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CHAPTER 1

INTRODUCTION

This chapter consists of importance and reasons for research, objectives of

research, scopes of research, contributions of research and research procedures.

1.1 Importance and Reasons for Research

i
Many process stream temperatures in production processes of the pro-

cess industry are increased or/decrcased, by heat exchange between one stream

and other stream (heat transfer Betweenhheat required stream and heat donated

stream) or one stream with'the utility (heat transfer between heat required stream

and heater or heat donated/stream and bé"eler) for saving operating and energy
: #4704

cost. s =

To reduce the energy 'éo‘hsfimption: ;’iﬁ!“ﬁéb,ting and cooling, the energy re-
covery network or hééf‘exdrarrgerrreWork‘rrmmtbe*deﬁséd. The network designs
must not only featuré the economic optimum but alsg ghe resiliency characteris-
tics namely, the abilityjfo cope with fluctuations in ope}ating conditions while still
maintaining adeeptable performance. ‘Resthency is concernéd, with the problem of
insuring feasiblé|steady state operation over a variation of operating conditions.

Heat) @xchargertmetwork { HEN ) 1i§ ot regeivedimiore d&nd firore attention
and is widely used for heat recovery purpose in various kind of industries. Much
effort has been devoted by a number of research groups during the past several
decades since its discovery in the mid 1970 and sequentially developed to the pinch
analysis which can define the maximum energy recovery and minimum utility used
in the process. Moreover, the energy integration can cause the interactions and

lead the process more difficult to maintain the target temperature. Therefore,

in order to achieve objective of procedure and keep target temperature at their



desirable range, the resilient heat exchanger network and control efficiency that
can tolerate variations are important and indispensable.

This research is focuses on the design procedure of resilient heat exchanger
networks and their control structures by Wongsri (1990) in case of input tem-

perature and flowrate changed to maintain target temperatures. The commercial
y

9

process simulator-HYSY'S is chosen t

luate performance of the heat exchanger

ystate and dynamic simulations.
_—-../-F
T——

networks and their control st uc

Jp—— P
.-;5}'%"’—“ j ""4 o

2. It is assumed Lt[yut a utility g}-(‘(')hé,{l - can variations of heat load.

')

ructitires are simulated using

0l structure performance tests. ™

HYSYS for con

¢ o Q
4. All heat ﬁc%% wi lﬂvﬂﬂﬂ‘gﬁhw grfs]eﬂr% to support the dis-

turbance Of heat loads occur 311 process streams. v
=4

. ) Wt Vb bbb bl il BBt ono s

tures design procedure changed input temperature and flowrate using net-
work and control configuration design procedure with 2 independent HEN

problems and 1 process related HEN problem.



1.4 Contributions of research

Heat exchanger network and control structure can be achieved with the

process in the presence of disturbance from the variation of input temperature

and flowrate. It could reduce energy consumption, operating cost and keep safety

in the operation.

e @W

1.

10.

Study the research of L

Study resilience he# \\\\.. erned information.

. Design heat exchanger n > independent HEN problems and 1

process related HEN problem.

A 4 ‘
“exchan etworks.

Steady state simulaf ioft of

Study of dynamic simulatics of heat exchanger networks.
i _,.-!‘J'#,r‘

. Design of contrQl structures for independent HEN problem and process re-

Y
lated HEN problemm. m

. Dynamic s1mulat1qa heat exchang&’ r,network problem with control struc-

turesdeﬁ‘llﬂ’.]‘l’l&]ﬂﬁﬂﬁ]’]ﬂ‘i

. Assessment of the d namlc pﬁrformance ofsthe control stfutture.

AR M NETA

ation results.

Conclusion of the thesis.



1.6 Research Framework

This thesis matter is classified into six chapters as follows:
Chapter I provides an introduction, motivation, objective, scope, benefit
and thesis outline.

Chapter II presents literature reviews related to control and design of

l’j@lmaﬁon and theory of heat ex-
!.d
‘ —

ol structure design which was

tlons of network structure
u\k 990). This can be used

heat exchanger network.
Chapter III covers st
changer network design.
Chapter IV pur
developed from the combi
existed and disturbance &
r structure as described in

to develop the procedn

chapter V. Additionall

ab pproach for selector switch

e
which is the heuristic of s¢ MARIpU a‘t :\ f heat pathway is presented.

Chapter V describes - e « t xchanger network and control
structure by developing proced r _W V. This step can be applied with
general heat exchang ,_______________,___,____._____________u gy disturbance i.e., the
variation of inlet ci .—ﬁ : ﬁ“.l so achieved the target

required.

i ] ‘uéi aUIEILieh | Td i A
qmmmmum’iwmé’a



CHAPTER 11

LITERATURE REVIEW

2.1 Heat Exchanger Network Design

The objectives of heat-exchanger network are reaching the minimum num-
ber of matches and also thesmaxitnum energy recovery. Several methods have
been performed, Graphs or Diagrams QN ishida et al., 1971), Temperature Inter-
val (Linnhoff and Flowerg1978a), Evolutionary Design Methods (Linnhoff and
Flower, 1978b), Pinch#Method (Li_nnhoﬂ? and Hindmarsh, 1983) which utilizes de-
sign heuristics and insights derived from:?thé previous work (Linnhoff and Flower,
1978a). This method has been Widély emplgyed because it is simply and can guar-
antee maximum energy recovery. Tho proi)i({ri_y.must be firstly identified whether it
is (1) a heating problem or, (Q)a cooling prtpblerr_l or, (3) both heating and cooling

problem at which themetwork is separated by pinch. However, it is important to

note that the heat must not be allowed to transfer across.the pinch. The suggested
matching heuristics are start matching from the pinch, do not transfer heat across

the pinch, observe the heatsecapacity flow fate constraints, etc.

Additionally, Saboo and Morari (1983) classified flexible HENs into two
classes adcording t6, the kind“and magnitude of distarbanceés|that affect the pinch
location. @For the temperature variation, they show that if the MER can be ex-
pressed explicitly as a function of the stream supply and target conditions the
problem belongs to Class I, i.e. the case where small variations in inlet temper-
atures do not affect the pinch temperature location. If an explicit function for
the minimum utility requirement valid over the whole disturbance range dose not
exists, the problem is of Class II, i.e. the case where large changes in inlet tem-

peratures or flow rate variations cause the discrete changes in pinch temperature



locations. It is generally believed that Class I problems are more difficult to solve
since the network structure has to vary substantially from one point to another.
Furthermore a discontinuity in the pinch zone occurs, the so-called “pinch-jump”.
Cerda and Galli (1990a) termed this type of problem nonconvex. As they pointed
out, nonconvexities due to flow rate changes are attributed to the fact that some
constraints in the corner point feasibility test become nonlinear. The sources of
nonconvexity are: (1) the changes in inlet teraperature which cause changes in

the stream population in the pinch rar_l}z;e yflowrate variations.

Although, the pinchetechnelogy is the proper way to design HEN, it may
not achieve maximum energy.feeovery Q.MER) in the presence of disturbance. So,

the network design must alsofrealize the resilient of network.

— _—

i
l' &

Calandranis and Stephandboulosf{lé%) proposed a new approach to ad-
dress the following problems: des"igh the Cé-ﬁﬁéuration of control loops in a network
of heat exchangers and seqgenca the controfactlon of the loops, to accommodate
set point changes and reject load dlsturba-lr-ées The approach proposed exploits

the structure characteristics of a HEN by 1dent1fy1ng routes through the HEN

structure that can alfocate load (disturbances, or set pomt changes) to available
sinks (external coolers or heaters). They also discussed several design issues such
as the placement of bypass-lines and the nestrictions imposed by the existence of
a process pinch. An.online, real-time planning of contral actions is the essence of
implementation Strategies generated by an expert controller, which selects path
throughathe HEN 18.to, be used for each entering disturbance on'set point change,
and what'loops should be activated (and in what sequence) to carry the associ-
ated load (disturbance or set point change) to a utility unit. Although this study
provided the comprehensive summary of work on the design of control loop con-
figuration in HENs, it did not report the control strategy, particularly in selecting
and manipulating proper heat pathway. In this current study, we present the
control strategy; how to select proper heat pathway to carry the associated load

to a utility unit, so its duty will be decreased.



The resilient HEN synthesis methods presented by Marselle et al. (1982),
identified heuristically the extreme conditions to design a HEN and the net so-
lution is obtained by combining the network designed at the specified extreme
conditions. Later on, Wongsri (1990) developed the heuristics and procedures
for resilient heat exchanger network synthesis. The heuristics are used to de-
velop basic and derived match patterns and Disturbance Propagation Method.
This method will transfer disturbance from ene stream to another stream which
remain heat. Moreover, this algorithchan ind aresiliency network structure di-
rectly from the resiliency zequircinent énd also feature minimum number of units
(MNU) and maximum. energy reCovery| (MER). And Cerda et al. (1990) present
a direct design procedutre hy using a rrlmltioptimization technique to generate a
resilience network strucitires After ";hat;lg’loypaisansang (2003) presented the re-
silient heat exchanger nefwork design pjoc’edure provided by Wongsri (1990) is
use to design resilient networls for the Hydrodealkylatlon process (HDA Process).
The match pattern heuristig, shift approa@'h and the heat load propagation tech-
nique are essential approach. SlX alterndtmes for the HDA process are redesign to

be the resiliency networks for mamtammg; taTget temperature and also reaching

maximum energy recovery-(MER): 5

Sapsawaipol (2007) presented procedure for design control structure of heat
exchanger network.using heuristic appreaclito solve heat.exchanger network prob-
lems in target temperature ' variation case that is‘able to maintain target temper-

atures at specified values and not violate maxinitum energy recovery.

2.2 Control Structure Design

The objectives of heat exchanger network control are reaching the target
temperature and keeping the minimum utility. There are recently a few research
works concerned heat exchanger network control. Marselle et al. (1982) pro-

posed that all heat exchanger in network should be equipped with bypass and



also all utilities should be considerably settled with control loop. Calandranis and
Stephanopoulos (1988) proposed an approach to design the control loops for a
HEN and to order the control actions of the loops in order to accommodate set

point change and reject load disturbances.

From the process design point of view, Mathisen et al. (1992) provided a
heuristic method for bypass placement.” The resultant HEN is supposedly satis-
factory in rejecting disturbameces over a modeczate range of operating conditions.
Aruilera and Marchetti (1998) propose"’(li optimizing and controlling the operation
of heat exchange networkse Tt was diyided into two kinds as controlling target
temperature and optimization of utilit)‘:’_ﬁ for achieving maximum energy recovery.
This finding suggested that hypass selection should be used at control side. Later
on, Kunlaniteewat (2001) designed thie h@atexchanger network structure based on
heuristic approach including match pattefn control loop, bypass setting and split
ratio. The main purpose was to re?_ich mathum heat recovery and maintain target
temperature in the presence ofismiall dlsturb_@tpces (Classl Problem). After that
Leonardo et al. (2003) propqseg_i-_t;l;;e desig?‘:‘;cgntrol systems capable of efficiently

handling constraint_s-;bn the manipulated variables offih_eat exchanger networks

(HENS). Flexible-strdcgure refers to the capability of the resulting control system
to switch from one closed-loop structure to another that is by switching control

structures when.the main control signals ini order, to keep, regulation.

