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Abstract

. RHEN 1s a graphical software package for synthesis resilient heat exchanger networks. The
software uses optimal resilient heat exchanger network design methods developed by Wongsri (1990),
1.e., the Match Pattern Design Method and the Disturbance Propagation Method. RHEN is able to
design a heat exchanger network that delivers and maintains Maximum Energy Recovery and
Minimum Number of Unit despite the variations of temperture and flowrate of input streams. It is
Written in C++ languége, and run on a DOS machine. Other features and functions are dafa input
table, problem table, grid diagram, composite curves, grand composite curves and the cost of heat
exchanger calculation. RHEN can also optimize AT o for capital and operating costs. It can find
almost all-possible network solutions. The solution networks obtained are resilient without further

evolutionary development.
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a & - R | v 4
UMl veIns TumBula W gaIngIenslsilsiu
anmzInananuieud1qa (Minimum heat load condition) fluanizimnnszuaiien
fsumniwieutiesiiqe wugunglvudwesnszuadeulimdmganingaenisulslsiu uas
a 9 8 A . oA v
puMplv i veInszaBulimgenganngansulsysiu
2 y - 1 DB ~ 9/ o PR
ANITAIMITUIBUIIAA (Maximum cooling condition) Huanmzinszuadouiiaimini
o 1 v a ¥
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2 Y ¥ e 3 S = y o v
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pazueiuilagega

¥
C dvsunsesnuuuYisauiy duihimsdmneinisnudlsanunlsdsiuiesrianes
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- anwdeuszwinnsznadeunazou lduntu dluiinde HanneInasnimisuvesnszund
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Mgega wisAga Taenaniaz Inaaanuiougeqa i ldinanunlsdsiuaustiamearialy
nsznaBunanszuadou  dauanmzIvasanudoudige  winlinesmunlsdsiuuinsiia
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36 mmimesillunsdivon
Tumsfnm unznaaeuanudangu sxiwniinesd a%’izuﬁuﬂi:a'gumﬁmjﬁa{’;
Tnanveaintesanulaouninden (Heat Exchanger Load, L;) Aonudeudildlunisuan
-..__nJ?i'ﬂummm?msmﬂaﬂ'ﬁitsumm?@u
THaRYBINTIUANSZUIUMT (Process Stream Load, Lg) fAelTmnuaiuieuvesnszusmi
ﬁma{mmﬁwfjummm?mxmmﬂ?;ﬂumm%’au (Heat Exchanger Resiliency Parameter, £) A1
: mmxmmhwmqmwgﬁ“lumsuamﬂ?%aumm%’au Ar)tu At

" E, = WArL-Ar,) oL > L, (3.3)
ANNBAVE UYBINTZUE (Stream Resiliency, R,,) floanmiounaunievesnsziia
: WNneINNEANUYBINTLUN (Stream Resiliency Parameter, S) o1 Ing
s, =(w, -z -77) G4
e T waz T fle aampivesnszumlnedeamgigunzdmudidy
m]_uuﬂsﬂsmmnqmﬂgﬁ (Temperature Disturbance, DY) dushanuulsdsinidiesnin
gaungivudn

D’ =w (TSupm,max - TS"PW,min) (3.5)
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AnuuilsdsI1491n99 51715110 (Flowrate Disturbance, D") fiasinauilsilsiuvesnanaiues
8831015 Inanua M sus U izYeIn sz

(3.6)

DY :(W _;/Vi,min)(];,lmax-y;,zmin)

i i,max

A‘l 1 A ~y 9/ a d’d r d‘ 1
e 7 e suvgiidmenszuadugunpigeninmuiniiganntiansudslsiu uoy

