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SCOPE AND CONTENTS: 

A flexible , modular program system for the synthesis of optimal 

energy exchange networks (OPENS) is developed. It is capable of generating 

realistic process equipment neuvorks to satisfy both stream temperature and 

pressure specifications. The system contains elements of heuristic decision 

making and employs a "branch and bound" combinatorial technique for solving the 

discrete prcblem of optimizing network configuration. An (energy) price-based 

decomposition algorithm is developed for sub-process integration; this is 

achieved by determination of the optimal (stream) interconnections bet\.,reen such 

sub -processes . 

The system 1s applied to the design of energy recovery net\vorks for 

two quite diss·imilar ethylene recovery schemes; the high and low pressure 

processes . Process interactions beuveen the main processing sequence and the 

associated refrigeration facility are used to e:A1Jlore sub-process integration . 

Some conclusions are made regarding the effectiveness of the program 

system for the examp le processes presented and recommendations are made for 

improveme-nt and ext ensions . 
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C!lAPTER I 

INTRODUCTIO~ 

1.1 r.encr~ l 

In recent years chemical process design has becoJTle increasingly 

automated. TI1e desi7n of many equipment units is now computerized and modul:1r 

shnulation systems ore 1·.':idely used for generalized mass and heat balancing 

and equiprent sizinp. and costing for large process net\'.'orks. Later advances 

have produced capahilitics for automated process optimization and simulation 

of process dynamics. Thes e sir.'ula tion syster1s are in general capable only of 

analyzing a user-supplied flmvsheet, leav:ing the creative asrects involved in 

des:ivn cnpjneer . HcHevcr there is a p·oh•ing :interest in develop:inp. techniques 

for process s)rnthesis, Hhich is concerned with the analysis, orderinp: and 

automation of the Jogk required for process design decision makinp: . Synthesis 

covers a broad and lar~ely unexplored range from the evolution of a basic 

processing concept to the actual selection and arrangement of process equipment. 

11lis study :is concerned with the l<-1tter sta p-es of the sy11thesis 

procedure. It reports on tl1e c1 evelorment and application of OP[NS (Ort:ima l 

Process Equipment Net,,·orl: Synthesi zer), a modularly or:ientetl prograJTJ system for 

the synthesis of ortj rw1 enerry cxch~np- e net1\'orks . It cm hines recently developed 

thcoretiGI1 concepts with practica l c.lesi,!!n considerations to fonn a flexible 

systm caJXlbJ c of genera tinr, vcrv renJ is tic, useful process desj[!ns. 

1 
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1.2 Background 

There arc three r.encral aree1s of t he literature that fonn a hack-

ground to this s tudy . They are simulation, synthesis and optirr.ization, and 

this section covers the relevant pubJ islled lvork :in e8ch of these fields. 

1. 2.1. Simul ation 

'The modular approach to ste3c1)' state chemical process simulation(l) 

:is noi'' widely accepted . The basic concept is tl1nt of transforming ti1e con-

ventional process f lcwshcet i nto an infonmt:ion floH diagram in ,,,h:ich process 

equ i pnent are represented by closely cc•rrespondinr computcttion rr.odules . 

Comru tation of ::my proces s proceeds by sequenti al calculation of the individual 

module routines , a schcJ'l e which may need to be rf'peated if recycles arc present . 

' # • ' ., - ,. __ • ! • ' . • • , ~ , ., .. - ~ .. ("' - • • • , , 1 ,- , 1 . 
hctJU.fJUl.ctl . .lUJl U J. ~LJeCU II , t::l.j l.U.j.lJ I'eJJ L ctJIU ULJ!CJ JJel...-e;:,;-,{:tJ. y l.JlJUJJ ' ~<l L.l U J I .!:J JJ <1ll\.Ll\::u L' ,Y 

t he siJnulation executive . The modular approacl1 has the distinct advantages of 

t his close mxl eas ily und erstood correspondence between process flowsheet and 

infomat ion flo,,· clia~ram and a ready facility for alter in_r proces s configurations. 

Further , w]th in the mod uJ 0T approach, ~my number of eqtd pmen t units of the sarne 

type may be represented by a single r1odu l c \-J ith different pnrar.1eter sets. J\n 

ectuation oriented approach to s:imulation(Z) can also be used and such systeins 

ld ic.h are based on equation stnJCture rather than pl an t structure may be 

c cr.1rutationally r.1ore efficient. llowever theoretical d:iffjculties in solving 

brp, c sets of penen 1Jy non-linear equations and lack of convenience l-:l1 en 

compared ,,, i th modu lar systems have prevented \ddc use of such an approach. 

~· !ost modular executives described :in the literature, e.g. PACER (l), 

GHlCS ( 3 ~ OlESS( 4) and rT.O\\'TRo\\(S), empl oy the se~me funclamentCJ 1 information 

hmxllin.r~ algorithm. '111ey differ only in t heir dcr rees of sophistication , sizes 
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of equipment subroutine ljbraries, etc . TI1e systems 2rc well suited for 

simulation of process performance as well as for equipment sizing and cost-

ing and have been used in plant improvement and optimizat ion. lloKever 'vhen 

they arc examined from a synthesis viewpoint it is seen that they h<we 

virtually no creative capabi1i ty . They are 1 imi ted to user-suppJ ied flowsheets 

and for tl1e ilnprovencnt of plant co1;f:i guration or particularly for the evolution 

of a new plant configura tion the approach is inefficient. Improvcl11ent must be 

gained by ''ihat is largely a trial and error process of successive evaluation 

of proces s configur ations and this can in no way be guaranteed to arrive at 

the best a ttainable conf:ip:uration . /l.n exmnple of design by this method is 

reported hy Batstone and Prince( 6) in planning stecun systems for sugar refineries . 

Especially for design purposes, the development of a capability for process 

next logical stC~ge i n the evolution of the modular systems approach to process 

1. 2. 2 Svnthesis 
---~'-------

TI1e s equence of decision making steps required for the canplete 

synthesis of any chemica 1 process Jws been detailed by Sii rola and Rudel (7) . 

They describe tKelve steps alten1ating betHeen syntl1esis and <Jnalysis, '·:hich 

l ead from a given chemical reaction path throur,h to the evolution of the final 

process fl m·:sheet. l\:ine of these steps are in1plementecl by their AIDES 

(Adaptive Init:i8 l DEsipn Syntl1es izer) program which combines the compu ter 

c<Jpaci ty for systematic ana lysis 1.d tl1 an intuitive capability provided through 

program interaction with the dcsipn engineer. AIDES is capable of proceeding 



through to the identification of the various processing tasks which topether 

detennine a basic processing scheme. The present study is m(linly concerned 

\vith proceeding beyond this point to the implementation of the final synthesis 

steps, in particular to the "Task Integration'' and "Final Fvaluation" stages. 

These involve the actua 1 selection antl arrangement of the processing equipment 

to produce an optimal process fl~·.rshcet. 

1l1e selection and arrangement of equipment is essentially a discrete, 

canbinatod al problem . It involves a choke between a very large but finite 

nurnber of possihle confi p,urations wJ1ich s<~tisfy the specified processing 

objectives . It is necessary to select the configuration which meets soT"le 

optimality criterion ,,,hile at the sm'le t:iJ11e being hath feasible and operable . 

Several recent approaches to optimal synthe.sis have oeal t ,,,i th the 

m.unber of hot and cold strem''S witr1 given inlet conditions and outlet ternrera­

t~ure spcc:ifications, construct the he<~t excJ1o.nper network Hhich meets these 

requirements at minimum cost. To date studies have concerned only streams 

wh:idJ l1nvc constant specific l1eats <md transfer only sensible he::t t. Three such 

studies ::tre descrihec1 belcH. 

Kessler and Parker(S) usee n mocl ifjcd intc~er prograrn1'1 ing fonnulation 

( 1 represcntin~ exchmwe l>cb,'ccn two stremr.s, 0 representing no exclwnge) 

in \·:h]ch strC'am hc::lt lo;Jcls ,.;ere divided into heClt "elernen ts" of finite size 

in order to 1] nc<Jrize the neu,·or l< cos t objective function. Satisfactory results 

,,·ere ohta in ccl for prob lems wj th un to n stree1n1s with a total of 28 elements . 

Po\\'CVer t}Je cptirnal ~o1ution must in genera l be dependent on clement size and 

in prnctice the n11r1bcr of clements necess<1ry to approach continuity in heat 

4 
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loads <mci thus remove this depenJcnce may we] J make prob l ems prohibitively 

J arge . Further , the strict mathcm<ltical fonnu l at i on does not r eadily pen ni t 

the flexibility of later approaches. 

~lasso and Rudd (9) introduced "l!Il1IUSTI CS" to the prob l er.1 . These 

heuri sties are othenvise knm.11 as dec i sion rules or rules of thumb . They a r c 

empirical n1lcs ePlbodying perlwps intuition or experience whid1 are useful 

for prcblm decision maldn~ but are unproved or incap<1hle of heinr: prove<.l. 

There may be some confusion reg~rd in~r the association of the term heuris t ic 

with a learning process. There is in fac t such a learning eleP.lent in 1·!asso ' s 

work but further use of the tcnn heur i s t ic i n t his study does not necessari l y 

impl y any such association. 

In ~·lasso ' s approach the netHork i s constructed exchanger by exchanger, 

asSlf illilf'. -r.el\' st1·ecui• ill<ttclu:::s a l ead1 sLav e bv us im~ a set of hcurisrics . J\n 

example of such an heuri st ic .is to select from those available tlwt match \•:hich 

bas mi nimum cost . illeightinp- functions were associated wHh eCJch heuristic at 

each stage to build up expcri cncc on heuristic select ion . This provides the 

progrcnn with a Jearninp capability whereby i t may move tmvarcls an optif'l<ll 

solution . The methol1 l1;1S the advantar.es of simpl ic i ty and flexihil i ty wHh the 

opportunity to incorporate useful empirical design rules withrn t11C heuristic 

set . lloh·cvcr this clcpC'ndcncc on the heuristic set used precludes ~-my ?tt<trantce 

of optimality . The conv r ['encc rate of the i tere1tive learninr process is also 

dependent on the heuristics chosen and ~lasso has heen unable to show that heuristic 

experience can be usefully transferr ed from one pr oblem to another . 

A more promis inr~ approach, since i t does guarantee optimRlity , j s the 

"br anch and bound" method of Lee et a 1. (lO) . It be?,ins by generating all 

poss jb :k c ombjnati.ons of cxcl1 ::1n?c to crc:1tc ::1 YCry l:ngc comhin<1tor]al problem. 
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The extraction of the optiJ11al configuration then proceeds hy brancJ1 and 

bound Hhich is a very general technique from the field of operaUons research. 

It decomposes the odg:jnal combinatorial set into (branches to) sets of much 

smaller and thus more easily solved sub (bounding) problems . With its guarantee 

of optimality, ma thema tical siJnplicity and generality the techniaue is a very 

attractive one. Branch and bound is in fact the optimizing technique to be 

used in this study <mel a more detailed description is given in section 2 . 1. 

Another approach to synthesis is the "evolutionary" one developed by 

K. 1 ( Jl) . 1 . cl ' f . Tl 1 t. 1ng et a 111 t 1e1r stu Jes o - separat1on processes . 1e evo u 1011ary 

approach makes extensive use of heur]stics . It starts with a basic user-

supplied process flowsheet. This is then improved during an iterative sequence 

in ,,,hich sets of heur] sties arc used both to isolate a process component to be 

improved and to suggest an appropriate irrprovement. The approach probably 

more closely foJ lm,·s the l1uman desirner 's dec is :ion makinp. process than do anv 

of those nbove. Tt is a very practical one \vhich :::t.llows the incorroration of 

a nwx i lillllTl amount of prior knoh·l edr,e and CX'!JCricnce but the usual heuristic-

dependent 1 in itDtjons apply . The authors describe applications to an e thylene 

plant dcmethani zer cohunn and a meth;:me liquefaction process. The heur:i stic 

lop:ic is automated only :in the latter . The npnroach has been extended to tl1e 

more .r:enernJ aspects of separation process svnthcsis in a very recent p;1per by 

'j'] ' F • (12) 1cmpson .:mo r\ 1 n?, . 

1.2.:) 

The sizes of Jorpe system optim:i zation probJer1s can stil 1 become over-

\·:ilc lnir:r e\'cn if efficient soJution olgorj thms arc er.1ployed . In such cases it 
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may still be possib l e t o solve the probl em by decomposition me t hods . These 

entail making usc of the process stn1.cture to c1ccoJ;1pose it into a set of sub-

processes wh ich give rise to smaller, more readily soluble sub-problems. 

Lasdon(1 3) has described such CJ method, for continuous process 

ophndzo.tion prohJms, in \··h:ich process decomposition is achieved by means of 

the nss i p1mcnt of transfer ''prices' ' to flows bet'''ecn sub-processes . Prices are 

shc,,.,1; to be gener::ll i zed Lagrange 1--':u ltipliers. Sub-processes <1 re tl~en op t:i1n ized 

'"i th suh -process demancls ancl productions free to float as . ac1dit:i onal decision 

vari3h lcs , i.e., c<1ch sub-problcJTl must decide on the quantities of inputs to 

be "bought ' ' ond outputs "soJ cl" at the assigned transfer rrices. Such provisions 

render t he sub-rrocess proc l er:Js :independent of the rm<tindcr of the process 

structure . The optimization a l f ori thm then :is a t11'0 level one \·:i th i nd ependent 

sulul.j uu of LiH.: :::;u] J-prooll::ns a t i.he l ower level. \·:hDe at the unner lev c:i nnces 

are adjusted to reduce excess demands or supplies for flo1vs connecting sub -

processes . TI1e overal1 optiTJlum is re2ched when nll such excesses helVe been 

reduc ed t o zero. Over all co1werr.ence is not assured and may be sJ0\1' particular]y 

\·:hen there is strong physica l sub-process :i teract ion . .A fur tl1er disadvantage 

is that t'he dimensional improvement (the reduction :in numhcr of problem decision 

var iables) nchieved throurh decornposi tion Tllay he rartially l ost clue to the 

additional decision variables introduced into each sub -probJcm. Process 

appl:ications hnve been repm-ted by BrosiloH and l\'unez (ll\) and Gembicki (lS) and 

the l8tter has il'corporatcd the algori thm :into a moouh!r process optir.~ i za tion 

system. 

'111e present study is however concerned '·:ith discrete optimization 

problems . Everett (l6) h<1s shovm that th e general ized Lngranpe ~1u ltiplier 

f on:1ubtion for constr:1inccl ort imization r1:-1Lcs no restrict i on on t }1C nature 

of the functions involved . Tin;s the approach is cqu<'l lly V<'llid '"hen the decision 
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variable set ;mel the objective and constraint functions are discrete. He 

shows that the method is especially useful for resource allocation problems 

where the r esources can be comm itted to a number of independent areas (cells) 

and the overa ll payoff is merely the sum of the payoffs from each cell. 

This cell problem is in fact of the type considered by Lasdon. Everett 

describes an application to such a non-linear, integer allocation prohlem. 

1.3 Synthesjs - Study Philos_9phy and 0bjectives 

111is section is concerned with placing the present study Hi thin 

the broad general area of process synthesis and ,,,i th defirdng the study 

objectives . 

1. 3 .l 

Of all the stages in process synthesis described by Siirola and Rudel (7) 

those of mos t concern to the practising oes i gn engineer arc probably the 

fiml stcp5 \l'hich result in the evoJution of the process flowsheet. Frequently 

a basic rroccssing concept will already be available to the engineer, whether 

it is fr011 an exj sting process which is to be modified or from basic research 

or pilot plant studies for a new process. 1his concept may perhaps take the 

foi1'1 of n reactor scher1e or sequence . of sepnration steps or both. The 

synthesis steps required to transform such a basic concert into a complete, 

operable process arc in Siirola ancl Huc.lcl ' s terminolo!}y, Task Identification, 

T~~sk Integration and Final Fvaluation. Tt:sks may take the form of requiremen ts 

for stremn ter1peraturc, J)rcssure or phase ch:mgcs, for component separations or 

for strc<!r~ mix:i nr. or splitting . It is for the satisfaction of these require-

mcnts tlwt CCltlipmcrtt ncti\'Orks rr:ust l'e synthesized . Tl1e ccvnplexity of such 
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net,\'orks HiJl depend primarily on t\·.ro fe~ctors . TI1e first is tl1e ranre of 

resources available to perfonn the tasks and the second is the degree to 

v.:hich it may be possible or required to integrate tasks by using some tasks 

to drive their inverses, e.r., a heating task driving a cooling task . Special 

reranl mus t be r, iven to problems of process feasibility, control and star t - up , 

especially as the degree of process integration incre0ses . The usual econonic 

criteria for t he ,.;ortl1 of a design t ake no account of whether or not a 

process is practically operable . 

The present study is concerned in particular with the compl ex 

proh1cms of Task IntcgrCJtion . /'1 more specific objectjve is to create <1 capahili t y 

f or automated process floh·shcct r,eneration '1·ithin tl1e frame1-.'ork of the modul ar 

approad1 which l1as been found so sui table for pnxess· evaluation or simulation . 

c:t"'1rt-inn .n(lint" ·ff"'r r lf'>u<>1 f"'nmPnt' !lnrl 
- - -- - - -- ·n ,t · - -- - - - - - - -~ • .... - - 1 - - - -

provide useful gLJiclnncc as to dat a stnJCtures c:mcl equipment representation. 

Ch emical processes represent n gr ea t diversity in processing concepts and 

equipment function<; embodied in them. For this r eason it is not considered 

practicable :1t this 0':::-ly st3ge in tl Je developmen t of process synthesis techniques 

to attempt t o cleal with complete] y .c:eneraJ process concepts . 111is i s especie!lly 

true if a syste;: is to be cnpRblc of the depth and detail necessary for the 

crcatj on of ve rv rcHlistjc process dcs i r:ns. 

More specifica lly this study deals \vith synthesis of energy exchange 

systems \vhich involve mainly strewn ten1peraturc and pressure rcquirelllents. The 

imrortant rcqui r m ents involved in species tr<Jnsfonn<ltion (reaction) and 

sepantion are more often er.1bodiccl in the initi Rl synthes is stages, i.e., the · 

invention of the basic process concept which concen1s the seJection of the 

m~; j or r qu i p:wnt units . In t } is context energy exchanr.e neu \·orlcs ccm be rq-;a rdccl 
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as supportinp equipment net\,rorl\s Hhich s<ttisfy processinr needs external t o 

the major equipment units. Nonetheles s the efficiency of the supporting 

neb\·ork in recoverinp: p r ocess enera :is often a vital factor :in the overall 

process econanics, and it may r equire a very high degree of process inter­

act:ion and ca,~plcx:i ty of equipment i nterconnections . Energy exchange net­

works can tlms prov i de a very useful area for development <md appl ication of 

synthesis techniques. 

1.3. 2 Study 0hjcctives 

TI1e system to he devel oped in this stwly is to proceed throur.h 

the fo llowin? distinct three stafeS of synthesis. 

1. Ana Jvsis of a b<1sic processinrT sd1cme t o identify a set of 

2 . Generat ion of o J.l possible eauipr1cn t neb,JOrks which 

satisfy these dcm<mds . 

3. E.xtraction of the optimal net\\'ork . 

TI1c system is to be built e1rouncl t he hnmch <md bound combinatorial 

optit~i ization teclmique . TI1e reasons for its choice, as outlined in section 

1 . 2.2, are rna:inly its guarantee of optimality, TI'athen,atical simplicity and 

general j ty ancl freedom from any true iteration scheme . It is mos t :important 

in t he broad area of opUmal synthesis tha t the solution t echniques themselves 

impose as fClv constraints as possibl e on the ~encrality of solutions \<Jhich 

may he obtained . Branch <mel bound 1s aurentlv fcl t to he the most flexible 

in this rcpard. TI1e incorporation of heuristic decision making into the 

branch and bound stntcture is very ea.''Y and ex t ensive use v:iJ.l he made of it . 

Thi s jnclusion of hcur]stics may destroy the gtwrm:tce of ortiJ"!'a lHy. However 
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the l1euristic capabH i ty to incorporate realistic <mel othen,•ise unusable 

design experience into the l ogical synthesis framework :is a valuab l e, almos t 

essentia l one in generation of rea l istic designs . In practical processes the 

concept of strict mathematical optimality i s in c-my case diffion t t o apply 

as impor tant additional factors sucl1 as controlability are much more difficult 

to rate than are the usual economic'considerat:ions. 

A discrete , price-oriented, process decomposition algorithm is also 

to be included in the system. It is capable of achieving substantial reductions 

i n sizes of discrete optimization problems by decomrosition of the process i nto 

a number of smo ller independent sub-process proble:ns . TI1e r'ricin,r structu r e 

imposed on flo1,1s bct,,·een sub-processes is to be used to detemine optimal 

i nterconnections betKcen sub-processes. The algori tlnn can, conversely , he 

n"p(l f nr i ntPrrr::~tinn of :1 munher of indcnenclcnt 11rccessimr units which m<lY 
~ J .. .. ~ . • 

function T'1ore efficiently as a sin~le process . The decomposition techn:inuc 

con greatly cxtchd the size of process '"hich ccm he hondl ed by the svstcm. 

It should be noted thDt in peneral this study is not concenwd 1d.tl1 

equi rr1en t prlrmnctcr setUnr: . TI1is fal J s into the <~rca of continuous optimization, 

tedmiques for which arc a] r eady \~ell developed. 

The above techniques arc to be dmonstrated by <lpplication to the 

design of ethylene recovery plants , cornmerci ally very important processes, in 

1d1ich effi cient energy rccovcnr j s vi t al to tl1c overall process ccono1:1ks . 



OlAPTER 2 

11!IORY 

There are tHo major arc·as of opUmization theory which require 

f urther description and/or development for tlK' present study . 'l11ey a r e branch 

and bound and process decwpos i bon , covered respectively in the following 

two sections . 

2 . 1 Brcmdl and Round 

Til:is section revieHs the work of Lee et al. ( lO) on the branch and 

bound optiPlization technique . 

The br<mch ond bound method is one of t}Je J110st general approaches 

to the solution of constrained optin:i zation pr oblems. Its J1lathematicnl 

foundation can he simply expressed :i n tenns of a bounding ::mcJ an optima1i ty 

condition, as folJO\.,'S. St:1rt with on opt:il".:ization (max:in1izntion) problC'n:, fl, 

\._rhich is excessively difficult to solve . The problem may be ahle to be replaced 

hy ln::anch:ing to a r)rohlem or set of probJen1s , B, whicll is related to but is 

Pluch P~ore easily solved than ;\ . To be useful B must satisfy the foll01dng 

bounding condition. If the optima l solution to /1. were available and applied 

t o B, that desi r.n must be feasible for R (j . e . , must satisfy all technical 

constraints), hut not necessor:ily optimal for B. Then ]fit also exh i bits an 

equal or greater objective function va l ue for B than for .A.. , B i s a vn lid 

(upper ) bound for A. TI1is bounding condition is expressed i n (1) . 

12 



(1) 

where O(D) is the objective function to be maximized for design problem D. 

Note th:1t (1) also i mplies that every feasible solution for A is 

also feasible for B. 
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Now if the optimal solution for problem B is found <mel is feasible 

for A and gives caual values of the objective function ,,·hen applied to both /\ 

and B, then it is also the optimal solution to the original problem, .A. This 

optimality condition is expressed in (2). 

(2) 

Thus (J) and L2J guarantee t hat 11B :is tne ortimal so1.ution 1:0 problem 

A, and a very tlif:ficu l t prob lem he1s been solved throu?,h the solution of a much 

easier alternntive prob1em. 

The only difficulty in the application of the method is that of 

inventing appropriate boundinr; problems for particular situations - the bnsic 

strateyy prov ides no guid.:mce CIS to their selection, merely concli tions which 

they must satisfy . 

ii) i\pplication to lieat Exchange Net\•!orks 

Lee ' s strntegy in applying branch and hound to the synthesis of 

optimal heat exchanp.er networl<s is described CJS follcMs. 

Con..sider the prob l em of designing an optir~al heat exclwnge network 

to satisfy temper3ture specifiCations for m given streams. These streams 

are convenicn t Jy cbssifjcd as "hot" (to be cooled) or ''cold" (to be heated) . 
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TI1cy arc to be sed es processed, contacting each with a sequence of other 

process and/or service streams until specifica tions are met. 

Branch anJ bound takes a combinatorial approach to the problem . A 

useful bounding prcblm is first created by temporarily relaxin~ the network 

FFJ\SIBILI1Y criterion. For a network to be feasible it is merely required 

that no stream be used r1ore than once. Relaxing this criterion and thus 

allO\'.'inr. J;,ultiple stre.::rrn use r, rcatly si npl ifies the probJ em since i t leaves the 

user f ree· to fonnul8tc all poss ible STREN-~ ~1ATCIIES (matching of hot/cold stream 

pairs for hea t exchan_g e) without re?ard to the feasibility of any net\\•ork created 

through any cor.1binntion of tl,cse matches . Startinr fran the m primm-y or 

origi nn 1 strem11S, stree:uTJ matchinz. for exchange is be?Un . For each match tl1e 

extent of exckmge i s fixed, i.e . , it will proceed either until one stre:1m is 

completely satisfied oruntil a certain minimum approach temnere1ture is reached . 

Thus most m8 tches produce r esidua l (parti<11ly processed) strerrms h·hich arc then 

free to match with <my otllCr sui table s t rc::urs . The mo tchinr. proces s is continued 

tmtil there 0re no furtl1cr uns atisfied residuals. ~trcam matchinp infcnTJatjon 

i s usee to bu ild ur sets of STRLJ\1'.1 r r..o r.r:SSINC: Pfo.Tl lS (scauences of matches/ 

cxch:mgcrs), one s e t for ec:ch pdr~a ry stre8J11 . Costs are StJIT1med f or e~ lJ such 

c ompl ete processinr paths, each of h"hich represents one possihle complete 

process ing sequence for the !'ri n~ary stre0m i n (JUestion . :\ote that it must be 

1·cqui red th :1 t e :.1ch path i tse1 f Jllust he feasible ( involve no multipl e s tream 

us c); hoh·ever any combination of )laths, one per rritna r y stre81"'1 , '·:h ich t ope ther 

fom a possible networ : , r1ny not neccssorily be feasible . 

For the 11 priJllary strC'm11s , i f tl1crc are for C'C!Ch n. ( i = l,m) possible 
1 

processing p<1 ths Pi_; (j = l, ni), then t}1C nuJPber of possib l e net\.;or ks that 

can he fon;JCcl through comb ination of these p~t ths i s 
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( 3) 

Although the majority of such net,,·orks n1ay he infee~sible, the t ask 

of mercl v testihf' the N netJ·:orks for fee1sibil :i ty may he prohibitively large . 

TI1is situation can be ~;reatly imrrove:cl hy furtl er ir.1plementing the hranchinr 

strettegy ns follows . 

. t--:o\·: hr::mch to a set of houndinR problems, each of \vhich is defined 

t o contain a certain specified strenm r.:atch. One further problern, Hhich 

exc ludes aJl such mc-1tches in tl1c set, is a<~dcd . This produces a set of 

pr obleJllS which mutually hound or car1pletely contain at least all feasible net-

'"'orks in the oririn<1l se t . By applyin::' the network feCJsihil i ty criterion to 

the problem at this stage (i . e ., excluding all matches which require mult i ple 

use of any streams involved in specific bounding- prohlcr matches) a p·eat 

mnnber of infeasibJ e net\·,·orks can be imrr.ediately and efficiently eliJ'linated . 

·n 1is eff iciency is due to a ' 'magnification" effect described as follm:s. 

Eac!1 bounding probJ em must contain the specified stream match on 

which i t is based . 'D1is C11lo,,·s elimina t ion of any other mat ches ,,•hich involve 

either of the stre21ns i n tl1e specified natch . TIK· rei ection of each such r.-rn tch . . 
may Jee1d to e lil~1imtion of a mnnber of paths which contain the rejected match . 

The effect is furtJ1cr ma pnificd since the rejection of each such rath may 

lead to C'limin~tion of a still larger number of path combinations (nen\·orks) 

wh1ch contain the r ejected rath . 

'l11us the sizes of each of the bounding problems can he considernhly 

reduced to the point where t he bounding prohJ em set is j ointly a rr.uch smaller 

probl er1 tlwn the original, N. Further levels of branchin;:: crm be made fra'l 
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each current hound in[' problem. This should proceed unb 1 the sizes of the 

problems arc suffi cj cntly small. Then they can be solved directly by sorting 

the ncb·:ork costs for each into incrcash1p: order and moving dm·:n this cost list 

until a feasible network is found. ·n1e minimtun of all of these f inal ] evel 

problel'l solutions is the overalJ optin~tun . 111e p:eneral branching strategy is 

shown in Fj _pure 1 in lvhich each node is associated Hi th a specific stream match. 

Ixar1pl e_ -

For example, consider the 4 stre<lJll probler1 (streams 1, 2 hot, 3, 4 

cold) described by Lee et aJ. (lO). 'l11e stre3Jl1 matddng process produces D 

tota l of 34 (10 + S + 7 + 12) prirr-ary stream processing paths ' '-'hich comhine 

to produce a total of 4200 (10 x 5 x 7 x 12) possible neb,•orks. In the process 

30 residual stre;;uns are crcatec:. The first level of branchinrr prohlems is 

in ,,·hich all stree1ms are sati s fied by services. The bnnching stnKturc :is 

shmm in F:i f,l.lre 2, \·:h ich also gh·es the s:i zes of tl1e individual br(lnchin.r; 

probler1s . 1\ consi(lerable reduction from 4200 :is alreCldy evident and after a 

further l evel of br:mcl1inr the nax :irum individual prob lem size is reduced to 

8, witr1 a total of 55, at Hhich stap:e problems are very reacl :ily solved hy hand. 

As :m example of tf1e ' ''ClY in which the mapnific:1.tion ·effec t described 

above l eads to tl1is efficient reduction in rroblem s j ze consider 1/4 suh -rroh len' 

shmm :in Figure 2. TilC rcallircPlent thr-~t the 1/4 match Jllust be included le::tds 

to i~1eclin te elimin:1tion of 8 1ratches '"'hich arc incmpatible ,,.-i th it. FliF:in:l ­

tion of 311 p:1ths containing any one of these m::ttches rcl'1m'es 24 p:1.ths, leaving 

~ total of 10 p3ths (1 + 2 + 4 + 3) out of the ori rrin:1l 3 1~. These remRjning 

paths coF~binc to Eive a total problem size of only 24 ( 1 x 2 x 4 x 3) compared 

l·:i t h the orig j n<~l tl200 . 
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Further refinancnts -

Further refinements to the hasic strategy can be introduced by making 

use of tl1e current best network cost to reject all paths ,,·Jlich must lead to 

higJ1cr cost net,··o.rks and by including a procedure to find a good initjal 

feasible neb,:ork. The reader is referr ed to Lee et al. (lO) for further details . 

Tl1e efficiency of the branch and bound method is best reflected in the maximum 

size of sorting prol,lms rrocJuced at the lowest level of branching . This is 

dependent on the choice of boundinR problems as is seen in a later section. 

It wi11 be remembered from section J. 2 . 3 that decomposition is a 

t echnique ,,·hich may be used to reduce the sizes of large system optird zettion 

- - -pronJ ern concernec 1nto a ntlfT1 t:Jcr ot ST:'<Jller more 

easiJ y solved problems. This section shm·:s hcv decomposition Jnethcxls may l~ e 

arrli ed to thC' present tyre of c1 iscrete rroccss clcsi.r:n pro'bJ eTl'. For backfr01md 

( 1~ ) (16) 
the reader is referred to the HOTk of Lasdon .) and Everett . 

Consider the precess represented :in Fi.~:ure 3. 111e overall process 

:is to be optimized by choice of a set of decision variables, 1'-1, assoc i2tecl \-rHh 

it. It has l~ cen divided or cJecmrosed into b,·o interconnected sub-processes 

euch ld.tll its 0\·.11 sul'sct of decision vari0rles, rne:~f. The <t:ir,t is to shm·: how 

the overall rrocess r;tay be opt imized by :inclcpencJent opbm:i zation of the sub -pro-

ccsses. Tld s cJccanpos:it.ion str<1ter.-y, <1s will l-,c seen ](lter, lead s to very 

subst;mti;\1 reductions in problem size RS ' ''ell as, to :r.ore pract:icctl bcncfi ts 

in tcnns of limitations on process :interaction . The rrcsent problcr1 is concerned · 

hith the discr('tc choices jnvoh'ing emdpment 5election 0nd :-trr~nl_;'cr.cr.t so t .~t 

the decision var:iuble set, ~ ! , is 11oth discTctc anc: nni tc, i.e., tl;cre c:1re onJv 
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a finite mm:bcr of discr ete choices .for the manner :in 'd~icl1 processing equip-

mont may be assembled to fulfil the stream processinr. rcquir011ents . The 

:intcrconnccti ng flo'''s, ~' are depcm~ent on ~~ and thus arc also discrete . TI1ey 

represent flm,·s of :intermcdi<!te streams transferred bet·wccn ("sold'' to or "bought" 

from) sub-processes . Other feed and rroduct streams need not he shown . 

'DlC prol-lc-r.1 is of tl1e "ce1J" or separal' Jc resource allocation type 

described by Fvcrctt(lG) or the discrete analog of the continuous decomposition 

problem dealt \•:ith by Lasc~on(B) . The resources concerned here are the :internal 

floKs, ~' which mus t thus satisfy equality constraints . flence the problem is 

one of opt:ina l discrete allocation of :internal resources or, in terms of tbe 

sub -processes, t he de term ina t:i on of optir.1aJ ( strenm) interconnections ben·.'een 

them. 

The original problem :is 

~1:in:in:ize F(!-1) 
~ I 

(4) 

or :in tcnns of the sub-processes, since the probJem ol)ject:ive function is 

serarahlc, 

(5) 

vhcrc r is the ovcrnJl process cost function and f are those for the sub-processes . 

