CHAPTER II

LITERATURE REVIEWS

Research in process systems synthesis has progressed toward talking structural
properties of process systems such as operability and controllability into account. This
make sense because the structural properties should be designed in the structure

ed or modified in the final design phase.

generating phase rather than be augme

Recently synthesis design, resiliency! / ork has been discussed and several
—

resilient HEN design metheds have been (Floudas and Grossmann, 1986,

Saboo et al. 1984, C g

repetitive effort to fi : ept the-métho by Cerda et al. (1990) where

the resiliency require
2.1. Problem Definitio

The problem of heat ex e PWOT nth }‘: be described as follows:

A set of a cold stre 1 at supply temperature T;® and at heat
capacity flowrate Wiis to be hicated to tae LB, Concurrently, a set of cold streams
(j =1, ny) initially at-8up ply and at heat éapacity flow rate W; is to be

heated to target tempe temperatures and heat capacity

flow rates may arise H e to real world situations. Hotm\d cold utilities are available

for use. The enthalpy versas tem ﬁature IIalatlonshlglls known for all streams. The

appropriate pﬁjp u ap’eg % mw lg qu’ ﬁcharacterlstlcs are also

given. The objgétwe is to design thg optimal netwo ork of heat exq@}ngers coolers and
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economic for the capital and utility costs available.

For resilient HEN synthesis,'the design objective is to design a cost optimal
HEN that is feasible under a variation of operating conditions. By feasible we mean
that a network must perform satisfactorily by meeting design target temperatures and

maximum energy recovery.



Three major properties of a HEN may be:
I. The maximum energy recovery (MER) or minimum utility usage.
2. The number of heat exchanger units (N,,,).
3. The minimum approach temperature difference between hot process and

cold process streams which is a bottleneck in a design.

In consideration of the ability of a HEN to tolerate a fluctuation of operating

condition, we might add:

4. The resiliency §”#{é—

2.2. Conventional D

, > /here a network is designed at
nominal (fixed) ope 1ti \ \ and MER. The extensive
rewiews on the conve 'Q can, | ¢ n\%, ewhere (Nishida et al. 1981,
Hohmann 1984, Gunders Nat - ':_ 3} and Liu'1987).

The design procedut€'is nérmall ‘pattitioned into two steps:

L.

7 P

2.2.1. Preanalysis m @

This s ¢ a t{ ' igned. The design targets
of a network Qﬂﬂﬂﬂﬂﬂlﬂmmjm number of matches.
Other targ posed.in _rep lifjlh inj ¢ iﬁﬁ 1) heat transfer
area, (ﬁcﬁ?ﬁcaﬁ\ﬂﬁc ﬁ Wﬁnﬁﬁﬂ:j dgliess (1988) for

the literature review.

The maximum Energy Recovery (MER). MER can be determined by using
the temperature-enthalpy diagram (Hohmann, 1971) or by the problem table
(Hohmann, 1971; Linnhoff et al., 1982) or by mathematical programming techniques,
i.e. the northwest corner algorithm, (Cerda and Westerberg, 1983a). The idea of the

first two merges all hot streams into a single composite hot stream and all cold into a



single composite cold stream. By shifting the position of the composite cold stream
curve along the enthalpy axis to produce a separation between these two curves equal
to the specified minimum approach temperature in the temperature-enthalpy diagram,

the pinch temperature and the MER can be the obtained.

The Pinch Temperature. The pinch temperature arises in heat exchanger
network which require both heating and cooling utilities. It is the point of closest

approach, on the temperature scale, of the composite heating and cooling curves as

dictated by the network AT, m approach temperature between hot
process streams and cold pig ach temperature divides the network
into subnetworks with t ﬁallowed to transmit through that

The Minimugy 3 v .' e ‘probable minimum number of
pe predicted by the following
equation (Hohmann, 197 g o \
Where Ny and Ny, are the nuni ersc ess and utlllty streams; N. and Ny, are
the numbers of process z tility streams. blems. with a pinch this equation

should be applied separately-to-the-subnety dbelow the pinch (Linnhoff

'l

etal., 1982). - m
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2.2.2.1. Optimization Techniques

. _J
e

The mathematical programming or algorithmic approach involves establishing
optimization criteria for the network and subsequently solving its performance

equations.