i

2 A o 3/ n; d’d 9 d’ L
T’ . fo sungidaenszuadugungidmiadesnganingamsuilyilsau
Ay 5159113 86A% (Original Disturbance, D) fieaunstlsiusudaliauniiu
D,=D! +D’ 3.7
aa J b . =
AN 51 51ua1ngaungifiuy (Pinch Induced Disturbance, D) Hio1u]ag
p_ P P '
Di -] Wi,max (];max = Z;,min) (3.8)
o @ 3 =Y =Y 4 v dwc; as 1 g v
dmiufou lwlumsinsamstimesmaiinldnszuanisduyg  iWesenuuutioaIy
wissnnasuaideunuugangu TWuaas 3 lumsei 3.2
N dy Il a i aé o 1 t:i' a J 1 d'
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Touloraned KLINL MINTITABUANNEAHEY
Ty 2T7
. | LHS[‘C D3+DwSRC'H
W, < W DY <Ecy+Scy
U A[H]
| T T
’ Mo, DY+ DY <Ry
W, > W, DY <Eye+Syc
UWNASY BIC]
{ 1.+
oo
2 Dgﬁ'DwSmin{Rcﬂ.ECH}
by Sk '
: W, > W, DY<Ecy +Scy
= d
CUNNNTU A[C] -Scy SEcy
Ty 2T
DY + D? < min {R E }
1,31, < He Euc
Wy <W, D¥<Eyc+Suc
a d
UWINSU B[H] “Syc<Eyc

‘& =Y
mmuﬂsﬂsmmmmﬂqmwgu (Temperature disturbance)

P 1 @ . v °
ﬂ'J'uJLL'L]Sﬂﬁﬁulan%WQﬂ'}Naﬂm‘u@q89]5']?)‘15v.}'ﬁ,’iﬁllazﬂgjugﬂ?‘IUﬁ@u’ﬂuw‘lz

{Heat capacity flowrate disturbance)

=1 1 ]
ANUYANYUVBINTTUH (Stream resiliency)

a ¢ “ y A ci LY
WITTUABIANNIANYUYDURT amamﬂaﬂ‘ummmu (Exchanger resiliency

parameter)

=Y o ] t
NITWWABIANBANYUUDINITIE (Stream resiliency parameter)
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D®, = (1-0.8)250 - 120) = 26

DQ_H+D(UH= 30<R,,
3. wmﬁmaé’mm?}wsjummm?muamﬂ?iaumm%’au, E_,=2(20- 10) =20
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Tnda  Ldezdessaunszuaninghamd Wde  uazfenyelmid  duldsnen Indanuqa
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: Tﬂfﬂwmsuamﬂaauﬂ’nmawﬂuu‘uumume (Counter Current) wuﬂummﬁmﬂaaummiau

lugek ‘1@6]mmnmsmammmmuumm (Vertical Heat Transfer) 951911111
L A,

1 : Vv v T 14
18 4y mone = WHAMANABUANLTOUd M UM temannounuIaeluT e k Tag
AH, = wumatluyiak
ATLM,r = qm‘ngﬁmﬁnaam??n (Logarithmic Mean Temperature) Tuyek
- U= fulszanIniso1emamseusIu (Overall Heat Transfer Coefficient)
e & 4 4 & v 2 " v 2 4 :
dsiunsm Auindsaandasuanudeusiioualuiisny ez ldnmssauiunlunsay
'. Y 9 a
29 k14918300
1 INTERVALSK AH
k

k A TLMk

A:’ = L] a 9/ ;’f
wum’;mawwqm“iumsuamﬂa&‘umm‘sauumm

4

NETWORKE '(7

ma._ Angrwora =

K= mmuwwwaumaJ (Emhalpy Intervals)
InaNMIMI A Idna I U"l@aﬂﬁum‘lwmwﬂqmqmimum e 1y

mﬁmﬂmmxm 13.!01‘11 tmﬁﬂiﬂﬁﬂﬁWU’JNT‘HNVIQﬂﬁﬂﬂﬁ’dn‘ﬂizﬂ"ﬁﬁﬂ?‘iﬂwmﬂ’ﬂu‘i'&]u Wﬂ&ﬁﬁﬂ

(Film Transfer Coefficient, h) & afl

INTERVALSK 1 HOTSTREAMSI q COLDSTREAMSY q .
i J

Ayeryor = Z F[ Z > + Z . } (3.13)
LMk

k i 4 i J'