Wongsri and Hermawan (2004) proposed an appropriate heat pathway,
which igigelected bynmeans of a selective eontroller with-low selector switch (LSS)
to direct 'the disturbance load to a heating or cooling utility unit in order to
achieve dynamic maximum energy recovery (DMER). A selective controller i.e. a
low override switch (LOS) was employed in order to select an appropriate heat
pathway through the process to carry the associated load to a utility unit. In order
to evaluate the dynamic performance of the control system, some disturbances
were made. The results revealed that the complex energy integration deteriorated

the dynamic performances of the process. The new designed plantwide control



structure for HDA process was also compared with the earlier work given by
Luyben et al. (1999). In general, better responses of the furnace and cooler utility
consumptions were achieved compare to the Luyben’s control structure. Both
furnace and cooler duties could be decreased according to the input disturbance
load, since the HPH was applied in the current work. Therefore, the proposed
HPH was proven to be useful as in the

tration of the HDA process to achieve
DMER. 2N \ |

AU INENTNEINS
ARIANTAUNNINGIAY



CHAPTER III

THEORY

3.1 Introduction

This chapter is aimed to summarize heuristie approach from the previous
researches and this approach=insheat pathway view point which was developed
by Wongsri and Hermawan(2004) /It is eventually concluded in law of network
design and design controlstuuciire when the disturbance from flowrate, supply

temperature and target tempgrature occﬁlry_ed.
)

i

3.2 Basic Knowle(ige fo—i;f,_f_-’inch Technology

3.2.1 Pinch Technology )

Pinch technology-has-been-developed-for-more-than two decades and now
provides a systematié methodology for analysis chemicalz:processes and surround-
ing utility systems. The concept was first developed by two independent research
groups (Flower-and [Linnhofff) 1978 (Wmeda gt @ll,”1979)~based on an applied

thermodynamic§ jpoint of view.

3.2.2 Basic Pinch Analysis ' Concept

The pinch analysis concept is originated to design the heat recovery in
network for a specified design task. Starting with do calculate heat and material
balance of the process obtained after the core process, i.e. reaction and separation
system, has been designed. By using thermal data from the process, we can set

the target for energy saving prior to the design of the heat exchanger networks.
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The necessary thermal data is source, target temperature and heat capacity flow

rate for each stream as shown in Table 3.1.

Table 3.1 Thermal data for process streams (Linnhoff and Hindmarsh, 1983).

Start Target Heat capacity
Temperature | Temperature | flow rate (CP),
Ty), °C kW /°C

2
8
2.5

3

Stream No. | Stream type

= W | N | =

Here the hot s s that required cooling, i.e.

the source temperature i | {ha the target. While the cold streams

(3.1)

Where CP = heat ca;ﬁ:ity

VLR () ) AT

F = masg'lﬂow rate of the stream kg/ S

FIGE IR TR PR Gfir cma
flow rate'is constant. In practice, this assumption is valid because every streams
with or without phase change can easily be described in terms of linearization
temperature-enthalpy data (i.e. CP is constant). The location of pinch and the
minimum utility requirement can be calculated by using the problem table algo-
rithm (Linnhoff and Flower, 1979) for a specified minimum temperature different,
AT,in. In the case of AT,,;, = 20°C', the results obtained from this method are
shown in Table 3.2.
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Table 3.2 The problem table for data given in Table 3.1

T T Required Cascade Sum
W% hot cold W AT Heat Interval Heat Interval
o) | Coy | awee) | oy | aw) | aw) | kW) | W)
H1 | H2 | C1 | C2
0 0 0 0 150 130 0 Qh -105
2 0 0 0 145 125 2 5 107.5 10 2.5 10
2 0 2.5 0 120 100 —0-.‘5‘l 5, ‘ 117.5 -12.5 12.5 -2.5
2 [ of2s| 3] 90 | o | 85 ¥ 5 105 0 1075
2 8 2.5 3 60 40 135 -105 27.5
0 0 2.5 3 45 2, e ) 15 - -82.5 30 -55
0 0 2.5 0 40 - 5 -12.5 -52.5 -67.5
j N i %

The pinch se t
hot end and cold end.

t ynamic regions, namely,
€ ising all streams or part of
stream above the pinch i required in this region but

§x
&

is instead desired regardless th =

" \
‘_;"l-/,ij,-"{l_._- .rl'r. o e

is no heat transfer 9ﬁoss the p?nzﬁfihérr‘éﬁm;?m utility requirement is

I 1
Additionally, Saboo and Morari (1983) classified flexible HENs into two
w

classes accordiﬁ 111}%}.1?3 APT Ew?‘erEJM‘T‘ﬂ:%‘that affect the pinch

location. For the temperature variation, they show that if the MER can be ex-

¢
AN T T R
problem belongs tﬁ?l , 1.e. ase where | iations in“inlet temper-

atures do not affect the pinch temperature location. If the explicit function for

achieved.

the minimum utility requirement valid over the whole disturbance range dose not
exists, the problem is of Class II, i.e. the case where large changes in inlet tem-
peratures or flow rate variations cause the discrete changes in pinch temperature

locations.
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3.3 Heat Exchanger network

It is generally accepted that an optimal network must feature a minimum
number of units that reflects on a capital cost and minimum utility consumption
that reflects on operating costs. A good engineering design must exhibit minimum
capital and operating costs. For Heat Exchanger Network (HEN) synthesis, other
features that are usually considered in ‘design are operability, reliability, safety,
etc. in recent years the attention in HEN<Syathesis has been focused on the
operability features of a*HEN;eg. the abilityvof'a HEN to tolerate unwanted
changes in operating conditiens« It has been learned that considering only a cost
objective in synthesis magflead 10 a WOI'}'SQ network, i.e. a minimum cost network
may not be operable at somemeighiboring operating conditions. The design must
not only feature minimtm €ost. but also Be g}ble cope with a fluctuation or changes
in operating conditionss’ The ability of ‘-!a_ HEN to tolerate unwanted changes is
called resiliency. It should he nété that tl}e Jﬂébility of a HEN to tolerate wanted

changes is called flexibility. = :-_;,

The resiliency: _“properﬁif‘—o-'f a design becomes ansimportant feature to be

accounted for Wheri-‘ Fhe extent of integration of a des?fi_g-;l introduces significant
interactions among proéess components. The energy infegration of a HEN gener-
ates a quite complex interaction of process,streams, despite the fact that transfer
of heat from hot to cold process streams is the only activity of the network. The
goal of a network is to deliver the process streams to their target temperatures
by using most ‘of their-heating ‘and cooling ‘availability and| a-«ninimum of heat-
ing and ¢ooling utilities. The process streams are coupled through a net of heat
exchangers. Changing in conditions of one stream in the network may affect
the performances of many heat exchanges and the conditions of several process

streams. Since resiliency is a property of a network structure.
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3.3.1 Definition of HEN Resiliency

In the literature, resiliency and flexibility have been used synonymously
to describe the property of HEN to satisfactorily handle variations in operating

conditions. These two terms have difference in meaning.

The resiliency of a HEN is defined as the ability of a network to tolerate or
remain feasible for disturbances in operating onditions (e.g. fluctuations of input
temperatures, heat capacityflowrate, (iltc.). AS mentioned before, HEN flexibility
is closed in meaning to HEEN"resiliency, but HEN flexibility usually refers to the
wanted changes of process conditions, a.g. different neminal operating conditions,
different feed stocks, etet That sy HEN ﬂeﬁcibility refers to the preservation of sat-
isfactory performance despite Varyi;lg coﬁc.iitions, while flexibility is the capability
to handle alternate (desizable) op'ératiné‘; conditions.

i

A further distinction between resil»‘iggcy and flexibility is suggested by Col-
berg el al. (1989). Flexibilify deals with pléﬁé&, desirable changes that often have

a discrete set of values; resilience deal Wi’_ﬁl‘:{:;-ugp_lanned, undesirable changes that

naturally are continudus values. Thus a flexibility is a ‘multiple period’ type of

problem. A resiliencd problem should be a problem with a continuous range of

operating conditions in"the neighborhood of nominal eperating points.

In order to make Alternative 6 of HIDA plant more economically appealing,
the minimum number of auxiliary wtilities is identified using the proposed design
scheme adapted from ‘Wongsri'ssfRHEN (for resilient heat exchanger network) de-

sign method.

3.3.2 Heuristics

The heuristics approach is based on the use of rules of thumb to provide a
plausible direction in the solution of the problem. There are a number of design

procedures using heuristic in structuring an optimal network featuring minimum
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number of matches and maximum energy recovery (Nishida et al., 1981, Linnhoff
and Hindmarsh, 1963); however, there are to be the best of our knowledge that
use heuristics to structure a resilient network.

The following are heuristics from the literature classified according to the
design criteria.

The heuristics to minimize the capital cost (the number of heat exchang-
ers):

Heuristic C.1 To generate a hgat exchanger network featuring the mini-
mum number of heat transfertinits. let is match eliminate at least one of the two
streams - a “tick-oft” rulé"(Helunann, 1971).

Heuristic C.2 Prelersthe mat(‘hes that will leave a residual stream at its
cold end if a problem ig'a Heating pro@em and at its hot end if a problem is
a cooling problem. Obviously. a'match,‘: of this type will feature the maximum
temperature difference. ‘ v

Heuristic C.3 Prefer mat@hmg largégheat load streams together. The sig-
nificance of this rule is that the: (,ontrol problei’n (a capital cost) of a match of this
type(whether it is 1mplemented‘ by one or'mémy heat e;(changers) should be less
than that of heating cir—eoo}rrrg—a—}arge—stream—mfh—maily small streams.

The heuristigs;rtb minimize the energy cost (théﬁ. Ihinimum utility require-
ment): h )

Heuristie \F.1 Divideithe problem‘at the pinch intg subproblems and solve
them separately](Linnhoff and Hindmarsh, 1983). This is followed by the next
three heurigtics:

Heuristic E.2 Do not transfer heat across the pinch.

Heuristic E.3 Do not cool above the pinch.

Heuristic E.4 Do not heat below the pinch.

The laws of thermodynamics:

Rule T.1 In a heating problem, if a supply temperature of a cold stream

is less than a target temperature of a hot stream by the minimum approach

temperature AT,,;, or more and the heat capacity flowrate of a hot stream is less
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than or equal to the heat capacity of flowrate of cold stream, the match between
these two streams is feasible. (Immediately above the pinch temperature, the heat
capacity flow rate of a cold stream must be greater than or equal to that of a hot
stream.)

Rule T.2 In a cooling problem, if a supply temperature of a hot stream
is greater than a target temperaturejof a cold stream by minimum approach
temperature, AT,,;,, or more and the heas capacity of flowrate of a cold stream,
the match between these two streamsJis Certaluly feasible. (Immediately below
the pinch temperature, thesheat capacity flow wate of the hot stream must be
greater than or equal testhate6f.a cold stream.)

Rule T.1 and T2 can'he used as a qulck checks in match feasibility tests.

Rule T.3 For a sifuaion dlﬁerenﬁrom the above rules, a match feasibility
must be determined by checking'whcth,er “the minimum temperature difference
of a match violates the minimuin abpro&;;;h temperature, AT,,;,, specifed by the
design. e -'-:-‘Jf-g _

The heuristics that coﬂééfﬁ, heat lééﬁ-Jgtate that one must match a large
heat load hot and cold strearisfirst. Howé"&;'éif*' wewant to propose two heuristics:

Heuristic N. 1 We—propose—that—ferr—a—heabmg—ﬁﬂoproblem a match where
the heat load of a cold stream is greater than of a hot stream should be given
higher priority than the other. The reason is that the net heat load in a heating
subproblem is(a deficit. | The'sum' of heat, loads of ‘cold streams is greater than
that of hot stredms. The proposed match will likely be present in a solution.

HeugristieyN72 Conversely;we prefer) asmatchy whererthe-heat fload of a hot

stream is;greater than that of a cold stream in a cooling subproblem.

3.3.3 Physical Approach

In this section a physical or heuristic approach to synthesize a resilient HEN
is discussed. By a physical approach we mean the use of the principal knowledge
of the HEN and the synthesis heuristics. We believe that this approach will give,

not only an understanding of the design, but also an insight to the problem of
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control and operation as well. The match pattern and the heat load propagation
concepts will be explained. The match pattern representation and the heat load
propagation method will be used extensively in the resilient HEN design.

The following definitions are for clarity and identifying the scope of the

terms that will be used in this research.

Definition 3.1 Heat Exchanger Load /Ly ): Heat exchanger load is a load

of heat exchanger, E; at the design condition.
J

Definition 3.2 Process Stweam Load (Lg, ): Process stream load is a load of

process stream, 5; at the design conditilon.