Transportation Problem. The finite linear programming methods in the field
of operation research are the techniques for maximizing the flows of some commodity
between two specified nodes have been employed. The transportation problem
formulation has been used by Cerda and Westerberg (1983b) to determine the
optimum network for transporting a commodity (heat) from sources (hot streams)
directly to destinations (cold stream) through temperature intervals accouting for
thermodynamics constraints in the transfer of heat. Papoulias and Grossmann (1983)
use the transshipment model formulation which is a variation of the transportation
' . The problem is formulated as a

directly to cold streams, the heat

packets are sent from heissireams to rﬁenﬁdes (i.e. temperature intervals)

problem to investigate the o

transportation problem, but.i

first and then to the ¢
(linear programming
linear programming »_:' pec olution of LP and MILP

transshipment models 'do net-at aticall ovide the final matches.

The LP and MILP transshipme 15ed to provide information for deriving
the stream superstnﬂurg, e u including,altegnatives on stream matches,
splits, by passes, @&t .—---—---7——;1: ------------- lzed by using nonlinear

ﬁnﬂgura(ion with minimum

investment cost.
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is no complete theory of how a network is derived, any methods that make use of
process knowledge, thermodynamic laws, matching heuristics, graphics, except
optimization, in reducing the number of possible combinatorial matches to be

considered, or making matching suggestions are under this category.

Graphs or Diagrams Graphs or diagrams have been used as tools to

understand the problem and to devise the solution networks. The graphs or diagrams



which have been used are the heat-content diagram, a plot of temperature versus heat
capacity flowrate (Nishida et al. 1971, Pehler and Liu, 1983), the heat enthalpy
diagram, temperature versus enthalpy (Whistler, 1948). The design strategy is trying
to match the heat load (e.g. area of the plot) of hot streams against those of cold
streams by intuitive judgement of designers and heuristic rules (e.g. match the hottest
hot stream against the hottest cold stream first) in order to achieve minimum number

of units while maintaining MER or vice versa.

Temperature Interval (T) ethod. Linnhoff and Flower (1978a) divides

the network into several subnetworks
e
target temperatures. The amalches in »jach@ls are easy to find. The final

combined network hm’ :

temperature interval some evolutionary design
methods.

Evolutionary d by using the TI method or
other methods resulting i nimum or not achieving MER
The designs can be imp e number of units and utility
consumption. Several evoluti® es are reported (e.g. Linnhoff and
Flower 1978b, Pehl d 1984)

Pinch Method d Hindmarsh 1983) utilizes

design heuristics and nsnghts derived from the prewous work (Lmnhoff and Flower
1978a). The i (1) a heating problem
or, (2) a coolpquaq ﬂﬂﬂ ﬂﬁﬁﬂﬁrk at the pinch. If it is
pinched heat must not be alldwed to tran The suggested
match ﬂqla}a miamuomIQﬁcﬂﬂ ﬁﬁgnlheat across the

pinch, observe the heat capacity flow rate constraints, etc.

Enumeration Methods. This approach employs a variety of search techniques
and heuristics for selecting the optimal matches through the search space. It needs a
reduction of the search space in order to be competent. The search methods that have
been reported are dept first and heuristics search (e.g. evaluating a cost function of the

next 2 steps) by a computer program written in FORTRAN IV (Pho and Lapidus



1973), branch and bound method (Lee etal. 1970, Rathore and Power 1975),
thermodynamic combinatorial method (Flower and Linnhoff 1980), depth-first search

with branch and bounds (Jezowski and Hahne 1986).

Ruled-Based Methods. Mehta and Fan (1987) used knowledge-based
programming to solve the synthesis problem. In their work, two rules for a hot end
and cold end matches are uses to find matches. Grimes et Al. (1982) use two match

types, Type E and Type M, along with other heuristics to synthesize a HEN. A type E

match is a match with the largestave in and a type M match is a match with

s. Their method and heuristics are

implemented on OPS3 : Q rule-based language.

2.3. Resilient Heat \

Design resea hesis of resilient or flexible
process systems in or atic design have been reported.
(Resiliency and flexibili in the literature, even their
meaning are somehow diff ttention has been placed on the energy
recovery systems since it dete alarge extent, the energy efficiency of the
process. The followiag reviéW Willfocus is particular area.