e ¢, = USurmeawdouvesnszuadou i luyrueunaili k
. ﬂa 9/ g B 1 ¥ drd’
g~ UTnunnueuvesnszumdy j lugiseunallil k
£ a a 1 9 1 4 a Y £y <] . P
ik = dutlsz@nimsoemaawdewsinuilan dmiunszuadou T uaznszumby j daersau
ATUATUNTUIINNIS (Wall Resistance) ttazaeanilsnnie1y (Fouling Resistance) #29
a =3 & * oy
LI =$uunsziadeunazas suaiunanua lugusumaila k
3
K= $rnusiseunialiiivug
P aa 9) =1 ret vt a @ =2 3/
aunsh 3.13 9z 14 luns @i b vesnszuafeunaznszumi ilisaaduuntn Sa14
: d' 9 3 9/ 1 d‘:; 1 by =3 T
Twaamsuanldsunanseunuineld uadlunsdina b vesnszuadounazaszumou Tumuey
Ta & a0t as FY < Y W q s & y .
matuilen Headuinn szldmsuanldsuanudeu lilsunadeunu (Noo-vertical Heat

o { & o A ' P
Transfer) #4319 3.24 Feezsi v ldAuivewisnuleohga
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3.8.3 1199 0vR91891Y :
al¥aevestnsauaissanilasuaimdeuindIdaselszinnge ﬂﬂ‘mwmuwm |
NUYYZHNU (Operating Cost) inza 199101 lunsadundeunnaiounimlowveminey
(Capltal Cost)
- ldnelunisyhauszinnnmibegnan isuddmualyd MloiisnlFiw 2 druumal
. ;mnmﬂﬂ ozt mdeEudal9e 3 waunmAl wanzTad mudiwisnunio s 1@
s wnngSad ) Mndenunintimdeidu 10 wangtad/l silde o5 uazisdY 2¢5 +
0.3*10 = 13 S mAl
. y
agdfluannisdmivam dedudunmsdundinuildonmiisgiaasedl
aldnwnnndenu = %0, . + C*0. .. - (3.14)
e ¢, ¢~ danlszAnsaldiwvesgianlums Tiawdou nozgitalunsrenamieunane
11l revvaea i oU
Oy O = WiROUMIWE BT I TRETgRA MU TR WD LIA B Hazdsn o
. aaﬂmnmmm
dmsumidielunsadiunisunndounnudon 1 mios Seiituilunisuand o
aruZeuniidy A tudiullaneunis
A ¥ wysunseaantlaounimion = a + ba (3.15)
M, bliag ¢ HUAIA (Cost law constants) Faiimane ﬁu‘lﬂmu%ﬁé’?ﬁ@ﬁ‘l%’ﬁé’w, ANUAY
unsyilaveunisaanasunuioy
- dwiuasdsznasidnelunsaieiiseuniewnndsunuiou N inis
':(Network Capital Cost) 11384 189 1a0N3 3.16
‘ _ Ml wad s = N[a+ b(AmeK /NY] (3.16)
Hraasasiandl (n) Rezdeensnuldiusuias Taeiinondesas vy i udaen1deoais
183 1m5uAAETUS 16T (Annualized Capital Cost) sz ldonaunsd 3.17
; i(1+1)"
A+ -

a1 lFt1eadeisausIus1edl = arlddreai e s X (3.17)
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L o Y =5 Yo Ao g Wt &
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1 [l o v [~ -
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T VR 9 A o 9/ )
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. Stream SupplyTemp  Target Temp AH FCp h
. C) °C) MW)  (MW°CY)  (MW.n*.°C)
T Reactor 20 180 32.0 702 0.0006
2 feed
2. Reactorl 350 40 -31.5 0.13 O_OOIIO
product
3. Reactor 2 140 230 27.0 0.5 0.6008
feed |
4. Reactor? 200 30 -30.0 0.25 0.0008
product
5. Steam 240 239 75 75 0.0030
6. Cooling 20 30 10.0 1.0 0.00iO

water
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A e 1 1 3 4 1 o Y1 Yy ’
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2 o ¥ ' o @ ’ @ {
- Cost) M daesanuwdsatuawes A7 9z ldnsmdegili 3.27

T(C)

250

200

150
100
50
0 ! | i i ! ; I >
10 20 30 40 50 60 70  H(MW)
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Hot Stream