Definition 3.3 Heat €apacity Elo@?dte (177): The heat capacity flowrate of

. . . . ", S,
stream i for design is themininaum yalue in its range.
¥ L

Lad 44

Definition 3.4 Stream Resiliéncy }‘iqrameter (S): The stream resiliency

parameter is a measure of the difference in -ﬂ}e heat load of a stream i from its

current value to when its heat .capacity ﬂd\izvipai;e_equals the heat capacity flowrate

of stream j, Wj.

T 5= Wy - @) )

Where (i,j) is a pair of hot and cold streams L; > L;, T" is a hot end temperature
and 77 is a cold efid [ténipEratiite Of & Processdtieann) W 1W> W, S; will have a

negative value.

Definition 8.5 Original Disturbance (D): The original disturbance now in-

cludes the heat capacity flowrate disturbance.
D; = D!+ DY + D! (3.3)

Definition 3.6 Supply Temperature Disturbance (D?): The original dis-

turbance of a stream is the disturbance entered at the supply temperature.

DY = (Tl — TPurelvy s 1, (3.4)

i,max i,min



18

Definition 3.7 Target Temperature Disturbance (D!): The original dis-

turbance of a stream is the disturbance at the target temperature.

Df — (T'target . Tfarget) % Wz (35)

i,max i,min

Definition 3.8 Flowrate Disturbance (DY): The flowrate disturbance is the
increased heat load due to an increase of heat capacity flowrate from its minimum
(design) value to its maximum value over fhie maximum temperature range of such

a stream.
v

D (VVi,maI ™ VVi,min)(T'l - T2 ; ) (36>

% 1,Max 1,min

Definition 3.9 Utility Exchanger Reszlzency (Ry): Utility resilience is the
capability of a utility exchanger fo handle,extra load. The value depend the kind

of disturbances: propagated disturbance-or own disturbance.

i
l' &

For a positive propagated'- disturfoahce, the maximum utility exchanger

resiliency is the value of ufility exchange'r'_‘dlity at the specified design condition.
|’
For an own disturbance or a negaﬁne propagated disturbance, utility exchanger
,u
resiliency can be unlimited. ThlS IS possﬂcrle‘lf there is a bypass line to direct the

unwanted fiowrate to: the utlhty exchanger Of course there is a limit for practical

realization.

Definition 3.10 Stream Resiliency (R,): Under the assumption that a by-
passed line is a_standand featuve of everycuniti | ThesStreant:resiliency is the sum

of the resiliencies of the down path units on that stream.

Definition'3.11 | Network Resiliency (Ry): Network resiliency is the mini-

mum value of stream resiliencies.

Ry = min{Rg,} (3.7)

3.3.4 Propagated Disturbance

Wongsri (1990) developed the disturbance propagation design (DPD) based

on the shift approach. In order to a stream to be resilient with a specified distur-
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bance load, the disturbance load must be transferred to heat sinks or heat sources
within the network.
There several design conditions, and usually, these are specified at extreme

operating conditions as follows:

1. Nominal operating condition

This is an operating co

and mass balance of a pro&
this condition most of @

| / btained from a steady state heat
@a network must be operated at

lation in operating condition

2. Maximum heat lo

This is a conditd

dition.

. =TI,
3. Minimum heat loi()i conditioni- ="
\ i .

This is a condition where all process streams & \-‘ minimum heat loads.

For example, input te Tper arc the lowest and of cold streams

are the highest. This 1's also known as the lowest maximum energy recovery

i FUHINININYING
ﬂowﬁiﬁﬁﬁﬁﬁimﬁ HATUEART e

and heat exchangers to dissipate in heat sinks (coolers) or heat sources (heater)

of a network. In this approach, there are two cases to be considered as follows:

1. The disturbance load is shifted to a utility exchanger within its network,

where it does not across the pinch temperature.

2. The disturbance load is shifted across the pinch temperature to a utility
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exchanger within its network.
The principles of the DPD can be summarized as follows:

. The disturbance load of a smaller stream will be shifted to a larger stream.

The propagated disturbance of a process stream is the disturbance caused by
tream to which such a stream is matched.
ted disturbance. The new dis-

a variation in heat load of proce
|

Only a residual stream
turbance load of a r um of its own disturbance (if

any) and the pro

. The design con 25616 B\ um heat load condition.
This is a condi hefels L process streams at their minimum heat
loads. For exam

and those of cold stre re ﬁ hest

. Then only the positive stq.%c ds of

Thus, the positive disturbéa e toad

hot streams are the lowest

ocess streams were considered.

ating from the hot stream is shifted

e

to heater, and the posi 1_ sturbar originating from the cold stream

is shifted to the-coole
v

lli 2
ﬂ‘UEJ’JVIEJVIﬁWEJ\’m‘i

’Q‘mﬂﬁﬂ‘im UA1AINYA Y

Figure3.1 A concept of propagated disturbance
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Dy @ The original disturbance of hot stream from supply temperature

Dy @ The original disturbance of hot stream from target temperature

D¢y @ The original disturbance of cold stream from supply temperature

De¢s @ The original disturbance of cold stream from target temperature

Ly : The Load of hot stream

Lo : The Load of cold stream

T: : The inlet temperature.of hot or Cgld streauat the lowest

T, : The inlet temperature.of hol or cold stream at the highest

Design condition was sgle€tedetohe the minimum Lieat load condition. Thus, only

positive disturbances were considered. |
For a pinch problém gthe prg(_iess-‘j‘freams are partitioned into heating and

cooling subproblems. The pinch "t'emperll;‘atiire for the resilient HENS problem is

no longer a fixed point butis deﬁ-ned by aregion determined by one or more pinch

determining streams. The pinch range can'be a single continuous range or two or

e---’f;

more disjointed pinch continuous ranges.

aaj
I

g a [y ey

et ™ ol el

A new procedu&je for stream partitioning must b(_‘: developed for the distur-

bance propagation fééhnique. Maintaining MER means that the balance of the
heat load of process stréams above the pinch point must be transferred to heaters
and the balancesof heat,load of parts .of process. streams below the pinch point
must be transferred™to-eoolers.

The provision for pinch variation is' made in oufsynthesis procedure:

1. The inlet and outlet temperatures of the partitiohed process streams, by
our convention, are subjected to modification within the range of the pinch
region. The partition point for a hot end is the lowest pinch temperature in

the pinch region and that of a cold end the highest pinch temperature.

2. The minimum cold end temperature, T2 (the target temperature for a hot
stream, the supply temperature for a cold stream) for process streams in

a heating subproblem is the highest pinch temperature and the minimum
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hot end temperature, T1 for process streams in a cooling subproblem is the

lowest pinch temperature.

3. The pseudo or pinch-induced disturbances are created to account for the

pinch temperature variation.

3.4 Match Patte@‘”///

A heuristic apprz&&gﬂ or@ a resilient HEN has been

presented by Wongsri

S defined as a network that
provides a down path for wari str so that their specified input
coolers in their network

d MER. HEN synthesis is

heat load disturbanc
without violation in t

usually considered as a igl’ fatchi . Match patterns are the

] ok
_e,/«w’ L2/ N

3.4.1 ClassesLIQf Match Pat(

There are four

and cold streams according

xﬂand the length (heat load) ofstream. The four match
patterns are c ﬁ @ s and simply called
A, B, C, and ﬂuﬁ. ?jmlﬁ ﬂﬁtﬂaﬁma’mh must belong
ARSI Inen &y

g ]

Class Aql\/latch Pattern

to the match positio

The heat load of a cold stream is greater than the heat load of a hot stream
in a pattern, i.e. the hot stream is totally serviced. The match is positioned at
the cold end of the cold stream. The residual heat load is on the hot portion of
the cold stream (Figure 3.2).
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Class B Match Pattern

The heat load of a hot stream is greater than the heat load of a cold stream
in a pattern, i.e. the cold stream is totally serviced. The match is positioned at
the hot end of the hot stream. The residual heat load is on the cold portion of
the hot stream (Figure 3.3).

Class C Match Pattern 0\

The heat load of a ho —,‘_q___ﬂ s greaser ghan the heat load of a cold stream
in a pattern, i.e. the cold streami is to all_d. The match is positioned at
the cold end of the hot steefine The fesidua ’--;.. . load is on the hot portion of

the hot stream (Figure

Class D Match Patie &-' = ‘ \
The heat load of & cold s ea ‘ cate

\

in a pattern, i.e. the hot stren \\ . The match is positioned at

the heat load of a hot stream

the hot end of the cold stre ‘ - e load is on the cold portion of
the cold stream (Figure 3.5).

ﬂ‘UEJ’JVIEJVIﬁWEJ’]ﬂ‘i
Q‘W%Nﬂ‘im UA1AINYA Y
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A“Match Pattern.

AULINENINYINg
ARIAATAUIM TN

Figure 3.4 Class C Match Pattern.
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d To othor exchangers

Actions
sMatch H and C
Status of H < Matched**
\ T2 + LpWst
og+=Llo-Ly
Mstch H and C
us of O = Matched
JTHE I;';, Wi \ Th =T — LoWg!
Fattern B L,;npm ‘::‘“ﬂ ) Ly<Ly-Lo
: Match H and C
Status of H <= Matched
TE = T8 + LgWst

Pattern A[C)
9 WH < W T «=TH +LcWH
Pattern B[.H.] TE_. = TE —ngﬂ-i Lg=Lg—Lg

*  T'ztarget temp, Esupply temp, W=heat capacity flowrate, L, Q=heat load.
**  Cold stream temperatures are shifted up by

*** T here are two statuses of process streams, ‘active’ and ‘matched’. This will
exclude this stream from a set of process streams to be selected next.
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Table 3.4 Match Pattern Operators of Class C and D

Match Operators Conditions Actions
T\ >TS Match H and C
L, > Ly Status of G=Matched
H t t -1
WH SWC THCTH_LCWH
Pattern C[H] Li=bhi-L
TS>T. Match H and C
Status of H=Matched
Ly <Le T e T 4 L, W
W 2W C C H C
171/ Lelo- Ly
Pattern D[C]
T, =08 Match H and C
gt Status of G=Matched
H
T <T - 2
WC <WH H — H LCWH
Pattern C[C] <+ Lewi Ly =bhi -k
TR 2% Match H and C
= < Status of H=Matched
s Lo TiaeT + L, W
W <W C C H C
S Lelo- Ly
Pattern D[H] T TE= g W

3.5 ReslientMatch Patterns

When the residual heat load in a match pattérn is matched to a utility stream, it
is a closed or completed pattern. Otherwise, it is an open or incomplete pattern. It
can be seen’that ifithe heat l0ad! of ‘the residual stteam is less than the minimum
heating or coaling requirements (depend on the types of the problems and the match
pattern), then the.chances that-the.match pattern will be-matched to a utility stream is
high. Sq@, we give 'a match“pattern‘which residual’ less than the minimum heating or
cooling requirement a high priority in match selection. Resiliency of a match pattern
can be achieved if the disturbances in input conditions of the hot and cold streams can
be transferred to the active stream (a residual portion). For Class A and Class B
(Figures 3.2 and 3.3), the disturbance
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of a member stream can be transferred to the residual. So, they are considered to

be potential resilient match pattern.

