold-utility
usage above the pinch result in X additional wunits of

hot-utility usage.

¥ Do not use utility heating below the pinch.Below
the pinch, systems having a.minimized heat flow do not
absorb any heat.Ahy heat supply through utility heating,
X, must therefofe lead to a cold-utility requirement of

X, over and above the minimum necessary.
2.2.1.3 The Pinch in the Grid Representation

The heat »eﬁchanger netwvork from the flowsheet in
Figure 2.10(a) £4]vcan be represented in tﬁe grid form
introduced by Linnhoff and Flower [15] ; see Figure
2.10(b).The advantage of this representation is that the
heat exchange matches 1 and 2 (each repfesenteﬁ by two
circles joined by a vertical line in the g}id) can be
placéd in either order without redrawving the stream
system.In the  flowsheet  representation, Cif it were
ﬁesired to match recycle agaiﬂst the hottest pért ofvthe
reactér effluent, the stream layout would have to be
redrawn.Alczo, the grid represents the countercurreht
nature of the heat éxchange, making it easiér to chéck
exchanger- températgre feasibility.Finally, the pinch is
easily represented in the grid, whereas it cannot be

represented on the flowsheet.
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The grid reprgsehtation':déﬁelbped ‘for the sample
problem is illustrated in Figure 2.11. Notice that stream

number four starts at the pinch.Iﬁ fact in problems where
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the streams all have constant CP’s, the pinch is always
caused by the entry of a stream, either hot or cold.

2.2.1.4 Factors Affecting the Occurence of Pinches

As mentioned earlier in Chapter I, a pinch does not
occur in all heat exchanger network problems.Certain

problems remain free of a pinch until the minimum allowéd

driving force, A Twmimn 15 increased up to or heyond a
treshold value ATe st - In other words, from ATmim =0
to A Tmin = A Térewn, the need for a utility (hot or

cold, but not both) is invariant, and thereafter the need
for the second wutility appeérs and Dboth utilities
increase in parallel showing the typical characteristics
Ef a pinched problemn.

It is‘interesting to note that wvirtually all'ﬂéarly
researéh work in design was focusedf—by accident- on
treshold problems. Linnhoff and Hindmarsh [253 conclude

ihat this ewxplains why none of the early work in heat

eschanger network design generated much = 1mpact in
industrial practice. Actually, treshold problems are
rarely encountered in industry. Following discussion

gives the reasons of this.

In applying the problem table procedure to the sample
problem it was assumed that the utilities were available
at extreme temﬁera?ures, ‘i.e. the hot ulility was hot
enough and the cold utility cold enough for all process

requirements.In practice, this is rarerly desirable as
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less ‘extreme utilities tend to cost less, i.e.low
pressure steam for process heating costs less t%;ﬁ hiéh
pressure steam, - coqling water costs le;s than
refrigeration, étc.There is often a good cost 1incentive
for reducing extreme temperature . uti{ity loads by the
introduction éf intermediate température utilities.The
reasoning in "significance of the pinch"; tells us that
any newv hot utiliiy must. be supplied above thé pinch and
any new cold .utility must be supplied below-:the
pinch.Failure to do so would incur the double penalty of
increased utility heating and cooling.

in Figure 2.12(a), a new hot utility supply has been
introduced to the hot end of a hypothetical problem.As
the heat load on.this new utility increases,;  savings are
made on the hottest utility supply (see Figure 2.12(b)).
There comes a poiﬁt when the hottest utility load is
reduced to .such an extent that it Just satisfies the
' heating requirements'in the hottest region of the pfpblem
(see Figure 2.12¢(c)). The result is a diviéion of the hot
end of the heat exchanger network design task into two
separate regions, i.e. & new pinch has been created. As
it is a direct consequence of the introduction of the new
ptility, 1t is ;alled a utility pinch. The problem table
algorithm is easily adabted to calculate . the maximum
loads on 1intermediate temperature wutilities and -the
resulting utility pinch locations.

With this unde}standing it is hardly surprising to

find that, in industrial heat esxchanger netwvork desian, -
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Figure 2.12- Fofmatipn of a utility pinch [251]

the occurance of an udpinched or treshold problem is

extremely rare.The pinched problem is the norm.
2.2.1.5 Capital Cost Implications of the Pinch

Before discussing the capital cost 1mplicaticns of

the pinch, it will be helpful to remind the "miniaumn

[1d

number of units" targeting equation given previously in
s=2ction 2.1.2.1.

Uniem = N-1 ‘ (75

Application of this equation to the hot and cold ends

of the sample problem leads four and ‘three wunits

reépectively, making a total of seven units to complate

the design.Note that by accepting the pinch division,

stream Nos. 1, 2 and 3 are counted twice by the targeting

equation.They exist in both the hot and cold ends. Now,
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apply the targeting equation singularly to the whole
problem.StreamvNos. 1, 2 and 3 are no longer counted
twice and the target for the minimum number of units to

conplete the design 1is five.Under such conditions to

achieve a five unit design means that either:

¥ - "X" amount of heat must be transferred across the
pinch, incurping the double penalty of increased hot and

cold utility usage or

LA the -sATmih constraint initially imposed can be

B - T
relasxed in certain exchangers subject to ATmim > 0.

In the first case there is a cost trade-off between the
number of «capital items and the wutility wusage.In the
second cése-there is a cost trade-off between the number
of units and surface area.The exploration of these trade-
offs is fully discuésed in section 2.2.4.

D

2.2.2 Data Analysis
Ag 1t 1s indicated earlier, data analysis 1s - tﬁe

first step in the application Aof Finch Technique.It

yvields the targets:

i) Minimum utility consumption.
11)  Minimum number of heat exchanger units.

iii) Minimum heat transfer area.



60

Temperature

A A
Hot 4
. Superstream "
,;g ii
S [ 3
= SRR
E_ Cold -;E
£ Superstream X
~ 5
A Tmin ,if
X
R : v C EEQh
—> L — —p
Enthalpy Entha]p@ j,

(a) | ~(b)

Figure 2.13- Construction of composite curves for the
sample problem

Determination of the first two targets is explained in

K

[o%

related sesctions and will not be discussa2 any

further.The third target, namely determination of mininum

neat transfer arza 13 in fact not important from this
technigue’ s point of view. Linnhoi? and Hindmarsh (23]

explain  that  widely differing sclutions for the sa:

=
14

problem generally feature similar ove2rall surface areas
as icny as theilr degre=z of energy recovary 1s

.

similar.From this standpoint what 1s  important in  the

i

garly stage of network design is to generats nétworks
satisfjing the first and the second targets since the
heat transfer area is fixad within a few percent by ona’s
specifying the Qtil}ty usage for the network.

[y

Since temperature/enthalpy diagrams are used for the
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determination of minimum heat transfer area, it was
considered to be useful to expla&n the construct;on of
these diagrams priorly.The data of the sample problem
(see Table 4) will be used for this purbose.

In Figure 2.13(a) two hot streams;— represented by
the lines with the arrow heads pointing to the left - and
two cold streams'— represented by the lines with the
arrow heads  pointing to the right - are plqited
separately.Here, an important property of T/H diagrams
should be remembered; since we are only interested in
enthalpy changé§ of streams, - a given stream can be
plotted anywhere on the enthalpy axis.Provided it has the
same slope and runs between the same supply and target
temperatures, then wherever it is drawn on the H-axis, it
represents the same stream.
| Jith CP assumed constaﬁt, for a stream requiring
heating from a supply to a target temperature; the total
heat a@ded will be equal to the stream enthalpy change,
i.e. |

T‘t:.

Do
~

Q = J Cp dT : ¢

Ty
For a stream- ;equiring cooling from a supply (Twldto a
target temperature (Tv), this equation is applicable with
the correction (Tu-Tw) which is necessary since Tw > T
in case of hot streams.The élope ofvthe line representing

the stream (hot or cold) "i" is,

dT/dQ= 1/CP. (16 )
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Temperature wvalues at which the slope of a composite
curve changes are known as "corner points”.

Furnished with the information given above, it is now
possible to construct T/H diagrdm of the sample
prob;em.The hot streams, with their supply and target
temperatures define a series of in£erval temperatures 270
to 130 -*C. Between 270 and 250 <C, only stream 1 exists,
aqd so the heat available in this interval is given by
CP,( 270-250). However between 250 and 160 <C, bo£h of
the hot streams‘exist and so the héaf available in this
interval is (CP1+CP§3 (256—160).Between 160 and 130 =C,
.onlybétream 2 exists, with a heat ioad ofv CPx(  160-
130).The series of values of H for each intervél can be
obtained iﬁ this way, and the result re-plotted against
the temperature intervals.The resulting T/H plot is a
single cﬁrve_ representing all hot streams.A similar
proceaure gives the composite of the éold streams in the
cample problem.Both composite curves are shown in Figure
2.13(b)_.The éverlap between these curves fepresents the
maximum amount of heét recovery possible within the
process.The over-shoot of the hot: gomposite represents
the minimum amount of external cooling required and the
ofershoot of the cold composite. represents the minimum
amount of external he#ting.Becouse of the kinked nature
of‘ tﬁe curves, they‘ approach most clasely at ‘one
point.This is the pinch point which is located earlier by
an - analytical prsﬁedure called problem table method.If

one sets the vertical distance between the hot and cold
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composites at pinch poini to A Tmim, he can read the Qn
and Q. values on the H axis éf.T/H diagram.For the sample
problem, with a given A Tmirn 0of iO “C, the dashed lineé
in Figure 2.13(b) project these'requiréments_on H axis.
Having completed the. construction; of composite
curves, the next step is to divide up these curves into
simple countercurrent sections.The procedure isb to draw
lines from the corner points lying on the hot compoéite'
in‘downwards direction aﬁd to draw lines from the corner
points lying on the cold composite 1in upwards
direction.For each section ’Dbtained, we have a hot
suﬁerstream formed&by one or.more hot process streams and
a cold superstream formed by cne or more cold process
streams.Hea£ contents of these superstreams and log-mean
temperature difference for each section can be computed.
fo minimize the overall hea£ transfer area, the stream
'matghes should be done "vertically'" between the composite

‘"curves since only this arrangement is equivalent to pure

countercurrent flow in a single heat exchanger. In Figure

2.14, section ABCD shows the vertical matches.Any match
away from the vertical (e.g., section CDEF) will gain the
local advantage of a larger_hAT} Howvever, it will later

)

require a match in the opposite directidn (with a smaller
A T)Y.The net effect of such ‘“criss-crossing” is an
increase in the area requirement.

For a system'in which heai transfer coefficients are
uniform, the assumpiion of veftical stream matching leads

to rigorous minimum area. By applying the conventional
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Temperature

3 Enthalpy

Figure 2.14-Criss-crossing matchups between the compesite

curves .
heat transfer eguation Q = U.A. A Tim to each section, a
\

total area is obilained. For nonuniform heat transfer .
coefficients, the vertical model is a simplification:
However, a useful numerical approximation that applies to

this situation is given by Towsend and Linnhoff [27]:

1 A s ’
Averger = ; _— ; [ e ] S 17 )
i AT ma J h,

where, 1in sectiqn ;, there are J streams (hot and cold)
with their individual heat loads, qs, and  their
resb;ctive streaﬁ "film,and fouling”" coefficient, hs.

A T;n is the.loé—mean'temperatufe difference 1in section
i.As it is indicated in f273,~ this equatién providesla
useful estimate oflﬁinimum overall heat exchange area

vith the accuracy within 10 per cent.
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After the determination of target (iii), the data
analysis step 1is completed.The following task 1is to
perform the design of a network  that can reach the

targets mentioned above.
2.2.3 Network Design

In thié se;tion,l the discussion begins with .the
rhilosophy of the method and is followed by details of
the actual procedure, namely the development of
"feasibility ériteriaA vhich quantify the restrictions
placed on design by the pinch, the use of a "tick-off
heuristic" to ensure the design is steered towards the
fewést possibie uniits and the solution of the "remaining
pfoblem" allowing considepation of process constrdints

and other requirements.

Do
by
(93]

.1 The Philosophy

The pinch represents the most constrained region of a
design; after all, A Twin exists between all hot and ceold
streams vat the pinch.As a resﬁlt the number of feasible
matches in this region is severely restricted.Quite often
there is a crucial or "essential™ match.If this match 1is
not made, this will result in heat transfer across the
pinch and thu§ in increased hot and cold utility

usage.The pinch design method, therefore
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* recognises the pinch division
* starts the design at the pinch developing it

separetely into two remaining problems.

This approach is completely different ffom the normal
intuitive aﬁproach of starting the aesign at the hot side
and developing it towards the cold.When a design 1is
~started at the hot side, initial design decisions may
later necessitate follow-up decisions which violate. the
pinch.Cn the other hand, when a design is started at the
pinch, initial design decisions are made.in the most
éonstrained part of the problem are less likely to lead
to difficulties later.

Thus, commencing a design at the pinch has the
distinét advantage of allowing the designer to identify
essential matches or Jtoﬁology éptions in the most
constrained region of the design which are in keeping
‘with minimum utility usage.There is a further advantage,
namely the designer will always  have the option to
violate the pinch if required with full knowledge of the
final penalties to be incurred.When a match 1is placed
knowingly in violat;on of the pinch the heat flow across
the pinch can gquickly be established.Thisvheat flow 1is
equivalent to the final increase in hot and cold utility.

Once away from the\pinch.the design task is no longer:
so constrained h%nceb the number of topology options
usually increases.Tﬁis increase in the number of options

can be used to advantage by the Eesigner.After all, the
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design obJjective is not gJjust the identification of a cost
optimal £opology but also one which is safe and
controllable.By discriminating between match options the
designer can steer his design, wusing his Jjudgement and
process knowledge, towards a safe, controllable and
practical network. | |

In 'déveloping the pinch design methoa this benefit
has been recognised.As a result, the method does not

"tell” the designer which matches to make but rather it

informs him of his options.In the temperature constrained.

region near the pinch essential matches are identified
using feasibility criteria.The same criteria will inform

the designer whether there are options available at the

pinch and whether stream splitting is reguired.When

designing away from the pinch the need for feasibility
criteria diminishes and the method allows the designer to

choose topologies based on process requirements.

o
8]

3.2 Feasibility Criteria at the Pinch

The identification of essential matchés at the pinch,

of available design options ‘and the need to split

streams, is achieved by applying three feasibility
criteria to the stream data at the pinch.Here, the
introduction of a new term is necessary since in
developing these criteria, reference is made to a special
type of exchangerg.“Pinch exchangers” (sometimes called

"pinch matches”) are the ones which have the wminimumn
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temperature abproach, A Towirm, on at least one side and at
the pinch.According to this definition and also keeping
the principles given in sub—section 2.2.1.2 in mind, one
may conclude that - a pinch match 1is the process
interchanger' vhich brings a stream ‘;o its °~ pinch
temperature.As long as wutility cooling is not allowed
above the pinch, hot streams should be brought to pinch
{emperature by this type of exthanéers.ln case of "below
the pinch design", utility heating is not allowed and
cold streams should be brought to pinéh temperature by
pinch exchangef§;Back to Figure 2.11; the éxchangers that
fit into this definition are Nos. 1 and 2 for the  hot
end, and 3 for the co;d end .Note that erchanger number 4‘

is not a pinch match.
2.2.3.2.1 The Number of Process Streams and Branches

The first feasibility criterion concerns the stream
population at the pinch.The population of hot and cold
streams has to be such that it will allow an ’afrangement
of exchangers compatible with minimum_utility usage.

Consider a- . hot end design as in Figure
2.15(a) . Utility cooling above thé pinth would violate the
min;mum utility objective.Therefore, each hot stream has
to be cooled to the pinch temperature by procéss
exchange.This ‘ié gttempted‘in Figure 2.15(a) by placing
pinch matches between hot stream No.2 and cold stream

No.5 and hot stream -No.3 and cold stream No.4.Notice,
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Figure 2.15-(a) An inféasible hot end design at the pinch
{b) Stream splitting at the pinch [25]

Ny

hovever, that having made these matches hot stream No.l

i)

cannot be .matched witn either ccld stream  without
vﬁolaiing the ATmienm caﬂstraint! Utlllty covling weould
now be required above the pinch to cocl stream No.1 to
ilte pinch temperature.Upder, such circumstances, it -1is
Qaid that the original'stream data at the pinch is not
compatible with a miniﬁum utilﬁi&-design.