250°

Temperature
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95° 80°

! L h=0.0010
: f | FCp =025 K
; 4 | : >
: : ‘' h=0.0008
i : L FCp=0.2
5 . : : D h=0.0006 '
: © FCp=03 :
- ; ; 3
: : h=00008 : :
L FCp=10
- ” CW
h=00010 :
Cold Stream ¢ ' :
230° 225° 199.59 1Ra° 140° 30° 25° 20°
Temperature : ; : : . : :
* Enthalpy 69 MW 67.5 MW 59.85 MW 54 MW 34 MW 12 MW 6 MW 0 MW

517 3.26 wamsmsuisueunalllulaezunsunia
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: y . .
TN 3.4 uaasweyalumsiiuinn Az, = 10°

Enthalpy Aliae Hot streams ~ Cold Streams Ay
intewals 2q, /)i g, /1y )
1 17.38 1,500 1.875.0 194.2
2 25.30 2,650 9,562.5 4827
3 28.65 5850 7.312.5 459.4
4 14.43 23.125 28.333.3 3566.1
s 2938 25,4375 36.666,7 2113.8
6 59.86 . 6.937.5 6.666.7 2273
7 34.60 6,000 6.666.7 366.1
T4, 7.409.6

A = v Y e * ~ w5,y
M99 3.5 1WTeumeua 19 eUesBOUN AT, AIENE 9

ual b wal Ay JORK N i 1
ATmin QH.mm QC,mm Annua Annua ANETWORK Nowrs Annualized Annualized
hot utility Cold utility (m%) capital cost total cost
(MW) (MW) 6 6
cost cost (10° S/year) (10° $/vear)

(10°S/vear)  (10° S/vear)

2 43 0.516 6.8 0.068 15,519 7 2.121 2.705
4 5.1 0612 7.6 0.076 11.677 7 L.614 2.302
6 59 0.708 84 0.084 9,645 7 1.346 2.138
8 6.7 | 0.804 9.2 0.092 8.336 7 1.173 2.069
10 7.5 0.900 10.0 0.100 7.410 7 1.051 2.051
12 83 0996 . 10.8 0.108 6,716 7 0.960 2.064

14 9.1 1.092 11.6 0.116 6,174 7 0.888 2.096
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RHEN: Resilient Heat Exchanger Network Designer

Montree Wongsri , Nattaporn Songsiri
Department of Chemical Engineering, Chulalongkorn University, Bangkok 10330

, A large number of heat exchanger network (HEN) design papers have been
published in the past two decades. The existing HEN design approaches use heuristics
and optimization. Most of the recent automated HEN synthesis programs have been
developed by using optimization techniques. Although the optimization approach is
more rigorous, it is limited by knowledge and insight. This paper presents a
programming tool for automated HEN design by the heuristic approach. The program,
RHEN, is a graphical software package for synthesis of resilient heat exchanger
networks. The software uses optimal resilient heat exchanger network design methods
developed by Wongsri (1990), i.e., the Match Pattern (MP) design method and the
Disturbance Propagation (DP) method. RHEN is written in C++ language, and run on
a DOS machine. Other features and functions are data input table, problem table, grid

~ diagram, composite curves, grand composite curves and the cost of heat exchangers.

RHEN can also optimize AZ,;, for capital and operating costs. It can find almost all

possible network solutions. The solution networks obtained are resilient without

further evolutionary development and feature maximum energy recovery.

INTRODUCTION

Typical chemical process industries like oil refineries and petrochemical plants
have one common feature, i.e. they all use large amounts of energy. Reducing energy
consumption leads to large cost savings and consequently the search for this reduction
attracts the attention of engineers throughout the world. Another important character of
chemical process industries is the fluctuation in operating conditions. - To reduce the
energy consumption in heating and cooling , the energy recovery network or heat
exchanger network must be devised. The network designs must not only feature the
economic optimum but also the resiliency characteristics namely, the ability to cope

* Correspondence concerining this paper should be addressed to M. Wongsri.
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with fluctuations in operating conditions while. still maintaining acceptable
performance. ‘

Good reviews covering HEN design are found in Nishida (1981) and Gundersen
and Naess (1988). Two fundamentally different approaches for HEN synthesis are
optimization technique and heuristic. Several computer programmed HEN design
systems using optimization technique have been developed, e.g. MAGNETS by
Floudas et al. (1986) and RESHEX by Saboo et al. (1987). But this approach does not
utilize domain-specific problem-solving knowledge. In optimization, the problem data
and design constraints are difficult to express mathematically, if not possible.
Furthermore, there is no insight on how the solutions are obtained. It is also difficult to
make the system interact with the designer during a problem solving process.