T )
2.3.1. Problem Classﬁ

4 :

‘a
Saboo i i rﬁ’ two classes according
to the kind aﬂﬂﬁgmﬂme pinch location. For the
temperatu jation, ﬁ i i . pﬁ( explicitly as a
functiaoﬁ:jran{rﬁ)ﬁ: ;Iﬁﬂn lf[lgjl:j OEL to Class I, i.e.

the case where small variations in inlet temperatures do not affect the pinch

temperature location. If an explicit function for the minimum utility requirement valid
over the whole disturbance range dose not exist, the problem is of Class II, i.e. the
case where large changes in inlet temperatures or flow rate variations cause the

discrete changes in pinch temperature locations.



2.3.2. Meaning of Resiliency

Several terms have been used in the literature to describe the additional
attributes of HENs which have a capability to tolerate change in input or operational
parameters while achieving the targets. Operability has been used to describe the
ability of the system to perform satisfactorily under normal and abnormal conditions
different design condition. Normal refers to the steady state operation while abnormal

refers to the transient operation during failure, start up or shut down periods.

Flexibility has been used to descri ,' the fabili y of process systems to readily adjust to
meet the requirement of changes 5, 1 dif e stocks, product specifications or
process conditions. Resiliency refe h@f HEN to tolerate and recover
from undesirable par( _. _térm static resiliency or simply

resiliency has been \

Colberg (1989) sff tha o 1d deal with planed, desirable

Dynamic resiliency refers to

the ability to handle

changed which often ha hereas resilience deals with

unplanned, undesirable ¢ , n ally continuous values. Thus a

flexibility problem is a muf ....'_. criod” pc of problem. A resilience problem
= TR : s :

should be a problem v - 4708 OUs of operating conditions in the

neighborhood of n .‘:'(' _=*:' ‘

2.3.3. Resiliency Anamsns m
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generation sta;i a network mustbe tasted fofits resiliency. ®Pwo procedures to

measu ) ahlir 014 i bbb b i Mot 155, Swancy ang

Grossmzam 1985).

Saboo and Morari (1985) proposed the resiliency index (RI) which measures
the resilience of the largest arbitrary disturbance load that can be shifted through
every exchanger in the network without making any exchanger load or resilience
parameter negative. The disturbance load is defined as:

L= W; AT}



where W; = heat capacity flow rate, AT} = variation on inlet temperature from
nominal value.
RI for the network structure is estimated as:
Rl = i Ll maz
And
Li,max = min {Lo, Ry}
where Lo and Ry are the load and resilience parameter at the nominal operating point.

Rl is, geometrically, the distance from the nominal operating conditions to a vertex of

condition. -

J _‘_
Swaney and/ 85) propo quantitative index called the

flexibility index (FI)*Whi ion of feasible steady state

operation. Qualitativ hat can be inscribed in the

feasibility region.

Calandranis and St ngpdulos € présent an operability analysis for a

i
HEN by exploring nonconvexity—of ork. Several cases of HENs are

0 5 2 5 ":""-'w"i-""f'r ,‘- . . 5 s
investigated, e.g. pinch , femperature™” etc ~Their method is written in

ZETALISP and the|piggram-is-operatedin-imteractiveiys~. |

Saboo and l\'gran (1987) use a mathemaucam programmmg approach to
analyze resili )ﬂﬂﬂl ﬁﬂ? Wﬁrﬂ] ? program is simplified
to a linear pro 1xed-intege mming for a case with
piece wis }j] &};] mtﬂv ;.!]ﬁ ?Iﬂer] ﬂmperature and
ﬂowraﬁ iﬁ’ a i ﬁo lefns esti
2.4. Resilient Network Design

There has been no direct method resilient network synthesis until recently. The

strategy has been one of generating designs at a base case and some extreme

conditions and to combine those designs and reduce the number of units. Recently,



Cerda et al. (1990) present a direct design procedure by using a multioptimization
technique to generate a resilient network structure. Otherwise, there is no heuristic

design method reported.
2.4.1. Combination of Designs

Generating designs at a base case and some extreme conditions and combining

those designs to a base design requires that the designs should be similar. However,

the networks designed at extreme condi n be very different from each other.

ethods involve repetitive effort in

mctive has not been included in

onditions is far from trivial.

funding a resilient struct
their models. Also, thé
Grossmann and Morz 84 )8 tha ‘ remie.conditions that seem logical can
load to a poor desig 5 WOl A selec the me m and minimum operating
: ample the extreme condition is
located at the intermedia . ifa a ombined design are then eliminated
by either inspection or usi tirization ‘method 0 obtain a minimum unit solution.
A minimum unit solution isjtested"for restie Sing mathematical programming or
inspection techniques. If a net Vi asible, the network is modified in an hoc

fashion.