When this intompatibility cccurs the steams at the

rincn need correcting” by stream splitting (see Figure

o
[T
w
—~
g
~
Iy
«
n

plitting a  cold ‘stream an extra cold
"branch” 1ig created, all;wzng a pinch match with hot
stream No.1l. |

To summarise, "the hot end stream population aﬁ the
pinch is compatible with a minimum utility qQSign'only-if
a. pinch match can be found for each hot stream.For tﬁis-
to occur the folléwing.znequality must apply |
NH < Nc;' ( 18-a )

where NH is the number. of hot streams or branches and NC
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is the number of cold streams or branches.Stream
splitiing may be neededbto ensure that the inequality 1is
vfulfilled.

Tﬁe canverse afgumeﬁts applj below the pinch.To avoid
utility heating eachvcold stream must be brought to‘pinch
temperature by process exchangé, see Figure 2.16;As> a
result,'a pinch match is required for éach cold‘streaﬁ at
the pinch and this is possible only if inequality gi?en
below holds

NH 2 NC. ¢ 18-b )
Once again stréam splifting may be necessary to ensure

that inequality 1is fulfilled.
2.2.3.2.2 The CFP Inequality for Individual Matches

The second feasibility criterion is concerned with
temperature feasibility.As shéwn in Figure 2.17,
temperature driving force in a pinch match cannot
decrease away from the pinch.For this condition to be
fulfilled the following CP inequalities musﬂ apply in
every pinch match.For a hot end pinch match,

CEH z CPC - ( 19-a )
and for a cold end pinch match,

CFH 2 CPC ( 19-b)
where CPH is the heat capacity flowrate of a hot stream
or stréam branch anq CFC ié the heat capacity flowrate Df
a‘cbld sﬁream or stream branch.

To illustréte the wvalidity of this criterion,
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Figure 2.16—(a)An”infeasible.cold end design at the pinch
(b) Stream splitting at- the pinch [25]

PINCH PINCH
: " ]
1] ] .
m_——-—" 1 CPH
n o
fcPm @l
" I
3 n
u "
i3] cre i crc
1] ]
° U °
" 1l
0 . T
@] crn € cpe
! 1 ‘
! 1
' ' B VIS
1 : . :'L 1] €PH 3 CPC
Mﬂm . ¢ | 8Tmia !
' -0, ) : T' - }
! L ‘ 1 cec !
' 1 1
: HE 1 G,
o . o
{a) »

Figure 2.17-(a)A feasible pinch exchanger above the pinch
(b) A feasible pinch exchanger below the

pinch [251]
consider Figure 2.11 and asﬁume that stream No. 1  is
matched to stream No. 3 abﬁve the pinch point.Applying
"tick-off" rule to that match results an exchanger with a
heat load of 110 kW.
By simple heai balance, the inlet temperature of

streah No. 1 to the exchanger is found to be 226.7 <C
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which is completely infeasible.For a feasible match, it
should have been greater than or at least equal to 245
“@C. It is clear that the reason of this infeasibility is
the Qiolation of inequality 19-a.

if an arrangement of matches fuifilling these
inequalities 1is not possible then it is necessary to
change éne or more CPs by stream splitting.

It should be noted that inequalities given above only
apply at the pinch.Away from the pinch, temperaﬂure
driving forces may have increased sufficiently to allow
matches in which the C?s of the streams matéhed violate

the inequalities.
2.2.3.2.3 The CP Difference

To wunderstand the third feasibility criterionrat the
pinch it is convenient to define the "CP difference“.For
'é hot end piﬁch match,

CP difference = CPC - CPH o 20-a
and for a coid<end pinch match,
CP difference = CFH - CPC. ( 20-b >
Similar equations can be writtén for differences in ihe.
overall sum of hot stream CFs and cold stream C¥e at the
pinch. Immediately abavebthe pﬁnch,
NC WH

Overall CFP difference = £ CPC - £ CPH ( zl-a )
1 1

and immediately below the pinch,
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NH NC

Overall CP difference = £ CPH - © CFC ( 21-b )
1 _ 1

Figure 2.18 iilustfateg hﬁﬁ the. concept of +ihe CP
difference for an early identification of( matches that
are feasible themselves but are not'cbmpatible with a
feacilble ovérall‘network.ln Figure 2.18(a),  a case is
shiown = vhere _the' sum of the match CF daifferences ecuals
the overail. difference.ﬁli streame at the pinch» are
involved ;ﬁ pinch exchang&x;.?jgure 2.18(L) chovie a Liot
end pinch design for.a different problem vhere the pinch
itatch CP differences,’ amount to lese than the total.In
this cace not alllstreams at the pinch a;e' inveolved in

pinch matches.Figure 2.18(c) shows a different problem

.

c€P
4
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Figure 2.18- (a) Two feasible pinch topologies showing
' ' that composite CP (b) Difference bounds the
total exchanger difference (c)An infeasible

match based on the CP difference [251]
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again where the pinch match CP differencé exceeds the
total.The pinch match shown is feasible by itself since
it fulfills inequality 19-a but it is incompatible with
the overall CP difference.The pinch match has a CP
difference of six units whereas the total available is
only four.Thus, it will not be poséible to complete tﬁis
design.A match between the remaining hot étream and the
rémaining cold stream, which 1is requifed to cool the hot
stream to the pinch temperature, is not feasible.Wel can
generalise by saying that the CP differences of all pinch
matches’ must ‘aiways~.be bounded by the overall CP

difference.

2.2.3.2.4 Applications of Feasibility Criteria (Design at

the Pinch?

The solution developed for the sample problem (Figure
2.11) does not necessitate ahy special effort since there
are endugﬁ options for the designer to fulfill the
feaéibility criteria.However, in préctice, moge complex
cases may be encountered requiring stream spiitting.

Consider Figure 2.18(a), which sh§WS an above-the-
pinch stream set.The population criterion is met, but

after the hot stream of CP= 7.0 is matched against the

only ccld stream large enough (CP=12.0), the remaining
hot stream of CP= 3.0 cannot be matched against the

remaining cold stream of CP= 2.0.If a hot stream were now

to be split, the number count criterion would not then be
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Figure 2.19- Applications of'feasibility criteria [4]

STHEAM DATA

Ny » Nc ?

b bl

no

SPLIT A
HOT STREAM -

& PINCH ‘STREAM QATA
- _ﬂPlNCH
i1
Ny € N ?
yes no yes
3
Pe SPLIT A CPy X CPc
CF}" o COLD STREAM for every
P':clf:-e--.vtch ? panch mateh ?
\}ts no ) l yes no
Piace Malches » -
tace WEtods SPLIT A
Plaze zishes STHEAM

{USUALLY BOT)

(a)

Figqure 2.20- Algorithms

~isfied

l\‘

an

2z welll It 3

te outset a

sciution

{USUALLY COLD)

SPLIT A -
STREAM .

. W)

for design at the pinch
end design (b) Cold end design [4]

(a) Hot

d’ a cold stream would then have to be split

s better to split the large cold stream from

s . shown-

in Figure 2.19(b),

- producing . a -

ohly ohe~splitﬁStép—bj—étép'procedurés fér;g‘

with
f£fi=d 'ng stream spl;ts are’ é:ven for above and ~below the
pz:ch in Figures 2. 20¢a) and (b) respectnvely Note that
t=s below-the-pinch criteria are the "mirror image"

of
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those for above the pinch.

Another important aspect of stream splittiné at the
pin;h will, noﬁ be illustrated by an example broblem.The
stream data are shown in Figure 2.21¢(a) and the CP data
are listed in Fiéure 2.21(b) in what is?calle& the "CP-
table” .Hot stream CPs are listed in the column on the
left and cold stream CPs in the column on the right and
the relévant CP criterion noted in the box over ;fhe
table.There are twvo possiblé ways of putting in the two
required pinch matches, shown at the top Qf Figure z.21
(c).In both of these, the match with the hot stream o;
CP= 5.0 is infeasible, henqe ﬁe must split ‘this stream
into branches CP= X and CP= (5.0-X) as shown in the
bottom table in Figure 2;21(c).Now, CPr= X or (5.0-X) can
be matched with CPes:= 4.0,  as shown.However, one of the
split branches has no partner, i.e. the number count
criterion has failed and a cold streamn must be
’sﬁlit.Either CPi:= 4.0 or CPc= 3.0 could be split, and

<

Figure 2.22(a) shows CPwz= 3.0 split into branches Y and

v

(S.O—Y;/io © find initial wvalues of X and Y it is
recommended that all matches except for one are set for

-

CF equality.Thus in Figure a.22<b>, X is set equal to 4.0

and Y cset equél to 1.0, leaving all the available net CP
difference concentrated in one match.The procedure
guickly identifies a set of feasible limiting
values.Starting Vfrom this set, it is then easy to

redistribute the available CP difference amongst the

chain of matches, for example as shown in Figure
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Fiqure 2.21- Use of CP-tahle [4]

[AN]
b

3V

(c).This design is shown in the grid 1in Figura=

[y

.22(d) . The way ia which the branch CPs are distributed

is often dictated by thne loads raquired on individual

{

matches by the "ticking-off" rule.
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Figure 2.22- Determination of split branch flows [4]

2.2.3.3 The "Ticlk-off" Heuristic

nnce a pinch topoelogy has been chocesen, ;hé cdesign of
E@th het and cold ends must be cerntinued in such a manner
as to keep capital costs at minimum, i.e.’ the final
designs ought to be steered.powards the minimum number cf
unite.This can be achieved by employing a "tick-off"
heuristic to identify the heat loads on the pinéh
exchangers.‘

' The heuristic resultsi diréctly frem the targeting
equation for the minimum numnber of units (ecee Equatién
7).This egquation ic satisfied if eve}y match brings one
stream to its target temperature o;rexhausts a utility.In

this case, the match is gaid to "tick-off" the stream or
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utility, i.e. the stream or utility need no longer be
considered paft of the remaining‘design tésk. ‘

The pinch exchangers can usually be made to tick-off
streams by choosing each exchanger load to equél the
smaller heat load of the two _streéms matched.The CP
inequalities 19-a and 18-b will guarantee the possibility
of choosing pinch exchanger loads by ticking-off streams
as long as the stream CP remains constant with varying
temperature and as long as cold and hot stream
temperature overlaps do not require an excessive number
of shells for‘a singlé pinch match.

The tick-off heuristic is a ‘"heuristic" as it can
. occasionally penalise ihe design by‘intrdducing the need
for increased ﬁtility usage . Temperature driving force,
essentiél elsevhere, may be used up excéssively in pinch
~exchangers that are extendedvtoo‘far into the remaining

problem.In such cases the designer can choose either to

* reduce the load on the offending pinch match and
run the risk of needing more than the minimum number of

units

* use another pinch topology in which the tick-off
heuristic does not cause eésential driving force to be

used up.

The problem table algorithm can be used to check whether

a maximised pinch match load is in keeping with minimum
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utility usage.Consider, for example, a hot end
‘design.Application of the problem table algorithm to the
complete hot end would tell us that utility heating would
be required and no utility cooling, i.e. the hot end
effectively constitutes a treshold préblem where the
@]ATmiﬁ specified is the treshold value. Now consider the
situation where a pinch match has been identified and its
load ‘has been determinéd ’using the tiﬁk;off
heuristic.There Qill exist a "remaining problem” of hot
and cold streams (strictly speaking parts of streaﬁs) for
which a netw@rk désign is required.The problém table
algorithmnm can be applied to this remaining problem.One of
two results would then occﬁr.

First,the algorithm may calculate that no wutility
cooling 1is required to solﬁe Lhe remaining‘ prbblem' and
the wutility heating predicted would be the same as
before.In this case the designer knows that the pinch
match load he has assigned, using the tick—bff heuristic,
will not pena;ise the design in terms of increased
utility usage.

Second, the algorithm may calculate that utility
cooling is required. for the }eméining hot end problem‘and
that . the hot wutility wusage would, accordingly, be
increased.In this case;the designer knows that the pinch
match load he has assigned, using the tick-off heuristic,
is not compatible with minimum utility usage. -

The above technidue‘has been called remaining problem

aﬁalysis [43 vfdr obvious reasons.It 1is a dependable
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mechanism to check the consequences of the application of
the tick-off heuristic.However, due to the effort
involved it should only be used in complex situations to

‘confirm kKey design steps.
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2.2.3.4 The Remaining Problem (Design away from the

Pinch)

in accordance with thé pinch desian ﬁethod philosophy
the desigﬁer is given a '"free hand"_once‘}hé' temperature
driviﬁg forces no longer restrict topology options.

Thus when designing awayA'from the pinch in tﬁe
“remaining problem" matches are chosen discrimately by
the‘ desiqnef to satisfy the ﬁ;ocess objectives.For
example, heate;s and coolers can be placed for direct
control of stfeam tardet temperatures.Preferred topology
requirements or maiérials,‘ safety and other constraints
can be used to sieer the placement of other matches.

In addition, the remaining problem analysis technique
discussed in sub-section 2.2.3.3 is not only restricted
for checkiﬁq thé placement of pinch matches.It can also
be used to ensure that matches placed in the remaining
‘problem are compatible with the minimum utility
objective.

However, in many problems it is not possible to reach
the optimal sclution thouaoh feasibility criteria at the
pinch are fulfilled.An exampie will be given here to
illustrate one of the problems which can be encountered
dufinq design, away frem the pinch.

Consider the problem given in grid representation'in
Figure 2.23(a).Analvsis of étream data shows a pinch at
thé' supply temperature of stream No. 1 and the target

temperature of stream No. 2 and hot and cold wutility
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requirementé both of zero.The design problem is therefore
entirely "below the pinch", with only one pinch match is
possible, i.e. that between streams 1 and 2.

| This is a feasible match (CP. > CP=), and if its load
is maximised to tick off stream 2 (a load of ‘3000 kW),
stream 1 is cooled‘to 400 =C.Here,’ the'problem arises:
stream_l is no more hot énough to bring stream 3 up to
its target temperature of 460 ®C.Since, heating below the
pinch is not allowed  for a maximum energy recoﬁery
solution, the desiqn step of ticking off stream 2 would
lead to a design that failea to reach‘ the >enerqy
tarqet-An alternative strategy .is ‘shown in Figure
2.23(b).Tﬁe load on the pinch match is limited to 600 kW
so that stream 1 remains Just hot enough (at 480 <C) td
grinq stream 3 up to its target temperature.However; the
next match (between streams 1 and 3) also cannot be
maximised in load, because now stream 2 has to be brought
up to 420 <C by stream 1.The load on thé second match
betweenAstreams i and 2 has’to be limited, allowing a
final match (between streams 1  and 3) to finish the
design.The phenomenon of stream temperatures and CPs
causing repeated matching of the same'pair ofystreams.is
known as "cyclic matching".
| Cyclic matching alwavs leads to structures containiqq
loops (see sub—sectioh 2.1.2.1) and hence more than éhe
minimum number of units.The only way to avoid cyclic
matching is to employ stream splitting away from the

pinch.In Figure 2.23(c¢c) the heavy stream, stream 1, is
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split into two parallel branches, and each brénch matched
separately to a cold étream.The two matches «c¢an now be
maximised to tick off the two cold streéms without
running into temperature problems. A Umin deéiqn resulté-
Notice also that the stream split desiqn>qives_an element
bf flexibility to the network. The‘split stream branch-
flowrates can be chosen within limits dictated by the
cold stream supply temﬁeratures. Thus if the branch
matched against stream 3 is cooled to 180 <C (the minimum
allowed) it will have a CP of 9.4 and by mass balance the
CP of the other'branch.will be 20.6. A CP of 20.6 in the
branch matched against stream 2 leads to an outleﬁ
temperature on this branch of 354 ©C which is much higher
than the minimum allowed.The same argqument can be appliedk
to define the other set of limits based on sfream 2
supply temperature.The branéh matched aqaiﬁst streamn 2
then has a CP of 20 and an outlet temperature of 350
©C.The CP of the branch matched against stream 3 may
therefofe vary between 9.4 and 20 with.the parallel
limits on the other branch beinq 20.68 and 10.These
results are summarised in Figure 2.23(;), along with the
results for equal brgnth flows.Tﬁis tvpe of flexibility

is normally available in stream split designs and can be

very useful.

2.2.4 Simplifying the Minimunm Utility Design <(Energqgy

Relaxation)
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There is genefally a scope to simplify minimum
utility designs by a controlled reduction in the number
of units.By transferring heat across the pinch and
therefore increasing the wutility wusage the number of
capital items can be reduced.There is a trade-off between
units (capital cost) and the ﬁtdlity usage (energy
cost) .- In order to e#plﬁre the scope for a controlled
reduction in the number of wunits it is important to
understand the coﬁcepts of heat load loops and heat ‘load
raths.
| Whenever a desién features  more than the taréet
minimum‘number of units for the whole problem, ignoring
the pinch, it is due to the existence of heat load
loops.This situation is illustrated by an example 1in
section 2.1.2.1 “(Figure 2.4(c)).The minimum utility
design to sample problem.shown in Figure 2.11 has one
more.unit than the definite minimum according to Equation
7. Hence there must be a loop 1in the design.Fiqure
2.24(a) shows this loop by dashed liﬁes.