For a heuristic approach, there have been attempts to develop a computer
programmed HEN design system by using a heuristic model. To automate synthesis
we can use a rule-based system. A rule-based system offers an attractive feature that
the knowledge in the rules can be built incrementally. Metha and Fan (1986) use a
rule-based program on the Xerox LOOP system to synthesize a HEN. A more
extensive use of the accumulated HEN synthesis heuristic knowledge-based system
will make a rule-based system more powerful, and broaden the scope of problems that
can be solved. Grimes et al. (1982), employ two match types to find a network with the
aid of the search matrix for bookkeeping. Their method and heuristics used in written
in OPS3X, and early rule-based language. However, the disadvantage of a rule-based
program is that it quite takes much time to find more than one solutions.

RESILIENT HEAT EXCHANGER NETWORK DESIGN

In order to develop a resilience target, we need a definition of Resilience for
HEN. Consider an uncertainty range of uncertain parameters (supply temperatures and
flowrates) over which a HEN 1s expected to operate. A HEN structure is resilient in the
giving uncertainty range if for every combination of supply temperatures and flowrates
in the uncertainty range is: (1) achieves the specified target temperatures of each
streams; (2) satisfies the specified minimum approach temperature (07,,,) in each
exchanger; (3) satisfying a specified utility consumption constraint {minimum utility
consumption, or some relaxation factors times minimum utility consumption).

Note that we are interested in the effects of HEN structure (topology) upon
resilience before sizing individual exchangers, we define HEN resilience with respect
to 07, rather than area. Since resiliency is a property of a netwerk structure, it can
not be added to a design by merely increasing the size of number of components of a
structure, but only by generating a proper structure. Resiliency must be considered at
the beginning of a structure generating phase.

The resilient HEN synthesis methods presepted by Marselle et al. (1982), Saboo
et al. (1985), Flodas et al (1986) and Cerda et al (1990). Marselle et al. (1982) identify
heuristically the extreme conditions to design a HEN and the network solution is
obtained by combining the networks designed at the specified conditions. Saboo et al.
(1985) improve the combination method by testing the feasibility of a solution network
at all comer points. Flodas et al. (1986) use the combination method (multiperiod
MILP transshipment model) to derive the superstructure multiperiod model and test its
feasibility at the specified parameter points. Cerda et al. (1990) eliminated the trial and
error nature of these methods by including the resilient requirement into the
optimization model. The energy recovery is set up in tree levels with different priority.

Wongsri (1990) developed the heuristics and procedures for resilient heat
exchanger network synthesis. The heuristics are used to developed basic and derived
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match patterns which were classified according to their (1) resiliency (2) chances that
they are in solutions and (3) the matching rules like the pinch method, and the
thermodymics law, etc. The match patterns are also ranked to these properites.
Furthermore the same author developed the procedure for synthesize heat exchanger
network called the Disturbance Propagation Method to be used together with the match
patterns. The match pattern concept is used with the developed disturbance load
propagation technique to facilitate the bookkeeping of resiliency and the propagated
disturbance loads. This method will find a resilient network structure directly from the
resiliency requirement and also feature minimum number of units (MNU) and
maximum energy recovery (MER).

In this work, the computer program for resilient heat exchanger network
synthesis (RHEN, Release 1) is developed using the MP and DP methods of Wongsri
(1990). RHEN Release 1 can solve Class I problem (Saboo and Morari, 1983), i.e. the
case where small variations in inlet temperatures do not affect the pinch temperature
location. The program RHEN is written in C++ and has graphical user interface. It
runs on a DOS machine. A new version that can solved Class II problem, 1.e. the case
where large changes in inlet temperatures or flowrate variations cause the discrete
changes in pinch temperature locations, is pianned to be deveoped.