Worse cases Tde )32 addressed the problem of

synthesizing heat recove.ly networks, where the inlet temperatures vary within given
ranges and pr y finding the optimal
network stmcﬂ‘eﬁﬂ«; ﬂlﬂﬂ?ﬂ;ﬂmn fi:a?trons separately. The
speci ﬁr ﬁ’( the maximum
coolmﬁﬁﬁ { eijoﬁ ﬂﬁmﬂﬁﬁ ﬂ The network

conﬁguratlons of each worst condition are generated and combined by a designer to
obtain the final design. The strategy is to derive similar designs (matches) in order to

have as many common units as possible in order to minimize number of units.

Corner point theorem. Saboo and Morari (1984) proposed the corner point
theorem which state that for temperature variation only, if a network allows MER

without violating AT, at M corner points (M = 2N, +2N,), then the network is
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structurally resilient or flexible. This is the case where the constraint is convex
(temperature variation is convex), so examining the vertices of the polyhedron is
sufficient. This procedure again can only apply to restricted classes of HEN problem.
Their design procedure is similar to Marselle et al. (1982), but using two extreme
cases to develop the network structure. The strategy for both procedures is finding
similar optional network structures for the extreme cases and the base case design in
order that they may be easily merged and not have too many units. Two extreme cases

are:

flow rates of hot streams ( ~~ streams maximal. This is an

opposite case the abo¥€ o naximum heating is required.

done by attempting to reduce A% and £ not_successful, a new heat exchanger will
PV Vflr I 3 & . . .
added or some healt_\f located. e modified network is still not

resilient, synthesize ork structures atall co ts where the current design is
not feasible. The newEruc ures ar tome current design as possible.

The new design is obtémed by superlm%(.)’smg the current structure and the new

e T T WP
ewmmmwwmﬁ’ﬂ:ﬁ —

operating conditions are given. It uses the design combination method. Floudas and
Grossmann (1986) presented a method to solve the multiperiod operation problem by
extending the MILP transshipment model. The idea behind this method is to construct
networks for each operating condition and select a combination that has the lease

number of units, i.e. an option that has the most common units in that combination.



Superstructure Design. Floudas and Grossmann (1987) presented a synthesis
procedure for resilient HENs. Their multiperiod operation transshipment
(optimiziation) model (Floudas and Grossmann, 1986) is used to find a match
structure for selected design points. The design obtained for feasibility at the match
level. If it is not feasible, the critical point is added as an additional operating point
and the problem is reformulate and solved. If the match network is feasible then the
multiperiod superstructure is derived and formulated as an NLP problem to find a
minimum unit solution. The network solution of the NLP problem will be further
V ann, 1985). If the network structure is
& and change the size of the heat

exchangers or add new_cr i the transshipment model and

tested for flexibility index (Swan

not resilient, either maintai

software package called
is and analysis (Saboo and

Morari 1986a, 1986b). an be tested for a specified

paths, i.e. the paths t ,: nnect bles-downstream to the controlled

variables. They gen€ ‘te HEN design alternatives b
nominal (the ﬁm ﬁ alternative designs are
inspected for%ﬁ IEJa meﬂﬁm ﬁariables and they are
removed tﬁreakmg the troublesofhe downstream. paths. Path bieéking can be done

oy retdebu ank b dinlshanin ] 1 ddcbhind bof easvre, conrol

action is%nserted into the structure.

y the pmch method for the

Sensitivity Table. Kotjabasakis and Linnhoff (1986) developed a sensitivity
table to examine the changes of the controlled variable based on the variations in the
disturbed variables. The base case design is developed and the other cases are derived
and added as a contingency to the base case design. Then, the sensitivity table are

constructed to give the correlation between changes in inlet variables temperatures.



Their procedure is aimed at establishing the trade-off between energy, capital and

flexibility. The designer will decide which contingency is cheapest by inspection.
2.2.2. Drawbacks of Design Combination Methods
As it might be apparent, the drawbacks of these are the same because they use

the same design combination strategy. They are:

1.How to identify the worst cases; the network may be operable at the selected

design conditions but fails elsew ral, the worst operating conditions are

not readily known and may points.
2.The combinati n so, trial and error effort may
be required.

3.Since in g necessarily similar to each
other, there is no gu re the minimum number of

units.