Consi der tl1e transfers ben·.'ecn sub -processes 

(6a) 

and 

(6b ) 
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The s ub-processes can be made independent by assigning to each X, a 

price, P, \•:hich is actually a generalized Le1granr, e f,1ultiplier. Then the 

independent sub-precess optimizations can be sta ted as their correspondinc 

Lagrangi<ms , (7), 

~-'inim ize 

ml 

and 

Hinimize 

mz 

noting that 

,_ - ., p ~ , • , ... 1 - .... . , 
j l iU\'.l. U\C-"1..1 Llld L Li lt:: 

fJ. = 

f ' = 2 

nJ 

fl(ml) + [ 

i=l 

112 
f 2cm 2) + [ 

j=] 

ft + F' = F 
1 . 2 

n2 

pli XJi - [ Pz · Xzj 
j=l J 

(7a) 

nl 

Pzj xz.; [ rli xli 
i=l 

(7b) 

(8) 

' ' . 
I!Ulll !LI el l .l.e:::> , 

For a g iven set of prices, ~. each suh-pr0hler'l ccm he solved hy branch 

and bound combin a tori~ l opti11dza t ion to yield optiP1al sub -process co1lfi~1rations . 

The J.athematkal advantnge of decomrosi t:i on is noh' obvious , since h·ithout it, 

the sj ze of the comld n<J tori<ll problem for the overall process is the product 

of those for the sub-processes . Wi th the correct set of prices, .!:_, the prob l en 

is dccanrosecl such that the SUJI1 of the independently optir.lizecl suh-process 

solutions is guarcmtc<?'d (the proof is given bY, F:verett(lf1
)) to give the overall 

opti r.n.tm of the problem, or 

fl + fz = F* (9) 

\•:here 

" fi = 'in fJ. (~), f2 = ~lin f;Z (2?) 
ml m2 

(10) 
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and F* is tbe overall process optimum, the solution to the original problem, (4) . 

TI1e problan tl1cn is to adjust ~ in such C! way as to move towards r. 
(13) . As Lasdon has shO\-m, for ~ continuous , ~ c an be adjusted by deliberately 

creating a discontinuity in X between sub-processes and introducing ~as 

additional decision variables for t l1e sub-processes . TI1en P is adjusted to 

reduce excess supplies or demands for X. Tl1is has certain disadvantages, as 

seen in section 1.2.3, of introdncing converrence problems ancl sacrificing some 

of the reduction ir. dimensionalHy achieved throu?,h decomposition . In any case, 

in the present study, it is inconsistent wHh the discrete formulation of the 

problem to allm~· Jny such discontinuity in ~ · Further it is seen that the 

solutions to (7), since tl1ey represent optimal sub-processes, are always in 

themselves feasible, i .e., they ·do not involve any mul. tiple stream use or 

violate any constraints. Then \\'ith no (Uscontinuity in X bet\veen sub-r.rocesses. 

there is the ach:antage thnt the over<'lll solution F = fJ.. + r.z, is feasible if 

not necessarily opb J'1al . 111is will ah:ays be the case \·.'here only t wo sub-rrocesses 

;ue involved s ince it i s obvious from Figure 3 that the equa lity constraints 

en X must ah·avs be met. 

In the more general case, where a nUJTlber of sub-processes are competi11p: 

for the some resource , X, constraint violation, i.e . , multiple use of X, is 

possible unless prices ilro c orrectly adjusted . 

In order to proc eeJ further, consider the dependence on the price 

vec t or, I:., of the overa J 1 prec ess cost function, F . It can he· seen t hat for 

thi s < iscr e t e syst en , F \·:ill he discontinuous with respect to choice of prkes, 

P; F in f act i s J<icceh•ise constant in P. Th i s is l'ecause prices ?.Te e1rtifkial, 

inter nD J var i:Jb1es ~md a cl wnge in price 1·•iJl 11ot produce a clwnge in overal] 

rroccss cost unl ess it produces a cktT',r: e in net work conri,rur3t:ion ,,·ith corrcspond j prr 



change in flows, ~ - Thus there ,,· iJJ in genera l be a cert~in range of~ 

arom1J P within h·hich the over:1.ll ort:im<ll solut ion p•: HiJl be constant. It 

is necessarv only to he within this range to solve the overa11 problem and 

this pc111li ts a certain amount of flexibility in price adjustment. 

Everett(l6) has sur-r ested in tJ1e solution of sud1 discrete cell 
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problC'!:lS , that rr:iccs be ndjustecl by trial and error or by searching over a 

pre-determined ):!rid . In this ,,·ay solutions can he produced over a r anre of P 

and the opt:ir.n.nn extracted from th em . TI1:i s :is the nethod to be used in this 

study . llo,,·cvcr <1s will be seen later, it is possib le to obtain close estimates 

of prices from a physical standroint. Through this t echnique tlte problem of 

dimensionitli tv in the choice of P can be subst~mtialJy reduced by using a 

cormnon seale for pricinp s trecuns of a sim:i lar nature. 

In peneral unless an infinitely small ,r.rid is used the best solution 

obtained cannot actua lly be ;;uar:1.ntcecl to be the global optiJTium but good 

feasible solutions Gm ah·ays be renerated . In fact generation of a ranp,c of 

process conf i gurations r1ay be <:m adva ntage , especially if there is little cost 

difference bct,·:cen them. Then other J110re pract:ic:1.l cri teri<1, related to process 

orerabi li ty may be applied to select the ' 'hcst'' process configuration. 

More specific details of the cost:iiw scheme for the particular 

proce.ss cx<Wlples considered in this study are given in section 3.3. 



CHAPTER 3 

DLSIGN CONSIDfPJ\TIONS 

Tn order to 1•e able to synthesize reaUstic process networks it is 

necessary to supplement theory h'ith T'lorc practical process-oriented considera­

tions. Th:i s study is conccn1ed with the synthesis of energy exchange nebvorks, 

:in particLllar as appl iecl to l01v temrC'rat.urc pas separation processes where 

the efficient recovery of ]O\\' tempcrnture thenral enerr.y is particularly 

important. Thus many of the design considerations to be developed in this 

section \vill t end to be specific to tl1is type of process. These considerat ions 

may be described in three sections, the selection of equipP1ent or unit oper:1tions, 

tions. 

3 .1 lin it Operations_ 

Any cnerpy exch~mr;e nen:ork is to he synthesized from <1 . basic set of 

unit operations or process equipment . 111ose for tl1e present study are listed 

bel o.,:. 

i) Countercurrent heat exchange 

ij) Pol ytropic sinplc star e cc-.r1rress:i0n 

iii) _tt.d :i nhatic (v<llve) exrans:ion 

iv) Acliahatic stream mixing/splittinp 

further , there are certain :instances ,,~here it is desirable to provide 

a standard. pre -coded assembly of unit operations, tcnned "sub-process procedures". 

24 
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111Us the present synthesis system provides for mu ltistage compression \d th 

water intercoolinr. and for vapor rccanpression condensation/reboiling . A 

specia l case , described in detail later , is t l:e refrigeration routine which 

is coded as a skeleton flrnvsheet generator with some limited decision making 

capability . With the exception of the refr i geration unit aJl unit operations 

and sub -process procedures are sl1m\'I1 symbolically in Fi gure 4 . 

3. 2 Heuristic nevclorrlPnt 

For most processes it is rossihle to draw up a list of relevant design 

considerations . These may vary widely in fonn. They may range from the very 

general to rather specific, from beinr: highly er.1pirical to being theoretically 

jus t ifiable . Hm:ever they JT1ay he broadly cate£orized as relating t o -

i ) Processing objectives 

ii) Operating obj cctives - control durinp. start-up, . shutdown or steady 

operation 

iii) Thennodym1mics 

iv) General desi,r.n experience 

h11ere possible these considera tions can be translated into a set of 

logicaJ, prograr.lJnab le design rules or "heuristics" . These may then he used to 

considerable advantar,e in setting the order and extent of unit operations and 

particularly in ~screening of prospective stream matches fo r heat exchcmpe . 

'D1eir usc can greatly reduce unnecessary dcsirn effor t and prob l en size and 

complexity . By t heir very nature these heuristics tend t('l be rather specific 

to certain proces...:es or types of r roccsses where sir:i J CIT obj cctives apply . 

lim-;ever t his capability of beinp. ob le to incorporate design ntles into the 

l ovj c:;.J S)'T1tlJcsj s structure adds considerab Jy to the flexihili ty and usefulness 

of the npproach. 
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FIGURE 4~ LJNl ·r OPERA~f i Q~,JS AND 
SUB-F)Rc;cE_SS PROCEDURE.S 
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TI1e major heuristics used in the present study are described below. 

Additional heuristics are introduced as r equired for application to specific 

processes. 

QI~eriJ~ Unit Operations -

i) Car1~ ·out all pressure change operations before heat exchange . 

111is is generally the rule for the type of low temperature gas separa­

tion process considered, where gases must be compressed in order to 

liquefy them and r efrigeration must be recovered at the lowest possible 

temperature. 111is heuristic can be justified rather more generally 

as follows. The processing obj ectives for the present process type 

are largely concerned with thermal rather than pressure energy recovery. 

111us pressure changing can be regarded as r aising or lowering the 

thermal energy level of a stream in order to make technicallv feasi­

ble or to improve the thermodynamic efficiency of the subsequent 

heat exchange. Pressure change thus precedes heat exchange. 

Extent of Unit Operations -

i) Set a min:iJnum temperature of approach for heat exchange. 

This is a practical l:iJnitation :Unposed by process equipment. 

ii) For vapor recompression, compress just sufficiently.to meet the above 

minimum approach in the subsequent exchanger. 

i ii) L:iJnit the pressure ratio for a single compression stage. 

This again is a practical equipment limitation. 

Stream ~1a tching -

i) Set a maximum entropy increase/BTU for process/process exchange . 

This is a:iJ11ed at minimizing heat exchange irreversibili ties and thus 

conserving refrigeration and r educing overall energy costs. It is a 

particularly :iJnportant consideration expecially in lrnv temperature situa­

tions. 
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ii) Exclude vapor/vapor matches 

TI1is is necessitDted by t l1e low heat t ransfer coefficients in vapor/ 

vapor exchanr~ e . TI1esc 1 ce~d to lligh cos t s for rccovcri np. Hlmt are, 

since only vapor phase sensible hea t is involved, usuaJly only sma ll 

quantities of energy . 

3.3 Strewn Energy Pricinr for Process Decmnosition 

The str eam pridnr scl1ene e11'ployed for rrocess decornposi t ion/integration 

in the presen t study is developed as follows . Themal energy recovery , p<lrt icularly 

I 
at low temperatures , is r c,r;anled as the prime consic1era tion. Thus it follm,rs 

that ktsic strewn values or pr ices can be estimated as a function of temper ature, 

i.e., 

Pri rp /1~ 11 : - - --- , - - ~ ..... 
nr (TI 
1 - · \.. -..~ 

(111 
\.----.~ 

In the _present case the fonn of the function is readily estRbJishec.1 

from the real physical costs associa t ed \·.' i th senrice streams . Sol d streCIT'ls 

are class ified as }lot or col<.J Hi th respect to coolin? water, \\'h i ch serves as 

a convenient basis roint for both temperature and cost. Pemaining points are 

provided by steam on the hot side and CJctua l rcfrigerntion production costs 

on the cold side . To provi de a continuous function for purposes of interpolation 

J • • l . 1" ( 1 7) f. 1 1 } } 1 ld . ano 1ntegrat10n, cu nc sp 1ncs 3re -1 ttec to Jot 1 1ot anc co sections . 

This e<m be seen in Fi S!ure 14. 

An appro<ich to stream pricinr th<Jt is l"Ore theoretically based shoul d 

be considerc,l Cit this st<1ge . 1his comes frcv.n t he \·:or}; of Tribus and Lvans ( l8) 

on heat recovery in sea \·:ater desalinat ion processes. They sur;rest t he use ·of 

"excrry" or <1V8 ilnhi1Jty r ather tf.an cncrry ns <1 5trc<rrn pricing paramet er , since 

it is cxcrgy r<~thcr than energy which is consumed by process irreversihilit:ies. 



The exer!"~Y function is given by 

r: = 611 - T 6S 
0 
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Then for an incremente1l energy transfer at cons t e1nt pressure, i . e . , heat transfer, 

the exergy function, expressed on a unit energy basis, can easily be shm·rn to 

be 

£/B1U = 
T -T 

0 
1'- the Carnot fraction (13) 

In the present case the sink temperature, T , is conveniently tnl<en 
0 

as t hat of coolin5;: Welter . Thus the price function, (11), sl10i.1ld he of Carnot 

fraction form for both hot anJ cold strce1ms . The si~pUcity of the rela tion-

ship is clcmly attrncUve and its validity wi ll he examined in lic:ht of 

comrutatiom l rcsul ts. 

·n1e strenm pricing technique is a means of Jeten:dninp: optima l strcCl!.l 

i nterconnec tions -beu·:een sub-processes, i.e., it dete1mines Hhether a given 

stream is to be used \·:ithin a p:ivcn sub-process or so]d to another . For tJ1is 

reason it is necessary to rr1cxlify the price function to account for D ;'O further 

fdctors d1ich affect the true value of a stream to any sub-process . 

The first i s t he tlcp:ree of jrreversil)iJity involved in strear;t usage. 

This depends on the temperature di fference bet,,:een the tKo streCJms durin.f_'; 

excJ1anpc; the hi _r!her the irre\·ersihility the less clcsiTable the match and the 

1m·:cr t he true VC1 1ue of the s tre;:n'1 in r:ucstion. This factor can be accounted 

for by introducin? a temperature displ~cencnt, 6, tenncd a "discount" rarameter . 

It C<m be thought of as hcinp reprcscnt~tive of tl•e actua1 temperature difference 
I 

bc t heCil the t\·:o cont~cting strcnms . Thus the price function, (11), becomes 

pr(T~ o ). To reflect i1Tevcrsib.i lj ty the sip11 should be positive for cold strc<tms 
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and negative for hot strean's , thus always in the direction of reducin.r: value 

due to irreversibility . l\1 lile o itself should be posit i ve to reflect 

:irr evcrsibili t y , it is in fact a par ameter r epresenting r elative irreversihilHy 

be-n~·cen internal and cxtcrnaJ usage and t hus can have either positive or 

nera t ive w1lue . 

111ere is also a V<lr i at ion in the (equipment) cost of streaJil_ usar e 

and though it is not strictly related to exchanger irreversibility, its effect 

i s conveniently included in the cJ is count paramet er. 

Thus the value of a s tre~m1 between any specified temperature limits 

is ob tained bv tl1e inter-ration 

- dll 
pr(e+o) (lf8) de 

where dl !/de is , for a sing- le phase stre<un , just the specific heat . 

The interration method is described in detail in Appendi.x T. J • 

11-Jc o parameter is tlms us eel t o adjust stream transfer prices, the 

bas ic prices being f ixed by the f onn of the energy value spl i ne(s) . l1s seen 

enrlicr, prices nrc Lagrange r!ultipl iers and strict optin:ali ty can only he 

guaranteed if all multir l i ers are Cldjusted independently, i . e ., if there is 

one o associnted \-J i th e:1ch strenm trc:msfer. However if there ar e a larp: e 

m_unber of transfers, then the prob1 em of dimensionality in the adjustment of 

the price vector, .!::_, may become sen0us. In this case it is SU['gested that a 

singl e o be applied to a set of similar (l1ot or cold) stream trans fers het\veen 

<my t, .. :o sub-processes or even for all similar inter-pr ocess transfers. The 

munher of adjustable parameters is t hen rcc1ucccl from the number of transferred 

strc:::nns to tl1e munber of independent os . Thi s i ntroJuces the poss ibility of 



ypjssing some solutions . HoKever ~s the optimum solution has been shown to 

be constant over a certRin range in ~ and the expected variation in os 
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is cmparatively small, the risk is considered to be justified in tenns of the 

reduction in dimensionality . 



4.1 General 

OIAPTER 4 

PROGRAM SYSTBI 

The techniques described or devel oped i n earlier sections have 

been ·i P1plementcd i n the fonn of a pr ogr am sys t em ca l l ed OPENS (Optimal Process 

Equipment Network Synthesi zer) . In :i t s present fonn it i s oriented tm·mnls 

the synthesis of energy exchonge networks reouired to sa t isf y process s tream 

t emperature and pressure demands . The par ticul ar pr ocess applice1 t ions 

demonstrated are in t he area of 1 Oh' t emrera ture gas separat ion . However the 

concepts shouJ c1 be r,enerally appl ice1b l e to any sir1Da~ enerr.y exchange situa tion 

wl1ich c an be fomuloted as a di screte, s equentia l processing prob Je111 . The 

synthes is s t eps accomplished hy t he systcn have been r, iven earli er but •·:ill 

be rcpe<1 ted he r e in order t o f ac ilitate t he description of t he indivi Junl 

progrmr~ funcb ens h' i thin t he syster1 . They are: 

:i) .1\n<l lys i s of a pi ven basic processing sc11cr:e t o identify a s et of streal'ls 

with unsatisfied t emper atur e nnd pres st1re c1ermnds . 

ii) Gener a ti on of all possible CCluipiT' ent neb·:cr ks \••hich settis fy these 

demmds . 

ii i) Fxtracbon of t he opt:i n~al net\·:ork. 

l11c stn tcture of tl lC pro.(Tr nm system \d th its r'a j or el ements is s hm-.n 

i n fi pure S. I t is , as Kill he seen later, a J'1oclula rly oriented sys t cn: , i.e . , 

onv net\\·o r k i s syntJ-~ esi zed fra11 a cor.:b ination of bosic process ing J'10dules, 

represented h'i t hin t he system by equipment suhroubnes . l11e sys t em horrO\\·s 
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greatly from its simul ation systeJI~ J'rcclccessors, particularly 'd th regard t o 

data s t ructures and equip·cnt representation . Hm\·ever the rer~l istic synthesis 

procedure demm:ds decisions t o be nade th<lt ar c specific t o cer t2in equip-:1ents 

in tl1c avaiJablc unit operations set. l ienee tl1is synthesis system is of 

necessity much rr.ore specific t o p:JTticul ar pr ocesses than are compar able 

simulation systcns . The ma jor features of t he system are described in the 

f olJ mdng section . Full program listings , prapllicc:1l aJr:orithms and sample da t a 

sets nre r,-iven in Arpendiccs II o.nd III . 

4 . 2 rrogr<ml f.l.mctions 

Descriptions of nw_ior progran' sec t ions are given as follows . 

4 . 2 .1 . Task Tdc}!tification (COLS_YS) 

n F "~nrDcc +n~~~ 
..__.. - J ........ - ..... -- <oo.J ...... _.._, ......... ' 

represented in the present case by unsatisfied strear.1 temperature and pressure 

dema nds . It is carried out by COLSYS . Since the example processes studied 

are gas separation plants hliJ t e1round sequences of distillation colurrms, COLSYS 

is set up spccific8ll:V t o ane1lyse such systeiT's. It is essentinlly a small 

moclulnr simulation executive d1id1 computes a specified coJunm sequence, rerfom-

ing avera ] 1 heat :mel mass balances and tl us corrputing streClJll flrn·:s and conditions . 

Process tasks are identified hy ccrnpe1ring surpli ed s t ream specifications with 

actual conditiOns . 1\ special case is that of tl1c colwr.n liquid and vapor reflux 

generatjon tasks ,.,.J1ich nre created autom:1tica1ly within tl1c prorram . Strewns 

are cht ss ifjcd as ''hot" or "cold" ( to be cooled or he;:tted), a necessi t y for 

Jntcr stream matchint' . 

The aJproach used here is r ather speci fic to a certain c lass of 

processes and i n pcncral jt may he necessary for the user to provicle particule~r 
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task identification routines. 'n1ere is no restriction · on the manner in Hhich 

tasks arc identified and it is possib l e that this stCJge may be accor.1plished 

outside the program system . · 

4.2.2 Stream Processi.nr P~th Generation (SMATCH) 

Stream processing is hcmdl ed hy S"MATG-l which computes all possible 

equipment sequencES to satisfy the stream temperature and pressure specifications 

generated ahove . /\s seen in sec tion 3.2, pressure specifications are to be 

met first. 111ese ar e sa tisfied hy either (multistage) compression or cxpcmsion 

and since no a lternatives are involved this "pre-processing" phase does not 

enter into the subsequent brand and hound optimization . The pro~ram then 

proceeds to satisfy all temperature sped fications by exchange Hith other process 

streans or services (st er~m , cool inp- Hater or suitable levels of refrigeration) . 

Only d iscr ete , series proccssinr is in general permitted, (IS limited by the 

formu] CJtion of t he branch and hound technique . Exchan.f;e match ing is continued 

until all specificntions h<1vc been met for all -primary (orig inal) streCJms and 

their (partially processed) residuals . Vapor recompression is pennitted between 

prirr.ary streams for \·:h :i ch ph8se d~ ~l1f!es are indicated. In this case the corm~rcssiOJ1 

and subsequen t exclwnge s teps ore treated as a sin?,le s t re8m match for optimi zat ion 

purposes . TI1c set s of heuristics descri bed earlier arc used to detennine the 

extent of equip~ cnt operations, and in particul ar to pre-screen each technolor, ically 

feasihle ma tch -in order to reject unfavourable matches a pri.or:i . Due to the 

wide varia tion in fon:1 that they r:1ay ~1ssume they arc progr3rrm cll into the routine 

rather than surplied in some fashion as inpu t da ta. Stream ma tching infonnation 

is hui 1t up os sc~u ences of equip'1ent numbers in the stree1m processing ~~a th 

matrix . i\ routine :is incluclccl to ensure that each indiv:i dual proccssinp.: pa th 

rcnw ins f cns :i blc, :i . c ., uses no stream more than once . A strccm sale is 
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represented ns a processing equip en t in order to he COI 1pat:ihle 'd th the process­

ing path data structure . 

4 . 2 . 3 Stream Energy Costing (D\FRr;)') 

Sold stre:nn values arc canputed by El\'FRGY. ·nJC routine also selects 

appropriate refri geration l evels and computes costs for exchanpers us:ing 

refrir,erat:ion . Values for hoth proc'ess strean s ancl refrigeration are obtained 

from the current energy value splines, <lS shown in F:i ,r.urc 1<1. Tot<1l costs 

for c<Ich process in;~ path are c oq~uted nfter this energy costing step . 

4. 2 . 4 Selection of 0pt~r" al :Zctl-:ork r on figuration (BRBND) 

TI1e set of strcnm pTocessinr pntJ~ s ( equip:1 ent sequences) fron 91ATCI! 

foms the pr:ir.wry input to BRBi\'D, the branch ancl bound optirrli zing routine . Its 

ta sk :is to select t .1e lowest cost fcasihle set of proccssinr; p:1ths (one per 

pri mary stream) ,,·lJ:i ch jointlv denne tl1c optimal process ncth·ork co11fi£<llrP.ti on. 

It is esscntia1ly a computerization of Lee 's l'ranch nnd bound technique, as 

clescri1~ecl in secfion 2 .1. The pro,rrarn a ll 0\\S ur to three l evels of branching 

and ClUtom~~ ticRlly s c] ects appropri~tc bounding prohl cn1s. /1 routine IS included 

'\•hich establishes a r:ood initial feClsible net\wrk in order to increase 

cornrutation::ll cffj cif'nC)' . 

4.2 . 5 N0•sical Properties C~lcu l ation 

Accurate equi 1 i byjurn , cnth~Jry <mel comprcssihil i ty values are supplied 

to the systm by a modified version of th~ on:ssC 4) simub .t:ion systcr1 physical 

properties calculation rackage . 111e pad:ar e calcula tes mixture values from 

sets of 15 basic physical constants for e;Jch pure component . fquDibrium data 

arc comrutcd hy the me thod of \hao and Sc<1der(19) <1s modified by Crayson and 

(20) 
Streed . Vapor phase fu gaci tics are obtained from the P.cdlich -1\wonr. equation 

of state. Enthalpics for both phP.scs arc based on zero pressure heat cap<Kities 
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as clcrinxl from the Recllich-I\Hmg equation, with liquid phase compressibilities 

suprlicc! r.y the gencr.c~lized eqlw tions of Yen and Woods(Z l). The package supplies 

v.:1Jues for single phase strcmns only. Proper t i es for the t wo-rhase region are 

computed throurh a ri gorous ad:i<lha tic/ isothcnnal flash rou t ine . 'fhis program, 

which ol so serves as an equi pmen t rou t ine, is al so modified from the CllfSS 

systet~l . 

4 . 2.6 r(luipmcnt Hou tines 

.C:onvent:ionaJ s:ir:1uJation-type routines are usecl to size and thus cost 

all cquipments. 'I11ey are hriefly clcscribcd helow . 

111c column model is based on the approxirwte pseudo-binary desi!2n 

procedure of l len~steheck(ZZ) . It makes tk· ~!cCabe-11<iel e asstunpt ion of 

constant molal ovcrflm: nnd uses constant relative voJaUlities to represent 

phase equil:ibri<1 . It is mucl1 f e1ster than conventional plate-to-plate J11ethods 

and is c<lrab lc of p,cod accuracy as lonr as tl1e constant molal ovcrflcM assumption 

is reasonab ly valid . 

1l!e exclwnf' c r r outine uses a set of supplied film heat transfer ------·-- " 

coefficien ts corresponclinr: to t he ph<1s es of the contac tinp fluids. Overall 

coefficients arc com}lutecl by add i t:ion of fHm resistances. The exchanr;er area 

is t hen cm ruted by nLlJ11erie<ll integration \\' ith the totnl heot Joad divided i nto 

10 eoual incrments. 

l11e c~1 1 p r~sso2:_ model is based on a sin.rJe stnpe polytropic compression 

process. 'l11e power requirC'Tl'ents arc estiJ::a t ccl from t he enthalry at the computed 

outlet. tcn!peT;tture ass1mlinp. adi<Ibatic operation. 

'l11e Cl lESS based rigorous ad i abatic fhsh Tout:ine described previously 

:is used as tl1e ad iabati c ~~ons:ion routine. 11lC same r outine also serves as an 
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Sub-process procedures arc, as described in section j,l, standard 

ass emblies of unit operations. Such procedures for multistar:e compression 

ancl varor recompression are included within S\1ATOJ. The only independent sub-

process procedur e is tha t fo r the ref riger a tion unit. Tt is a SJ!lall exea1tive 

\\·hich r encrates the equ ipment sequence for a conventional cascade refrigeration 

· ( 23 I d · 1 ·1 1 . 1 ·1 . . 5 4 tllll t - an 1s ( escr1 )ec 1n more ectal 111 sect1on . . 

Equipment costs ar e cmputed from standard "pm .. ·cr l en,," r elations with 

Lang factors to reJ e1 tc insta lled to del iveroc} costs . Values \·:ere obtained 

from B~UlTlan (24), Peters and T:L'T:Perhaus (2S) mx1 llancl(Z6) . !\. constant fraction 

of tl1e t otal capi t:1l cost is amortized each year and added to the opera ting 

cost to ol >t ain the tota l yeCJrly process cost \\·h i ch is the objective funcb on 

for opt imization. Data for equipnent and service costs as ,,·ell as for otl1er 

relevant system par;:meters arc ~ iven in Table 1. Data for distillation coJur.1ns 

' arc g jven separ ately in Table 2 . 

4 . 3 Sys t an T1;1 ta S true tu res 

11-JC successfu l solution of large systeiTI prob}CJJ1S of the tyre considered 

111 this s tudv depends J<lrgely on t he usc of efficient data stnlCtures. There 

is a lar~· e ou?..nti ty of stream anc~ equipr1ent in fon11 <1tion \·:h ich n1st be stored in 

very ca 1pact fashion ye t TI'Us t reouire a mininum of re):!eneration of necessary 

infcm7t~l tion . The ma jor data structures f or the present systa:1 arc described 

rlclol'.' . It can he sec:n that they are loose ly bRscd on the coJ1l)Jdr<Jble structures 

f or n1odubr si:·:ul0t iN1 syster:1s , but t he nature of the synthesis rroccdure requires 

n ccrt<li n m:1ount of add i ti on<1 l infonnation. rrorc specific details of system 

data structures arc .r iven in Appendix IT. 2 . 

i) Strc0r' i nfom:~ tj OJ~ i s stored in 2 s i rr.ulation- t ypc strem., matrix \·:i t h 

scp:Jr:Jtc sections for hot nnd cole! stre21ns. THo .vcc t ors are used for 



Table I 

General System Parameters 

Equipment Costs [Installed Capital Cost = a*(sizeb * Lang factor (f)] 

Equipment a Size 

Heat Exchanger 82 < 400 ft2 

Heat Exchanger 25 > 400 ft2 

Canpressor 480 HP 

Canpressor tv1otor 34 HP 

Material Cost Factors for Heat S'Cchangers 

Down to -S0°F Carbon steel 

-50°F - 150°F Nickel steel 

Be] ow -- _n ;,_ 
- l!:>U j-• Stainless steel 

Amortization fraction · 0.3/year 

Service Costs 

b 

0.6 

0.8 

0.76 

1.0 

1.0 

2.0 

3.5 

f 

4.0 

4.0 

2.5 

2.5 
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Steam 

Cooling Water 

$1.00/1000 LB @ 365°F (150 psia) 

$0.02/1000 GAL(Ii'· lP~ @ 75°F - Temperature 
Rise 10 F 

Electric Power $0.007/KWH 

Other Parameters 

MinimLUTI Exchanger Approach 10°F 

Maximum Compressor Pressure Ratio per Stage 4.0 
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Table 2 

Distillation Coll.IDln Parameters 

Equipnent Costs [Installed Capital Cost = a*(size)b * Lang factor (f)] 

a 

Colt.mm She 11 14.5 

Trays 48.0 

Material Cost Factors and Stresses 

Down to -50°F 

-50°F to -150°F 

n ..... 1 -· 1rnOr. 
J~ \,.,; .L V\'"V - ..a.....JV J 

Tray Efficiency 

Tray Spacing 

Corrosion Allowance 
(Carbon Steel) 

Size 

Wt ( lbs) 

Diam. (ft) 

b 

0.7 

1.7 

f 

4.0 

4.0 

Cost Factor Stress 

Carbon Steel 1.0 

Nickel Steel 2.0 

(' ......... .,:_, ,....,__ ("' .... __ , 7 t: 
t.) l.a. ..L.JLL \;,.':>,:') V LCC:.J.. ..;,..; 

70% throughout 

24" (18" for c2, c3 Splitters) 

1/16" 

13750 

16000 

10"71:"/"1 
.l.U I .JV 

(psi) 
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each stream; the stream control vector contains stream status and 

specification information and the stream properties vector contains 

normal properties and flow information . 

It should be noted that both stream bubble and dew point temperatures 

have been added to the usual parameters as these values are frequently 

used in phase calculations . For the present series processing situa­

tion, where stream compositions are constant , these temperatures 

change only infrequently when stream pressures are altered. Thus 

significant computation time (around 0 . 1 seconds per bubble or dew 

point estimation) can be saved by carrying these values in the stream 

vectors. 

The constancy of stream compositions pennits another economy in storage, 

since compositions for a prima11 stream and all of its residuals can 

ue l'etJ.Ce::>eHi..eu by a ::single vecLur u£ Si..recull mule fraci..iullS, 

Within equipment routines stream property infon11ation is accessed 

through working vectors. Information transfer betw·een the stream matri.x 

and working vectors is handled by a stream moving utility routine. 

ii) Each equipment is represented by a two section vector in the equipment 

matrix , containing (a) equipment ntmber and type and inlet/outlet 

stream numbers and (b) size and cost infonmtion . An equipment working 

vector is used to transfer values to and from equipment routines. 

iii) Stream processing paths are storeci as sequences of equipment numbers in 

columns of the stream path matrix, which also contains total path costs. 

Each column contains a unique, complete processing path for that stream 

and is a very compact means of path representation. 
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1\s ec-1ch neH P1<1tch is added to a .s:riven nc-1th a check must be made to 

ensure th:1t no multiple stream use is introduced. This is made through strear.1 

"histories'' each of \lhich is a list of streams used in the evolution of the 

matched strcCJm in CJUCstion . 111ese }d stories are generated from infoma tion 

in the equipnent; stream and stream path matrices each time they are needed 

and thus a certo:in 8JT\ount of data regeneration :is necessary to achieve this 

compac tion in storare . 1nis approach should he compared Hi th the orig ina l 

method of -Lee et al. (lO), d1ich, although not computerized, did not use equip­

ment munbers m:cl maintained stre<1J'l history infonnation for CJll residuals. The 

present ::ppro<Jch is felt to be Jess Clrr'Jb ersome ;.md r.1ore easily understood hy 

the user as well as requjring less tot<1l storage . 

4. 4 Pro5!rar.un:i n~~ and Orera_!_~~E: __ netails 

111e C:Pf:NS systern l1<.1 s hcen provran1Yiecl in mRTFJ\N IV for the CDC 6400 

COF\puter. Botr1 to alJa·.r user orerat:inp flcxibiJHy and to reduce s tor3fe 

requircr.1cnts, the sys tern has been nm in tr1ree 1'1ajor hatch sections , r epresented 

by CDLS"YS , S~ 1J\TOI .;mel DRD~:n . 111e rcfr:i )!Cratjon unit (T<l l!\:IT) l·:hich is descr ibed 

later fcmns a fourth section . 1\'ith 3 data structure capacity for 100 cquipr.'ents, 

100 t ot<.1 l s trc;:u11 s (incJudinr residuals) ancl 200 processing pa t]1s, the :11<1x i num 

core storage r equirement has heen 501\
8

. 111e mox i1-:1um c onput<1tion t ime for any 

sccticn for the r'roccss cases nm h:1s teen Jess th;m 20 seconds . 
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CliAPTER 5 

ETI !YJJ::J-.:E PLA\T - PP0CESS 

DESCRIVriO!'I /\!\'D CXI~iS I DERI\TIO!'JS 

The -n,·o process applica tj ons to he presented in Chopters 6 :md 7 

are both to ethylene plant desir~ns . The ethylene process is of pro,..rJ.np i lT1portance 

t o the retrochcmical industry as the deJ'!anc1 for ethylene as a basic cheii1 ical is 

now second only t o t ho. t fo r synthetic ammonia. Ethvlene production is an e~rea 

for considerRble .interest and t echno logica l :improvement and is thus the suhj0ct 

of a wealth of literature . 111Cse are not the only revsor~s f or its selection. 

As \d .ll be seen later, the process l1 as very high energy costs which make it 

a particularl y suitah le area for appl:i.cc1tion of the synthesis t echniques developed 

:in this study . 