THE RHEN DESIGN METHOD
Usually, heat exchanger network synthesis is divided into 2 steps:

1. Network targeting

2. Network invention.

In the targeting step, the following important properties are determined before
the actual network is designed. They are used as the targets for a design. (1) The
maximum energy recovery (or the minimum utilities). The minimum utilities can be
calculated by constructing the problem table (Linnhoff and Flower, 1978a). The values
depend on the minimum approach temperature, A7, (2) The minimum number of
matches (or units). The minimum number of matches is calculated from

N match,min NHostream + NcoidSiream - 1
If a problem is separated by pinch, this equation must be applied separately to each
separated problem.

In the network invention step, RHEN uses the design methods developed by
Wongsri (1990). They are summarized as follows:

HEURISTICS _

Several HEN matching rules have been presented (Masso and Rudd, 1969, Ponton and

Donalson, 1974, Rathore and Powers, 1975, Linnhoff and Hindmarsh, 1983, J ezowskl

and Hahne, 1986, Huang, Metha and Fan, 1988, etc.), They are, for example:

e Heuristic C1. To generate a network featuring the minimum number of heat transfer
units, let each match eliminate at least one of the two streams ; a tick-off rule
{Hohmann, 1971).

o Heuristic C2. Prefer the matches that will leave a residual stream at its cold end for
a heating problem, or its hot end for a cooling problem. A match of this type will
feature the maximum temperature difference.

e Heuristic C3. Prefer matching large heat load streams together. The significance
of this rule is that the control problem (a capital cost) of a match of this type
(whether it is implemented by one or many heat exchangers) should be less than
that of heating or ccoling a large stream with many small streams.
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e Heuristic E1. Divide the problem at the pinch into subproblems, one a heat sink
(heating subproblem or hot end problem) and the other a heat source (cooling
subproblem or cold end problem), and solve them separately (Linnhoff and
Hindmarsh, 1983). :
Heuristic F2. Do not transfer heat across the pinch.
Heuristic E3. Do not cool above the pinch.
Heuristic E4. Do not heat below the pinch.
Heuristic T1. In a heating problem, if a supply temperature of a cold stream is less
than a target temperature of a hot stream by [17,,, or more and the heat capacity
flowrate of a hot stream is less than or equal to the heat capacity flowrate of a cold
stream, the match between these two streams is feasible. Immediately above the
pinch temperature, the heat capacity flowrate of a cold stream must be greater than
or equal to that of a hot stream.

e Heuristic 72. In a cooling problem, if a supply temperature of a hot stream is
greater than a target temperature of a cold stream by (17, or more and the heat
capacity flowrate of a hot stream is greater than or equal to the heat capacity
flowrate of a cold stream, the match between these two streams is feasible.
Immediately below the pinch temperature, the heat capacity flowrate of a hot
stream must be greater than or equal to that of a cold stream.

Position of a match. One heuristic prefers a match at the cold end and another prefers

a match at the hot end. Pinch heuristics prefers a match at the cold end in a heating

subproblem and a match at the hot end in a cooling subproblem. However, there are

other possibilities.

e By using the tick-off heuristic, there are four ways that two streams can match.

~ This leads to the basic four match patterns. (Wongsri, 1990)

Heat load between hot and cold streams. The heuristics that concern heat load state

that one must match large heat load hot and cold streams first. This leads to two

additional heuristics: :

o Heuristic N1. For a heating subproblem, a match where the heat load of a cold
stream is greater than that of a hot stream should be given higher priority than the
other. The reason is that the net heat load in heating subproblem is in deficit. The
sum of heat loads of cold streams is greater than that of hot streams. The purposed
match will likely be part of a solution, (Wongsri, 1990).

o Heuristic N2. Conversely, we prefer a match where the heat load of a hot stream is
greater than that of a cold in a cooling subproblem, (Wongsri, 1990).

Residual heat load. No heuristics for this quantity have thus far appeared in the

literature. Two new heuristics are introduced. For a match in a heating subproblem

that satisfies the heat load preference,:

e Heuristic N3. We prefer a match where the residual heat load is less than or equal
to the minimum heating requirement, (Wongsri, 1990).

For a match in a cooling subproblem that satisfies the heat load preference or heuristic

N.2:

o Heuristic NA. We prefer a match where the residual heat load is less than or equal
to the minimum cooling requirement, (Wongsri, 1990).