For Class C and Class D (Figures 3.3 and 3.4), we can see that only the
disturbances of a hot stream in Class C and of a cold stream in Class D can
be managed but neither a cold stream in Class C nor a hot stream in Class D.
Since these two classes cannot handle disturbance of one of their streams, they
are considered non-resilient mateh pattern.-Class C and Class D match patterns
can be taken into account only when the nofi Tesilient streams in these classes are
not subjected to the varlatlons Tithe other streams in Class C and Class D must
be resilient, its re81dual strea,m must bk connected to either Class A or Class B

match patterns. Hence the only two classes of interests are Class A and Class B

i — ]

7 L 4
3.6 Resiliency Requlrement Test

The test of a resﬂlent match 16T thé!ﬂowrate variation case must also test

for the resiliency according to tempCI ature_and heat capacity flowrate variation.
,|’_ W "

e '_: _!jl‘_"‘-ﬂ*' -

Two tests are jt_equired for a specified resiliency for a match with flowrate

variation, the first oﬂe is the disturbance load as in thé‘ﬁemperature disturbance
case and the other one“is for the heat capacity flowrate constraint.

o Disturbance load-Constraint, .. This. test, is to check whether the given
disturbance can passthrough a heat'exchanger to'the residual stream and whether

a residual stream can handle the given disturbatiee.
Dy <min{E;;, R;;} (3.8)
For match patterns A[H] and B[C],
D¢ < Ry, (3.9)

o Heat capacity flowrate constraint. This test is to verify whether a match

is able to deliver a small heat load process stream to its target temperature.
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In general, for a match with both type of disturbance, the resiliency requirements

are:
DY+D¢+D! < min{FE;;, R;;} (3.10)

D¢ < E; (3.11)

In shot for the heat capaci rate variation case, one more test is re-

o Temperature varis ircase: B @i disturbance load.

o Heat capaci variation case eat capacity flowrate con-

esilient a process stream with a

lower heat load much*mateh i axiI oad against the minimum heat

load of a larger process'streanm. N - ’
The match test and resiliency fest equation of Class A and Class B match
patterns are shown in Table 3:5."Those of Cla and Class D are shown in Table

3.6. In the tables, the temp .:~r5-:fa-:f? Id streams and scales up by AT,

AU INENTNEINS
RINNIUUNIININY



Table 3.5 Match Operators |

Match

Operators Match Test Equations Resiliency Test Equations
T, =TS
Ly <L D* 4 D“ 4+ D?,; <R.p
D® < E .y +5
Pattern A[H] We =W, cu +Scu

s "i".‘ II’ y/
By D+ D?, < Ry
N o<W ’ ﬂ{ EH£+SH£

Pattern B[C]
v \\\ L, <min {RCH Em}

AY/ " M
Pattern A[C] 5 / (= ‘ \ E‘-‘-‘* e
7 . ‘ 7}.‘_ i \\ A
K A Aes D& £ De. <min{Ry,c, Byl

Pattern B[H] s s ’:,';;"" - THL + SH“C

ﬂUEl’J'VIEWI?WEI']ﬂ‘i
ammmm UNIINYAY
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Pattern D[H]

TO> T Lo

Match . N .
Operators Match Test Equations Resiliency Test Equations
T, =>TS
Ly > Le D°+ D“+D:y <Ry
DY < E,pnut+5
Pattern C[H] W, <We cr S
TS =TS
Lis ke DS+ D+ Dy = Ry
DY < E,.+5
Pattern D[C] WISWe 9 we +Suc
T 1
LH > LC 1 & T | & . { }
W< W, | PR DS By MINARe 4, Ecy
' ' DR< E.p+5
T o
LiF < S5 59 4 .
W, W, q’fﬂ-l- DE ¥D;, <min {Rg.cr E:—:.c}

- D& < 4
o P = By tSg

—

a Ja vy
g

3.7 Design of Heat Pathwaysfor Dynamic MER

For the plantwide energy-management, the heatspathways.through the network

are designed so that, the dynamic MER' can always be achieved.

In this work, the

heat pathways are designed based on' the match patterns design ‘and disturbance

propagationitechnique (Wongsri, 1990)
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_%

Figure 3.6 Heat patM

dynamic MER, where: As”

of the cold stream t

A vl .
_,l'f.‘,-a'ltz A e

A simplified IBEN as shown in F"i 1

propriate heat pathway should be act —__ 7 associated load to the utility
unit. For instance, @n the inl ¢ of aaisturbed cold stream de-
creases, path 1 (Figure 3 @ should be acti ivated by controlling the cold outlet

temperature OW E}f‘}vw%}ﬂﬁ Af\ofuiTting i positive disturbance

load to the coold, Thus, the positi ye dlsturbance load of a cold stream will result
n QI NERG YN RV B
a disturbed cold stream increases, path 2 (Figure 3.6b) should be activated by
controlling the hot outlet temperature of FEHE to shift its negative disturbance
load to heater. Thus, the negative disturbance load of a cold stream will result in
decrease of the heater duty.

On the other hand, when the inlet temperature of a disturbed hot stream
increases, path 3 (Figure 3.6¢) should be activated by controlling the hot outlet

temperature of FEHE to shift its positive disturbance load to heater. As a result,
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the heater duty will be decreased. Consider the case when the inlet temperature
of a disturbed hot stream decreases, path 4 (Figure 3.6d) should be activated by
controlling the cold outlet temperature of FEHE to shift its negative disturbance

load to cooler. As a result, the cooler duty will be decreased.

3.8 Design and Contra Heat Pathways for
Heat Exchang W’“ , S

e Any heat exchager will have enough heat transfer area to accommodate

b o) 1) ) L RER)

e Bypass liles are provided to °;*)Lll heat exchangers as a standard feature to

“RRARNN I UANAINYA Y



CHAPTER IV

PROCESS AND DESIGN

4.1 Introduction

W,

| clgpt

As discussed in th ork will be resilient if distur-

bance loads can be tra order to maintain target

temperatures at speci

(1990) using (1) match pa er@g}l s i mapping one design state to the

next and (2) heat load prop&gﬁi@ﬁ%é . s.can be carried in steps as follows:
n ;

1. Pop a match k of match patterns.

2. Apply the matcgpattern to matched pair of sﬂams If the streams sat-
isfy the ﬁ ziﬁnilrhe T sﬂl%€ irem to the next step.
Otherwi ﬂ "J EJ j/l ﬂgj ﬁe?p]e‘fous step).

AR H3BIY o iF] T Y
Q oW ﬁﬁﬂ hot and cold
streams
Resiliency test: Check the disturbance load can be shifted from the smaller

heat load to the larger heat load stream.

3. If a match is found, exclude matched streams from a set of process stream.
Change the condition of residual streams. Include the residual streams in

to a set of process streams. Go to a new design state (the first step).
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The new supply or target temperature will be adjusted according to the
regular heat load and the disturbance heat load of the matched stream. The
new heat load of the residual stream is the value between the supply and target
temperature at the design condition.

The new disturbance load is the sum of the disturbance load from supply

temperature of both matched streais d target temperature of stream which

smaller heat load. A special treatmen geeded for a pinch match or the match
starts off from the pinchp - wvdisturbance will be the sum of the

upstream disturbance - and the difference between

the pinch induced dis See Figure 4.1.

AU INENTNEINS
RINNIUUNIININY

4. For a pinch match of stream i and j for which W; > W, and L; > L;, the

disturbance of a residual stream j:

DjZDH-(Dj,pmch - Di,pinch)
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The disturbance at the pinch of the two streams must be deductive instead
of being additive as in general case. Since the variations of the inlet temperature
of stream j and outlet temperature of stream i are not independently varied but
tied to the pinch temperature.

The disturbance at outlet stream position induced by the pinch variation

has no net effect to the other streams since:

e By the deductive effect described above. 1t should be denote here that by
considering only match pattern Class-A~and Class B, only a larger heat
load and heat capaeity flow. rate stream can be matched to such a stream.
Therefore its downstreamn disturbﬁmce will be engulfed by a larger stream to
which such a streain is matched. br;_ly the remaining upstream disturbance

of a larger stream (and idon’t-forget the upstream disturbance of a small

stream, if there is any) will be proiﬁagfated fio its own residual stream.

e No none-pinched stream cap be mzi.tched to such stream because of the
abd vl

temperature constraint. ;.. st

5. If there are only hot e cold streaﬁié-—léf‘e in the set of stream, match the

streams with the utilify.

6. If no match is found in a current design state, therc might be other solutions

available. Go to the sétond step.

4.3 TheNew Heuristic Design Procedure forHEN
Contrel ‘Configuration and Operation

For any HEN configurations, based on the method developed for the above
models, we propose the outline for the design of control configuration for heat

pathways management to achieve DMER as follows:

1. The heat exchanger network for a particular processing plant should be de-
signed as a resilient HEN following the match pattern proposed by Wongsri
(1990)



36

(a) Design the match pattern in HEN as Class A or Class B so that they

are considered to be potential resilient match pattern.

(b) If there is the match pattern in HEN as Class C or Class D, they are
considered as non-resilient match pattern. For the remedy, any Class

C or Class D in the match pattern should be redesigned so that its

residual stream must he T ed to either Class A or Class B. Hence

the only two classa@ v &SS A and Class B.

2. Use Bypass strea@ . w stream should be settled
on the cold sideM uld be s ‘ uip measure equipment and
control valve on t S Othe and, it should settle bypass

stream on the cont#bllifiofside e : W er it is hot or cold stream.

\

However, the select best performance of control
system.

3. Control loop must be g the disturbance load path. Calan-
dranis and Stephanopou ed that it should select the distur-
bance load p%’%relatea;%’%ﬁé."‘lé{dét heat exchanger namely the
shortest path | = “disturbance on another

part of network.D " m
T TS T

a) shift D+ of cold stream or D-of the hot stream to the cooler utility,
¢ o o/
AWTRANTHAINIINYIaE
(b shift D- of cold stream or D-+of the hot stream to the heater utility,
thus its duty will be decreased.

5. A selective controller with low selector switch (LSS) should be employed
to select an appropriate heat pathway through the network to carry the

associated load to the utility unit.
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6. The number of LSS to be used in a particular case can be determined as

follows:

(a) Identify the heat pathway of disturbance.

(b) If there is only one heat pathway (see Figure 4.2), it do not need to be
set the LSS.

(¢) If there are more tha « e heat pathway, it need to be set the LSS (see
Figures 4.3). -4

AULINENINYINg
ARIAATAUIM TN

Figure 4.3 More than one heat pathway
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4.4 The Hydrodealkylation Process, (HDA Pro-
cess)

In this section, we presented the process for the Hydrodealkylation (HDA)
which converts toluene to produced benzene. Figure 4.4 shows nine basic unit
operations: reactor, furnace, vapor-liquid separator, recycle compressor, two heat
exchangers, and three distillation colummns.+"Uwo raw materials, hydrogen, and
toluene, are converted into'the benzengF productywith methane and diphenyl pro-

duced as byproducts. Thestwo vapor-phase reactions are

Cr Hg(Toluene )+ Hy(Hydrogen) + Cglg(Benzene)+CH, (Methane)
2Cs Hg(Benzehe) = (s Hig(Benzene)+ 15 (Hydrogen)

— _—

The kinetic rafe expressions are ﬁ}mctions of the partial pressure (in psia)
of toluene pT , hydrogen pl. benzeno pB, and diphenyl pD, with an Arrhenius
temperature dependences Zimmerpian and York (1964) provide the following rate

expression. § Y 22

. T=36858 X 100exp( =281 )y, 'L

where 7 and 75 have lll-litS of Ib-mol/(min*f#%) and T 1‘s the absolute temperature
in Kelvin. The heats of feaction given byeDouglas (1988) are -21500 Btu/Ib-mol
of toluene for 77 and 0 Btu/lb-mol for 7.

The effluent from the adiabatic reactor is quenched with,liquid from the
separater. This quénched stream is the hot-side feed fo the proc¢ess-to-process heat
exchanger, where the cold stream is the reactor feed stream prior to the furnace.
The reactor effluent is then cooled with cooling water and the vapor (hydrogen,
methane) and liquid (benzene, toluene, diphenyl) are separated. The vapor stream
from the separator is split and the remainder is sent to the compressor for recycle
back to the reactor.