An important feature of every loopkis that heat loads

can be shifted around the loop from one unit to
another .The load és subtracted from one unit, added to
the next in the loop, subtracted from the next and so on
afound the looﬁ.Again for- thé sample problem, thé

exchangers forming the loop are 2 and 4.Note that unit: 3
is not a part of it.
The load 'shiffs always maintains the correct stream

heat loads but the exchanger duties are changed and may
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cause a violation of A Tmim .However, driving forces can
be-restored using heat’load pa;hs.

A path is a continious connection in the grid between
a heater, héat exchangers and a cooler.Figure 2.24(b}
sths the simpleét form of a path.

Léad shifts along paths follow equivalent rules tb
load shifts around a loop.Load 1is added to a heater,
subtracted from an exchanger, added to the ﬁext exchaﬁger
in the path, subtracted from the nesxt, and so on along
the path until it is finally added to a cooler.Stream
enthalpy balaﬁée is 4maintained but exchanger loads and
operating temperatures are chaﬁqed.This last feature
means that a path can be used to restore driving forces.

It is now apparent that load shifts around loops cah

form - the basic mechanism for the reduction in the number

of units.When the load shift around a loép' leads to a

reduction in the heat load of a unit which equals the

"load on that unit then the unit is removed from the

design and the number of units is reduced by one.Back to
sample problém, we may now discuss this procedure.

A good éhoice of exchanger to remove is exchanger No.
4 as it has the smaller load wﬁeﬁ comﬁared with exchahqer
No. 2.Figure 2.24(b) shows the topology and temperatures
after the load of match No. 4 has been transferred to
exchanger No. 2.The heat load of eschanger No. 2 haé how
become 120 kW wﬁile/the loads of all other uniﬁs are

unchanqed as they were not part of the original
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loop.There is now a violation in éThin as reflected by
the difference in temperatures 170 =C and 165 CDC.However.v
A Tm;n can be restored using the heat load path shown in
the same figure.If we add a heat ioad X to the heaier,
then by enthalpy balance the lﬁad oé match 2 must be
reduced by X and the load on the codoler increased by
X,Effebtively wve have introduced éxtra heai X to the
network, thereby reducing the load on match 2 by X;Hére.
we should keep in mind what has been indicated earlier:
Match No. 3 is not a part of the original loop so we can
not chanqev témperatufe of stream 3 oﬁ the hot side of
match 3 (165 ;C).What'we have to do is to calculate X
ihat will increase the temperature of stream 2 on the

cold side of match 2 to 175 *®C or in other words to

formulate T = £(X).

Alternatively, applying the same logic to the cooler,
(60 + X»

T = 130® + —— 8 = 175%,

Solving either of the above equations vields X = 7.5 kW.

Since A Twmive is exactly restored 7.5 kW must be the
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minimum enerqy sacrifice to produce a design with minimum
number of units.The relaxed solution is shown in Fégure
2.24(0).'

It‘ is important to distinguish between the

elimination of units using heat load loops and paths and

‘the mere replacement' of unifs by heaters and
cooclers.Consider again the design shown in Figure
2.24(a). The number of units can obviously be reduced by
substituting exchanger No. 4 with an increased héater
load on stream No. 3 and an increased cooler'load.on
stream No. 2.The removal of exchanger No. 4, ih this
‘case. would necessitate a‘30 kW increase in both hot and

cold utility usage.By first redistributing the exchanger
.load using a loop as above we found that the Hot and cold
utility increése was only 7.5 kW.This is a substantial
improvement over the 30 KW penalty incurred if the
exchanger is simply substituted.

Mqreovér, it is worth emphasising that the A Trim

constraint should not always be restored after a load

shift around a loop. Consider again Figure 2.24(b) which
shows a topology from sample problem after loop-
breaking.Although a ATqiw violation occurs the network

is still ﬁhermodynamically feasible.

Figqure 2.25 illustrates some other aspects of loops
and paths.The loop in Figure. 2.24(a) is a simple .one
involving only ‘two units. In Figqure - 2.25(a) a more
complex one 1is sﬁown involviné four units.However, the

loop can be broken in exactly the same way, that 1is
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Figure 2.25- Complex lobps and paihs [41

"adding: and éubtractiﬁqghx‘ ﬁnits on alternative.matcheé
round the loecp.In Figufé 2.25(a) the loop breaks when"X
equals either 7L1” or La.Note .that thé addinag and
subtracting could have been done in fhe alternative way.

in which case it would break when X equals either L= or
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Lx.In other words, ‘there are two ways of breaking the
loop.This is true of  the loop in Fiqgure 2.24(#)(90 kW
could have been subfracted from match 2 and added to
match 4), and in fact 1is true of all loops.It is not
possible a priori to say which way will lead to the
smallest " energy relaxation.A good rule of thumb given by
Linnhqff et. al.[4] is to go for the way that removes
the smallest unit.Note that. vhen there are, say, two
loops in a system. it may be possible to trace out ‘more
than two closed routes.This shoﬁld not cause confusion if
it is realised that the number of independent loops is
always equal to the number of excess units ( > N-1) in

the system;Noteb too that‘loops can include heaters and

rcoolers, as illustrated in Figure 2.25(b).

A complex path is shown in Figure 2.25(c), and again

~the alternate ‘addition and subtraction of the load X
.works in Jjust the same way as for the simple path.Note

“ that valthough the path goes through match No. 1 in this

example, match No. 1. is not a part of it.its load is not
changed by the energy relaxation, but the temperatures on
stream No. 4 on either side of it are changed.When a
similar situation occurs wiﬁhih a loop it is possible for
the exchanger that does not underge a locad change to
become infeasible.Hence the need to brecalculate all

temperatures after loop-breaking.

2.2.5 Design for the Multiple Utilities Case
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So far in the discussion, the possibility of using
many utility .leQels has not been considered.This 1is
clearly uhrealistic, and a method is reqﬁired to deal
with the problem.in the Problem Table aigorithm for
energy targeting, the impiicit assuﬁption is that hot
utility is hot enough to perform any required heating
duty, . and that cold wutility is cold ’enough for any
cooling duty.Thé Problem Table can however be.adapted' to

cater for the multiple utilities case [4].
2.2.5.1 The Grand Composite Curve

Figure 2.26fa) shows a schematic heat cascade diagram
,(of‘the type introduced in section 2.2.1.2). The pinch
divides the cascade into the process heat sink above
‘pinch temperature, and thé process heat source beloﬁ
pinch temperature. The heat sink above thé pinch and the
‘ heat source below can be characterised as showﬁ in Figure
2.26(5). The heat flows from the cascade én the left of
"Figure 2.26(b) are shown plotted aqains£ their respective
interval " boundary temperatures in. the graph on  the
right .The result is a graph which characterises the
process source and sink in temperature—-enthalphy terms

{281. The graph above the pinch represents a sort of "net
process cold stream"” against which hot utilities can be
matched in countercurrent flow.See the top parts of

Figures 2.27(a) and (b).Similarly the graph below the

pinch represents a sort of "net process hot stream”
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profile™) runs in the reverse direction to that
previously used for hot streams. This arises simply out
of the construction method shown in Figure 2.26(b). There
ig iittle point, however, in dissecting the;graph to turn
the process source profile around to make it consistent
with the more usual ‘hot = stream representation.in fact
there is a positive advantage in leaving it as it is. The
point of gradient change at =zero heat flow where the
process source profile and the process sink profile (i.e.
the net process,coid stream) meet, clearly répresents the
pinch.

In the shaded regions shown in Figure 2.27(a) the
analogy with single stréam heat esxchange breaks down.
Above the pinch, section AB of the gréph represents the

heat surplus temperature interval No.Z(Figure 2.26(b)).

It therefore represents - a ”localf heat source in the
midst of the net process heat sink. Similarly below the
“pinch,  section FE represents a local heat sink (interval

No.6) in the midst of the net process heat §ource.By the
heat cascading principle, the heat available in AB is hot
enough to be transferred into the process sink anywhere
between the pinch and point B.However,if it is
transferred intq CB, then it is transferred ét the
minimum possible driving force. This allows the best
poséible‘use of low tempefature hot utilities (i.e. over
the region between the pinch and point C). Similarly, if
below the pinch theﬁheat required by FE is taken from DE,

the best possible use can be made of high temperature
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cold utilities. Thus in the shaded regions in Figure
2.27(a), the process -effectively takes care of itself,
i.e., it is in enthalpy balance.It is only those parts of
the graph outside these regions tha£ represent the

process source and sink profiles.

’

Normally, the designer wants to maximise the use of

the least expensive utilities. This in turn usually means
- that we want to maximise ~the wuse of the coldest hot
utility and the hottést cold utility. The above the binch
graph from Figure 2.26(b) is reproduced in Figqure
2.28(ay. Suppdsé £he lowest level steam available on the
site has a condensing temperature of 165 “C, and that
ATmim for ihe network problem is 10 <C.When plotting
this level on £hé grand composite curve, 1t must be
plotted at (165 «C -1/2 ATmsn) 160 «C.This 1is because
all temperatures in thé grand composite curve are
interval'boundary temperatures, i.e. 5 ¢ beléw hot stream
"temperatures and 5 “C above cold stream temperature§.The
_ ﬁtility line numbered 1 in Figure 2.28(a) at'160 “C
represents the steam at 165 «<C. It sths that the maximum
amount of steam that can be supplied at this level 600

kW. The other 400 kW must be supplied from high pressure

steam. Another question that may rise at this step is

related with the minimum temperature of the low pressure
steém. The answer is given by the utility line numbered

2, showing that 600 kW can Jjust be supplied at an

o

interval boundary temperature of 137.5 *“C, i.e. a steam

condensing tempefature;of 142.5 «C. If the low pressure




96

-
-

FONY OF CLOSEST
APPADCH -

KOTNiCLESARILY
AT TmE BO1LI8G PT

Geat natiOn tomg
- -san

. s c?, ) |u§ "ew) . "aw)

Figqure 2.28- Use of the. Grand Composite Curve for
multiple-utilities targeting (4]

steam level 1= lovered an? fufther. then the amcunt that
can be supplied'from it mqst fall. So, for example, if
the steam condensing temper;ture is 135 *°C (utility line
3. thenionly 480 kW tan be supplied at_this: levelA,and
high pressure steam must bé increased from 400 to 580 kW.
| Fiqure 2.28(b) shows simailar principles gpplied to
cold utilitiésA’placed below the' pinch (now, on  a
different example).‘blt ié desired to raice steam for the
low - pressure main at ‘140 g intervai boundary
Lemperature.lf the designer wénts’to find what 1s 'the
maximum amcunt of steém—raisinq possible .against the
given process sourcé prqfile. 'Knowinq the shape of the
steam-raising pre-heat/évapération | from phy#icai
properties, it can be'éonstrﬁcted on the graph so that it
Juét touches the proceés source profile at some point.

. The profile that it Just-touches qives the maximum steam-
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raising possible, as shown in Figure 2.28(b). The rest of
the wutility cooling must be done by lower temperature
utility, in this case cooling water. Note that the point
of closest approach for the steam-raising line is not
necessarily at the saturation point. Note too that the

variable temperature cooling water is truly represented.
2.2.5.2 Designing for Many Utilities

The Grand Composite Curve constructed from Froblem
Table analysis can be used és a design tool by the
engineer wanting to specify utilities. Using the
objective of‘ maximising the use of the least expensive
utilities, the shape of the grand composite curve often
dictates the most appropriate choice of levels and loads.
This is iilustrated in Figdre 2.29(a). However, in many
processes there is no "natural" choice of utility levels
cand loads, as illustrated in Flgure 2.29(b). Several
choicés and combinations Qf choices are posSibie in the
low temperature region of this problem- Using many levels

in this region clearly reduces driving forces betwveen

utilities and process, and so reduces the operating cost
for steam-raising etc. However, each extra level "costs"”
complexity in design. The designer needs to balance the

gain in running cost adgainst the increased capital cost
brought about by increasing the number of levels.
Design with 'ﬁultiple utilities will now be

illustrated by an example. The process stream data are




98

ST AM
TEMPERLIURES
WINNISED

EACHEXTRR LEVEL

l"n.-‘v s ‘€OSTS COVFLLXITY
LEVEL!

KTEAN

Rhriarit sty sossIBLE

MAXINISTD

LB

Figure 2.29- Use of the 'Grand Cbmposité Curve for fixing
utility levels [4]

. [« JTY N ]
[Z[IIBO'C ) lod 20

D‘ Lo &0°C. 40 . ' ) ;

g . [Yad E 30
KL 3"2‘3@ 22

(a)

.
I
® *
1
'
° '
.
:
.
LI Viap
. [ °
T ot
*
. [**] ) "o a0 -
» yom0 N ——
o) c)
"e'c
Vo
Sual ot
B w 1 ary
3 Q E
- [ swp ' =<'t ~
. R [}
) ’ : [}
T 1
J%¢ ] Py
]

Y Y
.
o
'.
-~ .

Vaun s 2
AN 1

Figure 2.30- Multiple utilities example: targeting [4]




99

given iniFigure 2.30Cay. If this data set is analysed.by
thg Problem Table methbd for Aihiﬂ;io “C, then the
cascéde diagram shown in Figure 2.30(b) is obtained. From
this diagram, the Grand Composite Curﬁevshown in Figure
2.30(c) can be plotted. Suppose thaﬁ, VLP (very low
pressure) steam at 110 “C from feed water at the\ same
tem@eréture is asked to be raised.If the global }gf:;n of
10 «C also applies to utilities, then the cold ;tility
line for the VLP must be drawn unde: the process source
profile at 115 *C. This is shown in Figure 2.30(c}), where
it §s also éhown ;ﬁat the maximum VLP_steam~raisin§
possible 1s 460 kW oui of a total cold utility
requiremenﬁvof 2000 kWw.

Having obtained the enerqgy targets for the problen,
obﬁaining the ’number of units ta;get is shown in Figure
2.30(d). Note‘that in the grid representation the VLP
cold utility has.been drawn as a cold stream. In genéral,
’wherever utilities fall within the temperature range of
process streams theyv should be drawn in the same way as
process streams. This 15 because temperatufercannot_be
ignored in relation to these intermediate utiiities.

The network can now be designed‘by the "“Pinch Deéiqn
Method", vielding the solution shown in Figure 2.31(a.
The philoséphy of the Pinch Design Method 'is to start the
design .at the pinch and move away.Howevér, where thére

are two pinches, designing away from each into the region

in between them can clearly lead to a confusion.The
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recommendgtion | by Linﬁhoff et,al.f4] governinqk this
_situatioh is to design away from the most constrained
pinch first.Hence in Fiqure z.il(a).; above the 115 «C
pinch (CPwm £ CPc) stream 4 must be matched with steam-
raising (wvhose CP .is infinity)‘ but stfeam é can be
matched with any of the cold stréams.Below the 145 =C
painch, howeyer. (CPu 2:tPc). stream 1 must be matched
against stream 4,.Tbe:e are no options. Hence this is the
first design step, ticking"off stream 1 between the
‘pinches . (match 2}. As alreadﬁ mentioned, match 5 is
essential, and ticks off the residual on stream 4.Stream
2 can then be broﬁqht down_ to the 115 ”C pinch 5y

matching either against stream 3 or against steam-
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raising. In Figure 2.31(a) it is matched against steam-
raising (match 47, leaving'match 3 to tick off stream 3

and the residual on stream 2.If stream 2 has been brought

down to the 115 “C pinch by stream 3 instead of steam-

raising,  matches 3 and 4 would simply have ended up 1in
the opposite sequence. ‘

Design ‘above the 145 QC pincﬁ is straightforward by
the piﬁch design method.Design below the 115 <C  pinch,
however. requires streams 3 and 4 each to be eplit into
parallel branches.