Resilience Of 2-networcis design at-a.strficture generation level so,

a network solution wil

Multi j ‘tﬁ Optimi tg ‘ ible routes for using
optimization ﬂlﬁﬂto yﬂﬂﬂr imﬂnﬂﬁ(l) infinite nonlinear
programming, where the flow of heat from sdurce to sinks@i§ varied, and (2)
multioﬂnﬁt&&e&m ﬁweumaﬂewga aig up as another
sub-objc%tive function along with costs. The first route seems to be a formidable task

and the second case requires a new idea for setting up an appropriate global objective

function.

The problem of synthesizing a HEN which features MER, minimum number
of matches and resiliency can be formulated as a multi-objective optimization (MOO)

problem. In fact the capital cost (reflected by the number of matches), the operating



cost (utility) and the resiliency are in general non-commensurable. So, they should be
dealt with separately i.e., with different functions in the objective representation in the

multi-optimization problem:
Max [fi(x), f2(x) . [3(x)] subjectto: gy (x)<0,I=1,....m

Resiliency Cerda et al., (1990) devised a technique to incorporate resiliency

into the optimization model. The process streams are partitioned into two sets: (1) the

"\

whose entire temperature ganges.dre subjected o es 1.e. the variable parts. They

eir lowest inlet temperatures, i.e. the

ent streams — the process streams
reformulated the probl f objectives | achieved:

1. Maximiz ‘r.among the permanent streams.

2. Maximize fransient hot streams to the

3.
The resilien ondary and tertiary energy
targets that must b¢&ra ptimization objectives are

ted differently. The higher

the combination of tlﬂ
tﬁs the third objective.

priority is given to the Tirst ObJeCtIVC and the last priori
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HEN. Consider an Uncertainty rartge of uncertdin rameters ly temperatures
and ﬂa nga\)ﬂuﬂ um&% ture is resilient
in the glvmg uncertainty range if for every combination of supply temperatures and
flowrates in the uncertainty range is: (1) achieves the specified target temperatures of
each streams; (2) satisfied the specified minimum approach temperature (ATy;n) in
each exchanger; (3) satisfying a specified utility consumption constraint (minimum

utilty combination, or some relaxation factor times minimum utility combination).



Note that we are interested in the effects in the effects of HEN structure
(topology) upon resilience before sizing individual exchangers, we define HEN
resilience with respect to AT i, rather than area. Since resiliency is a property of a
network structure, it can not be added to a design by merely in creasing the size of
number of components of a structure, but only by generating a proper structure.

Resiliency must be considered at the beginning of a structure generating phase.

The resilient HEN synthesis methods presented by Marselle et al.(1982),

Saboo et al.(1985) , Floudas et ’ rda et al.(1990) . Marselle et al.(1982)
identify heuristically the @desngn a HEN and the network
solution is obtained by the etw%bd at the specified conditions.
Saboo et al. (1985) impro hination y testing the feasibility of a
~ 1986) use the combination
1bil;

solution network at

method (multiperio Atsaf \ specified parameter points.
Cerda et al. (1990) eli tri 1 e Or D ' these methods by including
the resilient requireme opiiniza tion model. ‘; he energy recovery is set up in

tree levels with different
"‘.I"J'

..i.f"‘r" Al

While the studies by
as their objective tl:&s yntl

52) and Saboo and Morari (1983) have

pecified range of operating

conditions, Often Q*‘(‘I—::r;f"'-. R snllence is important. An
analysis technique c and for existing networks:

Conventional synthesxs [‘);ocedures often yxeld altematlve HEN dcsngns having similar

-t 1
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bottlenecks from networks in operation. It could help to locate the exchanger which
limit the network resilience as well as the stream which causes the problems, that is,
on which the smallest disturbance is allowed. The engineer could then make a
decision either to modify the network structure, increase the areas of some exchangers

or impose stricter temperature controls on the stream giving rise to difficulties.



Wongsri (1990) developed the heuristics and procedures for resilient heat
exchanger network synthesis. The heuristics are used to developed basic and derived
match patterns which were classified according to their (1) resiliency (2) chances that
they are in solution and (3) the matching rules like the pinch method, and the
thermodynamics law, etc. The mach patterns are also ranked to these properties.
Furthermore the same author developed for synthesize heat exchanger network called
the Disturbance Propagation Method to be used together with the match pattern. The

match pattern concept is used with the developed disturbance load propagation

ﬂ‘lJEl’J‘VIEWlﬁWEI’m‘i
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