5 .l Ethylene Plant Descr:irtio~ 

For purposes of proces s analys:i s, ;m ethylene pl an t may be divided 

into three rr.ain sections - cracking , purification and product r ecovery . A 

scherta tic of a t ypical process is shm,'l1 in Fi~~re 6 . For descriptions of two 

modern ctl1yler.e plants t he reader :is referred to Clancy and TO\·msendC 27) and 

i\alund (ZR). 

5 .1. 1_ Cracljn~ 

Ethylene may be obtained from cracking a lmos t the wl1ole range of 

petroletml f r actions frm eth:mc to crude oil . 11w choice of feed stock is a 

matter c)f economics dcpendinr- on availability and , to a smaller extent, the 

mar ket for t he by -rroducts . Etlwne , propane, natura l r:asoline and naptha are 
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the most crr:anon. 

The feed is first vaporized <mel mixed with steam before entering the 

crackinp.: reactor ' 1'hich operates e1t hip.:h temperature and abnospheric pressure 

with short contact times. Stew. addition senres several purposes . Firstly 

it lm·:e rs the hydrocarbon partial pressure thus favouring the equilibrium of 

the desired r eaction; secondly it rqiuces reactor contact t:ime lessening 

production of undesired products; finally it acts as a scavenger for some of 

the coY.e fonned . 

111e reaction is arrested immediately by 'vatcr quencl:ing followed by 

scrubbing with either water or oil. TilC waste heat recovered by these two units 

is used to generate process stemn at appropri2te levels. Together 'd th steam 

generated from cracking furnace flue gases, the total may be sufficient to 

supply all subsequent process enerey requirements. 

5 .1. 2 Feed Puri fj cnti on 

In thi s section of tl1e process i mpuri tics such ns water and acid gases 

are ren.'oved prior to scparat:ion of the 111ajor hydrocarbon coTilponcnts. The 

cracJ:ed g:Js Tllixture is comrressccJ in a mu l tistap.e compressor train provided 

wi t h intercoolers ;:md separator drums . Water and some heavy hydrocarbons are 

partia 11 y removed . The ras is then scrubbed with caustic primm·i 1 y to remove 

carbon d:ioxide and hydrop:en sulp!1ide . TI1is stage nwy a l so he accon,plished 

after some intcnJ~cdiate compression sta?e ; Finally the last traces of water 

are removccl by dryinr; over a)uJT'ina and/or 1rolccular sieves. Th:i s is essential 

to prevent the f on :1;1tion of solid hydrocarbon hydrates in the low temperature 

recovery section . 

5.1. 3 Product Pecoverv 

TI 1C' product recovery stc=tr_; c is perhars the most iJnportant and expensive 

:md subject to the r-reatcst derree of v0r:i <lbility . It is also the process 
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section with Hhich this study is primarily concerned and will thus be described 

in some detail. 

The gas stream from the purification section contains hydrogen and 

hydrocarbons fran methane down to c4s and heavier, the composition varying 

with the feedstock. The principal product-'S required are (high purity) ethylene 

and propylene. Ethane and propane product streams are generally recycled to 

cracking reactors. There are uvo further products, a tail gas containing 

hydrogen and methane and a stream containing c4s and heavier. These separations 

are achieved by conventional bubhle-cap or valve-tray distillation columns . A 

minimum of five columns are required to obtain all of the above product streams. 

Separat ion conditions throughout the process may range as high as 565 psia for 

pressure and as low as -250°F for temperature. 

i) Separation Sequencing 

of a number that may he employed. The ethylene-ethane (C 2 splitting) 

and propylene-propane (C3 splitting) separat ions are the most difficult 

because of close component relative volatilities. Therefore they aTe 

always at the end of the separation scheme where the flows are smallest. 

The order ing of the other three separations is by no means standard 

and depends largely on cracked gas composition. The gas composition 

and separation order together determine the quantities and .levels of 

refrigera tion required in the process. As temperatures may be very 

10\v the ref rigeration costs are frequently the determining factor in 

choice of separation sequence. These considerations are discussed 

by King(Z3) and Charlesworth(Zg). 
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'Three alternative sepration sequences are shown in Figure 7. Probably 

the most canrnon is (a~~ as was shoh'Il in Figure 6, which is typical 

of plants cracking etl ane and propane. Here demethanization is the 

first stage. A variaJ t is sho;.m in (b) where deethanization precede 

dernethanization. If ~he demethanjzer is placed after the deethanizer, 

(b) , its feed is reduaed to a minimum and the column becomes of 

minimum size. Jh:eve1 all tail gas must then pass through the 

deethanizer increasi1 its refrigeration requirements. If the 

demethanizer is place first, (a), it must be larger and will require 

additional refrigeratit n. 110\-:ever the deethanizer refrigeration 

requirements are greaC y reduced with the elimination of the tail gas 

which is the r eason th t this sequence is normally preferred especially 

if the tail gas flow i~aplatrhgaeo.r 
When the feedstock is natural gasoline .cont1guration lCJ 

is usually preferred. Here there are substantial quantities of c3 

and c4 hydrocarbons in the cracked gas and placement of the 

depropani~er first ena les these components to be separated before 

other steps which require low temperature refrigeration. 

ii) Operating Conditions 

The other major design decision is that of choosing operating conditions 

or more specifically olerating pressures. In this regard ethylene 

plants can generally b~ divided into two categories, high and low 

pressure processes. \ 

The high pressure proci ss, most corrmon in North America, involves 

demethanization at arOl nd 550 psia lvi th subsequent separation 

pressures ranging down o around 200 psia in the c2 splitter and 100 psia 

in the c3 splitter. A typical plant is described by Aalund(ZS). 
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The lowest temperature required is that to produce demethanizer 

overhead reflux. It must be low enough (around -160°F) to minimize 

overhead ethylene loss in the tail gas. At high pressures this can 

generally be achieved by ethylene refrigerant fran a propane-ethylene 

or propylene-ethylene cascade system, perhaps supplemented by Joule­

Thompson cooling with expanded tail gas (23) . 

•rt... 1 d 'b d b B ld ana' L1'nde( 30) 111C ow pressure process,as escr1 e ·y a us or 

Brooks(3l), is more frequently used in Europe and is descended from 

liquid air technology. Separation pressures do. not exceed 250 psia 

and range as low as 20 psia for c2 splitting . TI1is produces much 

lower temperatures (down to around -250°F for the demethanizer over-

head) and requires the addition of a methane cycle to the refrigeration 

cascade. Inevitably refrigeration costs are increased but advantages 

result from lmver feed comnression reauirements and easier senarations 

clue to increased relative volatilities at lower pressures. Baldus 

and Linde clajm significant improvement in power consumption over the 

high pressure process . Features of both high and l~v pressure opera­

tion have been compared by Ruhemann and Charlesworth(32). 

As will have been noted above, a most important requirement for 

product recovery is the provision of a large quantity of refrigeration. 

The refrigeration unit associated with the process is camnonly a two 

or three section cascade compression system employing as refrigerants 

propane or propylene, ethylene, and methane if required. A number of 

different levels may be required from each section or circuit to 

satisfy process cooling and condensation requirements . A typical 

systen is described by King ( 23) and a more detailed description will 

be given in section 5.4. 
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5. 2 Process Energy C~nsideratior.s 

Since it is the product recovery section which is to be the object of 

t he application studies,the energy recovery aspects of this section of the 

process should nmv be considered in some detail . 

A large canponent of ethylene production cos t is associated with 

power consumption, ma inly for feed and refrigerant compression. Assuming electric 

canpressor drivers, the total power requirement is around 1350 kWh per ton of 

ethylene and canpressors make up the largest item of capital expenditure. Thus 

the efficient utiliz.ation and recovery of energy is of prime importance and 

much recent technological effort has been expended in this direction. Modern 

ethylene plants embody a high degree of process interaction and integration 

wi th complex supporting equipnent networks aimed at achieving these ends . 

'These energy recovery considerations are discussed at length by Ruhemann and 

- · . • ( 7\ 7) . . - . ( ~3) . - . . . . - ~ . Lnar 1eswor'tn' ' . Jtaselt1en ' aea1s Wl 'tn Slffillar aspects tor an· senara1:1on 

processes. 

Thennodynamic analysis of ethylene plants shows reversible separation 

effi ciencies of less than 5% (Huhemann and Charlesworth) . As Haselden points 

out, if some of the products are r equired to be liquefied , then a significant 

proportion of the energy inpu t may be consumed by liquefaction with consequent 

reduction in expected efficiency. However there still exist ~ignificant sources 

of irreversibility which provide opportunities for improvement. Table 3, taken 

from llaselden for an air separation plant (a similar l ow temperature gas s eparation 

process), ind icates the major sources of hreversibility. The greatest energy 

usage, in ccmpression , is generally beyond the control of the des igner so that 

attention should be focussed primarily on coltunn and heat exchanger losses. 

These can be physically interpreted in t enns of irreversible degradation of 

' 'cold" ,\·h ich necessitate increa5es in expensive refrigeration requirements. 



Table 3 

Distribution of Losses in Air Separation 

Source 

Compressor Irreversibility 

Column Irreversibility 

Heat Exchange Irreversib ility 

Heat Inleak 

Expansion Valves 

Turbine Irreversibility 

Reversible Separation Work 

Power Consumption (%) 

42 

20 

9 

7 

2 

2 

18 

100 

Loss (%) 

52 

23 

15 

5 

5 

100 

51 
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High temperature heat recovery in the product recovery section is of rather 

lesser importance as the associated energy costs, e.g., for steam are considerably 

lower. 

Column losses are dependent on the temperature difference existing 

beu.,reen overhead and bottoms and for a given column can only be reduced by 

provision of intermediate r eflux. Although such temperature differences may 

be very high, especially early in the separation sequence where a wide range 

of canponents exist, associated capital costs appear to preclude such changes 

in present plants. 

Reduction in exchanger losses is in principle much easier, since it 

can be achieved by minimizing exchanger tEmperature driving forces. Thus 

suitable choice of stream matches for exchange can result in increased cold 

recovery and reduction in process energy requirements. Additionally stream 

t:hennal energy levels may be raised or lowered by compression ur exl)ali::.i.uH 

(e.g., vapor recompression or flashing) to increase thermodynamic contacting 

efficiency. 

Efficient energy utilization may involve considerable stream inter­

action both within and between individual processing sections. It is with the 

synthesis of such energy recovery neu-.rorks of canpressors, expanders and heat 

exchangers that the present program system applications are concerned. 

5.3 t·1a jor Process Assumptions 

111ere are a number of assumptions inherent in the application studies. 

They do not lead to great loss of generality but should be stated at this 

point. They are as follows: 
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i) Plant feed and capacity are fixed. No allowance is made for process 

modification due to feed changes. Nor are the effects of over-

design for future expansion or for safety and/or maintenance purposes 

considered. 

ii) Column arrangement and operating conditions are fixed. The configuration 

iii) 

of the columns is pre-specified as are individual column operating 

conditions, i.e., product canpositions,operating pressure and reflux 

ratio. It is convenient to set the latter as the ratio between actual 

and minimun reflux (R/R~HN) . The value is dicta ted by the economic .. 
balance benveen operating and capital costs. The general value used in 

this study was 1.2, reducing to 1.1 for particularly lmv t emperature 

coltnnns where condensation costs are high. The reader is referred to 

PerryC 34) for further details. 

Components present in small quantities (CO. CO~. N~. etc.! are ne(Jleci:ed . 
- - L. - L. -

All heavy canponents (C4+) are treated for convenience as n-butane. 

iv) Refrigerants are asstnned pure. Refrigerant systems are in fac t filled 

from product lines and thus contain some impurities, which will have 

some effect on evaporation levels but little on circulation rates. 

However the advantages of reduced computation time are considered to 

outweigh the loss in generality. Refrigerants are also assumed to 

transfer only latent heat during use. 

v) All process equipnent pressure losses are neglected. 

5.4 Refrigeration Un~t (RUNIT) 

i) General 

TI1e type of cascade refrigeration unit employed in ethylene plants has 

a fairly standard configuration (King(Z3)). Thus there is little point 



54 

in attempting to synthesize such a unit by starting from basic 

principles. However, changes in refrigeration demands and levels of 

availability require frequent re-computation of the unit and make 

autanated canputation highly desirable. A routine, RUNIT , has been 

written to perform this function. 

This routine has been programmed as a skeleton flo,..rsheet generator 

which automatical ly generates and costs an equipment network for any 

given set of refrigeration demands. The approach may be regarded as 

being intennediate between simulation and synthesis. The standard 

flowsheet genera ted for a typical unit is shm-m in Figure 8. It 

shows two cascaded refrigerant circuits employing propane and ethylene 

refrigerants with two process levels for each. The process is essentially 

s:iJnple canpression refrigeration with the usual canpression-condensation­

flashing-evaporation steps. Several f eatures are added. The saturated 

liquid refrigerant may be sub-cooled by contact with one or more 

process streams to permit recovery of refrigeration with reduction in 

refrigerant circulation. Especially at the lawer temperatures this 

may extend to canpletely internal streams as is shmm in the ethylene 

section. Cold is recovered by cross-exchange beu~een the evaporated 

vapor and the liquid before flashing. Within the multi-stage 

canpression train Hater intercooling may be employed , where temperatures 

are high enough, to reduce canpression power requir~ents. 

ii) Computational Sequence 

Within each refrigerant circuit the canputation sequence is as follows. 

Firstly an iterative sequence is required to determine the refrigerant 

circulat ion rates. For this purpose the circuit may be divided into 
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two parts; liquid sub-cooling, flashing and evaporation, ("B" to "A" 

in Figure 8) and canpression and condensation, ("A" to "B") . The 

iteration only involves the fonner. Starting fran ''B" where the 

stream is a saturated liquid, the total flmv is estimated from the 

to~1l circuit refrigeration load. Then the sub-cooling by process 

streams can be canputed to obtain the stream condi tion prior to 

flashing down to the individual levels. From these flash calculations 

the refrigerant flow necessary to satisfy the demand for each level is 

estimated. Where cross-exchange is used a separate iteration around 

each flash/cross -exchange loop is required. The total flow is obtained 

by summing level flews to begin the next iteration. 

When the total flow has converged,the canpression train-condensation 

section can be computed directly. TI1e refrigerant circuits in the 

condensation loads for laver circuits must be added to process 

refrigeration demands for the next highest circuit. 

iii) Refrigeration Levels 

The selection of refrigerant temperature levels is a difficult 

problem for which there is little theoretical guidance. The number 

of levels for each refrigerant can be limited to a maximum of two or 

three by practical considerations such as minimizing control problems 

and compressor cos ts. The spacing of the levels is more difficult . 

TI1ere is some thermodynamic basis (10.\'er energy requirements) for 

level spacing so as to give approximately equal compress ion ratios 

between stages. HO\vever the effect of the possible process demand 

levels must be considen.'<i as the selection of levels influences 
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refrigerant costs Hhich in turn influence the refrigerant demands 

?.t those levels. A large process den:and at a particular temperature 

. may dictate the provision of refrigerant at that level. An ,;optimum" 

set of levels for any particular process should exist but v.rould be 

somewhat difficult and t:ime consuming to establish, especially as 

both continuous and discrete variables are concerned. 

The approach taken in this study was initially to choose approximately 

equally spaced levels (equal pressure ratios) and then to·make some 

subsequent adjustments for specific process demand levels. It is 

felt that the final results represent reasonably good and practicably 

realizable designs. 

iv) RUNIT Operating Details 

Tl1e present refrigeration routine, RUN IT, can handle up to a total of 

species (three circuits). Those used for the present processes were 

methane, ethylene and propane. Internal c.ross-exchanpe was used onJy 

for the two lowest level circuits. A typical canputa tion ti111e on the 

COC 6400 was around 5 seconds. A graphical algorithm and further 

details of RUNIT are given in Appendix II. 



CHAPTER 6 

HIGH PRESSURE PROCESS 

6.1 Process Considerations and Problem Computation 

The first application is to a conventional high pressure process as 

described in section 5 .1. TI1e basic separation scheme is shmvn in Figure 9 

and feed details are given in Table 4. The feed composition is typical of 

plants cracking a propane feedstock with conditions corresponding to those after 

the acid gas removal step. Feed rates for modern plants may be rather higher 

tha11 those shmvn; however the present values approximate those for an existing 

Canadian ethylene plant Hhich senred as a guide for this first application study. 

Operating conditions for all columns are given in Table 5. Once again product 

sr':.'c:-Hinrt- innc:. t-en· rPcent I y hni It ~!:mtc:. m::~y hP. r:-~thP.r hj £her t:han t:hose shown. 

Table 5 also gives specifications for the feed and for two product streams fran 

which "cold'' may be recovered. These are the demethanizer overhead tail gas 

and the liquid ethane product stream from the bottom of the c2 splitter. 

The cascade ref rigeration unit can be treated conveniently as a separate 

sub-process. It may "buy" cooling from or "sell" waste heat to the main 

processing sequence which forms the other sub-process. TI1is decanposi tion 

se1~es the doub le purpose of reducing problem size and preventing unwanted 

interaction between streams in the t\vo sub-processes. The configuration of the 

refrigeration unit is virtually f:Lxed as the only optimization decision to be 

made is in ordering the use of at most two purchased streams. This is easily 

carried out by hand so that the full synthesis procedure is to be applied only 

to the main processing sequence. 
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Table 4 

Process Feed Details 

Composition (f'-1ole %) -

Hydrogen 17 

Methane (C1) 33 

Ethylene cc2-) 21 

Ethane (C2o) 14 

Propylene (C 7 -) 9 
.:J 

Pronane (C~o) 3 . . .) 

Butane (C4) 3 

100 

Total Flow 1500 lb moles/hr. 

Pressure 

Temperature 
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Table 5 

High Pressure Process Operating Conditions 

Column Conditions 

Column Pressure (psia) R/f1-'lin Key Splits (r-1ole fractions) 

Keys 

Demethanizer 565 1.1 cl 

cz-

Deethanizer 465 1.2 c 2o 

C3-

c2 Splitter* 215 1.2 c2-

c2o 

Depropanizer 200 . 1.2 c3o 

CA ... 

c3 Splitter 115 1.2 C3-

c3o 

Addit ional Stream Speci fica tions 

Demethanizer feed t emperature 

Demethani zer tai l gas pressure 

Ethane product pressure 

* Overhead product to be drawn off as vapor, 
not condensed . 

Overhead Bottom 

0.65 0.01 

0.01 0.43 

0.39 0.015 

0.025 0. 47 

0.96 0.01 

0.02 0.93 

0.25 0.04 

0.04 0.84 

0.90 0.08 

0.08 0.76 

215 psia 

115 psia 
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Analysis of the column system hy COLSYS shows a total of 14 streams 

requir ing f urther processing. There are 7 hot and. 7 cold streams which may be 

further categorized as follows: 

Feeds 1 

lHtermediates (all reflux) 10 

Products 2 

Compressed propane vapor 1 

This latter propane vapor stream c9mes from the refrigeration unit . 

It is a waste heat stream which must be condensed either by cooling water or by 

its use as a heat source within the process . 

Three additional stream matching heuristics are now introduced, all 

aimed at reducing network canplex Hy and thus minimizing start-up and control 

problo11s . 'T'l... --- ----UlC:J a~ c:. 

i) Exclude feed/reflux matches. 

This helps to ensure reliable and '~ell-controlled reflux generation 

which is essential for satisfactory column operation. 

ii) For reflux streams allow only one process/process match, then satisfy 

residual by services . 

The same considerations apply as for (i). 

iii) Set a minimum heat load for process/process exchange. 

This helps to avoid a proliferation of residual streams which have 

only been very slightly processed, a situation l\'hich leads to greater 

network canpl ex i ty. 

A further heuristic was introduced to limit the maximum stream tempera-

ture reduction achieved hy a single level of refrigerant, It was aimed at 

conserving low level refrigeration. The value used \.Vas S0°F which corresponded 
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approximately to the situation in the actual plant mentioned earlier. 

The synthesis system may now be applied to the solution of the problem. 

The solution sequence is shOi,rn in Fii_!Ure 10. Note the follOiving points. 

i) Initial (low temperature) energy costs were established by prior 

crn1putation of self-standing refrigeration unit examples. Subsequent 

passes through the refrigeration routine serve to adjust these values . 

ii) TI1e solution of each general sub-process problem requires separate 

computation of the S~1ATCIJ-F.J'JERGY -BRBND sequence; the present case 

involves only one such sub-process so that this sequence is computed 

only once for each overall iteration. 

iii) Re-computation of S~!ATOf, the stream processing path generating routine, 

on successive iterations is only necessary when stream flows change. 

The only such case in the rresent example is the compressed propane 

demands and cold stream sales. 

iv) The overall computation seauence is converged when there is no change 

in configuration, and thus process cost, between successive iterations . 

This is attained when energy costs have been established within the 

correct range to render all sub-processes truly independent. 

v) The computation sequence shown in Figure 10 must be·repeated for each 

new set of discount parameters. Since the present example involves 

only one discount parameter a simple trial and error scheme was used 

to determine the effect of the parameter on optimal network cost and 

configuration (refer to section 6.4). 

The configurations of the optimal process network and its associated 

refrigeration unit are shmm in Figures 11 and 12. Note that in Figure 11, hot 

strca1ns are denoted by positive numbers and cold streams by negative number s . 
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Complete process details are given in Appendix III.l. The optimal configura tions 

are found to be essentially identical to tt'lose for the existing plant mentioned 

earlier . . The process requires a comparatively low degree of interaction between 

process streams and thus is sa tisfactory from a start-up and contr ol standpoint. 

An interesting P?int is that in spite of the ready availability of waste heat 

both c2 and c3 splitter columns are reboiled by vapor recompression. This is 

primarily dictated by the very high refrigeration costs for any alternative 

means of overhead condensation. 

6.2 Entropy Aspects 

In the light of the results the heuristic with the most interesting 

effect is that which limits the entropy increase for any process/process 

stream exchanp,er match. It was designed to conserve refrigeration by minimiz-

i) preventing stream matches wh ich contribute too largely to process irreversibility 

or by ii) effectively forcing such matches to be delayed until one of the 

streams has been processed to the extent that a match can be made with a 

tolerable degree of irreversibility. Thus the maximum entropy increase parameter 

(DENrvfX) affects both the rattern and sequencing of stream matches. It was 

found to have a significant effect on the size of the problem.to be solved and 

relevant solution statistics for the ~LATCH and BRBt-.TD computations are shown in 

Table 6 for three parameter values. T:imes quoted are for a CDC 6400 canputer 

for three levels of branching. A DEN\fX value of 25 corresponds to constant 

temperature heat transfer at a temperature of around S0°F with a temperature 

difference of around 60°F. The value can be estimated from the approx]mate 

relation 

a 
·'"2 

T 
(15) 



DENi\lX Total ~o. of No. of 

(Xl0 5/ 0 R) Streams Equipments 

25 40 53 

30 42 57 

40 47 66 

Table 6 

Effect of Maximum f:n1Topy Change 
Parameter (ni~NV!X) on f'roblem S~ze 

No. of SM/\TCH 

Processing Paths Time 
(seconds) 

37 10 

40 12 

48 18 

No. of Path Ma'< . Size 

Combinations Sorting ·Problem 

0.18 * 106 34 

0 .58 * 106 22 

('., 

3.20 * 10° 78 

BRBJ\TD 

T:L11e 
(seconds) 

7 

10 

15 

C\ 
00 
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where a is the temperature difference and T the average (absolute) exchange 

temperature. The derivation is given in Appendix I.2. 

This temperature _function clearly shows the correct trend with respect 

to low temperature energy usage as it strongly reflects the increasing energy 

value with decreasing temperature. 

It can be seen from Table 6 that the total problem size increases 

rapidly with DE~'!X, although the corresponding branch and bound solution time 

increases rather more slowly. F..xarnination of the optimal netl.vork shows that the 

maximum entropy increase value for both process/process and process/ref rigerant 

exchange is almost exactly 25. It is interesting to note that for both vapor 

recrn1pression exchangers the values are below 8.0; this may partially explain 

the apparent desirability of vapor recanpression. 

It may not always be easy to establish a priori a suitable value for 

t:he upper limit:, Di::i'-ir\iJ( , which does not allow the possibility of excluding an 

exchange match which f onns part of the optimal neu.vork. However the value of 

such a heuristic is evident especially as it is so simply implemented and has 

the advant age of some theoretical thennodynamic basis. 

6.3 Branchin~ Prohlem Selection 

Implications of the hranch and hound algorithm can now be examined. 

TI1e eff i c i ency of the branch and bound procedure is most usefully measured by 
l 

the sizes of the prohl ems to be solved at the final level of branching. This 

can be illustra t ed by examining a typical distribution of calculation times for 

the whol e branch and hound procedure, given belO\v: 

Establishing initial good upper bound 25% 

Execut i ng general br anch and bound logic 25% 

Solution of f inal level problems SO% 
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The final entry is strongly dependent on the size of problems; in 

particular the time taken to sort the network costs is a very non-linear function . 

of problem size. Another related consideration which may also be important is 

the amount of core storage required to solve large size problems. 

As is seen in section ·2.1, the branch and bound concept makes no 

restriction on how to choose bounding problems as long as the problem set at 

each ·level mutually bounds the original problem. However bounding problem 

choice has been found to have a strong influence on resulting problem size and 

especially for autanated solution the need for an efficient, systematic selection 

method is obvious. The major consideration is to select problems so that many 

processing paths are eliminated for each problem at each level,thus achieving 

considerable reduction in problem size. This should not however be achieved 

at the expense of creating too large a number of problems . 

process examples considered in this study is given below. Problems are classified 

according to the stream rna tch on ,,•hich they are based. Streams are described by 

the number of exchange steps they have undergone, e.g., a secondary stream has 

been processed by one exchanger [P = Primary, S = Secondary, T =Tertiary]. 

Branching Level Problem Type (Stream Match) 

1 P/P matches 

2 P/S and S/S matches 

3 P/T, S/T and T/T matches 

This set has two convenient canputa tional advantages. Firstly the 

problans are conveniently located in the first, second and third equipnent rows 

respectively of the processing path array. Secondly since the problem subsets 

for each level are mutually exclusive, a minimum of checking is required to 

avoid duplication of problens. 
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There are two important restrictions. 

i) Problems at any level which do not lead to elimination of a sufficient 

number of paths will not produce a satisfactory reduction in problem 

size and are consequently disregarded. 

ii) There is a minimum number of bounding problems branched from any node 

(refer to Figure 1) . Thi~ is because the final problem in the set, 

which excludes all paths containing any of the bounding problem matches 

for other members of the set, will othendse produce too few elirnina-

tions. This will lead to the same difficulty as in (i). This minimum 

number is always achieved by adding problems of the level 1 type to 

those lower level branchings which fail to meet the minimum. 

Restrictions (i) and (ii) give rise to two adjustable parameters, 

in addition to the number of branching levels, which may be chosen to give 

oes1: result:s ror any particular prooiem. 

Process/service matches were found to produce an insufficient number 

of path eliminations to be useful. 

Tite value of establishing a good initial feasible network (whose cost 

forms an upper hound on subsequent network cost) in rejecting paths which must 

lead to higher cost networks was found to be considerable. This was in spite 

of the sanewhat involved and time-consuming program logic which was found 

necessary to establish it. The reader is referred to Lee et al. (lO) for 

further ·details. 
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6.4 Strea~ Pricing and Exergy Considerations 

i) Process Decomposition - Discount Parameter 

The trial and error price adjustment scheme and its implementation by 

use of a discount parameter have been discussed earlier in section 3.3. 

The results of its application to the present process should now be 

considered. For this process there are uvo categories of stream 

transfers. 

The first involves the sale of refrigerant propane vapor to the main 

processing sequence. This is however a sale which is already fixed, 

i.e., it was decided a priori to process this stream completely within 

the column system, condensing as much as possible by its use as a 

heat source for process matches and water condensing the remair.der. 

Thus the confi guration of its use is an internal optimization decision 

for t .he c.oinmn svs tem :mri no tran"fer nr1c:e need he ~""1cmP.rL , . .... 

The other category of sale is that of cold process streams to the 

refrigeration unit for cold recovery. This situation does demand the 

assignment of transfer prices in order to be able to decide which 

combination of streams are to be sold. The streams involved are munbers 

-1 and -4 and their residuals. The transfer price function, based on 

the cold section cost spline, is to be adjusted by a single discount 

parameter, o. Thus the overall decomposition problem for this process 

can be expressed in terms of only one price adjustment variable. 

An est imate of the value of this o parameter may be obtained by 

physical r easoning, as follows. For this process, particularly in the 

low t emperature r eg ion, energy costs are considerably greater than 

equipnent costs. lienee from physical consider ations o may be expected 

to r efl ect primari ly the relative degree of degradat ion of cold between 



73 

internal use and use within the refrigeration unit. For internal use 

of any cold stream there is a single degradation step in its use for 

process/process exchange; if such a stream is sold to the refrigeration 

unit there are two degradation steps involved before useful process 

cooling is produced. The first is in exchange for cold recovery within 

the refrigeration unit and the second is in the process/service exchange 

involving the use of the refrigerant which may be regarded as being 

produced as a result of the cold recovery step. Thus o can be expected 

to reflect this single extra degradation step and thus be of the order 

of the minimum exchanger approach temperature (liTMin). This is shmm 

to be the case in Figur~ 13 \vhere the optjmal process cost is shown 

as a function of o (expressed as a multiple of LIT?-'!" ) • It can be seen . . 1n 

that any positive value of o leads to the overall optimum. 

ln thic; c;imrie rase t here are jn fact. only three rosc;ihle cOilhinat:ionc; 

of stream sales produced by different configurations of use of stream -4. 

Since all of these cases have been evaluated (Figure 13) it can be 

guaranteed that the overall optimum has been found. The fractional 

cost margins between the three appear to be small but it should be 

pointed out that the high proportion of invariant costs in the overall 

yearly figure somewhat dampens the real value of the improvement 

produced. 

ii) Exergy in Stream Pricing 

The final energy value splines, \vhich it will be remembered are 

obtained from service costs, are sho~m in Figure 14. The figure also 

shows the exergy or availahili ty function suggested by Trihus and 

Evans(lS) and described in section 3.3. The correspondence between 
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that function and the cold section spline is seen to be reasonably 

good. This suggests that the exergy concept may prove a useful 

. one with regard to cold recovery as well as for the high temperature 

region with which Tribus and Evans were concerned. Although not 

needed in the present study where physical cost figures were readily 

available, the simple form of the exergy function may be useful for 

interpolation and/or extrapolation of energy values in other less well 

defined situations. 

iii) Exergy in Equipment Driving Forces 

The exergy concept may also be used qualitatively to examine equipment 

driving forces. This applies in particular to ~1e heat exchanger 

minimtun approach temperature which may determine the average themal 

driving force for exchange. Tribus and Evans(lS) have shown that the 

to exergy costs, i.e., the lower the cost ratio the lower the 

desirable approach temperature. For the present process, particularly 

in the lo..v temperature region, equipment costs are very low canpared 

with those for exergy ; the ratio of cost for exchangers using 

refrigeration to that for refrigerants is around 10:1. Thus a very 
. 

close approach temperature with consequent reduction in exchanger 

irreversibility is desirable. 

This can be illustrated with respect to the refrigeration unit. 

Although a more usual design figure for the approach temperature is 

15°F, a reduction to 10°F gave a total unit cost saving of around 4% . 

This was due mainly to a decreased propane circulation resulting from 

a lower condensation temperature/pressure. A further reduction in 
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condenser driving force results from reducing the cooling water 

0 0 temperature rise from 20 F to 10 F; this produced a further cost 

saving of around 8%. Thus a value of 10°F was used for both of these 

parameters (with one exception, described later) throughout the study. 

Some further decrease may be theoretically desirable but, particularly 

for the approach temperature, may be subject to equipment limitations. 



CHAPTER 7 

I.DW PRESSURE PROCESS 

7.1 Process Considerations and Problem Strategy 

TI1e second application is to a lai pressure ethylene separation process 

which involves a somewhat different separation sequence from the previous 

example. The basic separation sd1eme is that described by Baldus and Linde(30) 

and shown in Figure 15. There are several features which require comment. TI1e 

first separation step is deethanization rather than demethanization and requires 

feed compression to 250 psia as against 565 psia for the high pressure process. 

The c3+ bottom stream is processed in the same sequence as in the high pressure 

plant. It is in the separation of the c2_ overhead stream that the major 

virtually all c2s while still leaving essentially all of the hydrogen and some 

methane in the vapor phase. These light components can then be removed without 

fractionation. This decreases the load on the demethanizer which operates 

conventionally except for the manner of overhead reflux generation. Since its 

overhead product is essentially pure methane, refltL'< is produced by feeding the 

overhead directly into the methane refrigeration circuit. c2 splitting is achieved 

by a double column system similar to the configuration used in air separation. 

Due to the smaller temperature differences ben.reen the column ends the system 

is potentially more ef ficient than a single column. 

The much lower separation pressures for this process (250 psia down 

to 20 psia) result in much l ower t emperatures than for the high pressure 

process and this requires the addition of a methane refrigeration circuit. 

Advantages claimed for t he process over high pressure operation include lower 
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overall power constnnption and easier separations,both due to the lower operat­

ing pressures. An increase in thermodynamic efficiency or effectiveness of 

cold recovery is also claimed. 

TI1e feed conditions are the same as for the high pressure process 

as are the product specifications. It should be noted that this process 

achieves slightly higher ethylene recovery than the former and this is discussed 

later. Operating conditions for all coltnnns are given in Table 7 which also 

gives nec~ssary additional specifications for feed, intermediate and product 

streams. 

As before,t."l.e refrigeration unit is treated as a separate sub-process. 

However for this process, examination also shmvs that the main processing 

sequence can be conveniently divided, on a temperature basis, into two non-

interacting sections thus further reducing problem sizes. This division is 

somewhat arbitrary but on examination is seen to be quite logical and justified 

in tenns of the reduction in problem co.11plexi ty and minimization of unwanted 

stream interactions. 

The first section is canprised of the deethanizer, depropanizer and 

c3 splitter and covers a temperature range of 160°F down to -64°F. There are 

no streams suitable for recovery of cold by sale to the refrigeration unit. 