A maximum energy recovery design has been produced
having two pinches énd consequently having 10 units as
demonstrated in Figure 2.30(d). At this step the designer
wants to see what simplification c¢an be achieved by
sacrificing some of the VLP éteam—raising, switching it
to cooling water.lf the 115 “C utility pinch is removed,
the units £arget for the whole problem becomes seven.The
scope for simplification is therefore three units.Also,
the two stream splits should not be needed. Breaking the
loop éhown in dotted line in Figure 2.31(a) leads to the
Lopology shown in Fiqqre 2.31(b). Note that both matches
4 and 7 and the two stream splits disappear by this
operation.Also, matchés 3 and é can then simply be mefged
to form a new match (match 9 in Figure 2.31¢cy»). Hence
three units = are ‘eliminated?Recalculating temperaturés,

matches 5 and 8 have a 4 “C  ATmim Violation. This can be

restored by shifting 160 kW of load from VLP steam-

raising to cooling water, giving. the desian shown 1in
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Figure 2.31(c).
Thus by "backing off" to 65 percent of the maximum

possible VLP steam-raising, a design is produced that

saves three units and two stream splits.
2.2.6 Retrofit Design

So far  the applications of Pinch Technique @ to
“grassrools" design are handled. In this section aﬁother
important subject, gohtributions to retrofit design will
be " summarised. There are few articles writtén on this
subject [4,8,9,27,291 since main interest has been
focused on grassroots design for several years.In fact,
numerous installed plants have to be improved 'to save
enery and capital.

As it is indicgted by Tioe and Linnhoff [271, a
designrengineer can not follow the rules of é grassroots
design to reach a good retrofit. A good retrofit exploits
oﬁporfunities énd may make the process quite different
from the optimum grassroots design: It should aiways be
kept in mind that, engineer has many installed-un;ts (a
definite heat transfer area) in case of retrofit design
and should use this area as effectively as possible.

Following section gives an idea why grassroots and

retrofit designs differ from each other.

2.2.6.1 Targeting Philosophy
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Figure 2.32 shows an energy/area plot, which relates
‘the enerqy. requirement with the heat exchange area used-
in a given process. FPoint A represents a case where the
composite curves are close (low ATm;n).with correspondinﬁ
high enerqgy recovery but high investment in area. Foint C
represents a case with high éTm1n.yieldinq lower energv
recovery but less investment. We have a continious curve
representing networks that are all on target for both
enerqy and area. Point B represents the optimum tradeoff
with the lowest total cost and finally subpose that point
X is the retrofit candidate.

The area below thé curve is marked "infeasiblé“ since
it is not possible for a design to.be bettervthan target.
Now the question is which direction to foilow to improﬁe
the heat recovery propefties of the existing design. The
ideal point to aim for froﬁ X is‘not B since we can not
discard existing area asvexplained above.We should try to
improve on the ineffective wuse of aréa due to criss-
érossing {see Figqure 2.14), while shiftinq the composite
curves closer to save energy. So, the ideal point should
be A. Here we would save as much energy as possible using
the existing area. However, in practical context,one has
to invest some éapital to méke changes to an existing
network, thus intreasing area.

In Figqure 2.33, many paths with different céét
effectivenesses are sﬁown._The lower the‘curve,‘the lowver
the investment for a given savings. The best curve is a

function of plant layout and process constraints. Though
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Fiqure 2.32- Alternative points on energy/area plot L27J

Existing design

Area

‘Best ratrcfit

Energy requiremant

Figure 2.33- Paths with different cost effectivnesses [27]
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......
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Figure 2.34- Four distinct regions in
o [271

case of

constant
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it is indicated by  TJjoe and Linnhoff [27] that some
studies are carried out on understanding the functional
form ¢f the best curve , no results havé been published

yvet .
2.2.6,2 Targeting Procedure

Prior to. explaining the targeting procedure, an
'assumption should be made. The network y after retrofit,
use area at least as effectively kaé before; if the
proJject is good, then it is not likely to place>new area
that feduces the effectiveness of the area usage overall.

" Area efficiency (@), a Concept that 1is defined by
Tice and Linnhoff [273, equals to the‘ratio of minimum
area required (térqet) to @he one 'actually used for a

specific energy recovery:

Ataruat

a = (22 )

Awuimtinq

muimbtlng @sowerQy

The - value of O can be expected to be‘less’than unity
in practical designs since Awximtina 2 Auvasraes.The
equality applies when‘“no crisé—crossing“ tékes place;The
blower the value of O, the poorer ihe use of area, and the
mofe severe the c;iss—crossihq.As it is the case 1in the
functional form of the best curve, no numerical values
for ® are propo;ed.by Tijoe and Linnhoff.

Now, assuming that @ is constant over the full enerqy
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span, one can  define four /distinct regions in the
energy/area plot, Figure 2.34. A region in thch designs
are infeasible (be they retrofit or new design); twvo
regions in which economic retrofits are not expected; and
a fourth region within which good retrofits should

fall.This curve forms a boundary for Idesign and the

engineer can now expect to find a challenging solution.
2.2.6.3 A Procedure for Retrofit Design

Below given a"stép by step method for retrofit
design. This method, as indicated by Tjoe and Linnhoff,
has been developed to feature a high degree of user

interaction. Engineering Judgement is required and

influences the progress of ihe desiagn.

A. ldentify cross-pinch exchangers:

The network 1is drawn oh 'thé grid (usinq?ATmin
deterﬁined in the targeting stage) ‘and the heat
exchangers which transfer heat across the pinch are
identified.

B. Eliminate cross-pinch exchanqersf

The units récdﬁnised in Step A are removedb from the
grid.

C. Complete the network:

New exchangers afe positioned and, where possible,
units removed in Step B aré reused. Since heat loads of

the units change at the end of this step. new inlet and
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outlet temperatures shduld be computed.
D. Evolve improvements:

The engineer improves compatibility with existing
network via heat load loops and -paths- Use of loops
introduces some  flexibility into ‘the design. This
flexibility can be used to make old excﬁanqers fitA nevw

duties.The paths also contribute to this flexibility.

Example problems solved by this procedure . show
significant impfovements in heat recovery properties of

the existing plants.
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CHAPFPTER I IT

PROGRAMMING CONS IDERATIONS

-

This chapter includes the description of the programs
developed during this study. A .general “information is
followed 'by the presentation of -main  programs and

subroutines.
3.1 General Information on Programs

The Pinch Technique which 1s explained in the
preceeding chapter 1is formulated into +two computer
programs: HEXNET and DESIGNf The former deiérmines the
targets while the latter performs the synthesis of
heat exchanger ﬁetworks.

For convinience, the result files are given the same
names with the programs, having additional extensions,
"_RES". Both programs are easy to use and do ‘not
necessiate detailed ‘information to run. An impoftant
point to keep in mind ig‘the coﬁsistency of units of the
data suppiied to HEXNET. ~

Both programs are,&ritten in FORTRAN by wusing an
Olivetti M24 PC. The memory needs are 128 kB for HEXNET

and 131 kB for DESIGN.
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Figure 3.1- Structure of HEXNET

MAIN
"MATCH

Figure 3.2- Structure of DESIGN

SUBROUTINE
SORT
SUBROUTINE SUBROUTINE
LOCPIN ELIM
SUBROUTINE
COST
SUBROUTINE
HEX
SUBROUTINE SUBROUTINE
NEXMAT SORT
SUBROUTINE
SPLTCO
SUBROUTINE
 SPLTHO
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3.2 Structure of HEXNET

MAIN TARGET
Target is the main program of HEXNET.. It reads the

total number of process streams and calls LOCPIN for the

determination of targets.

SUBROUTINE LOCPIN

This subroutine performs the calculations related
with the determination of targets and pinch teﬁperatuhe.

Two data»files and two result files are processed to
maintain the connection between HEXNET and DESIGN and td
tabuiate the results.

One of the input files which is coded "STREAM.DAT"
keeps the information about'processistreams. One can’uée
the data already existing 1in 'this file or prefef
interactive wusage to give thevproperties of streams of a
new~p§§blem. Thinkiﬁg the possibility of entering abwrong
data point - or running the same problem with 1little
changes in stream properties -, the file opérations are
so arranged to accept such corrections;

The second input file 1is called "TECCAL.DAT".
Technical data (e.g. values | of cést parameters,
temperature and latent of steam, inlet and maximum
allowable’outlet;temperétures of cooling water, values of
annual rate of return and equipment downtime etc.) are

kept in this file. Two options;, explained in case of
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STREAM.DAT are also valid for the operation of TECCAL.DAT
but this time, the user has no chance to correct any
vwfong input without re-running the whole program.

Having completed the data input, the next step is to
read the prescribed ATmi~ value. If the,‘ﬁser does not
want to carry out ’ca;celations_ with 'a predetermihed
approach temperaﬁure, en outer optimization loop which
employs Fibonacci Search is initiated. The lower and
upper bounds on AThin are arbitrarily chosen as 1 ”C.vana
30 =C, respectively since experienced values often lie
within this interval.

Using minimﬁm approach temperature, subroutine LOCPIN
computes the following by using the' Problem Table
algorithm mentioned in section 2.2.1.1.
| (i) Interval boundary temperatures,

(ii) Heet.capacity flow rates of subnetworks,

(iii)'Heat deficit or surplus for each interval;

(iv) Minimum utility requirements and the pinch

temperature. |

Having determined minimum utility consumption target,
bthe next step is the construction of T/H diagram of the
problem to ealculate . minimum- hea£ transfer area

requirement; This task 1is performed by defining corner

points of hot and.cold suberétreams. For the validity'of
Problem Table algeritbm,  the simple. linearisation
CP=constant should be acceptable. This enables us to
characterise each femperature interval by a linear

function;
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T = £(H)
in the form of,

T = mH + n. | ( 23 )
In this equation, m is the slope of the line segment and

n is the related corner point. Calculation of “m" values

can be easily done since the designer has'the necessary T
and H data at corner points.
| fhis_correlation is very practical when dealing ‘ﬁith
the temperatures on a T/H diagram. Suppose, a corner
point lies on the hot composife. To form an ~interval,
 projection of this peint on the cold composite is
necessary. Since a vertical line will be drawn downwards,
the progjected point will have the same enthalpy with the
one on the hot composite. Knowing the values of m, n,
and H, oﬁebcan easlily calculate the temperature of the
cold ‘composite at this point by using Eqﬁation>23. The
same procedure applies for . the temperatures to be
determined on the hot composite. Determination of inlet
and outlet temperatures of 'the superstreéms within a
particular section 1is ~necessary for the caiculation of
Tim term of Equation 17 (see Chapter 1II).- The over-
shoots of hot  and ’co;d combosites are then used to
compute the area of auxilary coolers and heaters.
Last target wh}ch is determined by HEXNET vis the
minimum number of heat éxchanger units. Equation 7 is

used for this tésk. '

SUBROUTINE SORT
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Subroutine SORT 1is used to put the élements of a
vector in a decreasing order of magnitute.It is called
several times by the main and subprograms to rank inlet,
outlet temperatufes and heat capacity flow rates of the

process streams.

SUBROUT}NE ELIM

ELLIM 1is the code of the subroutine that is calledvby
HEXNET to eliminate the duplications which may occur
during the preparation of Pfoblem Table.Aé it is
explained in sub-section 2.2.1.1, adgjusted temperatures
of the hot streams and the supply and target temperatures
of the cold streams should be ranked in decreasing order
to get the interval boundary temperatures.Since the main
aim is to partition the probiem, repetetions have no

meaning and need not be considered.

SUBROUTINE COST
Subroutine COST computes, (i) yearly based operating
cost, (ii) annuilized capital cost and, (iii) the sum of

these two items; the total cost of the system.
3.3 Structure of DESIGN

MAIN MATCH
MATCH isAthé maiﬁ progfam of DESIGN. It consists of
two parts. One of them is responsible for synthesis above

the pinch temperature and .the other below the pinch
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temperature. The below—the-pinch désign_criteria are the
“mirror image” of those for above the pinch.

If the next match will be a pinch éxchanger, streams
that are chosen by NEXMAT as the candidates of the next
match are tested by this main program to check whether
they fulfill three design criteria (see-séction 2.2.3.2);
If.those criteria are not satisfied, stre;m splitting is
considered -~ as a solution. This task is performed
accofding to the algoritms given in Figure 2.20.

The next step is the determination of the stream with
smaller heat loéd or in other words the one that will be
ticked-off. Knowing the heat load of the exchanger, one
can calculate the inlet and outlet temperatures of the
hot stream and its partner cold stream. Here, another
constraint should be satisfied. This thermodynamic
constraiht necessiates ATminbbeing greater than or equal
to a prescribed value.

If this criterion is violated, another cold stream
(or Vanbther hot stream, if the design is carried out
below the pinch) is searched by calling NEXMAT. If none
of the cold (hot) streams satisfy the criteria mentioned
above, stream splitting is applied. As it is indicated by
Linnhoff et.al. [43] whenever the designer runs into
trouble in applying the tick—-off rule, he should attempt
to find ‘a stream split solution.

The final step in'design is to place auxilary units.
Thefremainiﬁg cold streams above the pinch are carried to

tﬁeir target temperatures by steam heaters and the
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remaining hot streams below the pinch' are carried to
their target temperatures by water coolers. This
procedure also quarantees the development of a network

which consumes utilities at a minimum level.

SUBROUTINE NEXMAT

Subroutine NEXMAT (NEXt MATch) determines the numbers
of the hot and cold‘ streams that will be matched
presently.An integer parameter, BP, takes a valué of zero
"or one indicating whether the design is carried out above
or below the pinch.

For the hot end aesign, the hot stream with minimum
cutlet temperature and the cold,stfeam with minimum inlet
temperature are selected as the Candidates of the streams
of hext match.If there exists more than one hot or cold
stream with the quélif&cations.given above, the one(s)
having greatestbheat capacity flow rate takes(take) the
privilage of being matched beforehand.Subroutine SORT 1is
calléd' to putlthe temperatures (and if necessary, heat
capacity flow rates) into a decreasing order.

For the cold end design, the hot stream with maximum
inlet temperature and the cold stream #ith maximum outlet
temperature are chosen.

This heﬁristic approach enables the designer to
complete the pinch maiches‘ prior to ordinéry
_ ones.Remember that, one should start the design where the
problem is most constrained (see Chapter II).Temperature

constraints and the feasibility criteria are ignored by
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this subroutine.

SUBROUTINE SORT
This subroutine is utilised by both of the programs.

See section 3.2 for its description.

SUBROUTINE HEX

Subrautine HEX (Heat EXchanger) reads thé input_vand
output temperatures and' individual heat transfer
coefficients.of the hot and cold process streams and the

heat load of the ekchanger.lt computes the logarithmic

mean temperature difference, overall heat transfer
coefficient, the area and the capital cost of this
particular unit. Two labeled COMMON statements , DES1

and DESZ2, transfer data to this‘subroutine while the
output is so arranged to tabulate some properties of the

ekchanger being designed.

SUBROUTINE SPLTHO

This subroutine pefforms the splitting @ of hot
streams. According to the wvalue of BP (an integer
parameter), different strategies are employed for this
task. If BP equals zéro, a hot stream above the pinch
point and if it equals unity, a hot ‘stream below the
pinch point is split.’ |

An important i£em that is worth explaining is the
procedure for the determination of split branch flows. As

an initial approéch, heat capacity flow rates of the
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branches are set equal to the CPs of their partner cold
streams. This procedure enables us to maintain the CP
equality criterion which is valid for pinch matches (see
seetion 2.2.3.2.2). Then, by following the recbmmendation
of Linnhoff et.al. [41, the final branch CPS are chosen
according to the ratio ‘between. the heat loads of the

branches and the load of the main hot stream being split.

SUBROUTINE SPLTCO
This subroutine "performs the splitting of cold
streams. The principles explained for SPLTHO are also

valid for this subroutine.




118

CHAPFPTER v
EXAMPILE PROBLEMS ESCDIHXfEEID BY

HEXNET AND DESIGN
AND A COMPARISON OF METHODS

This chapter is devoted to the comparisons of the

solutions of some standard problems from the

literature.Since design data do not vary  too much from
one problem to another, a general table is sufficient to
list all technical and economic properties.

For each problem; an origiﬁal output of HEXNET

TABLE 6. DESIGN DATA FOR SAMPLE PROBLEMS

STEAM:

Fressure (l1b/in.=abs): 9&2.5 (for 45F1)

450.0 (for all other problems)
&546.6 (for 45F1) '
768.0 (for s1]1 other problems)
S40,0 (for 48F1)

455.0 (forr all octher problems)

Latent Heat (Btu/lb.)

‘Temperature (=F)

COOLING WATER:
Temperature H
Heat capacity : . 1.0 Btu/slb =F
Maximum output Temp. : 1B0.0 <F

MINIMUM ALLOWABLE AFPPROACH TEMPERATURES:
Heat exchanaer : S0 er

Steam heater 25 =

Water cooler 20 =F

. GVERALL HEAT TRANSFER COEFFICIENTS:

100.0 =F

Heat exchanger 1 150 Btu/shr Ft= <F
Steam heater : 200 Btu/hr Ft® oF
Water cooler 1 150 Btu/shr £i= «F
EQUIFPMENT DOWN TIME: ‘

F80 hr/yr for T 48F1, S8P1 and &8RPI

280 hr/vr for 4&8PR2, 78FI1. 78P2 and 1085F1
NETWORK COST PARAMETERS:

a = 350 , b= 0.6 , = 0.1

UTILITY COSTS:

Copling water cost 0,00005 %$/1b

Steam cost O.00100 $/1h0
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tabulating the stream data and an output of DESIGN
tabulating the netwérk structure are included._ A brief
discussion  follows. the comparison table and gives some
info;maiion about fhe networks developed by wvarious

methods.