The liquid stream from the separator (after part is taken for the quench) is

fed to the stabilizer column, which has a partial condenser component. The bot-
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toms stream from the stabilizer is fed to the product column, where the distillate
is the benzene product from the process and the bottoms is toluene and diphenyl
fed to the recycle column. The distillate from the recycle column is toluene that
is recycled back to the reactor and the bottom is the diphenyl byproduct.
Makeup toluene liquid and hydrogen gas are added to both the gas and

toluene recycle streams. This combined stream is the cold-side feed to the process-

to-process heat exchanger. The cold-si S feam is then heated further up to
the required reactor inlet e ‘ e, where heat is supplied via
" | —

combustion of fuel. T: or selected process streams,

Table 4.5 presents equi 4 .\ es the heat transfer rates

within process equip

U

AU INENTNEINS
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Table 4.1 Process Stream Data, Part 1

Fresh Fresh Purge | Stabilizer | Benzene | Diphenyl
toluene | hydrogen | gas gas product | product
Stream number 1 2 3 4 5 6
Flow(lbmol/h) 490,38 ﬁ 8 21.05 272.5 6.759
Temperature(°F') h_:"’-\\ | & 11 211 559
Pressure(psia) —1D 4@% 30 31
Hs, mole fraction 0 0
CHy 0 0
CsHs 0.9997 0
C7Hg 0.0003 | 0.00026
Cr2H1o 0 0.99974
Table 4.2 Process _j o y
: Reactor
recycle inlet inlet u effluent | Quench
Stream numb f“ ‘ ﬁgﬁ—ﬂhﬂﬁl 12
Flow(lb‘mol/m;_ﬁﬁ 5 2. 4&2.5 156.02
Temperature(og 115 272 €| 1106 | 1150 1263.2.0 113
e ) A1 TR LRV IN Y HR B
Hy, mole fraction | 0.3992 | 0 0.4291 | 04291 | 0.3644 0
CHy 0.5937 0 0.4800 | 0.4800 | 0.5463 | 0.0515
CesHg 0.0065 | 0.00061 | 0.0053 | 0.0053 | 0.0685 | 0.7159
CrHg 0.0006 | 0.00037 | 0.0856 | 0.0856 | 0.0193 | 0.2149
Ci2H1g 0 0.00002 0 0 0.0015 | 0.0177




Table 4.3 Process Stream Data, Part 3

FEHE | FEHE | Separator | Stailizer | Stailizer | Product
Hot in | Hot out | Gas out feed bottoms | bottoms
Stream number 13 14 15 16 17 18
Flow(lbmol/h) | 4538.5 382.5 361.4 88.91
Temperature(°F') | 1150 200 283
Pressure(psia) 480 33
H,, mole fraction 0 0
CH, 0 0
CeHg 0.7538 | 0.0006
CrHsg 0.2275 0.9234
C12H1o 0.0187 | 0.0760
Table 4.4 Pro St;

1

—

-
\évele column

» @ reflux
St’ream nuh&r 20
AR 3
Teﬂlperature("F )| o 211 . 272 v
Y WA LU AURIVANERAQ &
% | H,, mole fraction 0 0
CH, 0 0
CeHg 0.9997 0.00061
C7Hg 0.0003 0.99937
CraH1o 0 0.00002




Table 4.5 Equipment Data and Specification

Unit operation Property Size
diameter 9.53 ft
reactor Length 57 ft
Area 30000 ft2
FEHE ‘ 7 / / 500 ft3
Q TubeSoliilm 500 ft?
Furnace a 300 ft3
Separatos /ﬂﬁ\\\\:ﬂh 40 ft3
7/ 8 ;
3
Stabilizer col 4.3 ft
7 ft?
250 ft?
27
15
= 5 ft
Product c—ii m 2.1 Ib'mol
) Efﬁciency 50%

Aut?

woiu mn Lase liqui

holdup

ﬂl‘j’ 25 ft?

30 ft3

;Q‘

=
RaensENEInenae
Diameter 3 1t
Recycle column Theoretical tray holdup 1 Ib'mol
Efficiency 30%
Reflux drum liquid holdup | 100 ft3

Column base liquid holdup

15 ft3

42



Table 4.6 Heat Transfer Rates

Unit Operation Power (MW)
FEHE 19.400
Furnace 0.984
Separator conden 5.470
Product I'd I // 73 2.180
Product conds

= Sile
Re 4_“’::!'!

/B

1 v:

AULINENINYINg
PRIANTUUMINYAE

Figure 4.4 Hydrodealkylation HDA of toluene process
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CHAPTER V

RESULT

5.1 Introduction ,
. \ !\‘k@esign and control the resilience

In this chapter, we g
heat exchanger networkﬁ. ignﬁroQ definitions from previous

chapters will be an aCW :

find pinch temperature and're

em Table Method is applied to

resiliency, dynamic s alt bsolute error (IAE) will be
=

consequence to comp

um cold streams input

:
21 DI AT IR S
o AT AN YA TR

minimum cooling requirement is 115.0 kW and the minimum heating requirement

is 124.0 kW.

temperatures. D

A simple table called the synthesis table is constructed to facilitate the
match pattern selection. The synthesis table is shown in Table 5.3. The displayed
items are ordered for convenience in browsing. The heat load in the second column

and the next displays values of heat capacity flow rate, whose relationship between



Table 5.1 Inlet and outlet condition of network in example 1

45

W Start Temperature | Target Temperature
Stream | Stream
(kW/°C) (°C) (°C)
No. Type
Max | Nom | Min | Max | Nom | Min Nom
1 Hot 1.65 | 1.5 | 1.35| 145 | 140 | 135 110
2 Hot 495 | 4.5 160 | 155 20
1 Cold | 9.68 | 8.8 - 120
2 Cold | 3.85 15 140
Cascade Sum
terval Heat Interval
(k W) (kW) (kW)
\
h
1 45 169 45
1 10 179 55
179 25 204 80
4 -126 78 -46
78 0 -124
70 -54
5 115 -9
il o

it S U BV INTUEND T

category. Temperatures T1 and T2 tell us whether a selectedl/pair belongs to
Class ﬂrw 'alla ﬂk@hﬁ weu wn;]zgum&fs]vaﬂﬂg an inlet
temperat?ire of a hot stream, and T2 is a lower one, e.g. an inlet temperature
of a cold stream. Temperature disturbance D1 and D2 are disturbance of high
and low temperature end respectively, D,, is flow rate disturbance and Dy is total

disturbance. The synthesis is carried out stepwise as follows:

1. The starting condition of the process streams in the hot end is shown in

Table 5.3 (a)
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2. The match pattern A[H] is selected first. A match is found between H1 and

C2 since the following conditions satisfy the match pattern A[H].

L1 < Leo

Wi < Wee

pﬂ < T2
@ance of H1 must be less than

The resiliency requi

the difference of the

termined by using t e temperature variation

range of the residual C2 is increased to 18.33° he new disturbance load

o A NSNS

3. The next ‘Operator is the m%jch pattern B[C] and there are three active

AR TR INY TR e

and|the resiliency tests.
4. C2 is match to H2 - State 2

5. In State 3, C1 is matched to H2. Then there is only one pair of streams left
- H2 and C1. They can be matched together by the pattern A[H|. See Table
5.3 (¢). The disturbance load of C1 is less than the residual heat load of H2

or the minimum cooling load so the resiliency requirement is satisfied.



Table 5.3 Synthesis Table for Flot o)

. In the cold end, the starting c

. There is only one

47

From this particular problem in which there is only one cooler, it can be seen
that a resilient network structure solution can be found if the propagated

heat load is less than a minimum utility requirement.

State 4. Table 5.3 (d). Match the residual C1 to a heating utility stream.

ition of the process streams is shown in
Table 5.4 (a)

B[C]. The new p(

residual H2 to cooli

Hot end 4 [ir: ‘
Stream | Load | W | T II-' ;‘ ) 2 Dr Action
(a)State 1 Pz @
H1 | 33.75 | 1.35 | 13 @I 5| 24 Selected
H2 | 222.75 | 4.05 | 155 /4007 4 )l 58.5 | 99
Cl | 2376 | 7 NEPE
C2 157.5 | 3. 435 | Selected A[H]
(b)State 2 ‘ -
H1 | f% an &18A I . Matched to C2
H2 222.'E 'J15d F]OD 4l). 5 %C Selected B[C]
C1 | 2376 792|120 90¢| 0 | 0 4528 | 528 | as
2 W5 ﬁa N_ﬂ:zl @M Ay 9 Ia %}cted
(C)State%
H1 Matched to C2
H2 99 4.05 | 155 | 139.20 158 | Selected A[H]
C1 237.6 | 7.92 | 120 90 0 0 | 52.8 | 52.8 Selected
C2 Matched to H2
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Stream | Load | W | T1 T2 D1 | D2 | D, | Dr Action
(d)State 4
H1 Matched to C2
H2 Matched to C1
C1 15.6 | 7.92 | 120 | 118.30 210.8 to heater
C2 Matched to H2

Table 5.4 Synthesis Table

Cold end ' "
Stream | Load | W Jw y T Action
(a)State 1 -
" i"l'“ y \
H1 :
H2 324 | 4.0 off (0 Selected
C1 v ’:: ,
C2 | 204.75 | 315 | 90| 25,02 0: 4815 | 5251 84 | Selected B[C]
(b)State 2 IEEs < 2
Hi i':r"—;;'ﬁw Matched to C2
H2 35.25 - _ il J to cooler
C1 ‘ E
C2 | iu Match to H2

Ca o Fen o1
The test p\%uﬂoghn&lmj W EJ ’] ﬂ i
1 ' m B o t f H1
. : . "2 temp o
ﬂmegﬁogﬁmm s:cgis ed t equegnt. Next, we

must look at the Heat capacity flow rate constraint, since the match is class

A[H], Ly < Lo and Wy < Weo.

2. Resiliency test. The resiliency is required because both H1 and C2 are
variable stream. The load of H1 will be use up. The residual load of C2 is
157.5 - 47.25 = 110.25 or Reco, r1=110.25
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The disturbance lo is feasibility of a match on
the extra heat capaci ow-rate. 1 test we see whether the exchanger

resilience parameter or the stz ncy parameter can handle an extra

load due to t - — ce. Since the heat capacity

flow rate of Hiis -’:“;‘ parameter is negated

I » I”I
by definition. 1| )

UL INSRIWEANT
AIANSRLINIINEN A

The network solution is shown in Figure 5.2
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135
45 Py L 110
il 5 &f i
155
EH 'EI\ 11T e~ 100 @ 456 T 20

140

Beginning with-determination ,: p at utility of any stream

in order to maintain target temperature. Then equip Dypass at hot stream of E3
and at cold st aﬁf ature because they
are the end of ﬂﬂﬂ ?ZXIEJ I.Le lﬁﬁss a trol loop for control
the pi ature ﬁ lﬁ\ﬂ ass valves on
the colﬁlﬁﬁaﬂﬁimfﬂ ﬁlﬁ] ?TEELLL Eance we have

chosen to install the bypass valves on the same side that we control.

Network at hot end side (Figure 5.4)
C2 should be settled bypass and control loop for control the pinch temper-
ature.

Step 2. Set up LSS in the network based on the heat path way heuristic



51

approach.
Considering Figure 5.5, dash lines show the pathway of disturbance, there

are 2 ways at E2 and E4. Then, settle up cascade in order to calculate new set

point temperature of hot stream and cold stream of E2 and E4 which provide no

increase in cooler duty and heater duty (Figure 5.6).