The second, low temperature, section consists of the demethanizer and 

high and l ow pressure c2 splitters and covers a temperature range of -64°F 

down to -210°F. 1\,•o product streams are availahle for cold recovery and since 

both are vapor and thus not storable, an a priori decision was made to sell 

both to tl1e refrigeration unit to make for easier start up and control. At a 

later stage (refer to section 7.4) a liquid stream was made available for cold 

recovery; again an a priori decision was made to sell this stream to tl1e 



Table 7 

Low Pressure Process Operating Conditions 

Column Conditions 

Colunn Pressure (psia) R/f\1· • 1n 

Deethanizer 250 1.2 

Demethanizcr 75 1.1 

High Pressure 65 1.1 

c 2 Splitter 

Low Pressure 20 1.1 

c 2 Splitter* 

Depropanizer 200 1.2 

c3 Splitter 115 1.2 

AdJitional Stream Specif i ca tions 

Deethanizer feed t emperature -40°F 

Dernethanizer feed temperature -190°F 

* Overhead product .to be drawn off as 
vapor, not condensed 

Key Splits 

Keys 

c 2o 

c -3 

cl 
c -2 

c -2 
c 2o 

c2-
c 2o 

c3o 

c4 

c -3 

c3o 

80 

(Mole Fractions) 

Overhead Bottom 

0.16 0.003 

0.015 0.57 

0.98 0.005 

0.01 0. 58 

0.96 0.03 

0.45 0. 54 

0.96 0.04 

0.01 0.94 

0.25 0.04 

0.04 0.84 

0.90 0.08 

• 0.08 0.76 
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refrigeration unit. Since this removes any decision making regarding use of such 

streams there is no sub-process integration problem in this process application. 

7.2 Pseudo-Service Stream Usage 

Before .proceeding to the solution of the problems a change is made 

in the method of handling the compressed propane waste heat stream from the 

refrigeration unit. For the high pressure process this was series processed 

in the normal fashion. However it cculd be seen that this stream alone contributed 

a factor of over 20 to the total problem size. This was largely due to its 

very large heat content relative to other process streams, which resulted in 

the generation of a large nwnber of processing paths with changing sequences 

but essentially identical costs and results. For the high pressure process 

this stream must be series processed in order to provide sufficient heat at a 

high enough level to reboil the demethanizer . However it is obviously desirable 

to avoid this problem of heat content imbalance . This can be done for this 

external stream (internal streams cannot be treated in this fashion) by 

providing for parallel usage, designating it as a ''pseudo-service" as was done 

for this application. 

Such pseudo-service streams are treated in the follCJ\ving fashion. For 

any match involving a pseudo-service stream the quantity of it required to 

satisfy requirements for the other contacting stream is calculated and entered 

in the exchanger equipment vector. These streams are disregarded by the 

branch and bound algorithm as their use is always feasible unless the cumulative 

demand exceeds the supply . Although this difficulty was not encountered in this 

study,it can be avoided by setting a sufficiently high stream transfer price. 

For the propane stream concerned, any quantity not required for 

pseudo-service usage was water-condensed within the refrigeration uni t. 



Strictly a transfer price should have heen assigned but for the reasons given 

above this was not required. Thus the effective transfer price was zero; a 

realistic value \vould perhaps even have been negative since this pseudo-service 

waste heat usage would usually lead to a joint saving in both steam and cooling 

water. 

7.3 Problem Canputation 

Analysis of the first sub-process, the medium temperature section, 

produces 4 hot and 3 cold streams requiring further processing. There is also 

the propane pseudo-service stream from the refrigeration unit to be considered . 

The solution of the problem is handled almost identically to that for the 

high pressure process and presents no difficulties. The total nunmer of 

possible networks is only 16 so that -the optimal network could readily have 

ci.epropanizer and C~ splitter strenms is unchanged as seen in sub-process 1 in 
.) 

Figure 16. Equipment and stream details are given in Appendix III.2. 

The lav temperature sub-process requires some changes in approach. 

Ccmputation of the column network identified 3 hot and 6 cold streams available 

for or requiring further processing. Some rearrangement of these streams was 

made before proceeding with the solution. The vapor stream pre-separated from 

th~ d6Tlethanizer feed was canhined with the demethanizer overhead product 

to produce a cold tail gas stream at demethanizer pressure. This was to be sold 

to the refrigeration unit for cold recovery. 1he bottom reflux and product 

streams from the low pressure c2 splitter Here canbined into a single stream 

to be reboiled while providing process cooling . This was to allow canparison 

with the process configuration described by Baldus and Linde(30). A separate 

stre;:rrn was created fran the lmv pressure c2 splitter bottom product after 
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reboiling. This was again to be sold to the refrigeration unit. This left 3 

hot and 5 cold streams to be processed along with the propane pseudo-service. 

Since process temperatures were unifonnly law it was decided to rule out the 

use of steam as a senrice heat source and to replace it lvith the pseudo-service. 

Disregarding the two sold streams and the "hot" overhead stream 

from the lo.~ pressure c2 splitter (it is actually colder than any renaining 

cold stream) there remain 5 process streams within a temperature range of -66°F 

to -117°F, a difference of only Sl°F. The heuristic which limits the maximtLll 

exchanger entropy increase was found to be ineffective within this narrmv 

temperature range and was thus discarded. (The maximum value for process/process 

exchange found in the optimal network was 17.3 x 10- 5, cf. 25.0 x 10- 5 for the 

high pressure process.) Due to the very law temperatures and consequent necessity 

for efficient cold r ecovery, the first two additional stream matching heuristics 

intrOduced tor the nign pressure applica'tion were ciiscaroea. They were: 

i) Exclude feed/reflux matches 

ii) For reflux streams allow only one process/process match, then satisfy 

residual by services. 

1his \vas aimed at permitting greater flexibility in stream matching 

while hopefully not producing serious process control problens. The heuristics 

for minimum p~ocess/process heat load and maximum stream tenperature reduction 

by a single refrigerant level were retained. The necessity for efficient cold 

recove1~ also dictated reduction in the minimum exchanger approach tempera­

ture. It was reduced from 10°F to 7°F. 

In spite of the small number of streams involved, t he l mv temperature 

section problc'ID could not he solved within the existing system data storage capacity. 

It is estimated that the total problem size (number of possible netl·Jorks) would 
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have reached around 108 . In an effort to overcame this difficulty,attention 

was directed at the processing of the feed stream, 2, which must be cooled 

from -66°F to -190°F. It became obvious that unless either of cold streams 

-1, at -87°F, or -2, at -81°F, was initially contacte<.:l with the feed, after 

any one match the feed would be below their temperature range and thus valuable 

cooling/reboiling would be lost. Hence it was concluded that the optimal 

configuration must include either the 2/-1 or 2/-2 match. This in effect 

created two parallel sub-problems one of which would contain the overall 

optnnum. I t actually represents a limited introduction of the branch and bound 

branching strategy at the stream matching rather than optimization stage. 

The resulting sizes of the two sub-problems were found to be 1944 

and 3024, striking reductions frcm 108 . Thus it is seen that an appropriate 

branching strategy introduced at this stage is particularly effective in 

problen size reduction. 

The configurations of the optimal process network and refrigeration 

unit are shown in Figures 16 and 17. (The lrnv temperature section is sub-

process 2.) Full details are given in Appendix III. 2. The optimal solution 

is seen to contain the 2/-1 match; the cost for the best solution containing 

the 2/-2 match was substantially higher. TI1e optimal process configuration . 
appears to present no real operating problems, based as it is on conventional 

vapor recanpression cycles for each of the two c2 splitter columns. The low 

temperature section conf iguration may be canpared with that described by 

Baldus and Linde(30), shown in Figure 18. At least for the present feed it 

is found to cost approximately an additional $30,000/year. 
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7.4 Mcxlifications to Optimal Process Configuration 

Further improvements to the process configuration shown in Figure 16 

appear to be possible. For the first consider the means of generating the 

deethanizer overhead reflux. In the configuration shown this reflux is wholly 

supplied by partial condensation of the column overhead stream with meditun 

pressure ethylene refrigerant. At the same time only part of the demethanizer 

bottom reflux can he used to further condense this overhead stream due to 

the minimum approach temperature limitation. If however the ethylene refriger­

ant flow is reduced to the point where the whole of the demethanizer bottom 

refllLX stream can be used for condensation, a saving of $73,000/year would 

result. The only other process change required is the elimination of the 

use of the propane pseudo-service in providing demethanizer bottom reflux. 

Of course a portion of the deethanizer overhead reflux would then have to he 

withdrmm at some intermediate stage from the demethanizer reboiler. This 

feedback may introduce some problems in start-up and control but the financial 

incentive to solve them is obvious. 

A second possibility should also be investigated. As 'vill be 

remembered the low pressure c2 splitter bottom reflux and product streams were 

combined into a single stream and an additional product vapor stream was 

created for sale to the refrigeration unit (refer to section 7.3). However 

it. is seen, in Figure 16, that a substantial proportion of this combined c2 

splitter bottom stream is reboiled with the waste heat propane pseudo-service 

\·thereas the refrigerant potential of this stream could be more valuably 

employed elsewhere . In fact the quantity of cold used by the pseudo-service 

is almost exactly equal to the latent heat of the bottom product portion of the 

canbined stream. Thus it was decided to run another case without combining 
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the two bottom streams , leaving the reflux stream free for internal exchange 

and the liquid product strea~m to be sold to the refrigeration unit. As 

expected the optimal network configuration is found to be essentially unchanged 

except for the ramoval of the propane pseudo-service exchanger and the increase 

in quantity of cold sold to the refrigeration unit. The saving amounts to a 

very substantial $106 ,000/year . 

Both modifications are indicated on the modified lm-.r temperature 

section configuration shown in Figure 19. 

7. 5 Canparison Between High and Low Pressure Processes 

A canparison is made between the high and low pressure processes in 

Table 8. Four cases are presented for the lm-.r pressure process, the original 

solution. then those for the first and second modifications alone and finally 

that for both modifications. It is seen that for the present feed even the 

best low pressure case has a substantially higher cost than for the high 

pressure process. There are several reasons for this, as follows. 

i) Canparing the rower requirement figures it is evident that the low 

pressure process never attains the same thermodynamic efficiency 

as does the high pressure process. The reduction in feed compression . 
requirements for low pressure operation appears to be more than 

balanced by the increased power requirements for refrigeration. 

ii) Further examination shows that a high proportion of total process 

costs are associated with large cooling loads for feed condensation. 

The high pressure process requires cooling of only one such stream, 

while to achieve the much lower temperatures for la,, pressure operation 

this must be done for the ''feeds" to hoth sub-processes. In spite of 

the canplex energy exchange neu-.rorks employed, not all of this cold 
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ITEM 

Process Section 

Costs 

Process Network 
(Including Columns) 
Refrigeration Unit 

[quiprnent Cost 
HTP::lj<dl)Wl1S 

Columns 

Heat Exchangers 

Compressors 

Service Costs 

Stearn 

Water 

Power 

Other 

Ethylene Product 
(1 b moles/hr) 

Table 8 

Comparison between High and Low 
Pr essure Processes(All Costs in $/Year) 

PROCESS 

High Pressure· Low Pressure 

#1 #2 #3 

734,000 568,000 568,000 567,000 

476,000 948,000 874,000 843,000 

175,000 156,000 156,000 156,000 

231,000 322,000 319,000 315,000 

511' 000 647,000 604,000 585,000 

57,500 67,500 67,500 6'7,500 

22,200 37,200 . 35,100 34,600 

213,300 .287,300 261,400 252,900 

302 . 4 309 .4 309.4 309.4 

Ethylene Saving ($/}T) 48,000 48,000 48,000 

Tota 1 Canpressor HP 5,090 6,903 6,301 6,090 

Power (kl\~1/Ton) 897 1190 1086 1050 

1DTAL COST /YR 1,210,000 1,469,000 1,395,000 1,363,000 
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#4 

567,000 

789,000 

156,000 

310,000 

555,000 

67,500 

33,200 

235,300 

309 .4 

48,000 

5,680 

979 

1,309,000 
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can be recovered as a significant proportion of it is lost in collDlln 

irreversibilities . 

iii) Another significant factor is the extra cost of around $100,000/year 

required by the law pressure process for heat exchangers . This is 

primarily attributable to the close t emperature approaches and the 

expensive low temperature construction materials. 

There is one advantage of low pressure operation that should be noted. 

This is the increased ethylene recovery, estimated to be '\'Orth around 

$48,000/year, at 3¢/lb. The major ethylene loss in high pressure operation 

is in the demethanizer overhead tail gas . The quantity of this loss is determined 

mainly by the available refrigerant temperature to the partial condenser . . -

This in turn is set by the lowest practical ethylene refrigerant evaporation 
,., 

t er::perJt'...!re tc arcund -16S~F. A .scme,·!h2t lcn.rey tempeTattrre is ::J'f:t:-~in:~h 1 I" hy 

cooling with expanded tail gas as described by King et al . (ll), or by add ition 

of a methane refrigerant circuit, neither of Hhich were considered in the 

present study. In the low pressure process the demethanizer loss is much 

reduced as not only is t he methane/ethylene separation easier at the lower 

demethanizer pressure but a suitably colder methane overhead refrigeration 

system is available. This lower demethanizer loss is only slightly offset 

by a small extra loss introduced by pre-separation of the tail gas from the 

demethanizer feed. 



CHAPTER 8 

PHYSICAL PROPERTIES CALCULATION 

The present program system has depended on the CIIESS( 4) package 

for physical property estimation. It will be remembered that the package 

consists of a properties calculation routine which estimates single phase 

(liquid or vapor) properties and an isothennal/adiabatic flash routine which 

handles two-phase mixtures . As part of a process design program system such 

a package must meet three major requirements . It must (i) be completely 

reliable and (ii) be sufficiently accurate over a wide range of stream condi­

tions without (iii) consuming an excessive proportion of' the overall canput-

ing time . The present application studies have covered temnerature and pressur e 

ranges of approximately -2S0°F to +200°F and 1 at to 40 at respectively for 

canponents from hydrogen to butane. This is to the author's knowledge the 

first really extensive test of the CHESS package. Over this wide span it has 

in general proved most satisfactory . With one exception, described later, 

the package has provided property values accurate enough to permit the 

sophistication of equipment calculation necessary for realistic process design . 

It is estimated that around 30% of computation time is used in property estbnation . 

'There have however been several areas of difficulty necessitating modification 

to the original package and these are detailed below . 

i) The original package used an iterative tedmique to establish t he 

(ccrnpressibility) r oot of the cubic equation resulting fran the 

Redlich:.Kwong equation of state. It appeared that the \\rrong root 

was found under some conditions so that this iter ative procedure was 

satisfactorily replaced by an analytical root finding routine . 
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ii) Convergence procedures for dew and in particular bubble points 

were not satisfactory especially as mixture critical points were 

approached. This was found to be due mainly to poor initial 

estimates of the composition of the other phase in equilibrium 

with the stream in question and produced an incorrect bountl for · 
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the reguli-falsi iteration . The problem was solved by introducing 

an autanatic re-start procedure to be used when problems were 

detected during iteration. Speed of covergence was further improved 

by addition of a simple procedure for approxlinate estimation of 

bubble and dew points fran a regression equation involving mixture 

pressure and average molecular weight . 

iii) Covergence routines for the isothermal and adiabatic flash routines 

also required modification . Problems stenuut..'<.l largely frulll puur 

starting estimates. l~iith the availability of bubble and dew point 

temperatures in the strec::m list good starting estimates were readily 

obtained by interpolation between these single-phase bounds and 

the resulting bounded reguli -falsi iteration scheme worked well. 

iv) : In only one instance did unsatisfactory property estimation resul t 

fran deficiencies in the correlations rather than in the convergence 

procedures. This occurred il) estimation of bubble/dew points for 

pure meth::me in the lav temperature refrigeration circuit . Significantly 

low dew point estimates were obtained .at pressures above around 100 psia 

and above 300 psia meaningful values could not be obtained . The 

problem~ which appears to result from poor liquid activity coefficient 

estimation , is that K values for the pure canponent reach a minimum 

with respect to temperature which is greater than unity . 
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v) Onl y one addition was made to the package. This was to allo.v estima­

tion of bubble and dew point pressures for .a given t emperature, 

required in vapor recanpression and refrigeration unit cal culations. 

It .was implemented simply by changing the iter ation var iable fran 

t emperature to pressure in the bubble and dew point iteration 

procedures. 



CI!APTER 9 

CONCLUSIONS MTD RICQ\?-'!ENDJ\TIONS 

9.1 Conclusions 

i) The branch and bound optimization technique has been found most 

effective for the present type of discrete, sequential processing 

problem. Especially Hi th the automatic bounding problem selection 

the necessary logic has been readily incorporated into the 

computerized synthesis system. As was shown in the final process 

application, the branch and bound concept may be employed rather 

more freely in synthesis problems than was originally demonstrated 

1)-- T - ~ c. • - 1 (10) 
IJ LC~ ~~a~ , , 

ii) The incorporation of heuristic decision making into the system has 

been shown to be very valuable both in reducing problem sizes and 

in permitting design experience to be embodied in the logical 

structure of the design system. 'fhe effectiveness of the branch 

and bound/heuristic canbination has been demonstrated in the evolution 

of very realistic process designs. 

iii) Price-based process decomposition has been sho~~ to be of particular 

value in discrete , combinatorial synthesis pToblems. Not only is it 

useful in limiting problem sizes by creation of independent sub-processes 

and subsequent determination of optimal interconnections between them; 

it can also be used to prevent unwanted and/or unnecessary stream 

intera£tions between sub-processes. Jntcg1·ation of existing processes 
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should also he possible by this method . ImplE:'mentation of the 

method by use of prices based on real process costs and modified 

by the discount (o) parameter has been demonstrated by a rather 

simple decomposition example. Hmvever the simplicity anti flexibility 

of the technique canbined with its potential for reduction in 

dimensionality and maintenance of overall process feasibility should 

recanrnend its application to rather more canplex situations. 

iv) The synthesis program system created (OPENS) is modularly oriented 

and with its stream number/equipment number based data structure 

it should be readily understood and easily used by the design 

engineer. However it must be emphasized that unlike some canparable 

simulation systems the executive program cannot he treated as a 

decision making and programming input from the user. This is largely 

attributable to the equipment-dependent decisions \vhich must be made 

within the system and the variability of the heuristic set which mus t 

be programmed into system routines . Due to the very nature of 

realistic synthesis, certainly at this early stage of its development, 

the same generality as has been achieved in simulation cannot be 

expected. 

v) One feature of this study has been to elucidate further the possible 

range of creative capability and levels of decision making between 

simulation and synthesis. TI1e current upper level js probably 

represented by the work of Siirola and Rudel(?) on evolution of basic 

processing sd1emes. The present OPENS system has dealt with synthesis 

of process ·equipment networks \vi thin such a pre-defined processing 
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scheme. A still lower level is represented by the refrigeration 

unit routine which essentially generates equipment networks according 

to a pre-determined pattern. It has sane limited decision making 

capability. At the lovest level are the familiar simulation systems 

which evaluate canpletely pre -dete1minecl equipment configurations. 

It is important to be aware of this range of approach if only to 

avoid the need for unnecessary creative sophistication in solution . 

of any pardcular problem or class of problems . 

9.2 Recamnendations 

9.2.1 Improvements to Present System 

There are a number of possible areas of improvement to the present 

OPENS syste!"!'! 1•.'hich. may i'!'p!'O'!e its efficie!'.cy and extend its L!::eh!lness . 

These areas are detailed belov. 

i) As has been described earlier the present system stores a minimum 

of process information thus minimizing core storage but necessitating 

some increase in canputa tion time for regenerating certain inforrnation. 

A particular example is the stream "history" information required 

for feasibility checking. It is suggested that if sucn information 

were retained in some fonn and perhaps more use were made of it 

than at present the sC!Tlewhat involved branch and bound logic may be 

able to be simplified and its efficiency improved. 

ii) The whole area of heuristics warrants a considerable amount of 

further study particularly if increasingly realistic process designs 

are to be developed. One particularly relevant area for improvement 

is that concerning the identification of dynamic problans particularly 



in process start-up and control. 1nese problems are particularly 

difficult to forsee during the synthesis procedure but are very 

important to the successful operation of any synthesized process. 

In the absence of any systematic identification method a form of 

heurist ic decision making applied to stream matching, as used in 

this study, is probably the best hope at present. 
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One possible direction for improvement, not just relevant to dynamic 

problems, is the introduction of scoring or penalty functions for 

stream matching in a manner similar to their present use in evaluating 

moves in game playing(3S). Points could be awarded for both individual 

stream and stream match characteristics with a certain acct.nnulation 

of points necessary for a match to be acceptable. For example reflux 

st:re?Ins C01_!ld be pena l.izec1 i!! CC!nparison ~d th product stre?ms ?.s 

regards the possible flexibility in their usage. Matches involving 

too great a degree of process feedback could be penalized from a 

start-up vi~~oint. Too great an entropy increase in stream exchan?er 

matching should also be penalized , etc. It may also be possib le to 

introduce some degree of automated learning witi1 such a numerical scale 

for evaluating stream matches. 

iii) The use of the exergy concept in stream pricing may be able to be 

extended in certain situations where an accurate, comprehensive 

physical cost basis is not as readily available as in the present 

study. Most processes will have some associated service facilities 

and although these may provide some basis points for costing, the 

exergy function may still be useful for extrapolation and/or inter­

polation. 
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iv) A systematic price ( 6) adjustment al~ori tlun was not really required 

for the applications described but should be considered for future, 

more canplex situations. The piecewise-constant nature of the 

process optbnum cost vs 6 function (refer to Fi~1re 13) makes any 

guarantee of opt~1a lity difficult, since the use of any finite step 

in 6 makes it possible that solutions may be missed . However for 

practical purposes the following a lgorithm is suggested for the 

general multi-dimensional (6) case. It can be argued intuitively 

and fran the present computational results that the cost function 

(of 6) is unimodal. Thus it is suggested that the practical 6 space 

(say fran -5 to +10 . times l!Tmin) first be explo~ed by grid search 

using a comparatively coarse grid. The region of tl1e indicated 

" ____ .._.r"\ .......... ~., .. -1,,. 
U. j .I .LV['") J.V..::tJ~11'-'..4.J 

smaller grid,continuing until the user is satisfied with the 

accuracy obtained. 

v) The potential for interactive operation should also he explored 

as the opportunity to complement the computer 's computational 

speed with the human designer's decision making ability should 

considerably increase the power and flexibility of the system. It 

should be noted that the sys~em has been run in four separate batch 

sections in this study and this has pennitted a certain valuable 

degree of user interaction. 



9.2.2 Extension of Applications of Present System 

The present OPENS system is in principle capable of handling any 

discrete, sequential process ing problem which can be defined in tenns of 

temperature .and pressure specifications for known streams. In an attempt 
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to explore the wider potential of the systen several process areas of applica­

tion are examined below. 

i) Gas Separation Processes 

The most obvious applications are to other similar low temperature 

gas separation processes whether they are other ethylene plants, 

natural gas plants, etc. The system should be capable of handling 

such processes with· little or no modification. 

There is however one potential difficulty which should be examined. 

The systen presently handles sequential processing problems for 

which overall mass and heat bal<m_ces can be made prior to the applica­

tion of the synthesis procedure, i.e., these balances must be independent 

of the processing method or sequence. There are two process sections 

in gas separation processes \~here this condition may not apply. 

Firstly consider a stream (usually a fe~l) being cooled in an 

exchanger train with condensate being removed between cooling stages. 

Then, although this situation may be regarded as a sequential process, 

the mass and heat balances depend on the sequence and levels of cool- . 

ing as these detennine the changing flow profile through the train. 

This occurs for example in demethanizer feed cooling trains as 

described by King et al. (ll), and would strictly require an iterative 

computation in which the effects of each cooling sequence on the 

subsequent balances would need to be determined. Note that it 1..uuld · 
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also violate the current system requiranent of constant stream 

canposition, although this could be changed moderately easily . 

The second situation occurs in vapor recompression condensation 

of a column overhead stream. The stream is crn1pressed in order 

to be able to condense it against some other stream , usually the 

same column bottom stream. However after condensa tion at this 

increased pressure a portion of this stream lvill be fed back to 

the column as 1 iquid reflux:. The decrease in pressure on column 

entry will result in flash vaporization of a certain quantity of 

liquid and this additional vapor flow is added to the existing 

column overhead stream. TilUs a recycle situation develops which 

strictly necessitates iterative calculations. This diff~cul ty 

has been sidestepped in the present examples by setting a fixed 

fraction flash-off (10%) for the rehtrning liquid condensate. 

ii) Air Separation Processes 
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The other major law tanperature gas separation area is that of air 

separation(36). Although these processes involve many of the 

same energy recovery considerations as in ethylene plants, closer 

examination shows considerable difficulties in potential applica tion 

of the OPENS system. The process temperatures are rather lower 

than in ethylene plants so that very high energy efficiencies are 

required. In order to achieve this efficiency modern plants tend 

to be extranely complex with considerable equipment specialization, 

e.g., non-conventional columns, multi -fluid heat exchangers, etc. 

Also, partly as a result of these factors , it may be difficult to 

specify stream tenperature requirE-Jnents accurately in advance . 



At tainable temperatures may depend on the other process streams 

available since no service refrigerants are used. Thus it may 
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be difficult to define the problem adequately without prior know­

ledge of the actual final configuration. The considerations involved 

in process start-up and control may also play a large part in 

determining process conf i guration. 

In view of these factors it does not appear that air separation 

processes presently present a very worthwhile area for system 

application . 111e evolutionary approach of King et al. (ll) is 

probably better suited to this type of application. 

iii) High Ternperature H~at Recovery Processes 

,1\nother potential area of application is to high tEmperature heat 

:reC:0'.re:ry syste!n.S. Possible exfunples inchu1P ~hP "-trnnt-. P,ncl'' of 

ethylene plants, the reactor sections of ammonia plants and refinery 

steam systems. HOlvever there are a number of difficulties here 

as well. 

'There is again the problem of equipment specialization, as instead 

of using conventional countercurrent heat exchangers , heat may 

be generated and/or recovered in furnaces, boilers or even scrubbing 

A maj or consideration in these high temperature processes is that 

heat is frequently recovered by steam generation , i.e., · by using 

evaporating water as a heat sink (such a provision would have to 

be made in the program for dealing with such systems) rather than 

by process/process exchange. 'I11is has considerable advantages from 

an operating flexibility viewpoint since steam can be distributed 
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much more freely than can the streams that create it. Jlowever 

it effectively reduces the ntrnber of interacting energy levels 

to the point \\·here the problem may not be large enough to warrant 

~he application of branch and bound based synthesis. In fact, 

particularly in steam systems, the considerations involved in 

choosing the number and magnitude of the steam levels may be 

rather more important than those involved in determining system 

f . . (3?) T} h bl f . . con 1gurat1on . 1us t e pro em may o ·ten Involve a miXture 

of discrete and continuous decision making. 

In view of the relative inflexibility in process configuration and 

the equipnent specialization, the design of many such process net-

works may be handled better by the type of skeleton flowsheet 

generator approach as used in the refrigeration unit. Such a 

generator may serve as an objective function evaluator for the 

discrete and continuous design optimization calculations. The use 

of the OPENS system approach in high temperature processes should 

not however be ruled out . 

One related area that is worth investigating is that of multistage 

evaporator networks . Batstone and Prince( 6) have reported on the 

design of such systems using a repetitive simulation-based approach 

but it appears that the branch and bound synthesis technique may 

be able to lead directly to optimal process configurations . 

iv) Summary 

In view of the above examinations it would appear that the OPENS type 

of synthesis system does not have the breadth of usefulness that was 

hoped at the cutset of the study. However these are some areas that 
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should at least be worth investigating . ~lodifications to both 

executive and equipment routines may be necessary in many cases 

and the application of the system to any potential area is of 

course dependent on the provision of a suitable physical properties 

package. 

9.2.3 Wider Extensions 

There are two further areas which, although heyond the scope of 

t..'le present study, may prove worthy of future investigation. 

i) The present study has p.one beyond previous energy exchanp.e network 

studies in allowin~ for stream pressure chanp,es . However pressure 

has been regarded only as a thennal energy level modifier and the 

been explored. There are a number of process areas where such energy 

recovery is important, e.g., in natural gas processing. Pressure 

energy is usually recovered by turbo-expanders which may at the 

same time achieve required process stream cooling. The pricing of 

such streams embodying pressure and/or thennal energy !!lay provide 

a further opportunity f or use of the generalized exergy concept. 

This may require the provision of generalized entropy calculation 

'vithin the physical properties package. 

i.i) It would be useful to examine the possibil ity of integrating the 

present energy exchange network synthesis system with the work of 

Thompson and King(lZ) on separat ion process synthesis. Their work 

encompasses many similar principles to those used in the present 

study. It includes a significant heuristic element and the optimum 
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separation sequencing problem is essentially a canbinatorial 

one. Thus such a canbination of techniques would be a significant 

step towards canplete process synthesis . 

The '"hole field of systematic, automated process synthesis has 

only begun to be explored and a great deal of additional work is required 

in many areas before the real creative capability of the canput.er in this 

field can be gauged. It is particularly important to learn which tasks can 

best be accomplished by both the canputer system and the human designer as 

it is by such a merging of capabilities that the most efficient synthesis 

methods will be evolved. 



COJ'.iTRIBUTIONS 

In the author's estimation this study has made the following 

contributions to engineering knowledge. 
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i) A flexible canputer system for synthesis of optimal energy exchange 

systems has been developed. It is capahle of handling both stream 

temperature and pressure demands. The development of this system 

has involved: 

(a) An extension and greater understanding of the branch and bound 

combinatorial optm1ization strategy. 

(b) An effective canbination of branch and bound strategy with 

heuristic decision making. 

(c) An extension of price-oriented, Lagrange 11-fttltiplier decanposi­

tion tectu1iques to large discrete, canbinatorial process design 

probl6lls. 

ii) The usefulness of the ''modular approach" in process design has been 

significantly extended by incorporating within it a creative capacity 

for automated synthesis. 

iii) To the author's knowledge, this study has produced the first automated, 

optimal synthesis of a complex real chemical process and has thus 

demonstrated the practical capabilities of the approach. 

The following publications have been produced during this study: 

1. "Synthesis of Optimal Energy Recovery Net\vorks using Discrete ~·!ethods", 

accepted for publication by Can. J. Ch.E. 

2. "Synthesis of Optimal Energy Recovery Networ ks using Discrete ~!ethods", 

to be presented at the 7lst National AIChE meeting, Dallas (Feb., 1972). 
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APPENDIX I 

DERIVATIONS 

I.l Stream Energy Value Integration 

From equation 14, section 3.3, the value of any stream between 

temperature limits T1 and T2 is given by the integration 

(I.l) 

The function pr is defined by a known cubic spline in T and the 

value and sign of the o parameter are known. H is the strerun enthalpy. 

The integration range is first divided into its various phase 

regions (liquid , two-phase and vapor). Over, each region it may be assumed 

that the differential dH/dT , which is actually the stream specific heat, is 

approximatel y constant, i.e. H is a linear function of T. Then for each phase 

segment the integration, between limits A and B, becomes 

PAB = ~HAB -T pr(e ± o)de (I. 2) . 
6 1' 

AB 
TA 

This function can then be integrated numerically using Simpson's 

Rule, as follows : 

TI\+TB 
± o) + 4pr( - ·-2- ± 6) + pr(TB ± 6)] (I. 3) 
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The contributions of each pl1ase segment can then be assumed to 

give the total stream value. 
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I. 2 Approximate Expression for Heat Exchanger EntroPY Increase 
T 

T 
m 

Q 

1 

2 

Consider the heat transfer beuveen an infinite source and sink, 

1 and 2, as shown above. The mean temperature is TM and the temperature 

driving force for exchange is a. The entropy change for the process for 

transfer t.Q is given by: 

(I . 4) 
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Expressed on a per unit heat transfer basis the expression becomes: 

t.S = AQ 
-1 + l 

:::::----

TM + ~ TM - a 
2 2 

which simplif ies to 

t.S 
= 

t.Q 
a 

T 2 - az 
M 4 

(I. 5) 

(I. 6) 

and since the temperature difference , a, will be much smaller than the absolute 

t emperature TM, then 
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a (I. 7) 

~ M 

In the more general case where temperatures are not constant through-

out the exchange process the expression, I.7, r emains a useful approximation . 



APPENDIX II 

PROGRAM SYSTEM 

II.l Progrmn Descrintions and Listings 

The OPENS program system is presently run in four sections, both for 

greater operating flexibility and reduced central memory requirement. Each of 

these sections has a main program, primarily for data input purposes, which 

then calls a series of subroutines to carl~ out the appropriate system func­

tions. The program make-up of the four sections is detailed below. 

A Task Identification (Colunm Calculation) MAINC 

COLSYS, STMOVC 

B Stream Processing Path Generation · HAINS 

SMATCH, SDKWS , SHI ST 

C Selection of Optimal Net\.vork Configuration MAINE 

ENERGY 

BRB:t\lD, (STivDVS, Sl-IIST) 

D Refrigeration Unit MAINR 

RUNIT, STMOVR 

There are two further groups of subroutines, those for physical prop­

erties calculation and handling, and those for equipment calculation. They 

are listed belm.;. 

E Physical Properties PROPL, KHZT, FLASH, ZERO, ZEROI 
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F Equipment Routines (FLASH) 

DIST 

H.XER 

COMP 

SPLIT 

SPLINE, SVALUE, INTER 
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Note that the flash routine , FLASH, serves both as a u~o-phase 

properties estimation routine and as an equipment routine for adiabatic expan­

sion and mixing . 

The final three routines above (SPLINE, SVALUE and I~~ER) are all 

involved with the spline-based _stream pricing scheme . 

Brief program descriptions and full listings follow in the order 

de-railea above . 

The programs are set up as for the high pressure process case study 

and on the few occasions where statements are specific to that particular study 

this is indicated by "HP" in the card identification field (columns 73, 74) . 



118 

A TASK IDENTIFICATION 

MAINC reads the input data for this section. It also perfonns the 

initialization fw1ctions of pre-zeroing appropriate matrices and computing 

input stream bubble and dew point temperatures and enthalpies. 

COLSYS is the simulation-type executive for colwnn system calcu­

lation. It computes the specified colwnn configuration (coded in process 

.matrix form) in sequence, performing an overall mass and heat balance and 

computing flows and properties for intennediate and output streams. Streams 

with unsatisf ied pressure, phase and temperature demands are identified by 

comparing their properties with supplied specifications. Any phase spec­

ifications are converted into corresponding temperature specifications. 