3 I

i STREAM DATA FOR 4SF1 I

b . I

I I

1 RMINIMNGM AFFROACH TEMPERATURC: 20.00 I

I - 1

I RUMBERY TYFPE 1 TEMPERATURE 1 (3) HEAT 1 HEAT 1 1 I

i o 1 oF 1 1 CAPACITY I TRANSFER 1 PHASE 1 I

I CTRIANMI ETREANRT - I I 047 1 FLOW RATEI COEFFICIENTI CHARNGEID HEAT LOAD I '
1 I__. 1 I 1 I_: 1 I 1

1 I I H b 1 1 1 R
I 1 1 HOT I T20.01 Z00.0Y 16465.80 1 300,00000 1 NO T 2000016,00001

N 1 z I I 1 1 I I

I 1 I "3 I .o I I I I

1 Z 1 HOT T 480.01 280.01 20000.00 7 Z60,00000 1 ND 3 4000000, 00001

I I 1 i i § I I 1 T ‘
I I o1 I, .. &t b¢ I 1 b :
I 1 1 CDLDb I 140, lI TZ0.01713480,10 1 T00.00000 1 NO I -~-24601018.00001 ‘ -
I I_ it I ] I 1 1 1

i I . 1 b I I - : 1 1 I

1 2 3 TOLD I 240,01 SG0.0T 11830.00 I 360,00000 1 NO 1 =-2997800,00001 -

I 1 I 1 I I i I 1

i ‘ I

1 {3) in case of phaze cnange HMASS FLOW RATE 1

I I |

MIlINUN AFPROACH TEMPERATURE: 20.00
WUMEER DF SUERETWORKS: 7. '
FINCH TEMFERATURE HOT ERD:4BO.0O

COLD ERD:440.00
MINIMULM UTILITY HEATING: 481200.0000
MINIMLN UTICITY CODLING:  B6I368.2000

TAELE 7. STREAM DATA FOR 4SP1

1 1
1 DESIGN TAXLE FOR 4SF1 1
1 1
1 T WUMEER OF 1 INLET 1 OUTLET 1 1 1 1
1 I STREAM 1 TEMPERATURESI TEMFPERATURESI ] ! 1 M
1 HEX 1 1 1 1 HEAT 1 TRANEFER 1 AREA 1 B
1 # 1 HOT I COLD1 KOT 1 COLD I HOT J COLD I LOAD ICCEFFICIENTI 1
1 1 1 1 1 1 1 1 S S L S I
T S 1 I 1 1 3 I 1 3 :
1 11 ET T 2 I580,001460.001540.001000.00T L36E4081  (Z0E+03 T 20,0 1
1 1 1 1 | S SR S 1. 1 1 ]
11 1 1 1 1 1 1 1 1 1
1 11 21 2 1480.001240.00I355.171460.007 JZDE4071  I1TE+0T 1 3185, 1
1 21 1 L 1 1 | S | ST : S H
I 1 1 1 1 1 1 1 1. 1 1
1..21 21 1 IS53.17121B.731280.0013Z0.001 . I1SE+07] 15403 ] 1
1 1 1 1 1 1 I 1_ ___ 1 1 -
I 1 1 1 1 1 1 1 1 1 1
131 11 1 31320.001140,001251.741218.731 L110+071 L 1SE+03 1 71.3 1
b SR, 1 1 1 1 S SN 1. 1 7
1 1 1 1 1 1 1 1 I 1
1. 41 11 CWIZSL.7A1100.001200.001280.001 LBLE+06T  LITESOT 1 &7.6 ]
1 1 1 1 L S | S SN S 1. 1 1

TABLE 8. DESIGN TABLE FOR 4SP1



1T 1 1 3
B ¢ 1 TARBET 1 DESIGN 1
1 1 1 1
i S . I 1 b
1' HEAT TRAMSFER AREA 1 6653 3 7088 i
1 = 1 1 1
1 NUMBER OF HEAT EXCHANGERS 1 ] 1
1. AEDVE THE FINCH PDINT I 1 1 1 1
1 BELDW THE FINCH FDINT 1 a. 1 y |
1 OVERALL : 1 s 1 i 1
1 1 1 1
1 : 1 1 1
1. HOT LTILITY CONSUMPTION 1 WAEIDE406 1 LALIZE+GE i
1 1 H
1. T 1 1 1
1. COLD UTILITY CONSUMFTION 1. LBATEE4OS i .RGDELNs i
1. 1 S
1 1 1 g i
1  OFERATING COST D1 S AOLOE-05 ; CACESLT ;
1 .
{ . 1 1 3
1. INVESTMENT COST 1 zE7. 1 z1z@ 1
1. 1 I S 1
1 : 1 1 i
1 TOTAL COST 1 LITRAEA0N 1 TS 3
1 i _ T R 1

MUMBER OF INDEFENDENT HEAT LOAD LOOFS IS: ) A}

TABLE 9. FPROPERTIES OF THE SOLUTION OF 45SP1

SAMPLE FPROBLEM - 4SP1 .
INTRODUCED BY : Lee,Masso,Rudd [20]

P wa B e wm e wm e s me = e e me Be me e e me e

AUTHOR(S) ! REFERENCE # | TOTAL COST

b ‘ ! ($/yr)

___-"—_“—f"f ——————————— :—-' ___________ T
Linnhoff ,Flowver H i5 H 13587
Nishida,Liu,Lapidus : 2 H 13580
Rathore,Poweré : 17 H 13573
Pho,Lapidus i 13 H 13685

y T T T : R
} Kelahan,Gaddy - : 30 1 10634
! Lee,Masso,Rudd ! 20 ! 13481
! Ponton,Donaldson ' 21 ! 13534

! H b
! Mc Galliard,Westerberg! 2 H 13615

Tt A
{ HEXNET - ! 13590

TABLE 10. COMPARISON TABLE FOR 4SP1

[

e e ow we

. . s == -

i
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The network developed by DESIGN was also found by
Rathore and Powers , Nishida et.al., and Linnhoff and
Flowé}. However,‘a different network was reported by Lee
et.al., Mc Galliard-and'Westerberg , and Pho and Lapidus.
The annual costs vof the network reported by these
investigators are  $13481, $13615,-' and  $13685,
respectively. Using the data pf-.Nishida et.al. iheir
solution costs $£13688/yr. This discrepancy in costsrdue
to round—off values of stream properﬁies and/or slightly
different design data.

The configuration §bfained by Kelahan and Gaddy is
not feasible since? NTain constraint is violated in their
éolution. The wvalue theyvh;vé allowed in their solution
is 0.8 =C which contradicts with the one éécepted by most

N .

of the investigators, i.e., 20 *C.

1 I
1 STREAM DARTA FOR 4SP2 ST
1 Ln
I i L
I MINTMUM.APFRDACH TEMFERATURE: 20,00 1
I NUMSERIT TYIE I TOMPERATURE I (! HEAT 2 HEAT 1 1 -1
I OF I OF 1________ . ____ 1 CAFATITY 1° TRANSFER 1 FHASE 1 ST
I STREANMI E€TREAMI IN I OUT 1 FiLGW RATEI COEFFICIENTI CHANGEID HEAT LOAD - I
I 1 i _1 1 1 R 1 : 1
I 1 1 I I : 1 1 I - I
I 1 1 HOT 1 SGO0.01 110,01 20000.00 I 300.00600 1 ND X 7800000.00001
S 1 S 1_ 1 __: 1 1 1
1 1 1 1 - 1 1 1 I
1 21 HOT I 4T0.01 230.0 S0400.00 1  200,00000 I "NO 1 10000000.0000I
1_._____T 1 S 1 1 L 1 1 1
1 1 1 I 1 1 . I 1 1
I 1 HOT 1 4G0.0T 110.01 Z0000.00 T 300.00000 I NO 1 B700000.00001
1 I I 1 1 1 . 1 1 I
I 1 I I i 1 - o1 1 I
I 1)1 EOLD I ZELQI 420,01 700602.00 I 300,00000 1 ND I =27&50000,00001
1 1 1 1 I 1 : I 1 ) 1
I : ) 1 -
1 (¥) in case of p."lase change MASS FLOW RATE |
1 . J . - 1

FMINIMUM AEFROACH TENPERATURE: 20.00
KUMBER OF SUBNETWORKS: & .
FINCH TENFERATURE HOT END: 45.00

_ COLDL END: 25.00
MINIMUM UTILITY HEATING: 1150000.0000
RINIMUM UTILITY COOLING: L0000

TABLE 11. STREAM DATA FOR 4SP2
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TABLE 12. DESIGN TABLE FOR 4SP2

1
" DESIGN TABLE FOR 45P2 ! ;
I NUMEER OF I INLET 1 DUTLET 1 1 OVERALL I 1
1  STREAM 1 TEMFERATURESI TEMFERATURESI 1 HEAT 1 h¢
;1= S S S : 1 MEAT 1 TRANSFER 1  AREA 1
# I HDT 1 COLDI HOT I COLD 1 DT I COLD 1 LOAD ICOEFFICIENTI 1
I 1 b 1 1 1 1 1_ L 1
b 1 1 1 1 b S 1 1 1 ¥
11271 2 1430.001 25.00I230.001410.001 10E+0RI  .I1SE+OT 1 BI9. b
b 1 1 1 1 ¥ 1 1 1 7
1 1 I R | 1 1 1 1 1
2T 11 4 1500.001 25.001110.001424.611 J7BE+40T7I  JITEMQS 1 64AS. 1
1 1 1 1 1 1 1 1 _1 1
1 1 1 1 1 1 1 1 1 1
21 31 3 1400.00I 25.001110.00J3S0.001 .B7E+071 . I5E403 1 129E+041
1_ 1 b 1 1 1 1 1 1 b
1 1 1 1 1 T b 1 . 1 1
41 ST 1 1 1456.001403.571854.00I420.00F 1ZE+Q7) & .2QE+0T 1 15Z. 3
1 1 1 I 1 1 1 1_ 1 1

TARGET CESIGH
HEAT TRANSFER AREA 2437, T711.
NUNEER OF MEAT EXCHANSERS .

AEOVE THE PINCH FDINT 4 4
BELOW THE FINCH FDINT o Q
OVERALL 4 4
HOT UTILITY CONSUMPTION C1IS0EA07 L11505+07
" COLD UTILITY CONSUMPTION LCGO00 L6000

DFERATING COST

- 1273E4+05

<127TEAOT

INVESTMENT COST

6644,

6917,

TOTAL COST

b= bed bt D bd et ot ol bt bt bt Bt bd el b Bt Bt St bt ed bl bd et el Bed

- 1217E+0D

R e A R R R R R B e L L

< 196TE+05

o e e I e R e I I e B R I I I B R I SR I SParur gy

il R B R N O S N O S W N O S O U P W

1
[

NUMBER OF INDEFENDENT HEAT LDAD LDOFS IS:

TABLE 13. PROPERTIES OF THE SOLUTION OF 4SP2

- ee e

SAMPLE PROBLEM :
INTRODUCED BY  :

4SP2
Ponton,analds

- - w-

'REFERENCE #

"TABLE 14. COMPARISON TABLE FOR 4SP2

on [211

($/yr)

. PE B e me R e E- R WS mm wE ee mE en Ge e @ me e
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The solution presented by Pontén and Donaldson is =a
cyclic arrangement and features four different matches
between the same two streams.

Nishida et;al.,.however, showed a furthef significant
saving was possible if parallel splittind,of cold stream
No.1 was considered and presented a golution costing
£20353/yr. |

The éolution of DESIGN was previously' announced by
Linnhoff and Flpwer. The difference thatvis observed
between the costs:is probably due to slightly different

design data.

(#) in case of chase change MABS FLOW RATE

-yt b

1 b
ki STREAM DATA FOR SEF1 I
1 : o .
1T . ‘1
I MINIMUM AFFROACH TEMPERATURE: = 20.00° I
51 i o] 1
1 NUMBRERI TYFE 1 TEMFERATURE 1 (%) HEAT I HEAT 1 1 I
T 0OF 1 OF I_____________1 CAFACITY 1 TRANSFER I FHASE 7 1
I STREAMI STREAMI IN I OUT.I FLOW RATEI COEFFICIENTI CHANSET  HEAT LOAD T
-1 1 1 1 21 1 1 1 I
5 S | 1 1 1 1 1 1 I,
171 1  HDT 1 480,01 250.01 T1500.00 1 300G,00000 I NG 1  7Z2E5000.00003
-1 1 1 -1 1 c 1 1 ____1 : I
1 ik # 1 1 4 . 1 1 1 1
I 2 11 HOT I 400.01 150,01 25200.00 I 300,00020 I  NO I - LJ00000,00007
X 1 1 b L 1 1 : 1_ 1
1 I 1 1 I 1 1. 1 1
1 1 -1 COLD I 100.01 400.0] 21600.00 I 3I00.00000 1~ NO 1 =-61B0CCC.0000]
1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 I 1 . 1
1. 21 COLD I 150.01 360.0I 24500.00 1 S00.00000 I ND J  =D120000,00001
1_: 1 1 1 I 1 1 1 I
1 1 I 1 T 1 1 I
I~ 31 COLD 1 200.01 400.01 24700,00 1 3J00.00000 I NO . I —4940000,.00001
1 1 1__-__.1 1 1 : S S
1 3

A

1

MINIMUM AFFROACH TEMPERATURE: 20.00
NUMEER DF SUENETWDRKS: €
FINCH TEMPERATURE HOT -END: 120, 00
B . COLD END:10C,.00
MINIMUM U-ILITY HEATING: I0Z0000, 0000
MINIMUM UTILITY CODLING: LOB00

TABLE 15. STREAM DATA FOR SSP1
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-
1
11 DESIGN TRELE FOR SEF1 1
I - 1 NUMEER DF 1 INLET 1 OTLET 1 1 DVERALL 1 i
I.- I STREAM 1 TEMFERATURESI TEMFERATURESI 1 KEAT 1 1
I HEX 1 1 A 1 ' 1 HEAT I TRANSFER 1 AREA 1
i # i HOT i COLDY HOT I COLD I HOT I COLD I LDAD ICGEFFICIENTI T
1 I 1 1 S | 3 3
1 1 1 1 1 1 1 1 ] 1 7
1.1 1 11 .2 J415.337150.001250.001360,00T C1E+07] . 1SE40T 1 462, 1
1 1 1 1 I 3 1__ 1 1 . 7
1- 1 1 1 1 1 1 1 1 1 1
T 21 11 1 1480.00I302.781413.33J400.001 .Z30+071 .15€+03 1 149, T
1 1 1 1 1 1 1 1 1 - 1 :
1.1 1 1 1 5 O 1 1 1 A I
1" 31 21 31 1323.B11100.001150.001302.76] 1 1
1 1 -1 1 I 1 : 1
1 1 1 1 1 1 : 3
I 41 21 3 I&00.001200.001527.6 1 1
1 1 1 1 1 1 ' 1 3
1 1 ! 17 i
T 5 1 ST 1 I I456.001277.731456.071400 1 7
. S I_____ I_____ S I SR I S 1 1
{

TABLE 16. DESIGN TABLE 'FOR ESP1

1
|
|
t

I 1 1 1
1 1 TERGET ] DESICH 1 |
1 1 e 1___ —_—— 1> |
1. . i 1 1, |
1 ' HEAT TRANSFER AREA I 1500, 1 1730, 1 |
1 1 1 1
1. NUMBER OF HEAT EXCHANGERS 1 » 1 ; 1
1- ABDVE THE PINCH FOINT I s b = 1. j
1 " BELOW THE FPINCH PDINT I o 1. ¢ 1 |
R g DVERALL : R | S 1 5 1
1 1 1 1 |
R 1 . 1 . 1 |
1" HOT UTILITY CONSUMFTION i1 -SOZ0E+07 1 < SOZOE+Q7 1 |
1 1 1 1 |
1 . ’ I 1. T R i
/1 - COLD UTILITY CONSUMFTION 1 0000 1 L0000 1 }
1 1 1 I . j
I 1 1 1. |
1. OPERATING EOST 1 . 32TSE+0S 1 . IZG5E+05 1 |
1 1 1 1 ‘
I . 1 ik T 1 |
1 INVESTMENT COST 1 S44E, 1 TI8T. 1 \
I : 1 I_ 1
1 B ¢ 1 1 |
- 1. TOTAL COST 1 . IBADE+OS 1 LTB3AE+CS 1 |
1 : 1 1__ - 1 |
NUMEER OF INDEFENDENT HEAT LOAD LDOFS IS: ¢ : : |

TABLE 17. PROPERTIES OF THE SOLUTION OF S5SPi1 ' |



125

: SAMPLE FROBLEM : 55P1 :
f INTRODUCED BY : Masso,Rudd [1] :
; AUTHOR(S) : REFERENCE # : TOTAL COST :
f s o
; Nishida,Liu,Lapidus ; 2 ; 38219 ;
bnotepigus 1 seses |
| LeeMassomuss w4 sewe |
| kelanan,caday s i seme |
; Flower,Linnho;f ;————_;; ————— ;-~*_—;;;;; _____ ;
T
Linhore Flower | a5 | sews |
; e ; ————————————— ;———__;;;;; ————— ;
meLz 6. comaistn TeiE pom sser
Nishida et.al. who considered stream splitting,

proposed the optimal solution costing $23219/yr. Their
own pricing was in fact $38713/yr siﬁce they had used 260
hr/yr as equipmeht‘down time and 767.5 Btu/lb as latent
heat of steam. "Later on, Linﬁhoff and Flower made a
correction and ‘“computed £he cost of this network Q&th
.mqstly accepted valqeg; 380 hr/yr and 768 Btu/lb. what
they had found was. an annual cost of $38219.