Lp

In Figure 5.7 shows the he ay of disturbance in example 1 when

settled the control structure and LSS. ances will transfer to the utility.
In Figure 5.8 shows the simulation heet.
m/ |
H1 |4 A ‘ 110
" J‘a
155 ; !
Il e (@) e »
PR o/
n
ZE
120 5 A~ 80
B T c1
.:‘;, 7
140 - c2 I

ﬂwﬁqwaﬂsww1ﬂi

Flgu 5.3 Control strueture of hot gd side for exwple 1

QRIAINIUNRINY A Y
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Figurea.
q

| \ l. .--.~ . ‘- - ———————— -
\ e 1 with LSS

= &

rate in Example 1

a) D- presented at H1, b) D- presented at H2
c¢) D+ presented at C1, d) D+ presented at C2

WA NG REEAA RN B

inlet flow

ith LSS
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Figure 5.8 Heat exchagenmetwork with LSS of example 1 from HYSYS flow
sheet | \
5.2.3 Dynamic sion Result for HEN in example 1
, o \
In order to evaluate -.r -, ATIC: aviors of the HEN in Example 1,

several disturbance I load ‘ O ses of the control systems

%

navior of system without

are shown in Figure V

LSS and the right mdﬂyresents e dynamic behaviot.of the new control system

using the LSS to selectEJ 1ate heat hway thrmﬁl %16 network.

rd (i

Change in Input Temperature and Flow Rate of All Streams for Exam-

ple 1 @ ciensd il fempdrhdudd sl debgast Fow rate of

stream 1 H2 and increase flow rate of stream C1 C2)

Figure 5.9 and 5.10 show the disturbance load of all streams and dynamic
responses of HEN respectively, without and with LSS in example 1. In order
to make these disturbances, first the fresh feed H1 temperature decreases from
140°C to 135°C, H2 temperature decreases from 160°C to 155°C, C2 temperature
decreases from 20°C to 15°C, H1 flow rate decreases from 17.47 to 15.72 kgmole /h,
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H2 flow rate decreases from 51.46 to 46.31 kgmole/h, C1 flow rate increases from
109.70 to 120.67 kgmole/h and C2 flow rate increases from 51.93 to 57.12 kgmole/h
at time equals 10 minutes then temperature and flow rate of all streams return to

nominal value at time equals 200 minutes.

e The hot stream input temperature (H1) decreases. That is called negative
disturbance, (D-). Heat pathway is/shiown in Figure 5.7a. As a result, the
cold outlet of HE3 temperature decrcascsebelow its minimum value. Then
it makes the H2 temperature outlet from HE1 decreases. The LSS1 takes

an action to control the celd outlet temperature of HE2.

!

e The hot stream_imputsemporature (H2) decreases. That is called negative

disturbance, (D-)#Heat path%&;éxy i},lshown in Figure 5.7b. The LSS1 takes

an action to contrgl the old eutlet ermperature of HE2 same as the hot

i

stream input temperature (H1) deereases.

F . e/

e The cold stream inpuf temperature @C%ﬁ. decreases. That is called positive
disturbance, (D+). Heat, p_at:lilway i@o}yg in Figure 5.7d. As a result, the

hot outlet of HE4 temperature decreases below itsi'ir_l_jnimum value, the LSS2

takes an actioﬁ:ﬁc_) control the cold outlet temper_a_vtﬁre of HEA4.

e The Lot stream mlet flow rate (H1) decreases. That is called negative dis-
turbance{+(D-)! fAs @réstlty the LSS fakes an action to control the cold

outlet temiperature of HE2.

e The hot stream nlet flow rate (H2) decreases. That is called negative distur-
bance, (D-). The LSS1 takes an action to control the cold outlet temperature

of HE2 same as the hot stream inlet flow rate (H1) decreases.

e The cold stream inlet flow rate (C1) increases. That is called positive dis-
turbance, (D+). Heat pathway is shown in Figure 5.7c. As a result, the hot
outlet of HE2 temperature decreases below its minimum value, the LSS1

takes an action to control the cold outlet temperature of HE2.
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e The cold stream inlet flow rate (C2) increases. That is called positive dis-

turbance, (D+). The LSS2 takes an action to control the cold outlet tem-

perature of HE4.

Without LSS th LSS
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Figure 5.9 Disturbance load of all streams without and with LSS in example 1
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Table 5.5 Comparison of the TAE of control structure without and with LSS in

the case of example 1

IAE
Controller
Without LSS | With LSS
TIC-100 6.980 6.587
TIC-101 |y 19428 8.947

TIC-16 \ "\\'r f."'.' 1 3.930
= ""-.

A
S

Table 5.6 Comparison offthe ¢ gy Const control structure with and

Heater Utility,
Stream kW
Variation
Type Without | With
LSS LSS

Input = C.a-
Hi1 Temperatu "'lr

Flow rate - ” Negative
4N
w | bRl SRE N IR
7.07 6.44 . 327.99

Flow rate Negatives . o/

or o) Pk THRs VTR VIE 18 )
Input
Positive

C2 Temperature

Flow rate Positive
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Figure 5.10 Dynamic responses of HEN with and without LSS in example 1
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The cooler duty will be decreased from 49.09 kW to 6.44 kW while the
duty of heater increases from 187.58 kW to 327.99 kW (Figure 5.10)

Table 5.5 and 5.6 show that the value of IAE of HEN with LSS is smaller
than without LSS, and the LSS is likely an effective way to handle with dis-
turbance come along with the variation of temperature that come from input

temperature and flow rate. It bring

about control structure of HEN that give

dynamic maximum energy reco

AU INENTNEINS
ARIANTAUNNINGIAY
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5.3 Example 2

The HEN synthesis problem is adapted from Cerda et al. (1990) presenting
a single pinch jump. The four-stream HEN synthesis problem is shown in Table

5.7.

5.3.1 Design Heat Ex

At the temperatur rk is at pinch 229/219°C (see

Table 5.8). When tempera soes up at 249°C. the new pinch is locate at

239/229°C. When the i Aperdtire of HI ietease from 244°C, the pinch

temperature is the sa

Table 5.7 Inlet and out 2 ample 2

Target Temperature
Stream | Stream
(°C)
No. Type
Nom
1 Hot 0
2 Hot _ }____,‘,___:_:_"7 ¥ e E— : . 148
1 Cold ; . 0
2 Cold 1 10 250

AUEINENINEINT
RINNIUUNIININY

Figure 5.11 Process Streams Partitioning for Example 2



61

Table 5.8 Problem table for Example 2 for minimum heat load

The pinch region is

tioning procedure:

T T Required Cascade Sum
W hot cold W AT Heat Interval Heat Interval
(°0) | (CO) | (kW/°C) | (°C) | (kW) (kW) (kW) (kW)
H1 H2 C1 C2
0 0 0 0 260 250 0 Qh
0 0 0 10 239 229 =1 21 225.6 -210 15.6 -210
7.032 0 10 229 219 | [ 10 15.6 -15.6 0 -225.6
7.032 | 8.44 0 10 160 50 0 377.568 | 377.568 | 151.968
7.032 | 8.44 | 6.096 | 10 14 -0.624 7.568 -7.488 370.08 144.48
7.032 6.096 10 1 -9.0¢ -18.128 351.952 126.352
7.032 0 6.096 | 0 0936 18.72 370.672 | 145.072
0 0 6.096 | 0 42.192 412.864 | 187.264
Qc

scale. The stream parti-

zone (see Figure 5.11) and adso itside the pinch zone, so it has not
disappeared W n the pln"H'rﬁOvéfd up chest value. The disturbance
in the pinch range diminished to zero only w the pinch is moved up

to 239°C. So HBéXls i il Qﬂd cold end. The supply

temperature (T1) in the hot end is subJected to a variation in the range of

249- 239@}%%] GJ Qﬂeﬁéﬁdﬁe W)B fq ﬂ)ﬁnd is fixed at 239°C.

The inlet fémperature (T1) 1% the cold end is subjected to variation by the

RARTRIAICM URIINYIR

H2 The inlet temperature is fixed even its entire part in the hot end is
immersed in the pinch zone. Thus there exists a part of H2 in a hot end
when the pinch is below its highest point. The inlet temperature of H2 in a
hot end is fixed but its outlet temperature is varied according to the pinch

temperature.

C1. C1 is in the cold end.
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e C2. C2is a fixed stream and appear in both hot end and cold. The inlet
temperature in the hot end (T2) and the outlet temperature (T1) in the

cold end are varied.

The process streams data for the hot end and cold end are shown in Tables

5.9 and 5.10

arget Temperature (°C)
Stream
Max Min
H1 239 229
H2 239 229
C2 ) - -
Table 5.10 Cold End Progéss Sfrear D ample 2
Target Temperature (°C
Stream | W ( 0)
Max Min
H1 - -
H2 - ;
C2 o ;
C2 gZQ 219
quaﬂﬂﬁmﬂ‘ﬁq']ﬂi N

ke synthesis must follow the procedure for a problem with streams that
have variations in both supply and target temperatures. The disturbance loads
of the process streams are presented at three points, the input temperature, the
pinch temperature and the inlet flow rate. The maximum and minimum values
of inlet temperatures of all process streams are needed. The synthesis procedure
using the disturbance propagation technique and the match patterns is carried

out as following;:
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1. The starting condition for the hot end is shown in Table 5.11 (a). The first
applicable pattern is A[H]. H2 is chosen to match to C2 since it has less heat
load.

2. Next match the residual C2 to H1 with the pattern A[H]. The new stream

condition is shown in Table 5.11 (b). Finally match C2 to a heating utility
re 5.11 that both H1 and H2

ure of C2 is higher than of

C1 and also the heat fapaci s greater than both H1 and H2.

So, in order to be ma I and F 1S plit.

Stream | Load Action
(a)State 1

H1 0

H2 0 Selected

C1 1 —

C2 199.5 Selected
(b)State 2 P

. g "
H1 0 6. ﬁ# E qﬁ? < Selected
' ' ﬂ[atched to C2

Y]
TR
| 6 Ldq

(c)State 3
H1 Matched to C2
H2 Matched to C2
C1
C2 2792 | 9.5 | 250 | 247 0 153.34 0 To heater
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Table 5.12 Synthesis table for Cold End of Example 2

Stream | Load W | T1 | T2 D1 D2 Dy, Action
(a)State 1
H1 689.84 | 6.33 | 229 | 120 | 63.29 0 153.30 Selected
H2 615.28 | 7.60 | 229 | 148 | 75.96 0 136.73 Selected
C1 186.54 | 5.49 | 150 | 116 0 109.73 | 65.84
C2 747 | 95 [ 219 |1 5 93 Split
C21 266.84 | 3.21 | 21 . 1 31.47 Selected
C22 | 521.66 | 6.29 5984 1.53 Selected
(b)State 2
H1 359.38 Selected
H2 30.76
C1 186.54 Selected
C21 Matched to H1
C22 Matched to H2
(c)State 3 .
HI | 63.11 | 6.33 | 130 1 0 0 to cooler
H2 30.76 5 to cooler
C1 Matched to H1
C21 Matched to H1
C22 Matched to H2

‘o iy
AULINENTINE

The synthesis istéarried out stepw1§e as follows

11 T & URAADLUNRY: .

ﬁrst application pattern is B[C]. C2 is split and matched to H1 and H2.

n7

Calculate the minimum heat capacity flow rate which satisfy the resiliency

Requirement for C22 to match to H2:

Weoo=L2/(T1comin

- T2C2min)

—683.64/(219-126)=7.35

The split heat capacity flow rate must make a match of H1 and C21 satisfy
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pattern B[C]:
Leoy < L
Wear < Wi

Also, the resiliency test for a match of H1 and C21:

1 — Lea
Example of calculation the ne &on of H1 in State 2

—ﬁm +D2¢21
lﬁwfi

H1

(C2 is matched to H1 and
H2. The condition ofith o 5 I Table 5.12(b). Since H2
has zero heat load, and they satisfy the pattern

B[C].