Streams are classified as either "hot" or "cold11 (requiring cooling or heating) 

for later stream matching purposes . In addition to dealing wi th sur>pl i ed 

stre~n specifications, two special demands are automatically created for each 

colwnn, those for overhead and bottom ref lux generation. The program finally 

produces a punched deck of stre~ specifications and properties Hhich serves 

as input t o the fo llowing stream processing path generation section. 

STivKJVC i s the stream handling utility routine which moves stream 

properties information between the stre~ matrices and working vectors . 



c 
c 
c 
c 
c 

c 
c 

c 

c 
c 

c 
c 
c 

c 
c 

c 
c 
( 

c 
c 
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PROGRA M MAI NCCINPUT=1001,0UTPUT=1001tPUNCH=1001tTAPE5=INPUTtTAPE6 = 
10UTPUT,TAPE7=PUNCHI 

*** COMMON DECK *** 
DU MMY ARRAYS ARE FOR NAM ELIST INPUT 

COMM ONI CONTL/ NE,NIN,NOUT,N?C OM P . 
COM MON I KPM I NIS,N KPM , KPM116 , KPM2161,KPM3C61 ,KPM4(61,KPM5C6l' 

1 KPM6 1 6 l, KP~ 7( 6 l, KPM8 16l, K PM9 1 6 l , KPM10 C61 
CO MMON I SM PI SMPA 11 8 J ,SMP A2 C8J, SP MA 3 (8),S MPA4C81,SMPA5C81t 

1 SMPA6 C8 J, SMPA 7C 8 J, SMP A8 18 1, SM PA 9 C81 ,SMPA 10 18 J, SM PA1118J, 
2 SMPA 12 18J, SMPA 13 18 ), SM PA14181,SMP A1 5 C8 ), SMPA 161 8 ), SMP A17(8), 
3 SMPA18 18 J, SMPA19 18 1, SM PA 20 C8l,SMPA21C81,SMPA 22C8)tSMPA23C81' 
2 ~~~@~t i ~ l: ~~~@~~ l ~ l:sM P B 3C151,SMPB4115l,S M PB 5 C151, SMPB6115), 
5 S M P 3 7 I 1 5 l ' S M P B 8 I 1 5 l , S M P 8 9 C 1 5 I ' S ~'i P B 1 0 ( 1 5 l ' S M P b 11 C 1 5 I ' St,ij P t3 12 ( 15 I ' 
6 SMPB13 1 15 1 , SMPB14 1 15 1 , SMPB 15 1 151 , 51'·1P8 16C 151 , SMP8 17( 15 1' 
7 SMP3 18 C 15 l ' SMPB 19 I 15 1 ' Srv1PB 20 I 15 I' SMP821 I 15 I' Si'v1PB 22 C 15 I' 
8 SMP~23 11 5 J, SMPB2 411 5 1, SMP825 115l 

COHMON I Et--1! / EM I 1 1151 , EM I2C 151 ~ E MI3C 151 ,EMI4C 151 ,EMI5C 151 ,EMI6C 151' 
1 EM I 7 I 1 5 l , 01 I 8 I 1 5 I , El'·1 I 9 C 1 5 I , E f•1I 1 0 ( 1 5 I · 

COI\1r•10 N I S IN I 8 PIN I 4 I , DP IN ( '+ l 'TIN C 4 I 'PIN ( 4 I 'HI N I 4 I 'V FIN I 4 I 'T~-1 INC 4 l ' 
1 XINC 8,41 

COMMON / SO UT/ BPO UT C41,DP OU TC41,TOUTC41tPOUTC41,HOUTC 4 1,VFOUT14)t 
1 TMOU TI 4 1,XOUTC 8, 41 

COMMON I PROP I COMPN TC g l,APtiBI,ATCCBI ,AVCigi, AMW CBJ,AOME GIBI' 
1 AD ELI BI,AVW I8 )9AP HIBI, BE TC81 , GA MC81,DTAC8l, BA SEA I 8 ) ,BASE BC8l' 
2 ZC DC8J,ALD I 8 l 

COMMONI PARAM IA MORT,HRS,TWAT,DTW,CWAT,TS,HVS,cS,CKWH,A PPP ' APRR, 
1 AR RR ,T RRR 

-*** 

INTEGER COMPNT . 
DI MENSION KP1,116d0l ,SMPAI8,251 , SMPBC 15,25.1 'EMI 115d0l 
DI ME NS I ON TITL E C8 l, DUM C81, PROPC8,1 5 l 
EQUIVAL EN CE CKPM,K PM1J,CSMP A,SMPAll,CSMPB,SMPB1l'CEMI,EMI11 
C"f"IIIT\/111 c ~. 1 rc I DOI"In -flnr' 
L.- '-lt '"';.L Y("\ L.. I- 1' '-~ '' I ' V I 7r't l '-I 

NAM EL I ST/KPM LST/NI S , NKPM,KPM1,KPM2, KPM3tKPM4,KPM5,K PM 6 , KP M7' KPM8' 
l KPM9 ,KPiv\10 

NAME LI ST/ SMPLS T/SM PA1, SMPA2 , SM PA3 , SMPA4,SM PA 5,SMPA6,SM PA7' 
1 SMPA 8 , SMPA9 , SMPA10 ,SMPA1 1, SMPA 12 rSMPAl3 , SMPA 14 ' SMPA15 , SMPA 16, 
2 SMPA 1 7,SMPA 1 8,SMPA19 , SMPA20,S~PA2 1 ,SMPA22 , SMPA2 3,SMPA24,SMPA25 ' 
3 SMPB1 , SMP82,SMPB3,S ~I PB4,SM PB5 , S~PB6 , SMPB7 , SMPB8'SMP89 , SMPBl 0 , 
3 SMPB 11 , SMrGJ.2,S~PB13,SMP814 , SMP815,SMP6 1 6 , SMPB17,SMPB 1 8 , SMP5 1 9 ' 
4 SM PB20 , SMPB 2l,S MPB2 2 , SMPB2 3, SMPB24,SMPB 25 
N AME LI ST / EMILST I EMI1~EMI2,EMI3 , EM I4, EM I 5,EM I 6,EM I7 ,EM I8' EM I9, EM I1 0 
NA~E LI ST I PARLST/At10R T, HRS , TWA T, D T W ,C WA T,T S , HVS,CS ,C KWH, A PPP' APRR ' 

1 ARRR,TRRR 
NAMEL IST /C OM PINOCOMP,COMP NT 

PR E-Z ERO ARRA YS 
CALL ZER0 I( KPM,60 ) 
CALL ZERO CSM PA, 725) 

READ COMPONEN T I NF OR MATION 
RE f.1D C 5 , COMP l 
READ CO MPONE NT PHYS ICAL CONSTA NTS 
DO 10 I =1,N0COMP 

10 READ C5 dllC PROP CI,KitK=ltl51 

READ TI TL E: 
READC5t100 JTITL E 
IFC EOFt5 ll , 2 

1 CALL EX I T 
2 ~·JRITE ( 6d0l lTITLE 

READ GENERAL SYSTEM PARAMETERS 
READC5,PARLST l 
READ PROCESS MA TRIX 
READ ( 5 , ~: Pr.J,t_ S T l 
READ STRE AM MATRIC ES lA+B SECTIONS) 
R ~ A D \ 5 , S ~·1 P L S T l 
READ EQUIPMENT MATR IX 
READ I 5 , EMILS TI 



C CALCULATE INPUT STREAM BUBBLE ' DEW POINTS + ENTHALPI ES 
DO 20 J=l,NIS 

c 

IFI SMP 8 ( 7,J l. EQ .O . l GO TO 20 
CALL MVFSM (l,J ,O,O ) 
CALL BUBTP (l, SMP B!1,Jl,DUM ) 
CALL DEWTP (1,S MPB (2,J),DUM ) 
NIN=NOUT=l 
CALL I SOF (O.) 
SMPR ( 5, Jl =HOUT (ll 
SMPB!6,Jl=VFOUT(l) 

20 CONTI NUE 
CALL COLSYS 

11 FOR MAT ( 3 (/5 E14 .5ll 
100 FORMA T( 8A10 ) 
101 FORMAT(8A10//) 

END 

120 



c 
c 
c 
c 
c c 
c 
c 
c 
c c 
c 
c 
c 
c 
c 
c 
c 
c 
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SUB ROU T IN E COLSYS 

COMPUT ES COL UMN SYST EM , IDENTIFIES HEAT TRANSFER + EXPAN S ION/ 
CCMPRESSION TASKS AND MAKES ENT RI ES IN STR EAM SPE C VECTORS 

KPM PROC ESS MATRIX CODING •• 
FO R EACH ! EQU I PME NT) VE CTOR OF KPM -

1. EQUI PMEN T NUMBER 
2. EQUIPMEN T TYPE NUMBER 
3 .-6. IN PUT , TH EN OUTPUT STR EAM NU MBERS (+ INPUT , -OUTPUT) 

SMP A 
1 • 
2 . 
3 . 
4 . 
5 . 
6. 

STR EAM CO NTROL VECTOR CODING -
ST REM-'1 NO 
ST REA M TYPE - 1. FEED , O. INTERME DI ATE ' - 1 . PRODUCT 
FURTHER PROCESSIN G FL AG - 1. FOR FURT HE R PR OCE SS ING 
PR ESSURE SPEC 
PHA SE SPEC ( } . +V APOR FR ACTION) 
TEMPERATURE SPEC 

C*** * * COMMON DECK 
COM MON / CONTL/NE,N I N,NO UT,NOC OM P 
COM MO N/ KPM /NIS , NKPM,KPM ! 6 t1 0 l 
COMMON / SMP / SM PA!8, 251,SMPB !1 5 , 25J 
COMMON / EM I/EM II 15 t l0 1 
COMMON / EGUIP / EQUIP <l5 l 
COMr-lON / SIN/6PIN<4 1 ,DP I NI4l ,TIN<4. ) ,PIN!41 ,HI NI4J ,V F IN!4) ,T MIN(4)' 

1 XI N(8 , 4) 
COMMON / SOUT/BPOU T! 4 l •D POUT1 4 ),TOUT!4) , pOUT<4J,HOUT!4l,VFO UT<4J, 

1 TMOU T! 4 ) ,XOUT I8, 4) 
C OMMON / PARAM I AMORT,HR S ,T W AT , DT W ,C W AT,TS , HVS,c S ,C KWH,APPP~A P RR, 

1 ARRR ,T RR R 
c 

DI MENSION DM CHA I B l, DU~ I B l •N SCH I 10,z) tFSAV(4,zl, NNPR(2J 
C I NI TIALIZE MA TRIX COUNT ERS 

NNPR <2 l =NNPR I 1 )= 0 
NSM=NIS 
(" ,.... l' r\ .. ,,... _ ., 1. 11 / r"\t.~ 
V V U - I 'IL-.L )' I .... f". f- 1"1 

C FI ND NO OF I NPUTS <Nil 
DO '+ J= 3 , 6 

c 

4 I F!KPM (J, NE l . LE. OJ GO TO 6 
6 NI =J-3 

JF =3 
J L=NI+2 
J IO=l 

C SCAN EQU IP ST REAMS FOR DE MANDS 
8 DO 12 J S= J F ,JL 

NS=JIO*KPM I JS , NE l 
NF =JS- 2 
IF< SMPA (3, NS J. EQ .O.) GO TO 12 
JTYP E=SMPA ! Z, NSJ 

C FOR INTER ME DI ATE ST REAMS ( J TYPE =Ol PROCESS ONCE ONLY- AS EQUIP •• 
C I NPUTS - I. E. DON T PROCESS AS EQ UIP OU TPUT S 

IF <JTYPE.E Q. O.AND .JI O. EQ. -1) GO TO 12 
PRE S:::S1'1P A! t+, NS I 
PHA S=SM PA ! 5 , NS I 
T 01P=SM PA! 6, NS l 

c 
C SA TISF Y DEMANDS - MO VE STREAM INTO SIN<1l FOR PROCESSING 

CALL MVFS M! l, NS,O,Q J 
ASSIGN 12 TO LOC 
GO TO 1 00 

lZ CONTINUE 
IF!JIO.EQ . - 1) GO TO 3 5 

c 
C LO AD INPUT S FROM SM PB I NTO SIN 

DO 20 JS=JF tJL 
NF=JS- 2 
NS=KPt-1 < JS , NE l 
CA LL MVF SM INF , NS,O , O) 
1F I SMP A! 3,N S I. EQQO .J GO TO 20 

C ~ ET POS T -P ROCES~E D STRE AM PROPS 
1 TNCNF ) =F SA V( l , NF I 
PI NC NF l ~ F SA V( 2 ,N F J 



c 

HIN <NF J=F SAV (3,NFI 
VFI NfNF l=-FSAV(4,NFl 

20 CON TINUE 
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C COM PUTE EQUIP (COLU MN ) 
C* 

c 
c 

c 
c 

c 
c 
c 
c 
c 
( 
c 

c 
c 

c 

c 

c 
c 

c 
c 

CALL DIST 

PCOND=EQU!P(4) 
TC OND=EQUIP(5l 

WRITE OUT COLUMN EQUIP VECTOR + OUTPUTS 1-4 
EQUIP(ll= NE 
WRITE ( 6 '9 02 I ( EQUIP ( I l d = l d 5) 
DO 903 J=1t4 

903 WRITE<6t9011BPOUT!Jl,DPOUT !Jl,TOUT(JJ,pOUT(Jl ,HOUT (JJ,VFOUT(J), 

30 
31 

35 

38 

40 

lTMOUT(J),(XOUT(I,Jl,I=l,NOCOMPl 

LOA D OUTPUT STREAMS INTO SMPB , AS SPECIFIED IN KPM 
JF =NI+3 
DO 30 JS=JF,6 
NS=-KPt-1 ( J S, N E l 
JF( NS.EQ. Ol GO TO 31 
NO=JS+l-JF 
CALL MVTSM!-NO,NS,O ,O) 
JL=JF+N0-1 

SCA N OUTPUTS FOR DEMANDS 
FOR COLU MN S THERE ARE TWO SPECIAL OUTPUTS -

SOUT!3l TO BE CON DENSED <OR P.C.) 
SOUT(4l TO BE REBOILED 

SCAN NORMAL OUTPUTS 
JI0=-1 
GO TO 8 

SAT ISFY DEMANDS FOR SPECIAL OUTPUtS 
JTYP E= O 
DO 45 J= 3t 4 
TEMP =PRES=PH AS=O. 
MOVE INTO SIN<11 FOR PROCESSING 
CALL MVSOSI{1 ,J ,O,O l 
IF<J.EOe 4J GO TO 38 
OVE RHEADS VAPOR FLOW TO CONDENSER <TOTAL OR PARTIAL> 
IF!PC OND.LE . OI PHAS=l. 
IF<PCOND .EO.ll TEMP=TCOND 
GO TO 40 
BOTTO MS LIQUID FLOW TO REBOILER 
PHA S=Z . 
STORE VALUES IN SMP ARRAYS 
NSM=NS M+ l 
S~-1PAC l ,N Sf\1 1 :::NSM 
SMPA !4, NS~l=SMPA (2,NSMJ=O. 
S M P A ( 6 , N S 1'1 l = T E fvl P 
CALL MVTSM{l,NSM,O,O l 
NS=NSM 
ASSIGN 45 TO LOC 
GO TO 100 

45 CONTINUE 
60 CONTINU E 

WRJTE(6,2501 
WRITE(6,2 00 JNNPR 
WRIT E <7,2 00 JNNPR 
DO 300 ICH=l ,z 
NNN =NNPR <ICHl 
WRITE(6,250) 
DO 202 J =- l,NNN 



c 
c 
C**·** 
c 
c 

100 

102 

104 
c 

NS-NSCH(J,ICHl 
F...!-J 
WRITE<6t204lFJ,SMPA(2,NSl,(SMPA<L,NSI,L=4,6,2l 
WRITE(7,2 041FJ,SMPA(2,NSJ,(SMPAIL,NS),L=4,6,2l 
WRITE<6 ,2 50l 
DO 206 J=1,NNN 
NS NSCH!JdCHI 
WRITE(6,2501 
WRITE<6,2 08l!SMPB<L,NSI,L=1,151 
W R I T E I 7 ' 2 0 8 I < S ~·1 P B ( L ' N S l ' L = 1 ' 1 5 l 
CO TINUE 
RETURN 

DEMAND ROUTINE **** OPERATES ON SIN<1l 

IDENT IFY STREAMS AS HOT (ICH=1l OR COLD <ICH=2l 
CO NTINUE 
ICH=2 
IF<TEMPeLE. O.) GO TO 102 
IF<TE MP.LT .TIN!1l l ICH=1 
GO TO 110 
PHA E=PHAS-1. 
IF< HASE.LT.O.l GO TO 104 
IF< HASE.LT. VFINI1ll ICH=l 
GO 0 110 
IF< RES.GT.PIN<lll ICH=1 

C REC RD STREAM NUM BERS IN NSCH MATRIX + SMPA VECTORS 
110 NNS ~NNP R <ICHl=NNP R <ICHJ+l 

NSCHINN S ,ICHJ =N S 

c 
C** 

c 

c 
C** 

120 

c 
c 
C* 

c 

c 

130 

145 

150 

IVF LO 

PREiSSURE 
IF<~RE S.EO.O. l PRES =P IN<1l 
!~( RES~EO~P!N(l) l SMPA(4,NS)=O. 

PHASE 
TE ;\1 p SPEC OVERR I DES PHASE SP.EC 
IF<PHA SE .LT. O.) PHASE =VFINI11 
IF<JE MP .GT. O.) GO TO 120 
IF< HASE.EQ .VFI N<1 1 I GO TO 120 
SET DE FAULT VALU ES FOR TE MP UNLESS -VE <TEMP FREEl 
IF< EMP.LT . O.l GO TO 1 20 
IF< ~HASE.EQ.O. J TEMP=BPIN !ll 
IF( tHASE.EQ.1 .1 TEMP=DPINI11 
SMP (6, NSI=TEMP . 

TEM 
IF< EMP.L E.Oo l TEMP=TIN( 1 l 
IF( EMP.[Q.TIN<1ll GO TO 130 
SET FLAG FOR FINDING VF 
IVF~1 

SET POST-PROCESSED STREAM PROPS - FOR [QUIP INPUTS ONLY 
IF< ~IO.NE .ll GO TO 150 

~f~ !t l~ ~~~~ 
IF< VF. EQ . Ol GO TO 140 
NlN:=fNOUT=1 
CAL u I SOF ( 0 . I 
CAl_' MV.SOS I<1d,O,Ol 
GO 10 145 
VFI. { ll =PHAS E 
CAL !l ENHI(l,HINI1 lt DUM l 
STOI1E POST-PROCESSE D STREAM PROPS 
F SA\{ ( 1 , N F l == T IN ( 1 l 
FSA ( 2,NF l =PIN(1 l 
FSA ' (3, NF l =H IN<11 
FSA <4,NFl=VFIN ill 
GO 0 LOC, (l 2 t451 

200 FORr AT(2I5) 
204 FOR AT<F6.0•12X,F6.0t19X,2F8.1l 
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c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

c 

c 
C** 

C** 

c 

c 
c 

SUBROUTINE STMOVCIIWV,ISMtiiitNXl 

STREAM MOVING UTILITY ROUTINE ••• ICOLSYS VERSION) 

I WV - ELEMENT NUM BER IN SIN OR SOUT WORKING ARRAY 
+ SIN 
- SOUT 

I SM - VEC TOR NUMBER I N SM--
111 - 0 MOVE TO OR FROM SM PB 

1-2 MOVE TO OR FROM SM CHB- 11-2) 
3-5 MOVE TO OR FROM SMRB - 11-3) 

NX -VECT OR NUMBER CONTAI NING MOLE FRACTIONS IIII GT 0) 

3 ENTR IES -
1 MVSOSI MOVES SOUT VECTOR ISM TO SIN VECTOR I WV IIII=O) 
2 MVFS M MOVES FROM SM-- TO SIN OR SOUT 
3 MVTSM MOVES TO SM-- FROM SIN OR SOUT 

*** COMMON DECK *** 
COMMON / CON TL/ NE,N IN, NO UT, NOCOM P 
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CO MON / SMP/S MP A(8,25l ,SMPB I1 5,2 5l 
COMMON/SI N/ BP I N14l,D PIN14l,T IN 14 J,PIN14ltHIN14J,VFINI4ltT MI NI4lt 

1 XINI &, 4 l 
COt MON / SO UT/ BPOUT 14J ,DPOU T14ltTOUTI4l,POUT14J,HOUT14l,VFOUTI4lt 

1 T ~ OUTI4J ,XO UTI8,4l 

** D I , ENS I ON SH CHB I 1 '1 '1 l 'SMCHX I 1' 1 '1 l 'SMRB I 1' 1 '1 l 'S MR X { 1' 1' 1 l 
DI ENSION S IDUM(4,7J,SODUM(4,7l 
EQUIVALENCE I BPIN,S ID UM J,(BPOUT,SODU MJ 

ENTRY MV SOSI 
IENT=1 
GO TO 1 

ENTRY MVFSM 
IEN T=2 
GO TO 1 

!:: ~! "];" ~ y ~--1\_1 : 5 1v1 
I E T=3 

1 JJJ =III+l 
GO TO 12,3,3,4 ,4lJJJ 

2 ITYP E=l 
GO TO 5 

3 ITYPE=2 
KKK= I I I 

4 Y? ~2 = ~ 
KK 

5 GO TO 1100,20 0,300JIE NT 

C** MV OSI 

c 

100 DO 50 I=l,7 
50 S I UM I I WV, I l =SODUM < ISM, I l 

DO 60 I= l , NOCOM P 
60 XI (J ,JW Vl =X OUT (I,IS Ml 

RETURN 

C** MV - SM 
200 

6 

7 

8 
9 

10 
c 

11 

DO 10 1=1 ,7 
GO TO 16t7, 8 JITY PE 
AA =S~ PBII,I S M) 
GO TO 9 
AA -SMC HB ( I ti SM , KKK l 
GO TO 9 
AA =SMRE1 ( 1 'I SM, KKK l 
IFII WV.GT. Ol SIDU t--1{1\>JVd l=AA 
IFI IWV.LT . u ) SODUM I-IWVt I l =A A 
CO TI NUE 

DO 20 T=l, NO CO MP 
GO TO ll ld2 d 3 liTYPE 
AA =SM PBI1+ 7 ,1SM l 



c 

GO TO 18 
12 AA SM CH X(I,NX,KKKI*SMCHB<7,JSM,KKK) 

GO TO 18 
13 AA-SMRX< J,NX,KKKl*SMR8(7,ISM,KKK l 
18 IF ( IVIV.Gf~U J XIN(I,JWVJ=AA 

I F <J WV.LT . OJ XOUTIJ ,- IWVJ =AA 
20 CO TI NU t:: 

RE URN 

C** 
300 

10V SM 
DO 30 !=197 

c 

I F ( I W V. G T • 0 J A A= S I DUM ( I\v V , I l 
IF<I WV .LT. OJ AA =SOD UM(-I WV ,J) 
GO TO ( 21,22 ,23liTYPE 

21 SM B < I , ISM ! =AA 
GO TO 30 

22 SM HB (J,JSM,KKKl=AA 
GO TO 30 · 

23 SM BCis iSM ,KKKl=AA 
30 CO TIN UE 

IF< ITY PE.GT.ll RETURN 
DO 40 I =1, NOCOMP 
IF<f WV .GT. Ol AA =XIN (J,IWVJ 
IF(I WV .LT. O) AA=X OUT(f,-I WVJ 

40 SMPB ( l +7 ,I SMl=AA 
RETURN 
EN 

126 
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~~INS reads the input data for this section . This data consists 

strea11 specificatio::1 c:md properties information from the prev-

ious se ·tion. 

SMATGI is the routine which generates the set of processing paths 

or equi )ment sequences for all primary streams. A description of its function 

has bee1 given in section 4.2.2 and will not be repeated here. Instead a 

graphic 1 algori tllin is given in Figure I I.l. TI1ere are several points of 

explana ion 'vhich should be noted. 

i) All pressure specifications (excluding vapor recompression, which 

is not actually a pressure specification) are met before proceeding 

with stremn matching for satisfying temperature specifications. 
I 

ii) ThP- mr.~.jor use of stream matching heuristics is in rejecting "type-

infeasible" matches as indicated in Figure II.l. Some use is also 

made of heuristics in screening for vapor recompression matches. 

A C++++ card in the program listing indicates the use of heuristics. 

iii) The test for match infeasibility due to multiple stream use is made 

using the SHIST stream history subroutine which is described below. 

The major output from SMATCH is in the fonn of str~am, stream pro-

cessing path and equipment information which jointly define all possible process 

equipme t network configurations . These data serve as input to the following 

section C. 

STI-10VS is the version of the stream handling utility routine for 

this anc the following section. 

SHIST is the routine which generates "strewn histories" (list of 

streams used in producing a given stream) which are used in identifying match 
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infeasi ility dud to multiple stream use. These histories are generated f rom 