The reasoning behind the above two heuristics N3 and N4 is that the residual may be

matched to a utility stream. One has the possibility of eliminating two streams at once.
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MATCH PATTERNS

A number of match patterns or substructure descriptions are generated and
ranked according to the heuristics. A match pattern is a new concept used as a
fundamental selection unit in a combinatorial HENs problem. There are four possible
configurations that two streams can be match according to the comparative heat loads
between hot and cold streams and the positions of a match. We then classified match
patterns into four classes and simply call them Class A, Class B, Class C and Class D.
See Figure 1.

Class A. A match of this class is a first type match; a match at cold end position
and the heat load of the cold stream is greater than that of the hot stream. This is an
upstream match. For a heating subproblem, a Class A match is favored, because it
leaves a cold process stream (N1) at the hot end and follows the pinch heuristics.

Class B. A match of this class is a second type match; a hot end match and the
heat load of the hot stream is greater than that of the cold stream. This is an upstream
match. For a cooling subproblem, a Class B match is favored, because it leaves a hot
process stream at the cold end (N2) and also follows the pinch heuristics.

Class C. A match of this class is a first type match; a cold end match and the
heat load of the hot stream is greater than that of the cold stream. This is a downstream
match.

Class D. A match of this class is a second type match; a hot end match and the
heat load of the cold stream is greater than that of the hot stream. This is a downstream
match.

A match of Class A or C will leave a residual at the hot end, while a match of
Class B or D will leave a residual at the cold end. Heuristics N.3 and N.4 will be use
heuristics to further subclassify matches of Class A and B into matches of high priority.
Derivative Match Patterns

Subclass AH. A match of this subclass 1s a member of Class A, a heating
subproblem where the residual is less than or equal to the minimum heating
requirement. See Figure 2.

Subclass BK. A match of this subclass is a member of Class B, a cooling.
subproblem where the residual is less than or equal to the minimum cooling
requirement. See Figure 2. ;

A match of subclasses AH in a heating subproblem and BK in a cooling
subproblem have the highest priorities. We further discriminate match patterns
according to heat capacity flowrate. By foliowing pinch heuristics, in a heating
subproblem, we prefer a match where the heat capacity flowrate of a cold stream is
greater than or equal to that of a hot stream. For example, A[H] is a match in which the
heat capacity flowrate of the cold stream and the residual of the cold stream is matched
to the heating utility. Similarly in a cooling subproblem, we prefer a match where the
heat capacity flowrate of the hot stream is greater or equal to that of the cold stream.
For example, B{C] is a match in which the heat capacity flowrate of the hot stream is
greater than that of the cold stream and the residual of the hot stream is matched to the
cooling utility.

For example, the rankings of the match patterns in a heating subproblem are
AH, A[H], B[C], A[C], B[H], C[H], D[C], C[C] and D[H]; for a cooling subproblem
BK, B[C], A[H], B[H], A[C], D[C], C[H], D[H]} and C[C]. There are more derivative
match patterns, see Wongsri (1990). '

Resilient Match Patterns

We are now in a position to discuss the resiliency of the four match pattern

classes. Resiliency of a match pattern can be achieved if the disturbances in input
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conditions of the hot and cold streams can be transferred to the active stream (a residual
portion). In effect, the transferred disturbances are the responsibility of and will be
managed by the resiliency of the active stream whose resiliency is yet to be determined.
So, the degree of resiliency depends on how much the disturbances can be passed to the
residual. In general, resiliency of any individual match pattern depends on (1) the
resiliency of the active residual stream, (2) the resiliency of the heat exchanger.

For Class A and Class B match patterns, the disturbance of a member stream
can be transfer to the residual. So, they are considered to be potential resilient match
patterns. For the Class C and Class D match pattern, 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 match patterns.