The solutions presented by Pho and Lapidus, Lee
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et.al., Massq and Rudd, Linnhoff and Flower, and Kelahan’
and Gaddy are all identical.

Flower and Liﬂnhoff‘presented five different networks
costing between $58268 to ¢38550/yr by usiﬁg their TC
method.The solution:developed‘by DESIGN is same as one of
these networks and cbsgs §38335/yr.

InAthis problem,‘ the "tick-off" heuristic'fails and
selection of the hot and cold streams for the next match
highly affects the total cost of the final network. |

The deviation ﬁf the cost of DESIGN’s solution from

the optimal one is 0.18;per cent.

1 1
1 STREAM DATA FDR 6SF! I
I_ : I
I : ) I
I MINIMUM AFPPRDACH TEMPERATURE: 20.00 I
1 . I
I NUMEERI TYPE 1 TEMPERATURE 1 (%) HEAT I HEAT - 1 1 1
1. OF -1 oF ¥ _ 1 CAFACITY 1 TRANSFER I FHASE 1 . . T
I STREAMI STREAMI IN I DUT I FLOW RATEI COEFFICIENTI CHANBEI] HEAT LOAD 1
__ 1 1 1 1 1 1 I 1
I. . 1 b oI 1 I I 1
(1 0771 1 HDT 1 440.01 150.01 2BO0O.0C 1 30C.0GO20 1 [ Ua T | E120000, 00001
1. 1 1 1 1 1 1 1 1
- - 1 1 I 1 1 1 I I
10 .2 1 - HOT 1 520,01 300.01 2TB00.00 I S00,00000 3 Na S236000.00001
1 1_ 1 1 I I__. 1__ 1 1
1 1 1 1 1 1 1 1 1
1.3 1 HOT I 3%0.01 150.01 33600.00 1  ZI00,00000 7 "ND 1 8064000, O000)
T___. 1 1 1 1 - Ny 1 1 1
1 1 1 1 - 1 1 i 1 ’
I "1 1 COLD I 100.01 430.07 16000.00 I  500.00000 1 NO T =5220000,00001
I___ 1 I 1 1 ) 1 ) I_ 1 1
T 1 1 1 I I 1 ¥ 1
1 2 1 COLD I 1B0.0I 350.01 32760.00 I Z00.00000 I ND 1 -S5&9200.00003
1 1 1 1 I_ b 1 S 1
1 1 1 - 1 1 1 : 1 1
I.. 3 1 COLD I 200.01 400.0I 26T50.00 F  J00,00000 1 ND T ~527000C, 00007
1 1 1 1 1 I 1 _.-1 1
1. 1
1 (¥) in case of phase chepge MARE FLOW RATE I
1 1

MINIMUM AFFROACH TEMPERATURE: 20.C0 )

NUMBER OF BUENETWDRKS: 1D . S

PINCH TEMPERATURE HOT END:520.00 !
) COLD END:S00.00

MINIMUM UTILITY HEATING: Rdalue]

MININMUM UTILITY CODLING: SI00S00.0000

TABLE 19. STREAM DATA FOR 6SP1




1 .
‘1 DESIGN THBELE FOR £5F1.°
ﬂi 1 NUMEER DF I IRLET 1 DUTLET 1 i O:ER$LL ;
: : TURESI TEMFERATURESI £ .
'i HEX § STREAN i Tgn?Eﬁﬁ?U"‘If*~' : 1 HEAT 1 TRENEFER 1 AREA
1 #% 1 RDT j COLDI HDT 1 COLD 1. HDT 3 COLD 1 LOCAD ICOCFFICIENTI L
‘1 1 1 c1 1 1 1 1_ 1 IS S
B E 1 1 1 1 1. 1 1 1 1 :
1 11 21 1.1526.001102,751300.001230,001 (STE+NFI .15E4CT L 255.
1 1 1 1 1 1 1 1 1 S |
‘1. 1 i 1 1 1 1 1 1 o
1 21 11 T 1440.001200,001251.791400.001 .STE+07I .15E+03 I 770.
1 1 I 1______1 1 p 3 3 < 1___
1 1 T 1 1 1 I 1 1 - 1
I SI1 31 2 1390.0011BC.00IZZ8.251TS0.001 .S&E+07I  .1GE+0F 1 8BZ.
1 1 b 1 1 1_ _1 1 1 1
1 1 ‘1 b 1 b 3 b 1 1
1 a1 11 1 1251.791100. 001250.211102.7 1 .AZE+CGSTI  L13E+03 I 1.5&
1 1 1 i 1 1 3 b i 1 e
1 1 I 1 1 1 1 1 1 I
1 51 11 CW I250.211100.0C11S0.00I1R0,00) 20E4-0T] 1SE40T  §F T14.
1 I 1 1 1 1 1 1 I___ b S
1 1 1 1 1 1 b 1 3 I
I &1 T 1 CW 1224.251100.007150.001180.001 (208407 15803 . 1 TST.
1 1 1 1 1 I__ 1 1 b1
TABLE 20. DESIGN TABLE FOR 6SP1
1 ) i I
I v 1 TARGET 1 DESIGN
1 ; ! !
1. b1 e 1
1° HEAT TRANSFER AREA L1 2050, 1. o577,
1. 1 3
1. NUH:ER OF HEAT EXCHANGERS 1 1
S G AEDVE THE FINCH PDINT 1 . o | o
b R BELOW THE FINCH FOINT 1 & 1 &
x- OVERALL - . . O & 1 -
I . 1" 3 . :
‘T HOT UTILITY CONSUMFTION S L0000 3 - J600a
1 . 1 I
d . R ¢ 1
©1- COLD UTILITY CONSUMFTION 1 JEIOL1E4CT 1 LETO1E+OT
1 7 - 1
I... 1 . ] ; 1
1’ OFERATING COST 1 <ZTTELE+CS 1 SZ7TLE+NS
I 1 __ : I_
1 . 1 bi
1 INVESTMENT COST S 0 7332, I 7247,
I 1 3
1 1. 1
‘T, TOTAL COST S LSELaTA05 1 e
g . 1 1
‘A nen Ao 1v.vn;p:k'n:g‘|-r UEAT ' AAR | pREE TC. ' "
TABLE 21. PROPERTIES OF THE SOLUTION OF 6SP1

B L L R R R ]

e R R R B T S A T

-
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i\ SAMPLE PROBLEM -: 6SP1 - H
i INTRODUCED BY : Lee,Masso,Rudd [20] !
: AUTHOR(S) i REFERENCE # | TOTAL COST :
! H : ($/yr) !
! Nishida,Liu,Lapidus H 2 ; 35010 ;
! Linnhoff,Flower ! 15 ' 35010 !
{ Lee,Masso,Rudd : 20 : 37331 :
} T ;T B S — :
! Flower,Linnhoff : 23 ! 35010 :
! Pho,Lapidus ' 13 ! 35657 H
{ Kelahan,Gaddy ' 30 ! 35048 H
{ Ponton,Donaldson ! 21 } 35407 :
! HEXNET ! ! 35010 H

TABLE 22. COMPARISON TABLE FOR 6SP1

The total cost‘of the network developéd by DESIGN is
chéaper than the networks synthesized by most of the
previous investigators such as Lee et.al., Pho and
Lapidus, ana Pontop and Donaldson.Thé corresponding costs
bf these netwofks are $37331, $35657, and $35407/yr,
respectively.Noﬁe that the total «cost of the netwofk
obtained by Lee eL;al, is given here as $£37331/yr. This
value was given Aihcorrectly as $35108/yr by Lee et.al.
and $35714/yr bf Pho and Lapidus. Although a

computational error ip‘the work of Lee et.al. was found



I T
I . STREAM DATA FOR 7SP1° I
1 S : I-
I . [ ,.’AI_:
I MINIMUM AFPROACH TEMPERATLRE: 20,00 I
I . : Y < r
1. NUMBERI  TYFE 1 TERPERATURE 1 (#) HEAT I HEAT I 1 R ¢
I OF I OF "I____ . _ 1 CAPACITY I TRANSFER I PHASE I i 'r
I STREAMI STREAMI IN 1 . CUT I FLOW RATE1 CGEFFICIENTI CHANGEL = HEAT LOAD I
b 1 b I I : I . b¢ I : I
.1 I 1 1 1 1 : 1 B ¢
i 4 1 I RCT I 430.0I 150.01 25050,00 I 300,00000 I NO I B120000.00001
1 1 1 1 1 1 1 ! 1
I I I I I » 1 I 1 -1
1 2 1 HOT I S2G.0I 300.01 2T8G0.00 I 3I00.00000 I NO I S5235000.00001
1 1 1 I 1 o1 1 I 1
1 B ¢ 1 1 1 1 1 I
1 3 I HGT I 395.01 150.01 33500.00 I 300.00000 I NO I  B8044000,00001
1 I I 1 I 1 I I_ 1
I ) SR 1 1 1 I L 1 I -1
1 1 I COLD I 100,01 430.0I 156000.00 1 .300.00000 1 ~ NO I =5280000.00001
I 1 1 I 1 } S 1 I 1
1 1 1 I 1 I 1 1
I 2 I ©0LD I 180.0I 350.0I I2760.00 1 7 300,00000 I  ND 1 =SS49200,00001
o I I I I 1 1 1 1
B¢ I Y 1 1 1 I 1 1
I I I CCLD I 200.01 450.00 283I50.00 I 3I00,00000 I NO I -5270000.00001
1 I_ 1 I 1 1 1 I
} S b 1 1 1 1 I . _ I
I 4 1 COLD I 350.41 510.0I 15840.,00 I 300.,00000'1 NO I ~-1190300.00001
1 I 1 1 I 1 I 1 1
I I
I (2) in cace of phase change MASS FLCW RATE I

earlier by Pho and Lapidus,

there still

exists

computational error related with ATmin constraint.

129

another

The solution by  Kelahan and Gaddy is not feasible

since minimum approach témperature is §.6 =C for their

structure.

The nétﬁork which is confirmed kby' DESIGN costs

$35010/yr and is the definite optimum solution.

MINIMUM APFRCACH TEMPERATURE:

NUMBER OF SUENETWORKS: 11t

FINCH TEMPERATURE HOT END:S20.00

COLD END:S40,0

mlN&Mum UTILITY REATING:
CIINIMUM UTILITY COOLING: 41310400.0000

~

]

20,00

0000

TABLE 23. STREAM DATA FOR 7SPi

T
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: DESIGN TABLE FOR 7SP1
17 1 NUMBER OF I INCET 1 DUTLET 1 1 OVERALL 1
I 1 STREAM . 1 TEMFERATURESI TEMPERATURES! 1 HEAT- I :
1 HEX 1 1 I’ : I HEAT 1 TRANSFER I AREA
I # I HOT I COLDI HOT I COLD I HOT I COLD I LOAD ICOEFFICIENTI
1 1 1 1 1 I 1 1 1 ‘ 1
1 I 1 1 1 1 1 I I I
" 1...11 .41 4 I520.00I350,001370.001410,001 .12E+071 .15Z+03 1 150,
R 1 1 1 1 1./ 12 I 1
B8 T SR S I Ty T 1
I, 21 271 1 I520.001177.151264.981430.001 .4C0E+071 .1SE+0T I 303.
1 1 1 1 1 1 I I 1 1
I 1 1 1 SRR 1 I 1 I
I 31 11 3 1440.00I200.001251.751400.001 .SIE+07!  L13E+0F 1 770.
1 1 1 1 1 1 I 1 1 1
T 1 T 1 1 1 I I 1 1
I 41 31 2 [390.001180.001224.25I350.001 .S&E+07I .1SE+03 1 8892,
X 1 1 1 I .1 1 - 1 .
11 1 1 S SRS S t I 1
145 I 11 - 1 1251.791100.001207.701177.151 .1ZE+071 .1SE+0S I 91.3
1 I 1 1 1 I 1 1 I I
1T I 1 1 1 1 i "1 1
I: 61 "1 1 CW I207.701100.001150.001180.001 ,14E+071 -.15E+03 I - 29S.
 CHA I 1 1 1 1 1 I R ¢
S S S I 1 1 1 1
15 71,3 1] CW 1224,251100.001150.001180.001 .25E+071 © .1SE+03 I 353,
1 I 1 S S I 1 1 1 : 1
TABLE 24. DESIGN TABLE FOR 7SP1
3 I 1
1 1 TAREET T DESTSN
1 1 - I
1 = _ 1 B 1
I HEAT TRANSFER AREA i 2sar 1 o335,
1 1 i
17 NUMEER OF HEAT EXCHANGERS 1 I
1 AROVE THE FINCH FOINT I o 1 0o
1 EELOW THE PINCH POINT I 7 1 7
1 OVERALL 1 7 I 7
1 S 1 ;
1 1 1
¢I HOT UTILITY COHSUMPTION 1 I 1 L0000
1 1 I
1 1 1
I COLD UTILITY CONSUMPTION I LB 10E+07 T LA110E+07
I 1 , 1
T 1 1
I OPERATING COST r . 2104405 I .D1BAE+TT
1 ___1 I__ -
1 - _ 1 1
I INVESTMENT COST 1 gseg. - ! 9372,
I . I —_ 1
1 1 1
I TOTAL COST .1 LTOL2E~0S I JTOFLEACS
1 1 1 -

b e b b bt 0 et g dee pd bl b bt e b fed bt bd et B B et el et g

NUMBER OF INDEFENDENT HEAT LOAD LOOPS IS:

TABLE 25.

PROPERTIES OF THE SOLUTION OF 7SP1

130
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: SAMPLE FPROBLEM :  7SP1 :
E INTRODUCED BY : Masso,Rudd [11 f
: AUTHOR(S) : REFERENCE # : TéTAL COST :
f : : : ($/yr) :
; Linnhoff,Flower ; i5 ; 30172 ;
omton.bomalasn | a1 | ooz |
bnotapians AV
; Masso N Rudd ; ——————: —————— ; _———_;;;;;_-——'—— ;
; HEXNET— ; _______ ; _—303;; __;

TABLE 26. COMPARISON TABLE FOR 7SP1

7SP1 has been solved by Masso and Rudd, Pho and
Lapidus, Ponton and Donaldson and Linnhoff and Flower.

Pho.  and Lapidus claimed an annual cost of $30433 for
their solution owing to .an error in _cooling water
costé.The true cost for their solution is approximately
$31700/yr.

Ponton and Donalson did not present a network but
reported finding - one (by meaﬁs of their H/2H algorithm)
costing $30172/yr.It seems quite certain that they foﬁnd
the same structure with Linnhoff and Flower.