informa ion in the stream, stream processing path and equipment arrays. 
I 



I DO so ALL STREPM 
~ESSURE SPECIFIC'.ATIONS 

SELECT APPROPRIATE 
EQUIFNEN1' 

~~~~========~--------~> 400 

@ 
110 1

, 

looZo0/201 STREAM ~tATCHING 
~_TD'IPERATIJRE SPECIFICATIONS 

IS 
~1ATCH 

TECIINlCALLY 
~IDLE? 

......,., 

SELECT APPROPRIATE 
EQUIH·TEN'I' 

~----------------~~400 

I 

~----~----------------------~>~~~<~------------~ 

\\'RITE 
OUTPUT 

DATA 

'-------->>- RETI JRN 

Fjgurc II .1 Sl'-1ATGI Algorithm (Continued on pap,-c 130). 

129 



400 

CQ\IPUTE SELECTED 
EQU UNENT 

1------'-

U
fAKE I:J\TRI LS IN 
,QUI 11>1ENT Ai\TI 
TRtJ\M PROCESS ­
NG PATii ARRAYS 

__ _J_;;] 
CREAn; + LOAD 

NEW RES InUAL STREAM 
50/ 200 

Figure II .1 SMATQ1 Algorithm (Continued). 

' 130 



c 
c 
c 

131 

PR GRAM MAINSCINPUT=1001,0UTPUT=1001,DUMMY=1001,TAPE5=INPUT•TAPE6= 
10UTPUT,TAPE8 =DUMMY I 

COM .'v\ ON DECK *** 

CO MON/FEAT/IFTR C10J 
CO ~MON/CONTL/NE,NIN,NOUT,NOCOMP 
CO ~MON/PROP/COMPNTC81,APCI8l•ATCI8l•AVCI8J •AMWIBJ,AOMEGIBI, 

1 A ELISI• AVWIBI•APHIBJ,BETIBJ•GAMI8l •DTAIBJ,BASEAI8l•BASEB18), 
2 Z DIBl •ALDIBJ 
CO ~MON/PARAM /AMORT ,H RS,TWAT,D T W, CWAT,TS•HVS,CS,CKWH•APPPtAPRR, 

1 A RR,TRRR 
CO ~MON /PATH/JPATHC8t200J,NPATHI20),NPTHS 
CO .fvlON/REFL/NLEV ,RLEVI 101 

C** BL NK COMMON 
C0 4MON NNPR <zl,NNSER12l•NNSMI2l,SMCHAI8•50•2l•SMCHBI7•50,zl' 

1 S CHX(8,10,2 1 

c 
c 

c 

c 
c 
c 

c 
c 

c 
c 
c 
c 

c 
c 

c 

10 

1 
/ 

CO MON NEMCHtEMCH (15•100l 

IN EGER CO tv1 PNT 
DI 1ENSION TITLEC8l ,PROP18d5l ,XXIBl 
EQ IVALENCE IPROP,APCl 

NA EL I ST/PARLST/AMORT•HRS,TWAT•DTWtCWAT•TS,HVS,cS,CKWH,APPP•APRR• 
1 A RR.TRRR 

NA 1EL I ST /C OMP /NOCOMP ,COMPNT 

RE D COMP ONEN T INFORMATION 
RE D I ?, CO fviP l 
RE D COMPO NEN T PHYSICAL CONSTANTS 
DO 10 I=1, NOC OMP 
RE Dl5d1l IPROPC I •Kl •K=ld5J 

RE D TITLE 
RE Dl5d00JTITLE 
IF EOF,5ll•2 
CA L EXIT 
WRITFCf,.lOl JTTTLE 
DC• 1"'1 C'C' 1\ Tllr>C' r ~ n" 
·~-1 ........ .._ , ......... . , ~ ...... ~ '''-' 

RE Dl5d 05liF TR 
RE D GENERAL SYSTEM PARA ME TERS 
RE DC 5 ,PA RLST J 

RE D SMCH A+B 
RE -DC5,105JNNPR,NNSER 
DO 50 K= l• 2 
NN =NNS MIK J= NN PRIKJ 
DO 30 J =l • NNN 
RE Dl5•3lliSMCHA(L ,J, Kl•L=l•8 1 

3 0 \oJ R I T E I 6 , 3 l l I S f\1C H A I L , J , K I , L = 1 , 8 I 
DO It O J=l ,NNN 

38 
40 
50 

11 
31 
32 
33 

100 
101 
105 

READ I 5 d2 l I SMC HB I L ,J, K l , L= 1, 7l 
WRITEI6d2l I SMCHB IL,J, Kl •L=1•7l 
REA C5d3 li XX IIl•I=1•NOCOMP) 
FLO oJ= SM CH8 (7,J,Kl 
DO 8 I=1 , NOCOM P 
SMC XII•J• Kl =XX IIl/FLOW 
WR I E I 6 '3 3 l I SMC HX I I , J, K l , I= 1, NOCOMP l 
CON I NUE· 

REFR IG ER ATION LEVELS 
15 d 05 JNLE V 
15, 33 J< RLEVIIJ,J=1•NLEV) 

SMA TCH 

FOR .A TI 3 U 5El4.5}) 
FO R ATI 5F6.U,5X•3F8 .1l 
FO R 1A T I 3 F 8 . l '5 X' F 8. 1 'F 10. 0, F 7. 3, F 8 • 1 l 
FOR ATI7 Fl0 .4} 
FOR, AT( 8Al0 l 
FOR AT I 8Al0 //} 
FO R ATI 10 15 l 
Ef,ID 



(' 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
~ 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c -\... 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

C* * 

c 

c 
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S BROUTINE SMATCH 

C ~1PU T ES ALL EOU IP~-1ENT SEQUENCES T.O SATISFY TEMPERATURE+ PRESSURE 
D MANDS FOR A SE T OF HOT + COLD STREAMS IICH=1 HOT ' 2 COLD> 

1 . SAT I SFIES ALL PRESSURE CHA NGE DEMANDS BY ADIABATIC EXPANS ION 
OR MULTIS TAG E COMPRESSION !VAPOR ONLY ) 
2~ COMPUTES ALL PO SSIBLE MATCHES BETWEEN STREAMS ' RESIDUALS 
+ SERVICE STREAMS (STEA M , WATER + REFRl 

FE TURES ARE ACTIVATED BY 1 ENTRY IN /FEAT/ 
1• STEAM 
2• SALE 
3. WATER 
4. REFRIGERATION 
5. VAPOR RECOMPRESSION 

PR .-ASSIGNED RULES ARE USED TO PRE- SCREEN POSSIBLE MATCHES 

SMCHA - STREAM CONTROL VECTORS -
1. PRIMARY STREAM NO 
2. SECONDARY STREAM NO 
3. ACTI VE/INACTIVE FLAG - O. ACTIVE , 1. INACTIVE 
4. STREAM TYPE - 1. FEED , O. INTE RMEDIATE ' -1. PRODUCT 

12. HIGH PRIORITY- SATISFY BY SERVICE STREAM ONLY) 
(-2. PSEUDO-S ER VICE STREAM - PARALLEL PROCESSING> 

5. STREAM SUB-TYPE - O. LOAD , 1. IHEAT,REF Rl SOURCE 
6. FREE 
7. PRESSURE SPEC 
8. TEMP SPEC ( -1 . = FREEl 

MA CH COUNT ARRAYS - MACC ' MREJ 
MACC - ACCEPTED 

1• STEAM 
2. SOLD 
3. WATER 
4. REFR 
5. PROCESS STREAM 
7~ ADIABATIC EXPANSION 
G. co::i~~c.:,::, r c~~ 

MREJ - REJECTED - <2 -5 APPL Y ONLY TO PROcESS/PROCESS MATCHES> 
1. GENERAL TECH IN FEA SIBILITY 
2. VA P RECOMP - VRTMX EX CEEDED 
3. EXCEEDS MAX ENTROPY INC REASE/BTU IDE NMX l 

OR EXCE EDS MA X INLET TEMP DIFF ISUSP FOR HOT SOURCE ) 
4. Q LT QMIN 
5. VAPOR /VAPOR MATCH 
6. FEED/INTER MEDIA TE MATCH Hi 

** * COMMON 
CO ~ON IF EAT IIFTR(l O l 
CO MON/CONTL /NE,NIN, NOUT ,NOCOMP 
C01 MON / EQUIP/EQUIPI15 l 
C 0 M 0 N I S I N I B P I N I 4 l , D P I N ( 4 l ' T I N ( 4 l , P I N ( 4 ) , H I N ( 4 l• , V F I N ( L~ l , T M I N I 4 l , 

1 XIN(8,4) 
COMMON I SOUT I BPOUT 14J,DPOUTI4J,TOUTI4l,POUT(4),HOUTI4l,VFOUT(4), 

1 TMOUT(4J,X OUT( 8 ,4l 
COM MON IPA RAMIAMORT,HRS,TWAT,DTW,CWAT,TS,HVS,CS,CKWH,APPP'APRR, 

1 ARRRdRI~R 
COMMON I PATH /J PATH (8, 200 l, NPA THI20l ,NPTHS 
COM~ON I REFL/NLEV , R LEVIl OI 
BLANK COMMON 
COM~ON NNPR <2J, NNSER I2l,NNSMI2l,SMCHA(8,50'21'SMCHB(7,50,2J' 

1 SMr:H X ( 8 d 0, 2 I 
COM~ON NEMCH,EMCH(l5,100) 
*** 
DI MENS ION JINI2J,ICHI21 
DIMIN S ION JCHA(2,61 ,NPR( 2 ),NSS(2),JACT(2),JTP(2),JSTP(2) 
D I ~t, N S I 0 N P S P E C ( 2 ) ' T S P E C I 2 l ' T E X ( 2 l ' I SAT ( 2 l , D T ( 2 l 
DIM NSION JHISTC20,2l,N HS I2l . 
DIM NSION MACC <lO J, MREJ (l OI 
EQU ~VALENCE ( NPR 'JCHA ( 1 '1 l l ' ( NSS 'JCHA ( 1 '2 I I, I JACT, JCHA ( 1, 3 l l, 

1 (J fP,JCHA (l,4l l,(JSTP,JCHA (l, 5l l 

DAT PRMAX,RDTMX,VRTMX/4.,50.,60.; 



c 
c 

c 

I DE X DISPL ACEMEMENT FUN e S FOR ,JPATH + NPATH ARRAYS 
D4TA NPTH S/ 2U / 

N MCH=O . 

I ~ J( J PR,JCHI =NP THS * ( !JPR-1l +NNP R!11 * (JCH-1l) 
I N(JPR,JCH l =J PR+NNPR ! l l * (J CH-11 

C LL ZERO(J PA TH91620l 
CALL ZER0 l ( MACC,2 0 1 

~ ** * * * * 1 * ******** *** ********** ***************************** * 

C*** SATI S FY AL L PRE SSURE SPECIFICATIONS *** 

c 

c 

\A1RIT E <6 , 77l l 
I ~ RE S = 1 
D · 50 KCH =1 t2 
N S= NNS M<KCH I 

E~qAS 0 sf~~!MN~~ I NTO srN <1l 
JI N!1 l =J S 
I H,l1 l =KC H 
NI =1 
A S I GN 10 TO JLD 
G TO 60 · 

I <PRES.E Q. O. ) PRES =P I N( l ) 
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C I PR ESSURE TO RE CH ANGE D ' SE T INA CTIVE FL AG FOR I NPUT ST REAM 
I <PRES . NE. PI N(1ll SMCHA (3,JS,KC H1 =1. 

10 P!f ES= PSPEC ( l ) 

I (( PRES-P I N( ll ll 15.,50 , 20 
c 
C** A BIATI C FL ASH 
c 
c 

c 

15 
' LOAD EQUIP + OUTPUT STREAM 

TO LO ADSE 

C** C MP RESS I ON 
C GO TO COMPRE SS I ON RO UTINE 

20 GO TO 450 
c 

50 CONTINU E 
WR J TE! 6 d 72 l 
GO TO 70 

C * **** **~** ********* ******************* * ** ******* *********** 
c 
C* RO TINE TO LOA D ST REAM J S I NTO INPUT 

60 DO 6 2 K=J,6 
NI ! KC H=1 HOT ' 2 CO LDl 

6 2 JC iA( NJ , Kl =SMCHA ( K,JS, KC Hl 

TE ! NI l =T SP EC <NI l =Sf\1CH A( 8 ,JS , KCHl 
KP =NPR ! Nll 
CA L MVFSM <NI , J S, KCHtKPR I 
GO TO J LD,( 10 ,11 5 l 

P S~EC ! N II= SM CHA( 7 ,JS, KCHl 

c *~- ***** ' * 
c 
C*** 
c 

CO 1PUTE ALL POSS I BLE HEAT EXC HAN GE MATCHE S 

70 I PR ES= O 
c 

110 

c 

c 

SE r UP COU NTERS - SCAN AC ROSS C FOR EAC H H 
MI ('l1= - 1 
NH ?=NC 0 2 =0 
NN 2=NN SM( l l 
NN 2=NNSiv1 ! 2 l 

201 NNH =M I Nl t NNH 2 
200 NNC=M I Nl, NNC2 

C HA MATCH BEEN COMPUT ED BEFORE 

*** 



c 

c 

IF( NH$LE.NH02.AND.NNC.LE.NC02l GO TO 200 

I SER V=O 
ACT =0. 

C LOAID STREAM CONTROL INFO INTO WORKING VECTORS 
C LOAID HOT INTO 1 , COLD INTO 2 (1 IF NNH LT 1l 

DO tzo KCH =1,2 
IF( !1; CH. EQ .ll JS=NNH 
IFI~CHe E0 .2l JS=NNC 
NI=KCH 
IFI ~NH. LT.1l NI=3-KCH 
JI N( Nll =JS 
IFCtSoLT.ll GO TO 120 
I C H N I )· = K C H 
ASS GN 115 TO JLD 

C TES CONTRO L INFORMATION GO ~0 60 
115 IF( ACT ( Nil. EQ.1 l GO TO 200 

IFC TPCNil . EQ .-2l ISERV=NI 
120 CONTI NUE 

~ -------- ' --------------------c--- SPECI F I C MATCH SELECTIONS /R EJECTIONS 
IFI NNH.NE .1l GO TO 121 
IF< NC.EQ .Z. OR .N NC.E0.- 1) GO TO 121 
GO 0 200 

c-------- --------------------
121 IF< 1NH.G T .O.AND. NN C.GT . Ol GO TO 122 

IF < SERV.G T. Ol GO TO 200 

C++++ 
c 
C* 

122 
C"* 

C* 

123 
C* 

C++++ 

IF< NH.LT .1l GO TO 125 
IF( NC.LT.ll GO TO 140 

*HE 1RISTIC* PRE- SCREENING TO REJECT TYPE-INFEASIBLE 
DIS LLOW SOURCE/SOURCE MA TCHES 
IF(( JSTP ( ll* JSTP( 2 )l.E Q.ll GO TO 200 
DT S I LOW VAP OR /V AP OR MATCHF S 
! F ( { \1 F ! !'! ( l l * '! F I !'! ( 2 l l o E Q : l l G 0 T 0 2 l 0 
DISALLOW FEED/INTERMEDIATE MA TCHES 
DO ~2 3 J=1,2 
IF< ' TP(Jl.EO.l.AND.JTP I 3-Jl.EQ.O l GO TO 212 
FOR JTPI l=2 SAT BY SER VIC ES ONLY 
IF( TP(1l.E0.2.A ND .NNC.GT.Ol GO TO 200 
IF( TPI2l.E0 . 2.AND.NNH.GT.-1) GO TO ZOO 
GO 0 156 
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MATCHES 

C** COL STREAM *NNC* -MATCHES WITH STEAMINNH=-1l , VALUEINNH=Ol 

C 125 IF( l NH.EQ.O l GO TO 130 
C* STE M - INV ALID IF SOURCE 

IFCIFTR(ll.EQ.Ol GO TO 200 
IF( STPI1l.EQ.1l GO TO 200 

C CALL HXER + LOAD EQUIP 
NAG> 1 
IOP =2 
IS2-- 1 
ASSIGN 200 TO LOADSE 
GO ITO 400 

C* SALlE - VALID FOR SOURCE ONLY 
130 IF(IFTR(2l.EQ.Ol GO TO 200 

IFC ~ STPC1l.NE.l) GO T0 ·200 
NACC=2 

c 

IOP=30 
IS2=0 
ASSIGN 200 TO LOADSE 
GO TO 400 

C** HOT STREAM *NNH* - MATCHES WITH WATER<NNC=-1l ' REFR(NNC=O> 
C - INVALID FOR SOURCE 

HP 
HP 
HP 

HP 
HP 
HP 

c 
140 IF(JSTP<1l.EQ.1.AND.NPR(1l.NE.ll GO TO 200 HP 

HJA=TWA T +A PPP 
IOP=l 



c 
c 

142 

c 
C* c 
c 
c 

150 

c 

c 
152 

c 
154 

c 
C*** 
c c 

156 
C* 
c 
c 

158 
c 

I F CNNC .EQ. Ol GO TO 150 
WATER 
I FCIF TR(3 lo EQ.O l GO TO 200 
I F ITI NC1 l.LT.CTitJA+DTWl l GO TO 202 
IS2 =2 
I F CTSPECi ll. GT. TWA l GO TO 142 
CAN ONLY COOL TO TWAT+APPP 
TEX IlJ =TWA 
CA LL HXER + LOAD EQUIP 
NACC=3 
ASSIGN 200 TO LOADSE 
GO TO 400 

REFR 
SET STREAM OUTLE T TEMP 
SET UP RES I DUAL IF MAX TEMP CHANGE I RDTMX l IS EXCEEDED 
REJ ECT IF CA N BE PARTIALLY SAT BY WATER 
I F II FTR(4 l. EO.O l GO TO 200 
IFITINC1l.GT.ITWA+DTW1l GO TO 200 

· rs? =1 
IS RDTMX EXCEEDED 
I F C I T I N I 1 l - T EX (1 l l • L T • R D T M X l GO T 0 1 54 
TEX I 1 l =TIN ill- RDTMX 
IF WITHIN 10 DEG OF AVAIL LEVEL , COOL ONLY TO THIS LEVEL 
DO 152 l=1 t NLEV 
IFi t\ BS IT EX Il l-RLE V<Ill.LT.10.l TEXIll=RLEVIIJ+APRR 
MAKE EQUIP ENTRY + LOAD RESID IF NECC 
NACC=4 
AS SIGN 200 TO LOADSE 
GO TO L~ OO 

PROC ESS STREAM MATCH BETWEEN NNCtNNH 
CON STRAIN TS - I SEE MREJ ARRAYJ 

IOK=1 
CHE CK FOR INF EAS DUE TO MULT IPL E STREAM USAGE 
- EXCEPT FO R PSEUDO-SERVIC E STREAM 
Tr-I Trrn\1 rT f"\ ',-,.... T" ..... .. .. -. 

J. I \ .1. ... ) L 1\. v • \.J I • v J u 1J I u l. b L 
RECOViK STRtAM HlSI ORIE~ 
DO 158 J =1,2 
JST =JINIJ l * I 3-2*ICH IJl l 
CALL SHIST I JST~NHSIJ l,JHIS Ti l tJl l , 
CH ECK HISTORIES FOR COMMON STREAMS 
l1 =NHS I1 l 
I 2=NHSI2l 
DO 160 I =1ti 1 
DO 160 J=ld2 

160 IFIJHIST(J,1l.EQ.JHIST (J, 2JJ GO TO 200 
c 
C* 

162 

c 
c 
c 

TEST INLET 1 EMPS 
APMIN=APRR 
IFITI N12J.LT.T RRR l APMIN=ARRR 
DTI N= T!Nil J-T IN I 2 l 
CH ECK FOR DTIN GT MAX !EXCEPT FOR HOT SOURCE) 
IFIDTI N.G T. DTMAX .A ND .J STPC lJ. EQ .O) GO TO 206 
IS VAP RECOMP A POSSIBILITY <IOK =O J 
IFIDTI N.L T.APMIN.A ND .IS ERV .EQ.OJ IO K=O 

C COMPUTE DTS - IF ONE TSPEC FREE SET TO GIVE MIN APPROACH 
DO 164 J=1t2 

c 

JJ =3-J 
STGN =3-2* J 
IFIIO K.EQ .Ol GO TO 164 
IFIT SPECIJJl.E 0 .-1.1 TEX I JJ l=TINIJl-SIGN*APMIN 

164 DTI Jl=SIGN*ITINIJl-TEX(JJl l 
IFII OK. EQ .Ol GO TO 170 

C COMPUTE CLOSEST APPROACH + CHECK WHETHER GT MIN 
CLAP =AM IN11DTilltDTI2l l 
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IFI CLAP .GT.APMINI GO TO 168 
C LOW ER BOUND IS VI OLA TED - CAN ONLY SAT TEMP SEG BY EX TO APPROACH 
C - R · JECT FOR PSEUDO-SERVICE 

I F II SER V.GT. Ol GO TO 202 
C SET UP APPROACH TEMPS 



C* 

166 
168 

c 
C** c 

170 
C++++ 
C* 
c 

171 
c 
C++++ 
c 
C* 

c 
C* 

C* 

c 

250 

C++ 

c~-

c 
172 

C* 

c 
c 
C* * 

202 

206 

208 

210 

~~6 
zoo 
201 

D 0 1 6 6 ,J = 1 , 2 
SIGN=3-2*J 
IFCDTCJl.LT.APMINl TEX(3-Jl=TINCJl-SIGN*APMIN 
NACC =5 
IOP =1 
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I.S2 =4+ISERV 
CALL HXER , LO~D EQUIP t TEST FOR RESIDUALS + LOAD OUTPUT STREAMS 
ASSIGN 200 TO LOADSE 
GO TO '+00 
VAPOR RECOMPRESSION 

IF(IFTRC5l.EQ.O) GO TO 200 

ARE BOTH PRIMARY STREAMS - IS EITHER A SOURCE 
-HAS EITHER STREAM UNDERGONE PRES CHANGE 
DO 171 J=lt2 
JF(N SS CJl. GT.O l GO TO 202 

~~ ~~ ~~~~~~i~gt!~.?0G~0 T~0~02 
CAN HOT STREAM BE SATISFIED BY WATER 
IFCTS PEC Cll.GT.TWAl GO TO 200 

REJECT IF PHASE CHANGES NOT POSSIBLE FOR BOTH STREAMS 
DO 250 J=lt2 
TI=TIN(Jl 
TX=T SPEC CJl 
BP= BPINCJ J 
DP=DPIN(Jl 
IFCTI.L E. BP.AND.TX. LE. BPl GO TO 202 
IFCTI.GE.DP.AND.TX.GE.DPl GO TO 202 

APPROX TEMP DIFFERENCE TEST 
IF(A MAX1 C- DT C1) ,-DT C21 l.GT.VRTMXI GO TO 204 
TEST FOR PRESSURE RATIO TO ACHIEVE MIN APPROACH AT COLD EXIT 
TSAV=T IN Cl) 
p s ·"· \' = p ! !'! ( l ) 
T '!'''I .., ~ ""'!'" ,- ,-..,.-- : ...,. • • • """~ r-o. 
111~\J_}-1-.Ir C'-.. \ L /TMrr<.r<. 

PIN C l l =2. O*P IN ( 1 l 
CALL PDEWCl t PREStDUMl 
WRITEC6t76 Ul NNHtNNC t PSA V,PRES 
TIN C 1 l = T S·AV 
PINCll=PSAV 
PRE S=u. INDICATES ABOVE CRITICAL PRESSURE 
IFCPRES.EO.O.J GO TO 204 
ALLOW 0.1 0 FRAC I NCREASE IN VAP FLOW DUE TO FLASH-OFF ON COL !~ E-ENT 
CALL SPLITCl.lOI 
CALL MVSOSI Clt ltO,Ol 
GO TO COMPRESS IO N ROU TINE 
GO TO 450 
SET NEW TEMP SPEC FOR OU TLET STREAM 
TSPECC 1 J=TEXIlJ=BPINC1) 
JINC21=NNC 
EXCH ANGE 
GO TO 168 

COUNT REJECTIONS BY CAT EGORY 
NREJ=l 
GO TO 22 0 
NRE.J=2 
GO TO 220 
NREJ=3 
GO TO 22 0 
NR E.J= '~-
GO TO 220 
NREJ=5 
GO TO 220 
NREJ=6 
MREJCNREJl=MREJ CNREJl+1 
WRIT E C6t773lJIN•NREJ 
CONTI NUE 
CONTINUE 



(***~·******************************************************* c 
C COMPUTE NO OF NEW RESIDUALS 
c 

NRSH=NNSMI1l-NNH2 
NRSC=NNSMI2)-NNC2 
WRITE(6,774lMACCtMREJ,NNSMI1l•NNSMI2ltNRSHtNRSC,NEMCH 
IFIINRSH+N RS Cl.EQ.Ol GO TO 670 
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C SAVE OLD COUNTERS , SET NEW COUNTERS + COMPUTE FOR NEW RESIDUALS 
NC02=NNC2 
NH02=NNH2 
GO TO 110 

(***************************** 
c 

c 

670 

620 
625 

vJRITEI6•660l 
WRITEI6•600lNNPRtNNSERtNNSM 
WRITEI8•6 00 l NN PRtNNSERt NNSM 
DO 625 JCH=lt2 
NNN =NN PRI JCHl 
DO 61 0 J=l•NNN 
WRITE ( 6 '6 12 l I SMC HX I I I , J dCH l ' I I= 1 'NOCOMP l 
WRITE(8,612liSMCHX III•J• JCHl•II=1 • NOCOMP) 
'rJRITEI6,6 60 ) 
NNN=NNSMIJCHl 
DO 62 0 J=1 ,NNN 
WRITEI6•62 2 l ISM CHAI I I ,J,JCHJ' I 1=1•8) ,J 
WRITE18,622l I SMCHA IIJ,J,JCHl•II=1•8l 
WRITE I 6 '624 l I Stv1CHB I I I' J 'JC.H l' I I= 1 '7 l 
WRITE I 8 '6 2 4 l I SMCHB I I I , J, J CH l , I I= 1, 7 l 
WRITEI6,66 0 l 

DO 645 JCH =1•2 
JP1 =IDJI1d CH l+1 
JP2 = IDJI NNPRIJCHltJCHl.+NPTHS 
NP1=IDNI1,JCHl 
NP2=ID NINNPR IJCHltJCHl 
WR T T F If>, 6 00 l IN PATH ( I I l , I I = NP 1 , NP 2 l 
lol D 1 T i=" I {.. • A {.. l) \ 

WRITEI8.6 00 ) I NPA THIIIltii=NP1,NP2) 
DO 64 0 JP=J Pl ,JP2 
XJP=FLO ATIJP-l l/FLOATINPTHSl 
YJP = I NT I XJP l 
IFIIYJP- XJPI.EQ.O .) WR ITEI6•660) 
WRITE 16•6 00 ) I JPATH I I I tJPl d 1=1•6) 

64 0 W R IT E I 8 '6 0 0 l I J PATH I I I 'J P l d I = 1 '6 l 
645 WRITE 16,6 6v ) 

WRITEI6,6 00 l NEMCH 
WRITEI8,6 00 1NEM CH 
DO 650 K=l•NEMCH 
1-JR IT E I 6 '6 52 l I EMCH I I I 'K l tl I= 1 d 5 l 
WRITE<6•660J 

650 WRITEI8•652l IEMCHI II •Kl ,I I=1tl5l 
RETURN 

c 
(****** *********************** 
c 
C** 
c 
c 
c 

.C 
300 

c 
c 

c 
c 

30 8 
c 

ROUTINE TO LOAD EQUIP NO NEMCH INTO STREAM PATH ARRAY ** 
FO R STREAM JN IPA RAMS JCH,JPR,JSS I . 
NCJ IS COL DISPLACE MENT FOR PRIM STREAM CORR TO JN 
ROW 1 OF JPATH ARRAY CONTAINS NO OF EQUIP ENTRIES IN COL 

STR= IJ N* I3- 2* JCH)l 
NCJ =IDJIJPR ,JCHl 
NROW=JSS+J 
IFI IPRES.EQ. O) GO TO 308 

MAKE ENTRY IN COL 1 
NCOL=NCJ+l 
NROW=JPATHI1,NCOLl+l 
GO TO 330 

I S STf~E/\M NON- Pf~ I MARY 
I F I NROW . NE .l I GO TO 310 
CREATE NEVJ COL 



c 
c 
c 

310 

312 
314 

c 
c 
c 

315 

316 

318 

320 
c 

JC=2 
GO TO 315 

LOCATE EQUIP FOR WHICH STREAM STR IS AN * OUTPUT * 
SCAN ROW NROW 
DO 312 JC=2,NPTHS 
NEQ=JPATHINROW,JC+NCJ) 
IFINE Q.EQ . Ol GO TO 3J2 
IFI EMCH (5,NEQl.EQ.ST R.OR.EMCH{6,NEQl.EQoSTRl GO TO 314 
CONTINUE 
NCOL=NCL=JC+NCJ 
IS NEX T ENTRY IN COL FREE 
IFIJPATHIN RO W+l,NCOLl.EQ.Ol GO TO 330 

CRE ATE NEW COL - FIRST FREE COL 
NP= I DN ( JPR ,JCH l 
NPATHINPl=NPATHINPl+l 
DO 316 KC=JC,NPTHS 
I F IJPATH(1, KC+NCJl.EQ.Ol GO TO 318 
WRITE<6,777lJPR,JCH 
CAL L EXIT 
NCOL=KC+NCJ 
JPATH(1,NC0L)=NROW 
IFIN ROW.EO.l l GO TO 330 
DO 320 NR=z,NROhl 
J PATH<N R, NCO Ll=JPATHINR,NCLJ 

C* ADD NEW EQUIP NO TO COL - IN NROW+1 
330 JPA TH (1,NCOLl=NROW 

JPATHINROW+l,NCOLl= NEM CH 
WR ITE (6,7 76lN COL, NROW,(JPAT HINN,NCOL J,NN=1,6l 
GO TO 504 

(******************* **************************************** 
c 
C*** EQUIP CALLING ROUTINE ** 
c 
C INCREM E NT MAT!H (OliNTER .S 

' A" -.vv 
k • A r r 1 111 ,.. ,- r \ ,,. A. r r 1 t.l 1\ r r ' , 1 

1"1,."\'-'- \ I~M'-'- I - l"ih '- '- \ 1~1\'-'- I J. 

JNI=2 
TFIJIN<2l.LE.Ol JNI=1 
WRITE(6,700lJIN,IOP 
DO 706 J=l,JNI · 
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\..JR I TE ( 6 '62 2 l ( JCHA < J' I I l 'I I= 1 '5 l 'PSPEC ( J l, TSPEC ( J l 
WRITE(6,624lBPINIJl ,DPINIJl tTINIJl ,PINIJ) 'HINIJ) 'VFINIJl d MINIJl 

c 
IFIIOP. EQ.10 J GO TO 401 
IFIIOP. EQ.ll l GO TO 410 
IFI IOP.LE.3 l GO TO 420 
IFIIOP.EQ.3 0 ) GO TO 480 

c 
C** ADIA BA TIC FLASH** 

c 

401 NOUT=NIN=l 
CALL ADBFIPRESl 
GO TO 500 

C** COMPRESSOR ** 
410 CALL COMPIPRESl 

GO TO 500 
c 
C** 

420 

C* 

c 

HEAT EXCHANGER ** 
I F <I S2 .LE.3l JINC2l=I S2 +20 0 
IFI IS2 . EQ . 3 l GO TO 480 
CALL HXERIIOP,IS2,TEX,Ql 
IFII S2 .LT.4l GO TO 500 

J~f~~~~ 0 }N~~E~~tNtE~9 ~8R 2 ~~0C/PROC MATCH <NOT FOR 
IFIE QU IPI9l.LT.DENMX.OR.JSTPill.E0.1J GO TO 500 
WRITEI6,778lEQUIPI9l 
GO TO 206 

HOT SOURCEl 

C*** (MULTI-S TAGEl COMPRESSION ROUTINE - WA TE R INTERCOOLING IF REQD 
C COMPUTE NO OF STAGES - EQUAL PRES RATIO/STAGE 

450 PR=PRES / PIN 11j 
STAGE =AL OGIPR /ALOGIPRMAXl 



c 

c 

c 
c 

NSTG=INTISTAGE+0.999) 
PRSTG =PR** I1.1FLOATINSTGl l 

DO 460 KK=l ,NSTG 
ACTF =l. 
PRE S=PIN I1l *PRSTG 
CALL COMPR , LOAD EQUIP + OUTPUT STREAM 
NACC=8 
IOP =11 
JINI2l=O 
ASSIGN 452 TO LOADSE 
GO TO 400 

452 JINill =NS 
NO AFTERCOOLING FOR IPRES=O ' KK=NSTG 
IFI KK.EQ •. NSTG.AND .IP RES.EO.O l GO TO 460 
AFTERC OOL , LO AD STREAM + EQUIP 
IFIT!Nill.LT.ITWAT+APPP+DTWl l GO TO 460 
NACC=3 
IFIKK.LT.NSTGl ACTF=1 • 
IOP =l 
IS2=2 
TEXIll=AMAX111TWAT+APPPl,IDPINil l +1•l) 
ASSIG N 460 TO LOADSE 
GO ·To 400 

460 JINill =NS 
IFIIPRES.EQ.ll GO TO 50 
IFIIP R[S.EQ.O) GO TO 172 

c 
C* ** 
c 

480 

EQUIP EN TRY ONLY - UNLE SS RES IDU AL IS INDICATED 
EQUIP TYPES- 11. REFRl ' 130. SALEl 

c 

c 

CALL ZERO I EQU IP,l5l 
EQUIPI 2l=IOP 
IFIIOPeE Q. 3U ) GO TO 482 
EQUIPI1 0 l=TOUTill=TI Nill=TEXIll 
COM PUTE OU TLET STREAM CONDITION IF TSPEC NOT MET 
NIN =NOUT= l 
IFIT EXIl l. NE .T SPEC ill l CALL ISOFIO.l 
GO 10 500 

482 EQUIPI7J=TINill 
EQUIPI8l=TEX1ll 
GO TO 500 

( ***************************** c 
C*** EQUIP LOADING ROUTINE ** 
c 

500 EQUIPI1l=NEMCH=NEMCH+l 
ISIG N1=3 - 2* I CH ill 
EOUIPI3l=JIN1ll*ISIGN1 
EQUIP14l =JIN I2l 
IFIJNI.E0.2l EOUIP14l=JINI2J*I- ISIGN1l 
~o.JRITE16, 662 l 
IFIIP RES . EO .ll GO TO 502 

C FOR PSEUDO-SERVICE STREAM ADD 300. To STREAM CODE 
IFII SERV .GT. Gl EQUIPIISERV+2l=EQUIP II SERV+2l+300 . 

c 
C* MAKE ENTRIES Ir~ STREAM PATH ARRAY - FOR INPUT STREAMS 
C - EXCEPT PSEUDO-SERVICES 

c 
C* 

502 DO 504 J=1,JNI 
IFIJTP IJJ. EQ . -2) GO TO 504 
JN=JI NIJ) 
JCH =ICH IJ) 
JPR=NPRIJl 
JSS=NSSIJl 
GO TO 300 

504 CONTI NUE 
IFIIOP.EQ.30) GO TO 540 

CHECK TEMP SPECS 
DO 510 J=l,JNI 
ISATIJ)=O 
IFIIOP.GT.3l GO TO 510 
SPECT =TSPEC I J) 
IFISPE CT.EQ . -1.) SPECT=TLIM 
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SIGN=2 * TCHC J )- 3 
TF. S T= IT OUTIJl - SPE CTl *S I GN 
I F IT ES ToGT. -U . Oll I SA T CJI= l 

510 CON TINU E 
c 
C* LOA D OUTPUT S I NT O NEW STREAM LOCATIONS 

DO 530 NO=ltJ NI 

c 

c 
c 
C* 
(++ 

C* 
52 0 

52 2 

I F <ISAT CNO l. EO. l l GO TO 530 
J CH = ICH I NOl 
J PR=NPR I NO l 

NS=NNSM CJCHI =NNSM CJC Hl + l 
IF(IPRES . EO . l l GO TO 52 0 
I NCR S EC ONDAR Y S TREA M NO 
NSSCN OI =NSS CNO l +l 
SET RE MAI NI NG CONT ROL INFO RMATI ON FOR NE W S TREA M 

IF ACT ,I NT , LOA D SET TYPE TO 2 
I F I ACT F . EO . u •• AND .J TP CNO J. EO . O. AN D.JST P ( NO ).E O. O) JTP(N 0 1=2 

J ACTC NOl=A CTF 
ACTF= O. 
DO 52 2 K= l, 6 
SMC HAC K,NS,JCH l =JCHAC NOtK l 
SM CHA C7 , NS ,J CHl =PSPEC CNOl 
SMCHA C8,N S , JCH =TSPEC CNOl 
LOA D STRFAM PROPS 
CALL MVT SM C-NO, NS ,JCH,J PR l 
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c 
c FOR NO =l,J NI =l RESTORE OUTPU T TO I NPU T 

I F C< NO* J NI l . EO .l l CA LL MVSOS I C l,J ,O , O) 
WRITE C6 t7 50 J 

FOR FU RTHER PROCE SSIN G 

c 
C* 

c 

530 

5': 0 
54 2 

WRI TE C6 , 62 2 l CSMCH AC IltNS ,J CH l di =l, Bl 
WRIT E I 6 '6 24 l I Si'-1C H8 I I I ' NS ' J CH ) ti I= l ,7) 
EQUIP I N0+ 4 l =NS*I3- 2*JCH J 
CON TINUE 

LO AD EQUIP I NFORMATI ON 
:::o 5'<2 V:.= l · l 5 
EMCHCK, NEM CHI=EQ UIP I K) 
WRIT E I6,7 70 ) EQ UIP 
GO TO L0 AD SE , ( 50 ,2 00 ,452 , 460 l 

600 FO RM AT C10I5l 
61 2 FO RM ATI 7Fl 0 o4 l 
6 22 FORMA TI 5F6 . U,5X,3 F8 .l,I 7 l 
624 FO RMAT C3F8 .1, 5X , F8 e l , Fl0 • 0 ,F 7 e3,F 8 oll 
6 52 FORM ATI 3 ( 2F 5 . 0 , 3Xl , F l 2 o0 / 5F9 .1, 3F9 . 0 ) 
660 FOR VA. T I I I l 
700 FORMA TI/ l H tl211 H* l/ 2H * ' 2 I4 , 3H * ti 5 / lH tl 2 11 H* Il 
7~0 FORMA T!/ * ++ LO AD ED OUTPUT - * ) 
760 FORMAT (/ /*-- VAP RE COM P - NNH, NN C* t 2I5t* PJ N, PRES* ,2F8 .1//l 
77 0 FO RM AT ( / * • • EQUIP* / 3 12F5 . 0 t 3XJ,Fl 2 . 0 , 5F9 .1,3F 9 o0 /) 
77 1 FORM ATC //// * ++++ +PRESS URE SP ECS+++++* // ) 