DISTURBANCE PROPAGATION DESIGN METHOD _

In order for a stream to be resilient with a specified disturbance load, the
disturbance load must be transferred to heat sinks or heat sources within the network.
With the use of the heuristic : 7o generate a heat exchanger network featuring the
minimum number of heat transfer units, let each match eliminate at least one of the
two streams. :

We can see that in a match of two heat load variable streams, the variation in
heat load of the smaller stream S1 (see Figure 3) will cause a variation to the residual of
the larger stream S2 by the same degree: in effect the disturbance load of S1 is shifted
to the residual of S2. If the residual stream S2 is matched to S3 which has larger heat -
load, the same situation will happen. The combined disturbance load of S1 and S2 will
cause the variation in the heat load to the residual S3. Hence, it is easy to see that the
disturbance load in residual S3 is the combination of its own disturbance load and those
obtained from S1 and S2. Or, if S2 is matched to a smaller heat load stream S4, the
new disturbance load of residual S2 will be the sum of the disturbance loads of S1 and
S4. From this observation, in order to be resilient, a smaller process stream with
specified disturbance load must be matched to a larger stream that can tolerate its
~ disturbance. In other words, the propagated disturbance will not overshoot the target
temperature of the larger process stream.

However, the amount of disturbance load that can be shifted from one stream to
another depends upon the type of match patterns and the residual heat load. Hence, in
design we must choose 2 pattern that yields the maximum resiiiency. “We can state that
the resiliency requirement for a match pattern selection is that the entire disturbance
load from a smaller heat load stream must be tolerated by a residual stream. Otherwise,
the target temperature of the smaller stream will fluctuate by the unshifted disturbance.
Of course, the propagated disturbance will be finally handled by utility exchangers. In
short, the minimum heat load value of a larger stream must be less than a maximum
heat load value of a smaller stream. The propagated disturbance will proportionally
cause more temperature variation in the residual stream and the range of temperature
variation of the residual stream will be larger than its original range. See Figure 4.
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Hence, a stream with no original variation in heat load will be subjected to
variation in heat load if it is matched to a stream with disturbance. Another design
consideration is that the disturbance load travel path should be as short as possible, i.e.
the least number of streams involved. Otherwise, the accumulated disturbance will be
at high level. From the control point of view, it is difficult to achieve good control if
the order of the pracess and the transportation lag are high. From the design viewpoint,
one may not find heat sinks or sources that can handle the large amount of propagated
disturbance. ‘ :

RHEN MANUAL
The folowing section is to show how RHEN is run.
When you start RHEN, you will see the main menu as shown in Figure 5.

Figure 5. Main menu of pfbgrém; RHEN.

Now RHEN is ready to solve a problem. Click the first icon to input number of hot
streams, number of cold streams and A7,,,. See Figure 6 .

Figure 6. Table to input number of hot streams, number of cold streams and AZ,,.

Then, click the second icon, RHEN will display a table for inputting temperatures and
heat capacity flowrates of all streams, including of utility streams. (Figure 7).
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Figure 7. Input temperatures and heat capacity flowrates.

If the streams have flowrate disturbances. Click The heat capacity flowrate
disturbance icon. (Figure 8). :

Figure 8. Input heat capacity flowrate variations.

Figure 9. shows the problem table. The problem table shows the utility
requirement and the pinch temperature and figure 10 shows the grid diagram. Figure
11 shows temperature-enthalpy composite curves. Figure 12 shows grand composite
curves. ' -



80

Figure 9. The Problem table.
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Figure 12. Grand composite curve.

To find the solutions of the problem, Click the maich streams icon. For this
particular problem, seven solutions are found. Figure 13. show the 7th solution.

Figure 13. The seventh solution.

If there are many solutions like this problem and you want to find what the
solution i1s minimum cost, Click the 10th icon. The result is the solution No. 3. See
Figure 14 .

81
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Figure 14. The solution No. 3 is minimum cost.

To optimize A7, for minimum capital and operating cost. Click the A7 icon.
See Figure 15. Optimum A7, of this problem is 11°.

Figure 15. The optifnufn AT,,;,,, is 11°.

To find resilient structure, Click the R icon to change from non-resilient to
resilient mode.

Figure 16 shows the resilient structure that can operate in the specified
variations range.

Figure 16. Resilient network structure.

SUMMARY

RHEN is a computer program for resilient heat exchanger network written in
C++. HEN uses the heuristics and the design procedures developed by Wongsri
(1990). RHEN has a graphical user interface running on a personal computer. The
program is easy to use featuring the problem table, the grand composite curve, the grid
diagram, A7min Optimization, resilient network, minimum cost network.
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