The solution by ‘DESIGN differs from this optimal cost
by 0.45 per ;entﬁahd isvthe only sclution which employs -

stream splitting.
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1 R . 1
I . STREAM DATA FOR 75F2 - I
1 : I
I . . I
1T MINIMUM APFRDACH TEMFERATURE: 20.00 I
I . 1
I NUMPERI TYPE 1 TEMPERATURE I (%) HEAT I . HEAT .1 1 I
1 o I ©OF 1_____________ I CAFACITY I TRENSFER [ PYASE 1 I
.1 STREAMI STREAMI IN I OQUT I FLOW RATEI COSFFICIENTI CHANGEI' HEAT LDAD I
I b _I 1 1 I 1. 1__ 1
I I ) S | I /1 . 1 I I
11 HOT I 590.0I 300.0I 23760.00 I 300.00000 I  NO |1 43514400 ,00001
I o I I. I. I I__ 1 I
I 1 1 I I, I I I I
I 2 1 HOT 1 471.01 200.01 15770.00 1 J00.00000 I NO I 4273T570.00001
1 I I 1 1 : 1 . I I_ 1
I I I 1 I I ) I 1 1
I, 1 HOT I S33.01 150,0I 13200.00 I  Z00.00000 I NO I SO03T600.00001
I_. 1_ I I 1 b T b I
I I I I 1 I 1 1 1
b4 1 1 COLD I 200.01 400.0I 16020.20 I 3Z00.00000 T ND - I =3Z200000,0000T1
I 1 1 I I I 1 T___ I
I . 1 ) U b4 I I D ¢ I A 1
I 2 I COLD I 100.0I 430.01 16000,00 I 300.00000 I NO I =3I2300CC.00001
I 1 I 1 I I 1 1 I
1 1 I . I 1 .1 I - b I
R S 1 COLD I J00.0I 400,.0I 41280.00 1. 300,00000 I NO I A—41‘8000.00f01
I 4 1 . I__ 1 I 1 I___ 21 1
I . - 1 I I R | I I . I
I © 4 1. COLD I 150.01 Z80.01 26240.00 1 30000000 T N T =T411200.00001
I 1 1 I I _I I 1 I
I ) I
I - (%) in casze of phase change MASS FLOW RATE I
1 : : : . b3
MINIMUM AFFRDACH TEMFERATURE: Z0.00
NUMEBER OF SUBNETWORKS: 12
FINCH TEMFERATURE HOT END:130.00
COLD END: 100,00
MINIMUM UTILITY HEATING: 217357T0.0000
. MINIMUM UTILITY COQLING: L0000
TABLE 27. STREAM DATA FOR 7SP2
I
DESIGN TARLE FOR 78F2 T
. -7 1
I NUMBER OF 1 INLET 1 OOTLET 1 I QVERMLL I I
I STREAM I TEMPZRATURESI TEMFERATURESI I HEAT H I
HEX I I y __I - I HEAT 1 TRANSFER I ARZA J
# 1 HWOT I COLDI HOT I COLD I HOT I CoLD I LEAD ICCEFFICIEMTI ke
I 1 1 I i § 1 1 1_ I 1
R ¢ I 1 I I 1 I b¢ 1 H
1I 31 2 IBTTL0NTI00, Q01150 Q0TIE,FR] (SIEO7T LITEHQT T azg, I
1 1 I I I I IR S | S | S T
I I 1 I 1 1 1 1 I I
21 21 4 1816.311150, 001200001280, 001 . TA4E+Q71  J1SE+03 1 242, I
I I b N 4 I { 1 _1 1 I
I I 1 1 I 1 1 1. I 1
S1I 113 1 15354.68I1Z00,00I400.001430,001 IZE+Q71 . ISE+0T I 1279, 1
_____ r____..1 _I 1 I 1 I 1 D U {
1 )3 I 1 I 1 T 1 I 1
4 1 21 S IA71.00I1500.001416.31I320.8791 (86E+061  .15E+OZ T 43.4 i
1 1 I I 1 1 I_ h¢ 1 b
1 I - I I I I I 1 . I I
51 11 Z I590.00I320,891524.68135 I 1ZE4071  J4ZE+03 I 58.9 t
I I I 1 1 1 1 I 1 I
1 -1 1 1 1 I I 1 T I
61 ST I 2 1456. 001415..81456 COT83I0.001 J2ZE+041  L20EL03 I 34.5 1
_____ I 1 I_ 1 I I 1 1 1 T
1 1 I 1 1 1 I [ 17 1
71 ST1 T 1454.001352.731456. 001400, 0017 20E+07]  J20E+0T 1 126, i
1 I b 1 1 ) SEN 1 I I .1

TABLE 28. DESIGN TABLE FOR 7SP2
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1 1 1 b
1 1 TARGET I DESIGN i
1 1 1 1
1 1 1 1
I HEAT TRANSFER AREA 1 1047, 1 1064, 1
1’ 1 1 3
I NUMBER OF HEAT EXCHANGERS . b 1 1
1. AEOVE THE FINCH FOINT 1 7 I 7 1.
I BRELOW THE FINCH FDINT 1 0 b Q 1
1 OVERALL R { 7 1 7 b
JIZ : 1 I 1
V1 1 1 1
"I HOT UTILITY CONSUMFTION 1 . 2176E+07 -1 ‘. 2175E+07 1
b o : i S : L i
1 - 1. 5 I b
"1. COLD UTILITY CONSUMFTION 1 BN ] <lelu bs D000 1
1 : 1 [ S 1
i : 1 1 ]
‘1 DFERATING CODST 1 DS0RE+GE T L240RE 0T 1
I_: 1 S 1 1
1. 1 1 1
17 INVESTMENT COST 1 5565 1 45469, I
1 : 1 R ¢ e 1
1 . 1 3 i
I .T07AL COST 1 L2CETESCS H L ZRG6TELDS 1
1__~ 1 : 3

NUMBER OF INDEFENDENT HEAT LCAD LODPG IS: o

‘TABLE 29. PROPERTIES ‘OF THE SOLUTION OF 7SP2

! SAMPLE PROBLEM : 7SP2 :
! INTRODUCED BY - Masso,Rudd [11] '
o Ty '
H AUTHOR(S) i REFERENCE # ! TOTAL COST !
! R : ! (§/yr) !
{ Linnhoff,Flower 3 15 ! 28258 !
L] . . 1] 1 1
! Pho,Lapidus oo 13 : 28518 :
1 ] 1 [
¢ Masso,Rudd H 1 : 28628 :
[T (T y T :
! HEXNET : ' 28627 !

TABLE 30. COMPARISON TABLE FOR 7SP2
Problem 7SP2 was introduced by Masso and Rudd as one
for which the heat recovery situation is very easy with

nany feasible'struétures that employ minimum number of

units and achieve maximum energy recovery.
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The solution by'Masso and Rudd costs $28628/yr.Though
this' price is almost the same as DESIGN‘’s, the networks
are very diffgrent from each other.

Pho and Lapidus claimed to have fouﬁd a solution
costing $28518/yr, but the structure they présented is
not feasible since at least two streams Aiss their target
temperatures.

The optimal network by Linnhoff and Flower can not be
produced by Pinch Technique since this method locates the
heaters and coolers after ali possible heat exchange
between process streams is performed. Any cold streams
above the pinch and/or hot streams below the pinch which
can not reach their target temperatures by heat exchange
with the other process streams are‘matched with utility

streams.The structure by Linnhoff and Flower includes a

steam heater located without obeying this order so, can

not be developed by Pinch method though it

thermodynamically and economically feasible.
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1
1 N 1
I MINIMUM AFFROASCH TEMFERATURE: 20.00 1
1 ) 1
1 NUMRERI TYRE 1 TEWPERATURE 1 (%) HEAT I HEAT 1 1 1
1 O 1 ©F 1_____________ 1 CAPACITY 1 TEANSFER I FHASE I 1
1 STREAMI STREAMI IN I  OUT I FLOW RATEI COEFFICIENTI CRANGEI  HEAT LOAD I
1 . ¢ 1 1 1 : 1 1 1 I
1 1 I 1 1 1 1 1 I
1 1 I  HOT 1 320.01 200.01 15670.00 I 3G0.00500 I NO 1 26G0050C.00001
1 1 1 1 o1 1 1 1 I
I 1 1 1 i ¢ 1 1 1 1
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I 3 1 1 1 1 1 1 b3
1 1 1 1 1 1 » I 1 1
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1 R 1 1 ‘1. 1 1 1. 1
1 4 1 EDT I S20.01 3I00.01 23800,00 I~ ICN.00G00 T ND I S2T6000.00001
I i 1 1 1 I 1 I_ 1
1 1 1 1 1 1 1 1
1 S I HEIT I 390.CI 150.07 ITIEN0.40 I I00.00C30 I . MDD S0ea00.Go00I
1 1 1 1 1 RN 1 1 1
I 1 1 b4 H I 1 I I
1 1 1 Icub 01 220,01 $35330,00 I AG T ND 1 STIOLNI0.05COI
T I b 1 i 1 I 1_ b
I H 1 I I » 1 1 1 1
H 2 1 CCLD 1 240.01 471,01 115T0.60 I ISLLOGEO0 I NO I cI
z I t 1 1 I . S T 1
i 1 1 1 1 1 1 1T
1 I 1 20LD I 109,01 34T0.07 13009,30 1 3L0.G0GLG 10 ND I
1 I 3 1 I 1 1 1 i
i b : I I i i 1
b 4 I IZLD T O1S0.0T THC.0I T2TEGLO0 I Wa0AN0 I D I 2T
I I_ i 1 I :__ 1 1 1
I I 1 1 i 1 b 1 b
1 = [ ZoLp 1l 300.91.4\@ 4 20750,00 1T 3COL00000 I MDD 1 SSITOON0.0GO0T
: ___ i i I i_- 1 S __1 I
1 ] 1
I (¥} is cas=2 of phsse :ham;'e MASE FLBW RATE i
MININUM AFERSASH TENFERATURE: 20.00
DER OF SUSNETWORXS: 17
FINCH TEMPERATURE HCT ERD:S2G.CO
COLD SND:SC0.00
w2 UTILITY AEATING: o)
MINIMUM UTILITY LDGLI NG 6497?70.0000
TARLE 31. STREAM DATA FOR 105P1
1 1
1 _ DESIEN TAELE FOR 10SF1 1
b ' 1
1 1 NUMEER GOF 1 INLET 1 GUTLET 1 1 OJERALL 1 B
1 1 STREAW 1 TEWFERATURESI TEMFERATURESI ) 1 HEAT 1 1
1 HEY I 1 1 L 1 HEAT 1 TRANSFER I AREA I
I # 1 HOT T COLDI fOT I COLD 1 HOT I COLD 1 LOAD ICOEFFICIENTI 1
i_ 1 1 1 I 1 1 1 1 S by
1 b 1 1 1 1 1 1 1 1. 1.
1 11 41 2 IS00.00]1240.001427.4714T1.001 (2DE+07]1 L1SE+O3 T 311, 1
I 1 1 1 1 1 1 1 . ’ 1 1
1 1 1 1 1 1 1 1 1 1 1
1 21 21 I 1486.00118G.00IZB0O,0014T0.001 JA0E~O71  LI1SE+0T I 370, 1
1_____1 1 1 1 1 1 1 1 1 3
i 1 1 I I 1 1 1 I . 1 1
I 3T I 21 S I460.0012084.001751.791400.001 JSIES07I JISE+03 1 770, 1
1 1 1 1 Yy - %1 ___.%¥_______.1 1 1
1 i 1 1 i 1 1 1 ‘ 1 1
I 41 41 & 1477.47I057.391360.0CGITS0.00F JTOE+671  JISE«OE 1 347. . I
b S 1___,.1 1 1 I 1 1 1 : 1_ 1
I 1 I 1 1 1 1 1 1 1 I
1 51 =1 1 ITF6.001140. oa;: ~.561320.001 .C6E+07I. J15E+03 I 153, .1
1 1 1 1 bs 1 1 1 I___. 1
1 1 1 1 1 1 1 1 1 1 I
I &1 S 1 4 IS12.591160.0G0I1237.131257,391 2564071 .1SE+03 I 204, 1
3 I 1 1 1 1 1 1___ 1 1__ b
b 1 b 1 1 71 1 1 1 1 1
I 731 11 T IT26.001100.00I243.221180,00]1 J1ZE+071 .1SE+03 1 60.3 I
1 1 1 1 ___._.1 1__o___1 1 1 1
1 b1 1 1 177 1 1 1 1 1
I B 1 11 CWIZ4T.201100.001200.0011680.001 72E+061 JI1SE+O3 1 59.9 1
1 1 1 1 1 1 1 R S 1 1 I
171 1 1 I 1 1 S 1 1 1
1 0§71 TI OCW O IZS1.797100.001150.001480.001 J2FE+071  LI1SE+03 1 31S, 1
1 1 1 1 1 1 1 1 1 1 I
I 1 1 1 b 1. 1 1 1 1 b}
T 301 S5 1 CW IZZ7.3131100.001150.007100.001 29E+071  .1SE+03 1 385, 1
1 1 1 i S S 1 1, 1 1 U SR, ¢

TABLE 32. DESIGN TABLE FOR 10SP1
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1 i . 1 J
1 N 1 TARGET 1 LESTGN 1
Y e 1 1 . 1
1 . i 1 1
1 HEAT TRANSFER ARES 1 &34, 1 ~gs1 1
R I : 1 _ 1
17 HURBER OF HEAT EACHAHEERS 1 1 "1
i SBDVE THE PIscH FOINT 1 o 1 a 1
I RILCKR THE FINDH FOIRT 1 0 1 10 o1
b OVEREL 1 16 1 "< 1
1 i 1 1.
3 1 1 "1
1 HOT UTILITY CONSLSPFTION 1 LCOul § L0000 ;
i 1
§"' 17 1 1.
I COLD UTILITY COWEUNFTION 3 . EAGBE+0T 1 L3SBE+07 i
1 I__
? H T1 1
I OFERATING COET 1 L TAS2E+0S 1 I4E2E405 _ i
1 1
? 1 1 "1
I INVESTHENT CoOT 1 L IGETES0S 1 $781. : §
I : 1
§ - 1 1 1
1 TOT&. COST- 1 L4EISE+05 1 L54I0E+0O5 §
: 1 1 :

NUNMEER GF INDEFENDENT HEAT LOAD LOOFS 1S3 O

TABLE 33. PROPERTIES OF THE SOLUTION OF 10SP1

] ]
! SAMPLE PROBLEM :  10SP1 ;
! INTRODUCED BY : Pho,Lapidus [13) , :
‘ " AUTHOR(S) ! REFERENCE # ! TOTAL COST !
! H : (§/yr) H
! Linnhoff ,Flower ! 15 ! 43934 '
] . 1 1] (]
! Pho,Lapidus ! 13 ' 44158 :
e o e ;
! Nishida,Liu,Lapidus ! 2 : 43984 :
! HEXNET : ! 44301 :

TABLE 34. COMPARISON TABLE FOR 10SP1

| The most cﬁmplex example in the literature is 10SP1
which was firéf presented'by Pho and Lapidus. The optimal
solution, costing/ $43934/yr is obtained by Linnhoff and

Flower. The netWork‘synfhesized Ey DESIGN costs $£44301/yr
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and is only 0.83 per cent more expensive than the optimal
one.

None of the two solutions in the above table are
similar to each other, since they all follow different
péths which are numereous when dealing with such big
problems.

Finally, two more problems Qill be mentioned here.
TC1 [15]) and TC3 [25] are solved by HEXNET and DESIGN and
the networks obtained are exactly the séme as the ones

given in reiated papers.
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CHAFRTER V

CONCLUS IONS

This chapter 1is devoted +to. conclusions and four
suggestions to improve the programs developed during this

study.
5.1 Conclusions»

Two separate combuter programs, HEXNET and DESIGN, -
are developed‘ in this study.The former computes the
targets by usiﬁq_ the methods that are discussed in
Chapter II.As a summary these targets can be listed as

follows:

(1) Minimum utility consumption
(ii) Minimum number of heat exchangers

(iii) Minimum heat transfer area.

Consistency éf HEXNET is.checked bv running several
problems abstractéd from literature and nobdisaqreement
1s observed in the calculatiqn of targets (i) and (ii).As
it is not possible to determine an exact target for heat

transfer area in case of match dependent heat transfer
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coefficients, an approximation had to be wused. This
approximation is said to be accurate within 10 per cent
L2717, so the user of HEXNET -should always consider the
limits of confidence. However, this uncertainity has
almost no meaning since the third target is wusually
approached but not reached by the_dptimaf solutions [12].

Ong' superiority of HEXNET is its ability to handle
the problems in which one or more streams undergo a phase
change. Such streams are not considered by most of. the
earlier é;gorithms and limited number of examples are
available in literature.

TARGET 11 is a software package whiﬁh is recently
developed by Linnhoff March Process Integratiqn
Consultants and determines wutility <(hot ahd cold)
requirements of a network [(31]. A phasé change problem
can be §olved with this package by assuming a fictitious
temperature change of 0.1 *F ih the supply temperature of
.the stream either condensing or vaporising.Another‘recent
algoriﬁhm [24] assumes this value as being 1 K.