77?.. F OR~l AT (/// * ++++ + TEt-1P ERA TUR E SPECS +++ ++* // ) • 
77 3 FORMA T <* J I NtN REJ * , 2 I4 , 5X ,J 4 l 
774 FORM AT (/ / * MA CC* ,l 0 J5 / * MR EJ * , l 0I5 // * NSM H, NSM C, NRS H, NR SC * ' 

1 2 I 5 ,1 0X , 2 I 5 / / * NEM CH * ,I 5 /1 Hll 
77 6 FO RMA T ( * NCOL, NROW ,C OL* , 2 I6, 5X ,6I5 l 
7 77 FORMA TC//l H ,2 0 Cl H* lt * NPTHS EXCEEDED , J P R ,J CH~* , 2 I5l 
77 8 FO RM AT <* DEN T* , FB . l l 

END 

h 
h 



c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c c 
c 

C** 

c 

c 
C** 

C** 

C** 

c 

c 
c 

SUBROUTI NE STMOVSIIWV ,I SM, III,NXl 

ST REAM MOV ING UTI LITY ROUTINE ••• I SMATCH + BRBND VERSION) 

IWV - ELE1•1EN T NUMBER I N S IN OR SOUT WORKING ARRAY 
+ S I N 
- SOU T 

I SM - VECTOR NU MBER I N SM--
I I I - 0 MOVE TO OR FROM SM PB 

1-2 MOVE TO OR FROM SMCHB - (1-2) 
3-5 MOVE TO OR FROM SMRB - (J-3) 

NX - VECT OR NUMBER CONTAINI NG ii!JOLE FRACTIONS I I I I GT 0) 

3 ENTRIES -
1 MV SOS I MOVES SOUT VECTOR IS M TO SIN VECT OR IWV IIII=Ol 
2 MVFSM MO VES FROM SM-- TO S I N OR SOUT 
3 MVTSM MO VE S TO SM- - FROM SIN OR SOUT 

*** CO MMON DECK *** 
COMMON / CONTL/NE,NJN,NOU T,NOCOMP 
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COMMON / SIN / BP I NI4l ,DP I N14l diN<4l ' PIN<4 l 'HI N14l ,VFIN14l dMIN14l' 
1 X I N ( 5, '• l 

COMMON / SOUTI BPOUT 14) , DPOUT 14lsTOUT I 41,POUT 14l, HOUT 14) ,VFOUT(4 ), 
1 TMOUTI4J,XOUTI8,4l 

BLANK COiviMON 
COMMON NNPR <zl ,NNSER I2l ,NNSM I 2 l, SMCHA IB, 50 ,2l'SMC HBI7,50,2li 

1 SMCHX ( 8,10 , 2 ) 
*** 
DI MENSION S,"vlPB ( 1' 1, l l , StltR e ( 1' 1' 1 I 'SMRX ( 1' 1' 1) 
DI MENS I ON S ID UM(4,7l, SODUM {4 ,7l 
EQUIV ALE NCE IB P IN, SIDUM ),( 8 POUT,SODUMl 

EN TRY MVSOSI 
I EN T=1 
GO TO 1 

ENTRY MVFSM 
1FN I= 7 
GO TO 1 

ENTRY MVTSM 
IENT =3 

l JJJ = I I I+l 
GO TO ( 2 ' 3 ' 3 '4' 4 lJJJ 

2 ITY PF: =l 
GO TO 5 

3 IT YPE=2 
KK K= I I I 
GO TO 5 

4 !T YPE=3 
KKK= I I I -2 

5 GO TO (10 0 ,2 00 ,300liENT 

C** 
100 

50 

MV SOS I 
DO 50 1=1,7 
S I DUI"l (I \>J V' I l =SODUM { ISM , I l 
DO 60 I "' 1 , tWCOJ'.lP 

c 
6 0 X I N I I , I v< V l = X 0 U T I I , I S M l 

RE TURN 

. (** 
200 

MVFS~ 
DO l 0 I = 1, 7 

c 

GO TO {6 ,7,8liTYP E 
6 AA= Sf·1P8 I I, I SM l 

GO TO 9 
7 AA :::SMCHB I I dSM,K KK l 

GO TO 9 
8 AA =SM RBII,ISM,KKKl 
9 I F { I \v V • G T • 0 l S 1 D U ,'-1 ( I W V , I l =A A 

IF I r\vV. LT. (Jl SODUM ( - I WV d l =AA 
10 CON TINUE 



c 
(-lH~ 

DO 20 I=l,NOCOM P 
GO TO !1l,l 2 ,l3liTYPE 

11 AA=::S~PB( !+7, IS t•1l 
GO TO 18 

12 AA=SMCHX (J, NX,KKKl*SMCHB !7,ISM,KKKl 
GO TO 18 

13 AA =SMRX !J, NX,KKK l *SMRB (7,JSM,KKKl 
18 IF!I WV.GT . Ol XIN!IdWVl=AA 

IF!.I WV sLT.OI XOUT(J,-IWVJ=AA 
20 CONTI NUE 

RET URN 

MVT Sr-1 
300 DO 30 1=1,7 

c 

IF ( IWV.GT .- 0 l AA=SIDUM ! n-JV, I l 
IF( I WV.LT. O) AA=SODUM! - I WV,J l 
GO TO !21,22, 23J ITYP E 

21 S:viPB ( I dSMI=AA 
GO TO 30 

22 SMCHB(J,JSM,KKKl=AA 
GO TO 30 

23 SMRB!I ,I SM ,KKKl=AA 
30 CON~INUE 

IF!IT YPE .GT.ll RETURN 
DO 40 I=1,N OCOMP 
IF( TWV.GT . Ol 1\ A= XIN( I d~~V l 
IF!I WV .. LT.Ol Ari=XOUT! I , -IW Vl 

40 SMP G! l +7,ISMl=AA 
RETUf~N 
END 
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SUBROUTINE SHIST<JSS,NHIST,JHISTI 
c 
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C ROUTINE GENERATES STREAM HISTORY FOR STREAM JSS 
C -COMPILES LIST OF STREAMS (JHIST,NO. NHISTI USED IN PRODUCING JSS 
c 

c 
c 

C0MMON/PATH/JPA TH(8, 200 I,NPATH<20),NPTHS 
COMMON NNPR12 l, NNSER <2l,NNSMI21,SMCHA<8,50'21'SMCHB(7,50,21' 

1 SI'-KHX(8,lll,2J 
COM MON NEMCH,EMCH<15,100) 

DIMEN SION JHIST<1l diSI10) 

C INDEX DISPLACEMENT FUNCS FOR JPATH ' NPATH ARRAYS 
IDJ(JP R,JCH l= NPTHS* <<JPR-1l+NN PR <1l*<JCH-1l) 
IDNCJP R,JCH J=JP R+NNPR <1J*IJCH-1l 

c 

c 

JJ=NI S=O 
NHIST=l 
JHISTill=JSS 
CALL ZEROIIJIS,10l 
JSTR=JSS 
GO TO 12 

C SELECT NEXT STREAM FROM JIS 

c 

10 JJ=JJ+1 
IF(JJ.GT.NI S l RETURN 
J S T R = J I S < J ~ I l 

12 JCH = <3-ISIGNI1,JSTRJl/2 
JSR= I ABS IJSTR J 
JPR=S MCHA I1,JSR,JCHl 
JSEC=S MCHAI2, JS R, J CH J 
IFINHI ST . EQ.l.AND.JSE C.EQ.OJ RETURN 
IFIJSEC.EQ.vJ GO TO 10 

C LOCATE EQUIP NODE FROM WHICH JSTR IS AN OUTPUT 
NCl=ID J IJ PR, JCHJ+l 

c 

c 

· C 

c 

NCN = I DN ( JPI~, JCH l 
NC2=N Cl+NP ATHIN CN! 
~·rt - • cr..-' ., 
1'11'.- ... Jv L'- -,· J. 

STR=J STR 

DO 20 NCOL=NCl,NC2 
NEQ=JPAT H<NR,NC OL l 
IF< NEQ.EQ.Ol GO TO 20 
IF<E MCH<5,NEQ l.E Q.STR .OR.EMCH(6,NEQl.EQ.STRJ GO TO 22 

20 CONTI NUE 
SCAN UP REMAINDER OF COL NCOL SAVING INPUTS 

22 DO 30 N=2,NR 
NN=NR-N+2 
NEO=JPATH<NN,NCOLl 
DO 26 NI=3,4 
NS=EMCHINI,NEQJ 
IF<N S.EQ.O . OReNS.GT .2 00 1 GO TO 26 
IF NS I S A *SIDE STREAM* - OPP SIGN FORM JSTR , ADD TO JIS 
IF<<N S*JSTR J.GT. Ol GO TO 24 
NIS =N I S+ l 
JI S <NI S l -=NS 
ADD I NPUTS TO JHIST 

24 NHIST =NHIST+l 
JHJST< NHIST l=NS 

26 CONTI NUE 
30 CONTINUE 

GO TO 10 
END 
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C SELI20'ION OF OPTIMAL .NE11VORK CONFIGURATION (Brcmch and Bound Optimization) 

~WUNB reads the input data for this section. The data consists 

mainly of the stream, stream processing path and equipment arrays from the 

preceding section. TI1e routine also sets up the stream energy cost splines 

from supplied temperature level/cost data. 

ENERGY has two entries, ENEC called prior to BRBND and El-mS called 

innnediately after BRBND. 

ENEC is responsible for computing capital and operating costs for 

all equipment which involve energy costs, i.e. refrigeration exchangers and 

stream sales. This step completes tl1e equipment costing process thus allowing 

costs to be stmrrned for each complete processing path. The set of these paths 

for each pri~ary stream is then sorted into order of increasing cost for con-

'.Te!l!e!.lce in the bY2Ilc:l-~ ~~d bc1..1nd cptiJnizu.~icn calculatiorls. 

After the optimal neb"ork configuration has been selected by BRBND, 

entry ENDS is accessed to compile lists of energy usages and transfers for the 

optimal plant, i.e. refrigeration demands, stream sales and pseudo-service 

usages . 

BRBND is the branch and bound optimizing routine. Its task is to 

select the lowest cost feasible combination of stream processing paths which 

jointly define the optimal netHork configuration. The branch and bound 

procedure has been described earlier, in section 2.1 , so that only a graphical 

algorithm for the actual routine is presented here , in Figure II.2. There are 

several notes of explanation which should be given. 

i) The first is the two-pass solution method (IPAS = 1, 2). The first 

pass is used to establish a good feasible netHork whose cost provides 

a useful initial upper bound f or the nom,al calculation path on the 
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second pass. Only one level of branching is used for the first 

pass. This results in the evolution of a sufficient nwnber of 

feasible networks to produce a good bound without necessitating an 

excessive computation time for the procedure . On the second pass 

branching continues dmvn to the number of levels specified,at which 

point problems are solved as indicated in Figure II.Z . 

ii) The basic algorithms for , (a) establishing good feasible nebvorks 

and for, (b) using their (bounding) costs to reject all processing 

paths which must lead to higher cos t networks have been described 

by Lee et al (1) and will not be detailed here . Ho\vever it should 

be pointed out that .both procedures basically depend on having the 

set of processing paths for each primary stream sorted into increasing 

order of cost. This allows easy selection of either the lowest cost 

active pat h for any stream or the lowest cost active path which is 

compat-ible with a partial set of other paths already selected. More 

detail should be obtained from the reference given above and the 

actual program listing . 

iii) Each processing path has c:>.n active/ inactive flag which is conveniently 

used to indicate whether or not a path is active for the current 

problem . Paths are inactivated either through imcompatibility with 

bounding problems or because they must lead to networks of higher 

cost then the present bound. The branching structure dictates that 

the inactive flags retain information on the branching level at which 

paths were inactivated in order to he readily able to re-activate 

them at an appropriate point for succeeding problems . Thus inactive 

flags take the value of the l evel number at which they were set . 
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iv) The final point refers to the method of encoding path combinations 

(networks) into "plant numbers" used in the routine (but not 

indicated in Figure II.2). These numbers are needed f or reference 

purposes. They have as digits the sequence numbers (1 ... ) of the 

component stream processing paths which define the network in 

question. The number base is the maximwn number of paths allocated 

per primary stream (NPTHS in the program). For an example refer to 

page 240. This scheme allows any process configuration to be encoded 

into a single number; decoding to identify component paths is 

accomplished by the reverse of the encoding procedure. 
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[i>o 201 IPAS = 1, 2] 

SET UP 1st LEVEL BRA.t'JCHINC: 

DO 200 1st LEVEL PROBL:Gi] 

~80 
SET UP 2nd LD!IL J3fW.jCJ ili\"0] 

300 

ID 190 2nd LEVEL PROBLE.\·IS 

---~ IDEI'\'T IFY SUITABL[ 
BOUNDI!\G PR013LH!~ 

-· ....... ---~ --- ·- ·- -----
1 SET iiY 3nl Lr:'v'I~i. n'hlu~Ci ili~G 1 

I 

~' ¥ . 

f igure I I. 2 13RBND A1gori thm (Continued on page 148 ) . 



IPAS = 1 

ESTr'\BLISH FEASII3LE 
NE1WORK STARTING 
WITH EAO I PRU.1ARY 

STREAM 
IF COST LT BOUND 
REPLACE BOUNTI 

' ' 

80 IPAS = 2 

llO 
USE PRESB-JT BOUND 
TO INACTIVATE ALL 
PATHS LEADING TO 
GT COST NETI\'ORK 

MAKE UP ALL POSSIBLE 
NETWORKS FRQ\f ACTIVE 

PATHS 
ENTER FOR SORTING 
IF COST LT BOUND 

SORT NETIVORKS 
INTO INCREASING 
ORDER OF COST 

NETWORK 
'P~./ 

I"NO FEASIBLE 

BRANCHING ~L=U::JiTci=O=~:=:_ ____ ___j 
Ll::VEL (LB~--

3 . ~ 

2 ®---: 
1 

C:CNH.JTE I:Ql II fl\·!FNT 
NL~1BER VECTOR FOR 
OJYfi~!AL Nf.1l\iORK 

260 

RE-SET APPROPRIATE 
PATH ACTIVE FLAGS 
FOR NEXT PROBLEJvf 

..j 

L--'------;~ RETIJRN 

Figure II. 2 BRI3N'D Algorithm (Continued) . 
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c 
c 
c 
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PROGRAM MAINB!INPUT=lOOltOUTPUT=lOOl,TAPE5=INPUT,TAPE6=0UTPUT,TAP E 
18 = INP UTl 

* ** CO MM ON DECK *** 

COMMON I CON TLINEt NI Nt NOUT ,NOCOM P 
COMMON I PROP IC OMPNT I 8 l t APt ! 8 lt ATC!Bl• AVCI 8 l•A MW ! 8 ltAOMEG ( 8 ), 

1 ADE L I Bl, AVW ( 8 lt APrl ! 8 lt BET ! 8 ltGAMI 8 lt DTAI8l, GASEA!8), BASEB !8l, 
2 ZC DI 8 lt AL DI 8 l 
COMMON I PARAM I AMO R Tt HRS ,TWA Tt D TW,CWAT,TS~HVS,CS,CKWHtAPPPtAPRRt 

1 AR RR t TRRR , DTF12 l 

C** 

C 0 f"l fvl 0 N I S P L I r ~ E I N H , N C , X I 1 0 l , Y I 1 0 l , PM I 1 0 l 
COMMON IP ATHI J PAT HI 8 t 20 0l, NPAT H!20J, NPTHS 
BLANK C01'-1iviO N 
COMMON NNPR I 2 lt NNSER12lt NN SMI2ltSMCHAI8t50t2ltSMCHB!7t50t2l t 

1 SMC HXI8t10 t 2 l 

c 
c 

c 

c 

COMMO N NEMCHtEMCHI15•10 0 J 
* ** 

INTEG ER CO /v1 PNT 
DI MENS JON TITLE(8ltPROPI8t15l 
EQUIV ALEN CE <PROP t APCl 

NA MELIST/ PAR LSTIAMORTtH RStT WATtDTW,CWATtTStHV S ,cS,CKWHt APPP•APR R• 
1 AI\ RRtT RRR t DTF 

NA ME LI STIC OM PINOCOMPtCOMP NT 

C I NDEX DI SPLA CE MEMEN T FUN t S FOR JPAT H + NPATH ARRAYS 
ID J !JPR, JCH l =NP TH S* ( (JP R- 1l +NNPR !ll * IJCH-1l l 
IDN!JP Rt J CH l::JPR+NN PR!1l * ! JCH- ll 

c 
C READ CO MPONEN T IN FORMATIO N 

RE AD ( 8, Cmi\ P l 
C READ CO MPONEN T PHYSICAL CO NS TANTS 

c 
c 

c 
c 
c 
c 

c 

c 
c 

DO 10 I =1 t N0COM P . 
10 REA D(8dll <PRO P< I t Kl tK=ld5l 

D~td> TT TI ~ 
;...,; ~ ~ ... ·;; I C • , ~ ('") \ T T T t C' 
f\L f""\ V\ ..,~.L ._ .... , • • ' '-'-

I F ( E0 F t 5) 1 t 2 
1 CALL EX IT 
2 WRI TE !6tl 0 l l TI TLE 

610 

6 20 
625 

640 
64 5 

READ GENERA L SYSTEM PARA ME TERS 
READ( 5 , PARLST l 
READ BRANCH + BOUN D PARAME TE RS 
RE ADI 5 t 60 Ul NPTHS t LBXX t NRE J XtN MIN 

RE AD STREAM t EO UI P + ST RE AM PATH INFOR MATION 
READ I 8 t 60GlNNPRtNNS ERt NNSM 
DO 625 JCH=l,2 
NNN=NNPR <JCH l 
DO 610 J =1t NNN 
READ ( 8 ' 6 12 l I SM CH X ( I I 'J' JC H l ' I I= 1 'NOCOMP l 
NNN=NNS H! JC Hl 
DO 620 J= lt NNN 
RE AD< 8 •622 l I SMCHA I I I ,J,Jt Hl 'I !=1 •8 l 
READ I 8t624 l ISIKHB I I I ,J,J tH l tl I =lt7l 
CONTIN UE 
DO 645 JCH=l,2 
JPl= I DJi l dCH l+1 
JP 2=ID J INNPR IJ CHl•JC Hl+N PTH S 
NP l =IDNildCHl 
NP2=IDNI NNPR I JC HltJCHl 
READ I 8 ' 60 0 l ( NP A TH (I I l, I I =N P 1, NP2 l 
DO 640 JP=JPl t JP2 
READ I 8 t 600 l I JPATH I I I tJPl ,r I =1t8l 
CONTINUE 

READ 18 t 60 0 l NEMC H 
DO 650 K= 1• NEMC H 

65 0 READ I 8 t 652 li EMCHI!ItKltii=1tl5l 

C READ IN I NI TIA L RE FR LEVELS + CO STS 
WR I TE !6, 920 J 



READ(5,600lNLL 
DO 904 1=1,NLL 
READ(5,9 02 )X(IJ,Y(l) 

904 WRITE(6,902lX<IJ,Y(Il 
C SET UP ENERGY VALUE SPLINE 
C X=TEMP ' Y=VALUE 

910 
c 

(-

11 
100 
101 
600 
612 
622 
62'+ 
652 
902 
920 

NH=2 
NC=NLL 
X<NC+1l=TWAT 
Y(NC+1l=CWAT/(18.*DTWl 
X<NC+3l=TS 
Y<NC+3l=C S/(HVS*18. l 
X<NC+2l=0.5*(TWAT +TS l 
Y<NC+2l=0.5*(Y(NC+1l+Y(Nt+3ll 
DO 910 J=l,z 
CALL SPLINE<Jl 

CALL ENEC 
CALL BRBND<LBXX,NREJX,NMINl 
CALL END S 

FORMAT( 3 (/5E14.5ll 
FORMAT< SA l Ol 
FORMAT(8A10//) 
FORMAT<10I5l 
FORMAT<BF1U.4) 
FORMAT<5F6. 0 ,5Xt3F8.1l 
FORMAT(3F8.1t5X,F8.l,F10.0,F7.3,F8.1l 
FOR MA T< 3 <2F5 .0, 3X l,F12. 0 /5F9.1,3F9. 0 ) 
FORMAT<Fl Oe0tF10.7l 
FORMAT(/* REF LEVEL S +COSTS -*/) 
END 

150 



SUBROUTIN E ENERGY 151 
c 
C ***** COMMON DECK ***** 
c 

COMMON IC ONTL IN E,NJN , NOUTtNOCOMP 
COM MON I PARA.I IA MOR T, HRS ,T WAT,DT W,(WATtTStHVS,cS,CK WH,APPP,APRR, 

1 ARRR • TR RR,DTF I2l 

C** 

c c 

c 
c 

c · 
c 
c 
c 
c 
c 

COMMONI EQUIP I EQ UI P I15l · 
COM ~10N I S I NIB PIN14l , DPIN14l tTIN141 tPIN14l tHIN14) ,VFINI41 ,TMIN14)' 

1 XIN ( 8,t~) 
COMr-10N I SP LINE I NH , NC ' X I 10 I 'Y ( 10 l 'PM I 10 I 
COMMON I PATH IJPA TH( 8 ,2 00 l,NPATHI20), NP THS 
COMMO NIP LOPTINEPT , NE OPT(4 0 l, NC OST(l 0 1 
BLANK C O~i1\1 0N 
COMMON NNP R12 l, NNS ER 12l,NNSM1 2 l,SMCHAI8'50'21'SMCHB<7•50,2l' 

1 SMCHX ( 8 , }0 , 2 ) 
COMMON NEMCH ,EMCHI15,100) 
*** 
DI MENSION TEX I2l 
DIM EN S I ON SOR TI 2 0,2l,KTAGI20l~JPSVI8t20l 
DI MENS I ON RE FDIIO, z l, REF SI!Ot 2 l,PSR VI 5 ,2l 

IN DE X DIS PLA CEMEMEN T FU NCS FO R JPATH + NPATH AR RAYS 
IDJ I J PR ,J CH l =NPTH S* II J PR-ll+NNPR <ll * IJCH-ll) 
ID N<JP R,JCH l =J PR +N NPR ill * IJCH-ll 

JPATH ARRA Y - EAC H COL REPRESE NTS ON E STREAM PROC PATH 
1. NO OF EQ UIP S IN PATH 
2.-6. EQUIP NOS 
7. CO ST OF PATH 
8. ACT!V E IOJIIN ACTIVEill FLAG 

c 
(**** * 

ENTR Y ENEC 
C***** 
C CO MP UTES EQU IPS I NVOLVING REFR + SAL E !TYPES 1+3 0 ) 
( Sl JM S + SORTS (OSTS FOR ALL STR EM~ PROC ESSING PATHS 
c 
c 

c 

c 

c 

SCAN EMC H r-.1fl. TR I X 
DO 50 KE=l,NEMCH 
IFI EMC H( 2 , KE l. NE .30.) GO TO 10 
I OP=30 
GO TO 12 

10 I F I EMC HI 4 t KE l.N E.2 03.1 GO TO 50 
I OP =l 
IS 2= 3 
LO AD I NPUT S TREAM INTO SIN(!) 

12 J S=EMCH I 3,KEl 
J CH =I 3- ISIGN I1,JSJJI2 
J N=IA BS<JS ) 
JP R=SMC HA( l ,JN, J CHl 
CALL MVFSM(l ,JN,J CH ,JP Rl 
LOAD EQUIP WORKING VECTOR 
DO 14 K=ld 5 

14 EQUI PI KI =EMC HIKt KE l 
I F I I OP . EQ . 30 ) GO TO 30 

C** REF - FI ND TEM P LEVEL LE TEXI2l 
TEX <l l =EQU IP<l OI 
AP=APRR 
I F <T EX Ill.LT.TRRRl AP=ARRR 
T2= TEX (lJ - AP 
NC C= NC+ 1 
DO 20 L=l,NC C 

20 I F IX I LJ . GT. T2 ) GO TO 22 
22 LL= L-1 

TEX<2J :: X( Lll 
C COMP UTE EXCHAN GER + SUM COSTS 

CALL HXER I lOP ' I 52, TEX ,Q l 
EQU I P i lO J =TEX ( l l 
EQU I P 114 l =Y IL L l *HRS*A BS IQJ 
EQU I P I 15 l =EQUIP< l5l +EQ UIP 114l 
GO TO 40 

c 



C** SALE - PUT TEMP DISPL=DTF*APRR 

c 
C* 

c 

30 TEX =EQUIP C9l 

, .. o 
42 

50 

JFCT EXo LE. O.J TEX=TWAT 
DT =DT F ( 2 l -*APRR 
CALL SVALUE CJCH , TEX,oT,VALUE) 

LOAD EQUIP 7-15 INTO EMCH 
DO 42 K=7d5 
EMCH(K,KEI=EQUIPCKI 
WRITEC6,44l CEMCHCKtKEltK=ltl5J 
CONTI NUE 
************************ 
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c 
C* 
c 
c 

SUM COSTS FOR EA CH STREAM PROCESSING PATH IN JPATH ARRAY 
FOR EACH PROCESS/PROCESS MATCH CHARGE HALF TO EACH STREAM 
KEEP SEPARATE TOTAL FOR COL l CPRE-PROCJ COSTS 
WRIT EC6 ,4 0U J 

c 

c 

COSTPP= O. 

DO 80 JCH=l,z 
NNN =NNPRCJCH) 
DO 80 J= ltNN N 
IFCJ.L E. NNSER CJCHll GO TO 80 
NCJ=IDJCJ.JCHJ 
NCN =IDN( J,JCHl 

C SUM 1ST CPRE-PROCI COL 
NCOL =NCJ+l 
NNR =JPATH (l,NCOLl+l 
COSTl= O .. 

c 

IFCNNR.EQ.ll GO TO 62 
DO 60 K=Z,NNR 
NEO=JPATHCK,NCOLl 

60 COSTl=COSTl+ EMCHC 15,NEQl 
COSTPP ~COSTP P+COSTl 

62 JPATHC7tNCOLI=COSTl 

C SUM OTHER COLS + SORT IN ORDER OF INCR COST 
N P S = r~ P A T H ( N ( N i 
NCJ=NCJ +l 
DO 70 NC=l,NPS 
NCOL=NC+NCJ 
NNR ~JPATH(l ,NCOLl+l 
COST=C OSTl 
DO 66 K=Z,NNR 
NEO=JPATH CKtNCOL l 
CST= EMC HC15, NEQ J/2, 

C IS THI S A PROC/PROC MATCH - EXCL. PSEUDO-SERVICE 
DO 64 I=3,4 
J2=Eiv1C H( I ,NEQI 

64 IFCJ 2 . EQ, C ~ORaJZ.GT.Z00) CST=CST*Z. 
66 CO ST=COST+CST 

SORT CN C,ll=JP ATH C7,NCOLl=COST 
C SAVE JPATH COLUMN 

DO 68 NR=l ,7 

c 
6
7

8. JPSVC NR , NC l=JPATHCNR,NCOLl 
0 CONTINUE 

C SORT + REPLA CE IN ORDER 
CALL TGSORTCSORT,KTAG,NPS,-1) 
WRITEC6,40l)J 
DO 74 NC=l,NP S 
NCOL =NC+NCJ 
NCC= KTf-..G CNC l 
DO 72 NR=l d 

72 JPATHC NR , NCOL l =JPS VINR,NCCJ 
74 WRITEC6,402lNCOL,CJPATHCII,NCOLJ,II=l,7l 
80 CONTI NUE 

c 
C***** 
C***** 

RETURN 

ENTRY ENDS 

C WRITES LI ST OF EQUIPME NT VECTORS FOR OPTIMUM PL~NT 
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c 
c 
c 

COMPUTE S LISTS OF REF DEMANDS , SALES + PSEUDO SERVICE USAGES 
ALSO COMP~TES COST SUB-TOTALS 

WRITE<6d3 0 l 
JCS=JCD =NS=ND= NPS=O 

c 
DO 100 KE=l,NEP T 
NE=NEOPTCKEl 
WR ITE C6d32l <EMCH {K,NE l tK=ld5l 

C DO ES EQUIP INVOLVE REF DE MAN D OR SALE OR PSEUDO-SERVICE 
IF! EMCH{4,NEl.E0.203 .l GO TO 84 

c 

IFI EMC H( 3 , NE l. GT . 250 •• 0R.EMCH(4,NEl.GTc250.) GO TO 90 
IF< EMCH(2,NE J. E0 . 30 .J GO TO 86 
GO TO 100 

c-~:- RE F DEMAND 

c 

84 ND=ND +l 
SORT<N D,1l=EMCHI10,NEl 
SO RTCN Dt 2 l =- EMCH I7t NE l 
JCD =JCD+ IFI XCEMC H(l4,N Ell 
GO TO 100 

C* REF .SAL E 

c 
C* 

c 

86 NS=NS+l 
SORT<lO+ NS 'll=EMCH(7,NEl 
SORT< lO+NS t 2 =EMCH{3, NE l 

90 
92 
94 

96 
07 
-' I 

J CS= J CS+IF IX< EMCH <l 4tNE l l 
GO TO 100 

PSEUDO-SERVICE USAGE 
DO 92 J =3 ,4 
IF< EMCH <J,NE l.GT .250. ) GO 
STR=EMCH(J,NEl-3 00. 
IF< NPS.EQ.OJ GO TO 97 
HAS S TREAI'v1 BEE N ENTERE D 
DO 96 N=l,NPS 
!FIST R.EQ~ P SR VI N~2 !) GO TO 
~! ~ ~~~ ~ s - ~! r .s : l 
PSR VCNdJ=O. 

TO 94 

98 I 

C ENTER STREAM + USAGE 

c 
c 

r 
'-

98 PSRV(N,1l=PSRVCNtl l +EM CHClO,NEl 
PSRV<N,2J=STR 

100 CO NTI NUE 

SORT RE F ARRAYS I N ORDER OF !NCR TEMP 
DO 10 5 I= 1, 2 
IF<I. EQel l NN=ND 
IF< I. EQ.2 l NN=NS 
ll=10 ·* Cl -1l 
CALL TGSORT<SORTCII+ltll,KTAG,NN,-1) 
DO 105 J=l,NN 
JJ= KTAG CJl 
DO 105 K=lt2 
lF<I. EQ . l l REFD(JtKl=SORTCJJ,Kl 
IF<I.EQ.2l REF S(J ,Kl=SOR T<JJ+ lO,Kl 

C SE T COSTS + WR ITE OU T DA TA 
NCOS TC 2l=NCOS T<ll -JCD-JCS 
NCO ST{3 l =COSTPP 
NC0S f {4 l =NCOS TC2l-NCOSTC3l 
NCOS T<5 l =JCD 

c 

NCOS TI6 l =JCS 
I~RITE(6tl10) 
IF< ND .GT. OJ WRITE{6,120){ CR EFD(N,Jl,l=l,zl,N=l,NDl 
WRITE<6tl~2 l 
IF{ NS.GT.U l WRITEI6tl20J{ CREF S INtllti =l,zl,N=1,NSJ 
WRIT E I6d22l 
IFC NPS.GT . Ol WRITE(6,120l(CPSRV<N,fl,I=lt2ltN=ltNPSl 
\oJRITE<6d24l CNCOS T< I l, I=lt6l 
RETURN 

44 FORMAT (/ * EOUIP* / 3 12F 5.0,3XJ,Fl2o0'5F9.1 ,3F9.0l 
11 0 FORMAT (!// * REfD t f<EFS,PSRV ARRAYS - 11- 1) 
12 0 FORMAT <2 F l 0 . 0 ) 
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122 FO RMAT (/) 
124 FOR MAl (// * TOTAL PLANT COST SUMMARY -*II* TOTA L*•39X,Il0 /* PROCESS 

l NETWORK I EXCL. REFR. DEMANDS+ SALES l *•I10/* PRE-PROCESSING !P RES 
zSU RE SPECS J*,l4X , Il0/* POST -PROCESS ING (TEMPERATU RE SP ECS l * •lOX•Il 
30/ * REFRIGE RATION DEM ANDS* •24X,Il 0 /* STREAM SALES*,33X,I l 0l 

130 FOR~ATI// / /* EQUIPMENT BE TAILS -*/) 
132 F ORMAT I 3 12F5.D, 3X J,fl 2 ~ ,5 F9 .l• 3F9.0J 
400 FO RMA T!//// * JP ATH AR RA Y ISORTEDl -*l 
401 FORMAT !/13/l 
402 FORMAT II5•5X,J5,zX,5I5,Il0l 

EN D 
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SUBROUTINE BRBNDCLBXX,NREJX,NMINl 

c 
c 
c 
c 

PERFORMS BRANCH + BOU ND OPT ON ST REAM PROC PATHS (JPATH ARRAY) 
ROUTINE ALLOWS UP TO 3 LEVELS OF BRANCH IN G 

($ 

c 

c 

COMMON/PATH /J PATH(8,200I,NPA THC20J,NPTHS 
C0MMON / PLOPT / NEPT,NEOPTC40),N COSTC10l 
E3LAN K C0M~10N 
COMMON NNPR <z i, NNSER <2l,NNSMC2},SMCHAC8,50,2l,SMCHB{7,50,2l' 

1 Slvl( HX C8, 10,2) 
COMMON NEMCH , EMCH I15t1 00 ) 
COMMON COSTC5UOI,KTAGI500 I,NOPL!500l 

DIM ENSION J SA C401,JCNTC401tJSGNC40l tJSE I2,2 0 ) 
Di tviE NSION J SBP C21 ,NCfUC4 0 1 ,JHIST!20 1 
INTEG ER BPPC3l,BPRC3,20t3),N8P C3l 
DIM ENSION LLJC 20l,LLN(20l,NPW C20 l, NPA I20J,NOCI201 

c ••• PARA ME TERS -
c 
c 
c 
c 
c 
c 
c c 
c 
c 
c 

c 

LB XX - NO OF LE VEL S OF BRANCHING 
NREJX - MIN NO OF REJECTIONS FO R PROBLEM 
NMIN - MIN NO OF PROBLEMS AT AN Y LEVEL 

JPATH ARRAY - EACH COL REP RESENTS ONE STR EAM PROC PA TH 
1~ NO OF EQUIPS IN PATH 
2. -6. EQUIP NOS 
7. COST OF PATH 
8. ACTIVECOJ/T NACTIVE CGT 0 ) FLAG 

INDEX D ISPLACEM~MENT FUNCS FOR JPA TH + NPATH ARRAYS 
lDJ(JPR,JCHI= NPtHS*C ! JPR-l l +NNPRC1 l * (JCH-l) l 
I DN<JPR,JCHJ=JPR+NNPR<1l*(JCH- l) 

NPRH=NNP RCll-NNSE RCll 
NPRC=NNPR<21-NNS ER C2) 
NPRR=N PRH+NPRC 

C* SET UP COL INDEX VECTORS FOR JPATHtNPATH <1ST PROC COL FOR JPA TH > 
I =0 
!)() g JU~ - 1;2 
NNN=NNPR<JCHI 
DO 8 J =l,NNN 

C+++ NEGLECT PSEUDO-SERVICE STREAMS 
I F CJ.L E.NNSER CJCHI) GO TO 8 
L=L+l 

c 
c 

LLJ(LJ=IDJ(J,JCHI +l 
LL N<Ll=IDN (J, J CHI 

8 CO NTINUE 