3. The next state shown in" faggefs 2(c - has.only hot streams left so they are

It should be n@ieed g ma@hed to C2, has zero heat

load at the minimum h(p oad condltlon,@ld requires 84.4 kW cooling duty at

ST YL (T T R

by C2. At the Minimum heating condition this equlvalent to 84 4/(219-136) =

0 JHF R Y DRI B
ratio of @22. The ratio of heat capacity flow rate of C22 can be managed by
a conventional controller by monitoring the inlet temperature of C2. Since C2
can supply all the cooling duty to H2 there is no need to install a cooler for H2.
However, the change in flow rate of C2 will introduce a new disturbance in HI.
The extra cooling duty (the consequence of increasing flow rate of C21) must be
added to the cooler of H1. A resilient network structure solution to the Example

2 problem is show in Figure 5.12. The condition show in the figure is the nominal
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condition where the network has a pinch temperature at 239°C on the hot scale.
The heating requirement is 210 kW and the cooling requirement is 356.6 kW. The
heat exchanger units 1 and 3, 2 and 4 can be merged together and a resilient

network structure solution featuring minimum number of units is show in Figure

2.13.

e 120

(:) ’ 148

tod
116

126
5\

L

work of Example 2

d
o o

Figure 5.13 Heat Exchanger Network of Example 2 when merged the heat
exchanger 1 and 3, 2 and 4
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5.3.2 Design Control Structure

From the chapter III, it can be used to design control structure as follows:
Step 1. Design control structure. We consider the maintenance target

temperature and heat pathway of disturbance simultaneously.

Beginning with determination of set, up control loop at utility of any stream

in order to maintain target temperat _equip bypass at hot stream of HE
3 HE1 to control C1 outle : r. just the split ratio instead of
settling bypass stream . Hence we have 2 control
structures, one the co eam C21, two the control

vale adjust the flow r

Step 2. Set u i thenatwork heat path way heuristic

approach.
Considering the hea 14, dash lines show the pathway
of disturbance, there are 2 wa “I'hen, settle up cascade in order to

increase in cooler d Ly o ater d »'«1' tures in Figure 5.15 to

evaluate the performage.
In Figure 5.16 showgsthe heat pathway of positive and negative disturbance

i xampte 2 PRI LIS W BIAR T s s at s

bances will tranyer to the utility. In Figure 5. lﬁhows the smwtlon in HYSYS

e s QWIRNNIUNRTINYTIR Y



]
¢

AULINYNTNYINT
PRIANTUUMINYAE

Figure 5.15 Control structure for example 2

68
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network equipped with LSS
1t temperature and inlet flow

Figure 5.16 Heat pathway
when there is/the distu
rate in Example T~

ag D- presented at H1

AUEINENINEINS
ARIAIN TN INNAY
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5.3.3 Dynam_ic Sim 1-'_5'5:[-5 % ;j for HEN in example 2

.’.‘—-——-—----‘

In order to “"' ——————————————————— = G ir achieve the maximum

energy recovery and k at %ir desirable value, several

disturbance loads were I?&de

AU ANYNINYNS

Change in Input Temperature and Flow Rate of All Streams for Exam-

o v b 1 (10
stream 2 and increa rate of s eam ﬁ

Figure 5.18 and 5.19 show the dynamic disturbance load of all streams and
dynamic responses of HEN respectively, without and with LSS in example 2. In
order to make these disturbances, first the fresh feed H1 temperature decreases
from 244°C to 239°C, C1 temperature decreases from 106°C to 96°C, C2 temper-
ature decreases from 131°C to 126°C, H1 flow rate decreases from 76.88 to 69.19
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kgmole/h, H2 flow rate decreases from 92.27 to 83.04 kgmole/h, C1 flow rate in-
creases from 74.05 to 81.45 kgmole/h and C2 flow rate increases from 117.60 to
123.48 kgmole/h at time equals 10 minutes then temperature and flow rate of all

streams return to nominal value at time equals 200 minutes.

e The hot stream input temperature (H1) decreases. That is called negative
disturbance, (D-). Heat pathway is‘shown in Figure 5.16 a). As a result,
the hot outlet of HE1 temperature deereases below its minimum value. The

LSS takes an action to control the cold outlet temperature of HE1.

e The cold stream inpuft temperature (C1) deereases. That is called positive
disturbance, (D+)aTcat pathwa}' is shown in Figure 5.16 c). As a result,

to maintain target temperature of-stream 'C1 the control loop is settled at

the end of the stream. All disturb%nees oceur on stream C1 are transferred

to cooler. 3

Fdd
v et

e The cold stream input temperature ‘('CQ decreases. That is called positive
disturbance, (D+). Heat' pathwav 1s:shown in Figure 5.16 d). As a result,
the hot outlet of HE1 temperature decreases thus the LSS takes an action

to control the. ggld outlet temperature of HE1 san__‘_re_l as the hot stream input

temperature (H1) decreases.

e The hot stream inlet“flow rate (H1)"decreases. That is called negative dis-

turbance; (D=) [As aresulf,.the LSS takes an!actiofi to control the cold

outlet temperature of HE1.

e The hot stream inlet flow tate (H2) decreases. That is called negative dis-
turbance, (D-). Heat pathway is shown in Figure 5.16 b). Because no heat
pathway transfers the disturbance to cooler therefore it is transferred to

heater.

e The cold stream inlet flow rate (C1) increases. That is called positive dis-
turbance, (D+). The result same as the cold stream input temperature (C1)

decreases.
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e The cold stream inlet flow rate (C2) increases. That is called positive distur-

bance, (D+). The LSS takes an action to control the cold outlet temperature

of HE1.
Without LSS With LSS |
% S om0
- 2480
!»m ‘ 2400 239 (0]
= ; 2320
224 — 0
£ 00000 1000 F 1000 2000 3000 4000
g ' Minutes
= = -
g 5
= 1 =
5 1040 106 (C]
.'I* [ {
E < ppo00 0 2000 3000 4000
g o
= 1400 =
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12 = e
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Figure 5.18 Disturbance load of all streams without and with LSS in example 2
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Table 5.13 Comparison of the TAE of control structure without and with LSS in

the case of example 2

IAE
Controller
Without LSS | With LSS
TIC-100 5.931 5.147
TIC-101 - . } - 2.682
kS \'-: ]

TIC-10 '=--\;-:\\',ny 6972
TIC103-—

without I
Heater Utility,
Stream kW
Variation
Type Without | With
LSS LSS
Input = = |
Hi1 Temperat [ ';'lr
Flow rate - 'l
H2
Input
Positive 437.86 | 379.33
C1 Temperature (Y,

CLAENEDE ®IANPIaY

Positive
C2 Temperature

Flow rate Positive
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The cooler duty will be decreased from 50.17 kW to 7.31 kW while the
duty of heater increases from 188.66 kW to 328.84 kW (Figure 5.19).

Table 5.13 and 5.14 show that the value of IAE of HEN with LSS is smaller
than without LSS, and the LSS is likely an effective way to handle with distur-
bance come along with the variation of temperature that come from input temper-

ature and flow rate. It brings abo

ol structure of HEN that give dynamic

maximuin energy recovery.

AU INENTNEINS
ARIANTAUNNINGIAY



5.4 Example 3 (HDA Process)

5.4.1 Design Heat Exchanger network

maximum energy recovery (MER). The information for design is shown in the

following Table 5.15 (a) and (b).

The Problem Table Method is applied to find pinch temperature and reach

Table 5.15(a) The informatio [ HD

Stream Name

Hi:

Reactor Product Str

H2:

C1:

Reactor Feed Stream (RES

C2:

Product Column I

e f(pCRTT |

C3:

SCE.

Stabilizer Column Rebg

C4:

=

e
RS
Recycle Column Cox l/ 2 U ﬂ‘\i{

NG
ﬁ\\ 195
4 150\

Recycle Column Reb l R'CF\‘;Z e

out (°C) | W (kW/°C)
Ml? 33
81 200
32.24
91
‘k \15 59
456

P T; rget Temperature

Stream
No o)
' Max | Nom ¢ Min | Nom | Max | Min Nom
i | P e 3 V[ BR IR TS o
H2 | - Y200 | - 18305 | - | - 51
o | B R R VIR
C2 Vo 91 - 144.38 | - - 193
C3 - 59 - 189.92 | - - 215
C4 - 456 - 349.34 | - - 350.7

Pinch temperature by using Problem Table Method as following: See Table 5.16

We can see that there are six streams in the network so we can find the




Table 5.16 Problem table for HDA process

7

W T T — AT Required Interval Cascade Sum
hot cold Heat Heat Interval
H1 H2 C1 C2 C3 C4
0 0 0 0 0 0 631 621 0 Qh
0 0 32.24 0 0 0 616 606 -32.24 15 6191.12 -483.60 5707.52 -483.60
33 0 32.24 0 0 0 360.7 350.7 0.76 255.3 5707.52 194.03 5901.55 -289.57
33 0 32.24 0 0 456 359.34 349.34 -455.24 1.36 5901.55 -619.13 5282.42 -908.70
33 0 32.24 0 0 0 225 215 0.76 134.34 5282.42 102.10 5384.52 -806.60
33 0 32.24 0 59 0 203 ! 22 5384.52 -1281.28 4103.24 -2087.88
33 0 32.24 91 59 0 3.08 4103.24 -459.66 3643.58 -2547.54
33 0 32.24 91 0 0 3643.58 -1522.35 2121.23 -4069.89
33 200 32.24 91 0 0 2121.23 225.01 2346.24 -3844.88
33 0 32.24 91 0 0 2346.24 -2346.24 0 -6191.12
33 0 32.24 0 0 0 0 53.20 53.20 -6137.92
33 0 0 0 - 53.20 1320 1373.20 -4817.92
Qc

Table 5.17 Synthesi

Stream | Load Action
(a)State 1
H1 3630 33 Fass | 45 0% 0 0 Selected
Aondlonslo P
C1 2242 45 l I)? m qSelected
U
(b)State 2 ¢ o

T

r

C1

H1 1w’811§ 1763 ']@

Matched to H1

aipol, 2007) is chosen to
aximum energy recovery

e value when it is in the real




Table 5.18 Synthesis Table for hot end

78

Stream | Load W T1 T2 D1 D2 | D, Action
(a)State 1
H1 15213 33 616 155 152130 | O 0 Selected
H2 410 200 | 183.05 181 0 0 0
C1 15251 621 [ -0 0
C2 | 4368 193 | s/ 0 | o Selected
C3 | 1479.72 . E:M%' gt
C4 620.16 f—jm% 0
(0)State 2 I \NSE
HI | 10845 ,‘(/ /b& 3\\\3\ Selected
TRRTRET.F
C1 | 15251 | 32.04 I l j! ‘\\\\\a
C2 'l A% “\\ Matched to H1
C3 1479.72 Selected
C4 620.16
(c)State 3
H1 9365.28
H2 410 Selected
C1 15251 Selected
C2 Matched to H1
C3 Matched to H1
C4

B
T



Stream | Load AW T1 T2 D1 D2 | D, Action
(d)State 4
H1 9365.28 | 33 616 | 332.20 | 330 0 0 Selected
H2 Matched to C1
C1 14841 | 32.04 | 621 | 15780 | O | 1904 | O
C2 Matched to H1
3 \ \\U 1/// Matched to H1
C4 620.16 | 456 u_:,,,_ Z- 0 Selected
(e)State 5
HI | 874512 | 33 —’f“ Gel510 | 330 0 |  Selected
H2 // // A k\\\\\ Matched to C1
C1 14841 | 32. ()4 / / Selected
C2 Matched to H1
C3 Matched to H1
C4 Matched to H1
(f)State 6
H1 Matched to C1
H2 Matched to C1
C1 5765.92 To heater
C2 Matched to H1
C3 . 'Y Matched to H1
C4 "] N .;] ﬁ/fatched to H1

ARIAINTAUUNIY

-

YR

79



letwork of Example 3

AULINENINYINg
ARIAATAUIM TN

Figure 5.21 Control structure for example 3

80
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5.4.2 Dynamic Simulation Result for HEN in HDA Pro-

cess (stream only)

In order to evaluate the dynamic behaviors of the HDA Process, several
disturbance loads were made. This network that we chose to simulate in HYSYS

because when disturbances present at input temperature of C3, we see that the

heat link which go to the heater is shortew than the other. That means it can

R
{l

AU INENTNEINS
RINNIUUNIININY

Figure 5.22 Heat pathway of control structure of network equipped with LSS
when there is the disturbance at input temperature and inlet flow
rate in Example 3

a) D- presented at H1
b) D+ presented at C1
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Figure 5.23 Control structure of example 3 (HDA Process) from HYSYS flow

sheet
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5.4.3 Dynamic Simulation Results for HDA Process

In order to illustrate the dynamic behavior of the control structure in HDA
process, several disturbance loads are made. The dynamic responses of the control
system are shown in Figures 5.24 to 5.25.