When Handling phase change problems, HEXNET does not
make any assumptions.The target and supply temperatures
of » such étreams ~ are kept  equal throughout
computation.Comparisoﬁ of the results\of two procedures
could not be poséible dﬁe to absence of examples 1in
literature and thé failure 1in supplying the package
mentioned above. |

Another superioﬁity of HEXNET is the option related

with the minimum approach temperature.The user may choose
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a predetermined ATm:in or let the program to computé the
optimal one.In case of second choice, an ouier loop
employing Fibonacci search is included and by evaluating
the total «costs of several networks (each with a
different ATmim), optimal approach  temperature is
determined.Thus, the user has a chénce té investigate the
effects of that parameter on his object;vé.

The second computer program developed in this study
is «called DESIGN and it performs the synthesi§ of
networks which satisfy targets (i} and (ii).The first
target is reached by developing two separate designs, one
abpve and theiother below the pinch.This procedure does
not allow any heat transfer across the pinch and hence
vields a solution with miﬁimum utility consumption.The
networks synthesized by  DESIGN also include minimum
number of  heat exchanger‘units H satisfying the second
target.As mentioned earlier, a method to reach such a
solution is to maximise the heat loads of heat exchahgers
or iﬁ other words to carry at least one of the streams
from its supply to target temperature at each match.An
apparent disadvantage of DESIGN is the fact that where
full heat récoveryiis difficult to aghieve, i.e., ‘where
more than the minimum number of units have to be used,
the program ma& yleld4 no solution.Few problems in
literature have tﬁese\characteristics.

Generally, the number of possible solutions to a
problem is moré than one.The reason of this 1is

straightforward.Durinq/Lhe unit by unit generation of a
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network, one may encounter alternative paths to follow
te.g. thermodynamic constraints may allow a cold(hot)
stream to bé matched with one of the two different
hot(cold) streams). The path fol;owed at such a deciéion
node, certainly affects the remaining configuration of

the network. In practice, when this situation is

encountered, the engineer selects the solution that

fulfills the requirements of his process dependent
ténstraﬁnts. While programming DESIGN, no ‘const;aints
(excluding. thermodynamic ones) are taken into account.
So, a heuristic approdach was necessary td define the hot
and the cold side fluids of the next match. The approach
is explained in details elsewhere (see Chapter III).
Here the success of this application will be pointed out.
Chapter 1V includes the feasible solutions of nine
S£andard problems.All 'ofA the results contain minimum
number of units and achieve maximum enerqgy recovery.For
five of . them, optimal solutions are confirmed by
DESIGN.For the others, the maximum deviaiion from the
optimal cost is 1.3 per cent which is‘encouniered in case
of 7S8P2.As it " has been already mentioned, the heat
recovery situation is very easy for this problem and’ one
'caﬁ develop several networks satisfying targets (i) and
(i1).
‘Other deviations. are in the range of 0.18 - 0.83 per
cent. These differences mav be due to different stream or
design data which ;re not indicated clearly in mést of

the sources.As it is observed b§ Niehida et.al. £z1, a
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small difference of 0.5 Btu/lb. in the latent heat of
steam used will lead to a corresponding difference in the

total cost of the network of the order of $20 to $80/yr.
5.2 Recommendations

Heat Integration has become an imporfani subjebt in
chemical engineering practice since energy costs have
~increased rapidly for the last decades. It shouid be
priorly accepted that, applying an underdeveloping
teéhnique to industrial processes; each shﬁwinq a variety
of difficulties and problems within itself, is a hard
project to handle. The recommendation part of this study
shows some of the magjor steps to be taken in order to
satisfy some particular needs of industrial problems.

The following suggestiohs may be realised by adding
new subprograms to the exiéting files. However, computer
programs developed in this work are so arranged that it
is also possible to generate new programs thch;can étay
in contact with the existing ones by proper file
operations.

The firs£ sugge;tion is related with the constraints.
Designers are always faced with many more constraints
than purely thermodynamﬁc ones when designing heat
exchanger network;; The forbidden matches constitute a
major part of such constraints. There are many reasons
why a designer midht want to forbid a match between any

given pair of streams, for example corrosion and safety"
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problems,long pipe runs required, or controllability.
Imposing a forbidden match might or might not affect the
possible energy recovery of the network. In general heat
exchandger networks, the problem of deciding whether or
no£ a forbidden match constraint will affect the enerqgy
target, . and if so by how much, bis a’ difficult one.
Howeve?, there are some algorithms that rigorously solve
thi's problem [197.

When it comes to a design method for fdrbiddén;match
problems, an equivalent of the pinch design method has
not been developed yvet. At the moment, the'best way to
approach the problem is probably to produce an
"unconstrained" mawimum energy recovery design by the
pinch design method, and then to modify it in the light
of the constraint and the modified energy target [4];

Secondly, we look at the constraint of impbsed
matches. For reasons of operability (e.qg. start up and
control), layout and in order to re-use existing units in
"revamps", the designer. may want to inélude a certain
match in his design. The same question arised above. is
also valid in case of imposed matches. Remaining problem
analysié wﬁich isiexplained in subsection 2.2.3.3, "is a
poﬁerful tool to determine if extra utiiity requifement
is necessary. Implementation of these constraints to a
cqﬁputer proqram.seems to be a difficult task unless
algorithms LP, MILP, NLP are employed. Problem Table
method is not a su;table procedure to determine enerqv

target under such constraints, since this method is based
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upon formation of superstreams and no exact solution can
be proposed if two streams which would not be matghed
take place in the same interval or the placement of a
heater or cooler on a certain stream af a certain
temperature is required for some reasons;

The second suggestion is related with the usage of

multiple utilities. This application as explained in
section 2.2.5, is more realistic than one hot/one cold
utility «case. During the development of a computer

program ,it is thought that, the major problem that may
arise, is tor determine where to start the design since
multiple utilities often introduce multiple pinch points.
The recommendation is to design away from the most
constrained pinch first (see section 2.2.5.2). In any
case,it may be a hard work to "te&ch“ a computer how to

determine the most constrained pinch. As it is the case

in almost all steps of this  work, one should include

numerous responses to a variety of possibilities which
diffef from one problem to an other.

Third suggestion 1is about the develoﬁment of a
comprehensive loop—breaking evolutionary method for
energy relawxation. . As 1t 1is indicated in section 2.2.4,
thig is the only way to determine capital/energy trade-
offs. It is thought to be béneficial to define a step by

step procedure for reducing units at minimum energy

sacrifice.

¥ Identify a'loop (across the pinch).
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The problem that may arise’ at this step is the
identification of complex "loops. Such loops generally
occur when thé 'streams are splitted in order to reach
maximum enerqy recovery design. The oﬁly way to trace out
a loop seems to be a trial-error procedure.

% Break the loop by subtracting and adding heat load X.

As, mentioned by Linnhoff et.al. [41 it 1is not
possible a priori to say the removal of which unit will
lead ta the smallest energy relaxation. This should also
necessitate some trials before reéching a final solution.
* Recaiculate- network temperatures and identify the

A Tmim violations.
* Find a relaxation path and formulate T={(X).

Now, ‘one  should exploit a path throﬁgh the
network. Complex paths may also occur and trial-error
procedure seems to be thé only way to  solve vsuch a
problem. Begining from one of the heaters, one must trace-
out all possible paths which must be suitable for energy |
relax#tion and end by reaching a cqoler.
¥ Restore ATwmim.

* Calculate the capital and energy costs of the new
configquration.

¥ If exist, repeat the same procedure for other loops.

A final sugagestion is about the computer
implementation of retrofit design procedure. Since many -
existing plants need heat integration to 'save energy,

cpecial emphasis should be placed on this task. Blow, a
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proposal for the develdpment of such a program is given.
HEXNET may aid to the programmer by defining the
targets and  pinch témperature. The topology of the
network to be improved should be regd from a data file;
Knowing the topology and pinch temperature., one can
easily identify the cross—piﬁch exchangers, This
constitutes the first step of the procedure summarised in
séction 2.2.6.3. While completing the network, a sub-
program similar to the one utilised by DESIGN (or méy be
the DESIGN itself!) is necessary. Here, it is thought
that, the programmer -will face a difficulty in re-using
existing units. It should be tedius work to make use of
flexibilities 1in order to fit old exchangers into new

~duties.
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APPENIDIX A

FIRPONACCTI _ESEEJXEQCZ}{

Appendix A summarizes the basic principles of.the
search technique which is employed in  this study to
determine the optimal approach temperature.More
information cah be obtained from [113.

Suppose that we place two points *a, and o
symmetrically within the interval a £ x £ b, as shown in
line‘(I) of Figure A.l.Ifby(Xm) > vy, then we form a
new search interval =, £ % £ b, as line (Ii) bf Figure
A.1. We could, if we wish, place two new search points
within the new interval and repeat the above search
procedure. Instead, however, let us take advantage of the
fact 'that %z has already been placed in our new search
interval from the previous search iniervai, and - that
y(xz=) has already been evaluated.Thenefore; let us piace
only one new search point == Qithin our new intefval,
locéting it symmetrically ‘with respect to x=.The
arrangement of the search points within the new search
interval is shown in line (I11) of Figure A_.1.Notice that
by locating tﬂe ;éarch points symmetrically within any
interval we shall always have subintervals of the same

length, regardléss of which search point yields the
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i "
e - - b a)
x) X2
1 Ly i
¥(x3) 2 ylxy): .
xje o b an
) x5
Ly !
X
x o . b
. X3
L,

Figuré A.1- Search pdint’ arrangement in a Fibonacci
fVSearch 113 . '
maximum;i.e.,
(xz-x1)=(£fx3)éLm. : (A-1)

ObsérQe élso that thé sé#f£h’ééiﬁté'rapidly -ﬁove‘ tqward
each other in sucééséive search jﬁiervals,

19{  »ﬁg noﬁ' }équire“ tﬁat Ln, the “interval of
uncertainty which resqlts from-the séquentialy plécement
of n séarch .poiqts, be minimizéd.We have already seen
that the last two search poihts' ¥m-3 and 3, must .be
symmetrically spéfgdv and'.a distancé E apart Vi{hin‘thg
last search _mewal'. as in ling (111> of Figure A.2.I1f
- fiﬁ:;Pr9yiéﬁsléﬁéféh;ﬁﬁiéfvgi'&(%;:;éfs'kaggéé;;fthéye?;_

then Xe-= forméltheifnew' bopndary:;of “the last search
“interval, - ahdxfkélif¢$ppéaréwyw5fhih tihé' lgéﬂ‘.seérch7
interval.This is shown in lines (11) and (I111) in Figure -

A.2.
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t~
3
-~

‘;"'3 Xn-2

L, | .
Xy : . 4 s m’
P : x"_zl.- S Xpoy b . (_- ),
f L, i

Coam

'Figure A.2- Sequence of uncertainty intervals  in
- Fibonacci Search (111 ‘

Notice that the interval of uncertainty Le—a becomes

equal to (b-3xn-=), the new search interval.Hence we can

write

: ‘-(b - Xem—-= + E) . ’ -

Len = —— . (A-2) .

ok 2 ‘
or

(Lo + E)
L = , (A-3)
2 .

Notice alsd _that the sec?nd—last sea;ch iﬁterval ki;e.,
line (II), F;gure,A.Z) can be writien‘
| (b=3a-x) = (b=3n-i) +~;xn_,—xn;3>, (5—4>
.which':fpomiFigure'A.Z ﬁan be'expregged‘as'
| .lg(bfxn;§) = La 4+ La-z. . a-s)
Howe#er; frém iiﬁéﬁti);df Figu;e'AJZ'we can §éé £ﬁat (b-
Xn-=), the secondflgét search interval, 1is simply equal

to Ln-= providing y(xn-z=) > y(xm-=).Thus we have shown
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that
Livezm = Lem—32 + Ln, (A-6)
wvhich can be generalized to read
Li = Liwz * Liwz=, 1i= 1,2,....,n-2. (A-7)
The arguments that led to the above équations aré not
dependent upon which of the two search poénts in a given.

search interval yields the greater value for y.In Figure

A.2, for example, we could have interchanged the
positioné of ¥n—= -and Hm-= 1in  line (I), " and, again
working our way back from the final interval, obtained

Eguations A-3 and A—?.All that we requiré for Equations
A-3 and A-7 to be valid are the symmetrical placement of
tﬁe search points within each search interval and the
minimum separation ‘of the seérch points within the last
search interval.
Combining Equations A-3 and  A-7 to eliminate.Lm—l
gives
La-= = 3L~ - E. - (A-8)

By successively applying Equation A-7 we can obtain

Linez = 5L - 2€, | (A-9)
Lo—a = BLn - 3€, (A-10)
LA —t = Fu -0~:l.' L - Fu-1€. (A" 11>

The coefficients Fu+as and Fu-. can be generated by

the recurrence formula

 Fuaa = Fuw '+ Fu-—a, l(=1,2,3,;.., (A-12)
providing Fe = FQ = 1.In other words, each coefficient is
formed by adding together the two previous

coefficients.The sequence of numbers so formed 1s known
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as Fibonacci number sequence.The first 40 Fibonacci

numbers afe shown in Table A-1.

TABLE A-1. COMPILATION OF FIBONACCI NUMBERS

n Fn . n v . Fr‘)

0 1 21 17,711
1 1 22 28,657
2 2 23 46,368
3 3 24 75,025
4 5 25 121,393
5 8 26 196,418
6 13 27 317,811
7 21 28 514,229
8 34 2 832,040
9 55 30 1,346,269
10 89 31 2,178,309
11 144 32 3,524,578
12 233 33 5,702,887
13 377 34 9,277,465
14 610 35 14,930,352
15 987 . 36 24,157,817
16 1,597 37 39,086,169
17 2,584 38 63,245,986
18 4,181 ’ 39 © 102,334,155
19 6,765 40 165,580,141
20 10,946

Consider the special case of Equation A-11 when k=n-
1.We have

L1 = Fr-qu-n - Fr'x —?E : (A-13)
or
1 Fraex
L = Ly + —m— €. (A-14>
Fev CFe ‘

Letting L repreéen£s0the length of the original search .

interval, Equation A-14 allows us to determine the
interval of uncertainty remaining after the placement of
n Fibonacci searcﬁ'po;nts,The interval of uncertainty is
reduced to léss than 1 per cent of ihe original search

interval for n=11, as compared to n=14 for a dichotomous
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search.

Once a Fibonacci search has been started, it is ' a
simple matter to continue the placement of successive
search points becouse of the symmetry that we require
within each interval:The question réﬁains as to the
placement of the first two séarch point;.We can answver
this gquestion by considering the belationship between L,
and L.

If we evaluate Equation A-11 for the case of k=n-2,
we obtain

Le = Faoaln - Fo_s€. | (A-15)

Combining this result with Equation A-13 to eliminate Ln

gives
. Fr\—:, : . Fre1Faez = FaFe-m=
Ly = ————— Ly + €, (A-16)
Fl‘ﬁ Fh

which can be written as

Fl"l"-l (_1)\”\
Legp = —-——— Ly + ——m8M— €. ’ (A-17)
‘ Fr’v Fm .

Thﬁs from Equation A-17 we can compute. Lz once we
specify the total number of search points n énd a value
for €.70 begin a Fibonacci search within an ihterval L, =
(b-a), we simply locate xi. a diétance of Lz units from b,
and x# is placed L= units from a.

It should be emphasized that the placemen£ of the
first two search points is‘based upon the condition that
L, the intervai of uncértainty remaining after n search
points have been expiored, is to be minimized.If n=2, the

Fibonacci search simply reduces to a symmetrical two-
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point search, which minimizes L::.When n=3, we ask if the
seafch interval Lax=(b-x.) can be reduced, with x= and &=
still symmetric in L2  and separated- by the minimum
distance E.For this to be so, ., and consequently x=,
must be located closer to the center of L, =(b-a).Thus =
would appear in a diffe:ént ldcatioﬂ in Lz = =(b-
xl).Logating = symmetrically in L=z, we %ould not have =
and = separated by €, which wviolates our original
premise and either makes y(Rz) and y(Xm)
indistinguishable or else increases L= .Hence for n=3 we
see that the Fibonacci search does indéed minimize the
remaining interVai of uncertainty.We can continue this
type of iogic for higher'n if we wish, and thus we show
by  induction that the Fibonacci search technique
minimizes Lnm.

Let us ﬁow consider whét happens when € is allowed to -
vanish.With this condition the last two search points
will coincide, @ and L~ will equal Ln-1/2.From Equation A-

14, we have, for €=0,

1 o
Lr-v = L:L'. (A"lB)
’ Fn
Since X+ = Xem-1, however, we obtain L. with only (n-1),

rather than n, search points.
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