Change in the input temperature and Flow Rate of Streams for Exam-
ple 3 (decrease input temperature of stream H1 C1, increase flow rate
of stream C1)

-
Figure 5.24 and 5.25sh6ws the dynamic disturbance load of all streams and

dynamic responses of HEN respectivelgf, without and with LSS in HDA process.
To a change in the diggurbance load ofL _hqt stream from reactor, by changing its
temperature from 620.88°C £0 6165C, r@’étor feed stream temperature decreases
from 69.63°C to 65°C and itg flow rate ihcr‘;eases from 1988.3 kgmole/h to 2087.7
kgmole/h at time equals 40 mminutes t};:ép temperature and flow rate of these
streams return to nominal value at time .'éé}*uals 200 minutes.

e The hot stream input te&lperature (:HI; decreases. That is called negative

disturbance, (Ds). Heat p‘éthjway is shown in Figuye 5.22 a). As a result, the

control loop 1s ééttled at the hot outlet of HE2. é_ll disturbances occur on
stream H1 are tr’ansferred to heater because it can handle the disturbance

faster.

e The cold'stream mput temperature {C1)"decreaseés.! That is called positive
disturbance, (D+). Heat pathway is showirin Figure 5.22/b). As a result,
the'hot outlets of HE1 temperature decreases below.its minimum value. The

LSS takes an action to control the cold outlet temperature of HE1.

e The cold stream inlet flow rate (C1) increases. That is called positive dis-
turbance, (D+). The result same as the cold stream input temperature (C1)

decreases.

The cooler duty will be decreased from 1417.27 kW to 1142.18 kW while
the duty of heater increases from 7751.08 kW to 8765.57 kW (Figure 5.25)
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Figure 5.25 Dynamic responses of HEN without and with LSS in example 3
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Table 5.19 Comparison of the TAE of control structure without and with LSS in

the case of example 3

IAE
Controller
Without LSS | With LSS
TIC-100 0.645 0.662
4.407

TIC-101 N

Table 5.20 Comparison o 7 V-ée ptio 1.0 control structure with and

without LSS 1

Heater Utility,
Stream kW
Type Vit Without | With
E L LSS | LSS
¥ a | a4
" |8 RBYTWE NS
, Input ¢ | 1161.40. 1142.18 | ST84.75 | 8765.57
or ) WotN [ TEEHA VIV E TSN E
Flow rate Positive
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Table 5.19 and 5.20 show that the value of IAE of HEN with LSS closes
to without LSS, and the LSS is likely an effective way to handle with disturbance
come along with the variation of temperature that come from input tempera-
ture and flow rate. It brings about control structure of HEN that give dynamic

maximum energy recovery.

AULINENINYINg
PRIANTUUMINYAE



CHAPTER VI

CONCLUSION AND RECOMMENDATIONS

6.1 Conclusion

This research effort is directed towasd to develop the procedure for de-
signing control structure-of-heat exchanger network by considering its network
structure combining with heurisic approach which covers General Design, Match
Pattern, Loop Control Seleétion, Bypas'!s Setting, Split Ratio and Selector Switch
Setting. 4, 4 8

- _—

6.1.1 Procedures of De‘sign Heat exchanger network

The synthesis of ‘@ resilient, heat "‘,"e}dt-ghanger network by using (1) match
pattern as operators in mappiig one des@;épfate to the next and (2) heat load

propagation technique can be-detie by thé;'%oﬂbwing systematic sequence:

1. Pop a match ﬁajﬁtern operator from the ordered s;c;a-ck of match patterns. If
all the patterns a;re chosen, backtrack to the par;e-nt design state and repeat
the procedure. If the.current state issthe starting state and all parents have
been tried without success the problem gammot be solved with the current
knowledge'in the rule-based system. A trade-off between cost and resiliency

may beé needed.

2. Choose a pair of hot and cold streams from the set of unmatched process
streams. If all streams have been chosen and none were satisfied, go back

to the first step to try a new pattern.

3. Apply the match pattern to the selected pair of streams. If the streams
satisfy the pattern test and the resiliency requirement (Table 4.1 and 4.2),
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go to the next step. Otherwise go back to the previous step to select a new

pair of streams.

Match pattern test: Check whether the heat load, input temperature and

heat flow rate capacity satisfy the match pattern description.

Resiliency test: Check whether the disturbance load of the smaller heat load
stream can be shifted to th ,/e t load stream.

e@ new state is a descendant of

—

4. Create a new state
a current one. Ch

supply or target o t load and the disturbance load.

5. For a pinch m

disturbance of

. - ,\.J_"..'J____.(;‘ '
wise go to the,lgext siffiad 2 e
L 8

streams.

8. If there are other unused match patterns go to the first step. This is equiv-

alent to ﬁ ﬁtﬁt ﬂe%ﬂﬁlﬁﬁﬁl]ﬂﬁmble continue.
o2 Bt G ey

1. Usédl Bypass stream for controlling. The bypass stream should be settled
on the cold side because it would be safer to equip measure equipment and
control valve on the hot side. On the other hand, it should settle bypass
stream on the controlling side regardless whether it is hot or cold stream.
However, the selection must bring about the best performance of control

system.
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2. Control loop must be settled for reducing the disturbance load path. Calan-
dranis and Stephanopoulos (1988) claimed that it should select the distur-
bance load path related to the least number of heat exchanger namely the

shortest path way in order to reduce the effect of disturbance on another

" WOngly suggest to:
or ﬁhot stream to the cooler utility,
‘4‘ )

part of network.

3. From the economic point of

3.1 shift D of col

3.2 shift D~ ream to the heater utility,

thus its duty wil

4. A selective con Lot i (LSS) should be employed

to select an apprepri 9y the network to carry the

5. A selective controlle Wiﬁi"'igw switch (LSS) should be employed
1T

to select an apropriaéeﬂréﬁtff—pgf 0l ough the network to carry the
associated loa hehmiamsaan

follows: 4

o U ANBVANGINT

oL MEISERT LRV T L -
fi. f there are more than one heat pathway, it need to be set the LSS

between the outlet temperature of Heat exchanger.

The design procedure of heat exchanger network and control structure
earned from this research can be applied to the usual network in the presence of
variation from changing in flow rate, inlet temperature and outlet temperature

because of this step considering the possible structure of overall network existed.
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It can, moreover, be used to configure suitable control structure as a convenient
and simply tool.

Control structure of heat exchanger network applied from the procedure
presented here can be operated with attaining the objective required, i.e., target
temperature and dynamic maximum heat recovery with lowest utilities, even in the
lly, it is more safety for the industrial

is used as exchange stream in
é.or cracking unit. Therefore,

arget point by controller is

presence of energy disturbance. A

purpose because of normally
heat exchanger network i
to maintain and keep
necessary for reduce t enerally accepted that the
appropriate control st y dea s the response of system to reach the
- ' \- setting control loop and

target faster and more

valve.

Since the tray temperature control« e column has oscillations very

applying control techu

AUEINENINYINg
RINNIUUNIININY

cO Lm and cascade control ete.
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APPENDIX A

TUNING OF CONTROL STRUCTURES

A.1 Tuning controue@‘,’///

Notice throughout k uges se-mm&pes of controllers such as P,

PI, and PID controlle [ _Wloop In theory, control
of d rivati “action but in practice the

performance can be i

use of derivative has

3. Several types of PI ' :_ sorithmsare used, so important to careful

that the right a,lgorlthrg,ﬂs:ugsd with its matching tuning method.

4. The simulation~§ & approxii ation of [ the rea u_. t. If high performance

controllers are rﬁ.\ire t

nics from the simulation, the real

plant may not WOI‘k well.

Amm@uﬂfmﬂmwmm

w, Level an ressure Loo

ek iy TV LT TTa - TR

control Valves are small. Therefore, the controller can be turned with a small
integral or reset time constant. A value of = 0.3 minutes work in most controllers.
The value of controller gain should be kept modest because flow measurement
signal are sometime noisy due to the turbulent flow through the orifice plate. A
value of controller gain of KC = 0.5 is often used. Derivative action should not

be used.
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Most level controllers should use proportional-only action with a gain of
1 to 2. This provides the maximum amount of flow smoothing. Proportional
control means there will be steady state offset (the level will not be returned to
its setpoint value). However, maintaining a liquid level at a certain value is often
not necessary when the liquid capacity is simply being used as surge volume. So
the recommended tuning of a level confiroller is Ko = 2. Most pressure controllers
can be fairly easily tuned. The process time @onstant is estimated by dividing the
gas volume of the system by the VOlu_rPetI'iC flowrate of gas flowing through the
system. Setting the integral-time equél to about.2 to 4 times the process time
constant and using a rcasonable Controlller gain usually gives satisfactory pressure
control. Typical pressure controller tuI]'}ing constants for columns and tanks are

KC = 2 and = 10 minuges.

— il
1
,-

V

A.3 Relay- Feedback Testing

The relay-feedback test 19 a tool that Se,rves a quick and simple method for

identifying the dynamic parameterq that are 1mp0rtant for to design a feedback

Tl

controller. The results of the test are tHe ultlmate gain and the ultimate frequency.

This information is _ubually sufficient to permit us to Cdlculate some reasonable
controller tuning constants. It

The method consists of merely ingerting an on-off relay in the feedback
loop. The only patameter that utust be specified is the height of the relay, h.
This height is typically 5 to 10 pereent of the controller output scale. The loop
starts te oscillate arotnd the setpoint with the controller output switching every
time the process variable (PV) signal crosses the setpoint. Figure B.1 shows the

PV and OP signals from a typical relay-feedback test. The maximum amplitude
(a) of the PV signal is used to calculate the ultimate gain, KU from the equation

4h
Ky=— 1
v aTm ( )

The period of the output PV curve is the ultimate period, PU from these

two parameters controller tuning constants can be calculated for PI and PID
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controllers, using a variety of tuning methods proposed in the literature that
require only the ultimate gain and the ultimate frequency, e.g. Ziegler-Nichols,
Tyreus-Luyben.

The test has many positive features that have led to its widespread use in

real plants as well in simulation studies:

tool. Knowing the u '::‘::;r.;;::::;:==;==::.::::::::;::::;::::;;;.wi ‘riod, Py permits us to
\ g — ‘
calculate controller setting fﬁ that require only these

two parameters. The Ziegler-Nichols tuning equationsfor a PI controller are:

AUEINENAMNEINT e
amanIuEniAInenay  ©

These tuning constants are frequently too aggressive for many chemical
engineering applications. The Tyreus-Luyben tuning method provides more con-
servative settings with increased robustness. The TL equations for a PI controller
are:

Ko = Ky /3.2 (4)

T = 22PU (5)
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A.4 Inclusion of Lags

Any real physical system has many lags. Measurement and actuator lags
always exist. In simulations, however, these lags are not part of the unit models.
Much more aggressive tuning is often possible on the simulation than is possible

in the real plant. Thus the predictions of dynamic performance can be overly

optimistic. This is poor engineering vative design is needed. Realistic

dynamic simulations require-that we ex imclude lags and/or dead times in

L J .
ans@that affect Product quality

arizes SO 'commended lags to include

v

AUYANYNTNYINS

Figure A.1 Input and Output from Relay-Feedback Test

e ARARNAIANIINGNE Y

q
Time constant
Number Type
(minutes)
Temperature Liquid 2 0.5 First-order lags
Gas 3 1 First-order lags
Composition | Chromatograph 1 3 to 10 Deadtime
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Any real physical system has many lags. Measurement and actuator lags
always exist. In simulations, however, these lags are not part of the unit models.
Much more aggressive tuning is often possible on the simulation than is possible
in the real plant. Thus the predictions of dynamic performance can be overly

optimistic. This is poor engineering. A conservative design is needed.
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