SET SHIF TING CON STANTS FOR ENCODIN G PLANT NOS 
NOC <NPRRI= l 
DO 10 JS=2,NPRR 
JC= NPRR+2 -JS 

10 NOC!JC-ll=NOC ! JCl*NPT~S 
f*****************************************************~***** 

JC STX=NOPX=l OOO OOOO 
NP RX=NPRX2=NPRX3=IA CT=O 
ASSIGN 22 TO IZA 
GO TO 260 

c 
C**** COMPU TE ALL BOUNDING PROBL EMS ***** c · 

c 
C** 

c . 

22 DO 201 IPAS= lt 2 
LBX=LBXX 
IFCI PAS.EQ e1l LBX=1 
IF !I PA S .EQ. 2 l WR IT EC6,43 6lJCSTX,NOPX 

SET UP 1ST LEVEL OF BRANCHIN G ** 
LB=l 
IF<IP AS.EQ.2 ) GO TO 25 
ASSIGN 24 TO IBP R 
GO TO 300 

24 NPRXl=N BPR+l 
25 DO 2Uu NPR l=1tNP RX l 

EL ! MINAlE COLS I NCOMP WITH NPR1 



c 

NBP(ll=NPR=NPRl 
CALL ZERO I!NBP!2l,2) 
NPRX ==N PRX1 
LB=l 
ASSIGN 26 TO IBRJ 
GO TO 34 0 

26 IF(L BX.EQ .1) GO TO 32 

C** SET UP 2ND LEVEL OF BRANCHING ** 
LB=2 

c 

ASSIGN 30 TO IBPR 
GO TO 300 

30 NPRX2=N BP R+1 
32 DO 190 NPR2=1 tNPRX2 

IF!L 8X . EQ .ll GO TO 42 
NBPI2l =NPR =NPR2 
NBP! 3 ) =0 
NPRX=NPRX2 
L.B =2 
ASSIGN 34 TO IBRJ 
GO TO 340 

·34 IF!LB X.EQ.2l GO TO 42 

C** SET UP 3RD LEVEL OF BRANCHING ** 
LB=3 
ASSIG N 40 TO I BPR 
GO TO 300 

40 NPRX 3=NBPR+ 1 
42 DO 180 NPR3= 1, NPRX3 

IF!L BX.LE.2.0R.NPRX 3.EQ.ll GO TO 50 
NBP ( 3 l =NPF<==NPR3 
NPRX=NP RX3 
LB=3 
ASSIG N 50 TO IBRJ 
GO TO 340 

50 IF!IP AS.EQ . 2l GO TO 110 
(***************************** 
( 
C*** COMPU TE CLOSER UPPER BO UN D **** 

156 

C COMPUTE BOUNDS FOR ALL STREAMS !IPAS=1 ONLY- PRIM LEVEL PROBLE MS ) 
c 

80 IF( NPR1 .EQ. NPRXl l GO TO 200 
KPA S=2 
DO 10 0 LS=1,NPRR 
CALL ZEROI!NPW , NPR Rl 
KSE =NSE= I SE=NSA=O 
JS=LS 

C ENTER LOWEST COST COMPAT PATH FOR JS 
82 ASSI GN 84 TO I PAR 

GO TO 250 
84 DO 86 NCOL=NC1 , NC2 

IFIJ PATH ! B, NCOLl.G T. Ol GO TO 86 
IF! KSE . EQ . J l GO TO 83 

C SEAR CH FOR EQUIP NSE Q 
NNR=JPATH!1,NC0Ll+l 
DO 95 NR=2 , NRR 

95 I F I JPATH I NR , NCOL l.EQ.NSEQl GO TO 83 
GO TO 86 . 

C TEST PATH NCOL +EN TER IF COMPAT WITH JSA (JC0MP=1l 

c 

83 ASSIG N 85 TO J SEN T 
GO TO 230 

85 IFIIC OIV:P.EQ .1l GO TO 87 
86 CONTIN Ue 

GO TO 100 
87 NPW !J S l =NCO L-NCJ 

C ENTER NE XT OP SIGN INPUT , OTHERWISE MOVE TO NEXT JS 
88 KSE=O 

IFIJSE !1,I SE+ ll. NE .Ol GO TO 92 
DO 90 JS=1 , NPRR 

90 IFI NPW!JS l.E Q$0 ) GO TO 82 
GO TO 96 

92 KSE= 1 
I SE=IS E+ l 



NSEQ =JSE(1,ISEl 
JSS =JSEI2,ISEl 

C IDENTiFY JS FOR JSS + ENTER JS - IF NOT ALREADY ENTERED 
ASSI GN 94 TO IJS 
GO TO 255 

94 IFI NPW I JS J. GT.Ol GO TO 88 
GO TO 82 

c 
C CHECK ENTRY COUNT VECTOR + COST - IF OK REPLACE BOUND 

96 DO 97 N=1,NSA 
97 IFI JCN TINl. NEe 2l GO TO 10 0 

ASSI GN 98 TO INOP 
GO TO 210 

98 WRITE(6,517l ICST,NOP 
IFIIC ST.GE .J CS TXl GO TO 100 
NOPX=NOP 
JCSTX =ICS T 
WRITE(6,412JJCSTX,NOPXtLS 

100 CO NTI NUE 
GO TO 192 

C***************************** 
c 

157 

C*** USE BOUND TO REJECT ALL PATHS LEADING TO PLANTS WITH COST GE BOUND 
c 

c 
c 

c 

110 
120 

121 

NREJ =O 
DO 13 0 JS=1tNPRR 
ASSIG N 121 TO IPAR 
GO TO 250 
DO 126 NCO L= NCl tNC2 
IFIJP ATH I8,NCOL l. GT. Ol 
NPWCJ S l=NCOL-NC J 

GO TO 126 

SCAN ALL STREAMS NE JS + ADD IN LOWEST COST ACT PATH 
DO 124 LS=1,NPRR 
IFI LS.EQ .JSJ GO TO 124 
NCL =NCC L=LLJIL S J 

122 NCCL =NC CL. +1 
T t:" I I D II T W I 0 • 1\1 r r 1 \ r T II I r 1"\ T 1"\ 1 .., .., 
.. I ....... ' , \ • I I ' \.,J " ' , ...... ..._ '- ' • u •• 'V I vv I v .J. L L 

.. ,.....,.,,, I' r • • • - -• • • - • 
I 'H"'N I L...J / - o~\.._\.._L - I 'li._L 

124 COrHI NUE 
COMPUTE COS T + IF GE BOUND SET INACT FLAG ITO LBXJ 
ASSI GN 125 TO I NOP 
GO TO 210 

125 IFIIC STo LT.JCSTXJ GO TO 126 
JPATH( 8 , NCOLJ=LBX 
NPACJSJ =NPA I JSl-1 
IFIN PA I JS l.E Q. Ol GO TO 175 
NR EJ =NR EJ +1 
NC RJINR EJl=NCOL 

126 CONTINUE 
130 CONTINUE 

I F ( N R E J • G T. 0 l 1/'JR I T E ( 6 , 4 14 l ( NCR J ( I I l t1 I = 1 , N R E J l 
C******************* ********** 
c 
C*** 
c 

c 

c 

132 

133 

134 

MAKE UP ALL POSSIBLE PLANTS FROM ACTIVE PATHS **** 

ISZ =1 
DO 132 J=1 , NPRR 
ISZ = I SZ*NPA I J J 
WRI TE I 6 , 434 > ( NPA (I I l 'I I= 1, NPRR l, I SZ 
I NITIALIZE NP W - TO FIRST ACTIVE PLANT 
DO 13'+ Il=1, NPRR 
NCOL=NCJ=LLJ IIIl 
NCOL =N COL+l 
IFI JPATH ( 8,N COLl.GT.OJ GO TO 133 
NP t-'1 ( I I l =NCO L- NC J 
NN =NN SER C1l +1 
NPT1 =NPATH ! NN ) 
NPL=O 
GO TO 142 

C COMPUT E NPW VECTOR FOR NEXT ACT PLANT 
136 DO 14 0 LS=1tNPRR 

J S=NPRR- LS+ l 



c 
c 
c 

137 

138 

140 

ASSIGN 137 TO IPAR 
GO TO 250 
IEX =O 
IN CREMEN T NPW ELEMENT 
NPWIJSJ=NPWIJSl+l 
HAVE ALL COMBINATIONS BEEN COVERED 
IF! NPW C1l. GT.NPT1l GO TO 15 0 
IF NPATHINCNl EXCEEDED ' RE-SET TO 1 
IF!NP WCJSl. GT.NPSl NPWCJSl=IEX=l 
NCOL=NCJ+NPW!JSJ 
IFCJPAT HC8,NC0Ll.GT . Ol GO TO 138 
IFII EX .EQ. Ol GO TO 142 

158 

c 
c 

142 

144 

CO MPUT E PLANT NO+ COST+ ENTER IN SORT VECTORS- IF COST LT BOUND 
ASSIGN 144 TO INOP 

c 

GO TO 210 
IF(I CST . GE.JCSTX l GO TO 136 
NPL=NPL+l 
COSTCNPLJ =ICST 
NOPLC NP LJ=N OP 
GO TO 136 

150 WRITE(6,418JNPL 
(***************************** 
c 
C** SORT ** 

CALL TGSORT!COST,KTAGtNPL,-1) 
c 
C* FIRST (FEASIBLE! ENTRY IN TAG LIST IS OPT PLANT - REPLACE BOUND 
c 

KPAS=1 
DO 160 L=1,NPL 

C RE-CONSTRUCT NPW VECTOR FROM PLANT NO 
LL =KTAG <Ll 
ICST =COST!L LJ 
NOP=NOPLILLJ 
ASSIGN 154 TO INPW 
GO .TO 220 

154 NSA=O 
C CHECK NPW FOR FEASIBILITY - FOR EACH COL ICOMP=1 INDICATES FEAS 

DO 156 JS=1,NPRR 
NCOL=NP WCJSI +L LJIJSJ 
ASSIGN 156 TO J SENT 
GO TO 23 0 

156 IFIIC OMP~EQ . U J GO TO 160 
C CHE CK ENTR Y COUNT VECTOR - IF OK REPLACE BOUND 

DO 158 N=1,NSA 

c 

c 

158 IFCJCNT!NJ. NE .2J GO TO 160 
JCSTX=ICST 
NOPX=N OP 
WRITEI6,412lJCSTX,NOPX,L 
GO TO 176 

160 CO NTINUE 

WRITEC6,422l 
GO TO 176 

175 WRITE16t425lNCOL 

1 7 6 ·GO T 0 I 19 2 d 8 2 d 7 8 l , L B X 
C RE-SET ACT FLAGS GE !ACT 

178 IACT =3 
ASSIG N 18 0 TO IZA 
GO TO 260 

180 CONT I NU E 
182 IA CT=2 

ASSIG N 190 TO IZA 
GO TO 260 

190 CONTINUE 
192 IACT =l 

ASSIGN 200 TO IZA 
GO TO 260 

200 CON TINUE 
2 0 1 C 0 NT I f..J U E 

(*** ******************************************************** 



159 

c 
C** COMPU TE + SORT EQUIP NO VECTOR FOR OPT PLANT (J NC L PRE-PROC EQUIP) ~ 
c 

c 

c 
c 

c 

209 

NCOST!ll=JCSTX 
NOP=NOPX 
ASSIGN 202 TO INPW 
GO TO 220 
NEP T=O 
DO 208 JS =l,NPR R 
NCOL =LLJ(JS) 
DO 208 M=l,2 
IFI M.EQ.2l NCOL=NCOL+NPW !JS) 
NNR=JPATH(l,NCOLl+l 
IFI NNR.EQ.l l GO TO 208 
DO 206 NR=2 • NNR 
NEO=JPATH INR,NCOL l 
IFIN EPT . EQ.v) GO TO 20 5 
HAS NEQ BEEN ENTERED 
DO 204 N=l,NEPT 
IFINEO. EO. IFI XICOST !Nl l l GO TO 206 
NEPT=NEPT+l 
COSTI NEPT J=NEO 
CONTJNUE 
CONTINUE 

SORT INTO I NCR ORDER 
CALL TGSO RTICOST,K TAG,N EPT,-1) 
DO 209 J= l ,NE PT 
JJ =KTAG!Jl 
NEO PTIJl =COS TIJJl 
WRITE!6,4 2UlNOP X,JCSTX,(NEOPTIIIl ,JJ=l,NEPTJ 
RETURN 

c 
c************** ********************************************* 
C** ROUTINE TO COMPUTE NOP + ICST ! PLANT NO +COST) FROM NPW VECTOR ** 

..,,,.., ~ol'"\n-rrcT-f'l 
£- .J. ...., F~. X' ~ { ~ ._J ,;.. ;; :::: , ~o.t n n n 

'-' V L ..L £.... ' ' ' '- ..1. '7 I 'i • t' t' 
KCOL= NPW I KKl+LLJIKKl 
NOP=NOP+N PWIKKl*NOC I KK l 

212 ICST=ICST+JPATHC7,KCOLI 
GO TO INOP,( 98,1 25,144l 

C***** 
C* * ROUTINE TO COMPUTE NPW VECTOR FROM NOP ** 

220 NOPP=NOP 
DO 222 KK=l•NPRR 
NPWIKKl=INOPP/NOCIKKl l 

222 NOPP=NOPP-INPWIKKl*NOCIKKll 
GO TO I NPW,Il54,202l 

C***** 
C** ROUTINE TO ENTER COL NCOL !STREAM JS l INTO PLANT + CHECK COMPAT ** 
C IF COMPATIBLE ICOMP IS SE T TO 1 
C INPUTS ARE ENTERED IN JSA VECTOR + ENTRIES COU NTED IN JCNT VECTO R 
C COUNT IX=l FOR PROC/PROC MATCH , 2 FOR PROC/SERV MAT CH V/R OR SALE 
C SIGN OF JS FOR ENTRY I S STO RE D IN J SGN VECTOR 
C TE ST ON NPA S= l , ENTER ON NPAS=2 
c 

c 

230 IC OMP=O 
I FINSA.EQ.Ol CALL ZEROI IJSA,l60l 
NHC =2* ( NPRH- JSl+l 
NRR=JPATH(l,NCOLI+l 

DO 240 NPAS=l•KPAS 
DO 24.CJ NR=2,NRR 
NEO~JPATHINR,NCOLl 
IX=l 
DO 242 I=3•4 
NS=D·KHI I ~NEQl 

242 I FINS,EQ.U.OR.NS.GT.200 l IX=2 
DO 239 NI=3,4 
NS= EM CHINJ,NECl 
I FlNS.EQ.O.OR.NS.GT.200 l GO TO 239 

C HAS S TREAM ~EEN ENTERED 
IPREV=l 



232 

233 
c 
C* 

c 
c 

c 
c 

234 

23 5 
236 

c 

DO 232 N=ltNSA 
lFI NS .EQ.JSAINl l GO TO 233 
IPR EV=O 
IFCNPAS.E 0 .2l GO TO 237 

CHEC KING ROUTINE 
IF< IPREV.EO. OJ GO TO 234 
CHECK J SGN - IF SAM E SIGN AS NHC ' REJECT 
IFI<J SGNCN l * NHCl~ GT .Ol GO TO 246 
CHECK ENT RY COUNT ER - IF GT 2 ' REJECT 
IFIIJCNTI Nl+IXl oGT.z l GO TO 246 
IF<IPR EV.EO .ll GO TO 236 
IF NS I S NEW STREAM ' CHECK HISTORY 
- IF STRE AM FOU ND WITH ENTRY COUNTER EO 2 ' REJECT 
CALL SHIST I NS ,NHIST,JHISTl 
DO 235 NJ=ltNSA 
DO 235 NH=l, NHI ST 
IFIJSACNJl.EQ . JH I S T!NHl.A~D.JCNT!NJl.E0·2l GO TO 246 
IFI KPAS .EQ. 2) GO TO 239 

C* ENTERING ROUTINE 
237 IFIIPREV.E Q.ll GO TO 238 

N=NSA=NSA+l 
JSA< Nl=NS 
JSG N<N l =NHC 

160 

c 
238 JCNT<Nl =JCNT!Nl+IX 

FOR NPAS EQ 2 SAVE EQUIP + STREAM NO FOR INPUT OF OP SIGN FROM JS 
IF<NPAS.EQ.l.OR.IN S* NHCl.GT.Ol GO TO 239 
NSE=NSE +l 
JSEiltN SE l= NEQ 
JSE(2,N SE l=NS 

23 9 CONTINU E 
21~0 CO NTINUE 

ICOMP=l 
246 GO TO JSENTtl85tl56) 

C*.J(·*** 
C** ROUTINE TO SET UP PARAMS FOR PATH SCAN FOR STREAM JS ** 

?"'>U NCJ=I L .J I .J :-, l 
NCN=LLNCJS ) 
NPS=NPATH!NCNl 
NCl=NCJ+ l 
NC2=NCJ +NP.S 
GO TO IP AR ,(84,12ltl37t264•302t342l 

C**·** *· 
C** ROUTINE TO SUPPLY JS FOR STREAM JSS ** 
C ALSO SUPPLIES SEC STREAM NO + ACIVE/INACTIVE FLAG 

255 JCH=(3-I S I GN <l,JSSl l/2 
J S T = I A B S I ,J S S l 
JPR =SMCHAil,JST,JCH l 
JSEC= SMCHAI2wJST,JCH l 
JAC T=SMCHA(3,JST,JCH ) 
IFIJCH. EO .ll JS=J PR-NNSER ill 
IFIJCH. EQ .2) JS=J PR+N PRH-N NS ERI2l 
GO TO IJS,( 9 4,305~308t366l 

C****-l!:· 
C** ROUTI NE TO ZERO ACT FLAGS PRES GE !ACT + RE-SET NPA VECTOR ** 
c 

260 DO 266 KK=l~NPRR 
RE-SET NPA TO NPATH 
J S=KK 
ASSIGN 264 TO !PAR 
GO TO 250 

264 NPAIKKl =NPS 
DO 266 KCOL~NCl,NC2 
IFI JPATHCB,KCOLl.GE.IACTI JPATH!8tKCOLJ=O 

266 !F( JPATH I B, KCO Ll. GT . Ol NPA CKKl=NPA!KKl-1 
GO TO IZA,I 22 tl 80tl90 , 200 t316l 

C**** * 
c 
C*** 
c 
c ,. ,_ 
c 
c 

IDE NTIF Y P/P MATCHES FOR BOUND ING PROBS !PLACE IN BPR ARRAY) 
VALID BRANCHING PROBLEMS AT LEVEL !L Bl ••• 
1. PR I M/P RIM I INC L V/R EXI - FIRST EQUIP ROW OF JPATH 
2. SEC /C PRII'-ieol !EXCL V/ Rl - SECOf\lD EQUIP RO\oi _O F JPATH 
3 . AS FOR 2 . + TE RT/ I PRIM .&l -THI RD E0UI P ROW OF JPATH 
FOR NBP R LT NMIN ~ ADD PROBLE MS FROM 1. UNTIL NBPR =NM IN 
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C DISCARD PROBLEMS WHiCH PRODUCE LT NREJX REJECTIONS 
c 

c 
c 
C+ 
c 

c 

c 
c 
C+ 

c 

c 

c 

c 

c 

c 

300 NB PR =JPAS=O 
LRl=LR2=LB+l 
IF(LB.EQ.3) LR1=LR1-1 

301 DO 322 MS=1 •NPRR 
J S=MS 
ASSIGN 302 TO IPAR 
GO TO 250 

302 MC1= NC1 
MC2=NC2 
DO 32 0 MCOL=MC1tMC2 
! FCJ PA THC8, MCO L).GT.Ol GO TO 320 
IVR= O 
DO 318 LBB=LR 1,LR2 

303 BPPCll=NEQ=JPATHILBB,MCOLl 
IF<NEQ .EQ. O) GO TO 320 
IF<I VR .EQ.1l GO TO 307 

304 

305 
306 

307 

IF EITHER INLET STREAM INACTIVE ' SKIP COL . 
<IN ACT IV E INLET - 2ND STAGE VI R COMPR 'OR AIC INLET> 
SKIP ALSO IF SE C STREAM NO FOR EITHER IS I NVA LID FOR LEVEL LB 
DO 306 I=3,4 
BPPCI-1l=J SS= EMCH (I,NEQl 
REJECT IF NOT PROC/PROC MATCH OR VIR COMPR <TYPE llel 
IF(JSS .GT.200l GO TO 3 18 
IFC JSS . NE.Ol GO TO 304 
IF< EMCH (2, NEQ l.E0 .11·l GO TO 306 
GO TO 318 
ASSIGN 305 TO IJS 
GO TO 255 
IF<JACT.E O.l.OR.JSEC.GE.LBJ GO TO 320 
CONT IN UE 

IF OUTLET STREAM INACTIVE ' SKIP TO NEXT ROW 
<I NACT IVE OU TL ET - VIR COMPR OUTLETl 
DO 309 !=5~.:~ 
J :, S = C f.~ C : : ( I , ~ [ Q ~ 
IFC JSS .EQ.Ol GO TO 309 
ASSI GN 308 TO IJS 
GO lO 255 
IFCJACT.EQ.1l GO TO 310 
CONTINUE . 
GO TO 311 

310 IVR=1 
LBB=L88+1 
GO TO 303 

311 

312 

313 
314 

317 

315 

3 1 6 
318 
320 

IFCIVR.EQ.1l BPPC3l=EMCHC4tNEQl 
IFC LB . EQ .1l GO TO 313 
IS NEQ SAME AS BPR FOR HIGHER LEVEL 
LLL=LB-1 
DO 312 LL=1tLLL 
KPR=NBP<LLl 
IF< NEO.EO.BPR( 1, KPR ,LLll GO TO 318 
ENTER MATCH I N BPR - IF NOT ALREADY ENTERED 
DO 314 NN=1•NBPR 
IF< BPR (l, NN ,L Bl. EQ.N[Q ) GO TO 318 
NPR=NBPR=N BPR+l 
DO 31 7 I= 1 , 3 
RPR< I • NPR , LB l =BPP < I l 
CHEC K NO OF REJS PRODUCED BY PROS - IF LT NREJX , REJECT PROS 
NRJ=l 
ASSI GN 315 TO IBRJ 
GO TO 376 
IFC NRE J.LT .NRE JXl NBPR=NBPR-1 
RE-SET NPA VECTOR 
IACT=LB 
ASSIGN 316 TO IZA 
GO TO 260 
JF(JPAS~E O .l. AND.NBPR.GE .NMINl GO TO 32 4 
CON TINUE 
CONTINUE 



c 
c 

322 CONTINUE 

FOR NBPR LT NMIN ' RE-S CAN FOR 1. PRO BLEM S 
IF( NBPR. G E.NMI N.OR.J PA S.E0~1l GO TO 324 
JPAS=l 
LRl =LR2=2 
GO TO 301 

324 WR ITEI6t4 30 lL B 
DO .3 2 6 I= l , 3 

326 ~vRITE (6 ,405 l ( BPR( I, I I ,LBl 'I I=l 'NBPRl 
GO TO IBPR,(24t30t40l 

C***** 
c 
C*** 
c 
("Ia 

SCAN PATHS FOR INFEA S DUE TO MULT STREAM USE**** 
! STREAMS -IN BPR BUT NOT IN KEO MATCH! - SET INACT FLAG 
MUST ALSO CHECK THAT BPR IS PRESENT 

c 
340 WRITE16t408 l IN BP ILLl tll= l tLBXl 

. NRJ=O 
lFINPR.EO.NPRXl GO TO 372 

C SE T UP BPR + ID EN TIFY JPATH SE CTION(S) CONTAINI NG BPR 

c 

c 

C* 

c 

c 

c 

376 KEO=BPR!l,NPR,LBl 
DO 370 J=l,2 
J SS~JSA I Jl=BPR (J +1,NPRtLB l 
ASSIGN 36 6 TO IJS 
GO TO 255 

366 J SB PIJ)=JS 
37 0 CONTINUE 
372 NSA1=1 

NSA 3=2 
NHEJ==O 

341 NSA 2=NSA3 

DO ?62 JS=l,NPRR 
ASSIGN 342 TO !PAR 
GO TO 250 

342 DO 36 0 NCOL=NCl,NC2 
1 t- t .J 1-' A 1 H 1 H , N c o 1 1 • G l ~ u 1 G n 1 o -~ r, u 
SET BPR FLAG TO 1 IF BP R MUST BE FOUND IN NCOL 
KBPR=O 
IFI NPR.EQ.NPRXl GO TO 374 
IFIJS.EO. JSBP I1l. OR.J S.EO.JSBPI2ll KBPR=1 

374 IV R=O 
NRR=JPATH(l, NCOL l+1 
DO 35 2 NR=2 t NRR 
NEO=JPATH(NR , NCO L) 

344 

346 

348 
350 

351 

352 

IF(NPR. NE.NPRX l GO TO 346 
EXTRA PROBLEM - REJE CT IF ANY BOUNDING EQUIPS ARE FOUND 
NN =NPRX-1 
DO 344 N=l,NN 
IFINE O.EO. BPR !r,N,LBll GO TO 354 
GO TO 352 
IFINE O.EO. KEOl GO TO 360 
IF(IV R. EO .ll GO TO 352 
TEST STREAMS 
DO 3 50 NI= 3 ,4 
NS=EMCH(NI,NEO l 
DO 348 N= NSAI ,NSA2 
IFI NSoEO .JSA (Nll GO TO 351 
CO NTI NUE 
GO TO 352 
!FIEMCH (2,NEOl.NE.l1ol GO TO 354 
IVR=1 
CONTINUE 
I F BPR FLAG OR VIR FLAG SET - REJECT 
IFI KBPR . NE . O.OR .IVR. NE .Ol GO TO 354 
GO TO 360 

C+ 
354 

SET INACT FLAG (TO LBl +ADD !ILLEGAL) RESIDUALS TO JSA 
JPATH(8,NCOL)=LB 
NPAI JS J=NP A(JS)-1 
IF!NPA(JSloEO.Ol GO TO 175 
NRE J =NRE J+l 
NCRJ( NRE Jl =NC OL 

162 



DO 358 N0=5,6 
NS=EMCHCNOtNEQl 
IFCN S.EQ.Ol GO TO 358 

163 

C HAS NS BEEN ENTERED 
DO 356 N=NSA2,NSA3 

356 IFCNS.EQ.JSACNll GO TO 358 
NSA3 =NSA3+1 
JSACNSA3)=NS 

358 CONTINUE 
360 CO NTI NUE 
362 CONTINUE 

I F CNSA3 .EO. NSA2 l GO TO 364 
C RE-SCAN FO R RES I DUA LS 

NSAl=NSA2+1 

c 

c 

GO TO 341 

364 IFCNRJ.EQ.u.AND.NREJ.GT.Ol WRITEC6t432JCNCRJCII),ll=l,NREJ) 
GO TO I BRJ ,( 26 t34t50t315l 

405 FORMATC25I5l 
40 8 FOR MATC/ * •••• PROBLEM NO*t3I4l 
412 FORMAT C/ 4H *** ' * IMPROVED BOUND ' PLA NT NO. - * 'Il0,5X,Il4tl5/l 
414 FORMAT( * REJ S DUE TO BOUND - *'2514 1 
418 FORMAT< * LIST SIZE*,I51 
420 FOR MAT( /// * OPT PLAN T - NOtCOS T*, 5Xtil4til0//* EQUIP NOS -*/30141 
422 FORMAT<* NO FEASIBLE SOLUTIONS*) 
425 FORMAT( * PROB LEM SIZ E ZERO CNCO L =*,J3,*l*l 
430 FO RMATCI * NE\'J PR OBLEM ARRAY AT LEVEL*d4t* -*I 
432 FOR MAT(* REJ S DUE TO BPR - *'251 41 
434 FORMAT(/* NPA VECTOR , TOT PROB S IZE -*,8I3t5X'*•••*'I6l 
43 6 FORMAT(//* BEST BOUND FROM PASS 1 -*,Il0,5X,Il4//) 
517 FORMATC!lU,5X,Il41 

END 
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D REFRIGERATION UNIT 

MAl~~ reads the input data for this section. ·The data consists 

mainly of refrigeration demand and purchased stream information. The routine 

sets ~1 the energy cost spline based on previous refrigeration cost data ru1d 

places the purchased streams in their correct refrigerant circuit array for 

subsequent use. 

RUNIT is the routine which automatically generates a standard 

cascade refrigeration unit .for a given set of refrigeration demands (tempera­

ture levels with associated cooling loads). The calculational procedure has 

been described in section 5.4 and is given here in graphical forn1 in Figure 

II.3. The following points should be noted. 

i) Refrigerant circuits are computed in increasing order of temperature, 

i.e. methane, ethylene, then propane. This is required for the 

correct direction of information transfer (condensation loads and 

purchased stream residuals) between circuits. 

ii) The refrigeration unit serves as an energy cost updating routine. 

Cost data from previous computations are supplied to the routine in 

order to cost purchased stream energy. After computation of the 

refrigeration unit the routine combines these purchase costs with 

equipment capital and operating costs to produce a new set of energy 

cost figures for the next computation cycle . 

STMOVR is the version of the stream handling utility routine for 

this section. 



DO 20 ALI.{REFRIGIRANT) CIRCUITS 

'Y . 
(jEr CIRCUIT Pi\RAJviT:TERij 

'----~---·--~ 100 
15 
TRANSFER PURCI lASED 
STRI.:M-1 RESIDUALS TO 
NEXT CIRGJIT 

CCMPtn'F~ COST FIGURES 
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fSIT UP UN IT fLOW 
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COM11JTI PRISSURE LEVELS 
FRQv! TH!PERA1UHE LEVELS 

rosi. 
START TOTAL (ClRC!IIT) I 
FLOW ITErv\ T I ON 
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I 

'f 

Figure II .3 RUNIT Algorit.l-mi (Continued on page 166 ) . 
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t 

COMPUTE 
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j 

Figure II .3 RlJr.;IT Algor i thrn (Continued) . 
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c 
c ,. 
'-

167 

PROGRA M MAINRIINPUT=l00l,OUTPUT=lOOl,TAPE5=INPUT,TAPE6=0UTPUTl 

*** COMMO N DECK *** 

COMMON/CONTL/NE,NJN,NOUT,NOCOMP 
COMMON /P ROPICOMPNT I BI,APCI BI,ATCIBl,AVCIBl,AMWIBl,AOMEGIBl' 

1 ADELigl, AVW I Bl, APH I 8l•BET I81tGAM18l• DTA I 8ltBASEA I8l , BASEB IBl, 
2 ZCD18J,AL D18l 

COMMON / PARA MIAMORT , HRS ,TWAT,DT W,CWAT,TS,HVS,cS,CK WH ,APPP'APRR, 
1 ARR R, TRRR,DTF I 2 l · 

COMMON / SPLI NE/NHtNC ,X(1 0l, YI1 0l, PMI10l 
C0MMON / REFD IL RF 13l, NL L, RLE VI1 0 ,zl,TMSER V 

C$ BLANK COMMON 
COMMON NS MR BI3J, SMRB I7,2 0 t3l, SMRX I8'4'3l 

c *** c 

c 
c 
c 

c 
c 

c 
c 
c 

c 

c 
c 

c 

c 

c 
c 

INT EGER COMPNT 
DI MENSION TITLEI8J,PROP I8,15l 
EQUIVAL ENCE IPROP,APCl · 
NA MELIST / PARLSTIAMORT,HRS ,T WAT ,DT W,CWAT,T StHVS,cS ,CKWH,APPP'APRR' 

1 ARRRdRR R, DT F 
NAMELIST/COMP / NOCOMP ,COMPN T 

READ CO MPONENT INFORMATION 
READ(5,CO MP l 
READ COMP ONEN T PHYSICAL CONSTANTS 
DO 10 I =l , NOCOMP 

10 READ(5,1ll <PR OP! I , K) tK=l,l5l 

READ TITL E 
REAOI5d00lTITLE 
IFIEOFt 5 1J,z 

1 CALL EXIT 
2 WRITE16,1 01 l TITLE 

710 

720 

73 0 

READ GENERAL SYSTEM PARAMETERS 
READ(5,PA RLSTl 

READ TN PRESENT REF LFVE LS + COSTS 
P >:: II ll ( t; • 7 () (l \ ~ I I I 

66''764 . i=l ~ N tC 
READ I 5 '7 02 I X I I l , Y I I l 
SET UP EN ER GY VALUE SPLINE - X=TEMP ' Y=VALUE 
NH=2 
NC=NLL 
XCNC+ll=TW AT 
YINC+ll=C WAT /118.*DTWl 
XI NC+3 l=T S 
YINC+3l=CS/IHVS*18.1 
XINC+2l=0.5*1TWAT+T S l 
YCNC+2l=0.5*1YINC+1l+YINC+31l 
DO 71 0 J=1,2 
CALL SP LI NE <Jl 

READ IN NEW REF LEVELS 
READI5,7 0U lLRF,NLL 
DO 720 L= l ,NLL 
READ I 5 , 7 0 2 1 I R LEV I L, I I l , I I = 1 , 2 l 
READ IN SO LD STR EAM INFOR MA TION + PLACE IN REFS ARRAYS 
CALL ZERO! INSMRB , 3 l 
RE AD( 5 ,7 0v JN S 
DO 73 u N=l~Ns 
READ15d0Ul IR 
NN=NSMR BI IRl=NSMRB IIRl +l 
READ PROPS 
READ I 5 '7 0 2 I I SM R B I I I , NN, I R l , I I= 1 , 7 l 
RE/1 D I 5 '7 02 1 ! SMRX I I I, NN, I R l, I I= 1, 7 l 
READ(5,7 02 l TMSERV 

CALL RUNIT 

11 FOR MATI31/5El4.5ll 
100 FORfiiAT I 8AJ.O l 
J01 FORMATIAA10 //) 
70 0 FORM:~ T ('+I 'i l 
702 FOR~AT I7Fl O.Ul 

END 



c 
c 
c 
c 
c 
c 
c 
c 
c 
c c 

SUBROUTINE RUNIT 

COMPUTES THREE-TIER CASCADE REFRIGERATION SYSTEM 
REFRIGERANT S - ME THANE,ETHYL~NE,P ROPANE 
UP TO 3 LEVEL S OF EACH REFRIGERANT (PURE REFRS ASSUMED) 

SUBSCRIPT IR , 1 ME THANE ~ 2 ETHYLE NE ' 3 PROPANE 
RLEV - REFR DEMAND VECTORS 1. T ' 2. Q 
NLEV - NO OF LEVELS 
EMR - EQUIP MATRIX 
SMRB - STREAM MATR IX 18 SECTION! 

168 

C***** COMMON DECK 

C$ 

COMMON/CONTL/NE,NIN•NOUT,NOCOMP 
COMMON / EOUIP / EOUIPI15l 
COMMON / SIN/BPINI4 ltDPIN(4ltTIN(4),PINI4l•HIN(4l•VFIN(4)tTMIN(4), 

1 XI N<8•4l 
COMMON / SOUTIBPOUT(4 l,DPOU T(4l•TO UT (4l•POUT(4),HOUT(4l•VFOUT14lt 

1 Tfv10UTI4J,X OUT <8t4l · 
C0MMON/REFD/LRFI3l,NLL , RLEV(l0 ,zl tTMSERV 
COMMON/P ARAN IAM OR T,HRS,TWAT,DTW,CWAT,TS•HVS,cS,CKWH•APPPtAPRR, 

1 ARR R,T RRR,DTFC21 
BLANK COMMO N 
CO MMON NSMRB 13l,SMRBI7,2 0 ,3l•SMRXI8•4•3} 
COMMON NEMRI3l•EMRI15tl5•3l 

C***** 
c 

c 
c 
c 
c 

c 
c 
c 

c 

DI MENSION TEXI2l•DUM I8l• DHV I3l, SUMQ I 3 1•C0EF!4•31 
DI~ENSION TLEVIIOl , QLEV <I Ol ,PL EV(l0 l•FLEV(l 0l •FLOCI21• 0R CI21 
D I MENS I 01\; N OtlP ( 3 ) ,r R F C I 3 I • L LV ( 2 , 3 I 
DIM ENSION COSTI10l,CPSI31•CPEI3) 
DI MENSION NSPI3l,NVPI3l•NRSS I 3 ) 
EQUIVAL ENCE ITL EV •RLEVIl•ll ),( QLE V,RL EVI 1,2l l 
DATA COEF/-3.0424E2,6.3996E0,-4.2667E-2•9.3341E-5• 

1 - 9 .6343E 2 tl. Ol71El•-3·6795E-2 ,4.5781E-5• 
2 -l.Ol55E3,8.012 0E0,-2.1511E-2'1•9720E-5/ 

DATA DHV/3U OU .,45 0U .,55CO. / 
llliTA 1\l!lv~P/? .':\.t=../ 
(', ·,..- T -~ · T nc-r I;:; ( > c - ':: i. ? c: • c: '· c: I 
..... f \11• '1'1 -~ _, - _,·~ · y-c__..,. 7_.11 -t· ,._.;· t 

P VS T FUNCTION FO R PU RE REFS 
PI IR•TI=COEFil•IRl+T*ICOEFiz,IRl+T*ICOEFI3• I Rl+T*COEF14•lRI I I 

ZERO MATRICES + MATR IX COUN TERS 
CALL ZEROIINEMR,3 l 
CAL L ZEROIEMR,675l 
CALL ZEROIFLEV,l OJ 
CALL ZEROICOST,l6l 
CALL ZEROISUMQ,31 

SET PURCHASED STREAM COUNTER 
PURCHASED STREAMS ARE ALREADY STORED IN REFS ARRAYS 
DO 10 I R=l , 3 

10 NSPIIRl=NSMRB(IRl 

C*** SET UP + COMPUTE SECTIONS !METHANE - PROPANE! 
NL2=0 
DO 20 J R=l ,3 
lR=JR 
IFIL RF I IRI . EQ.O l GO Td 20 
LLVll,I Rl=NLl= NL2 +1 
LLV(2, If~l=NL2=NLl+LRFI IRJ-1 
ICAL C=O 
NC =NC ivl P ( I R l 
TCO ND=TRFC IIR)+APRR 
GO TO 10 0 

15 IF I I R • E 0 . 3 I GO T 0 2 0 
C STORE CON DEN SING LOAD DATA IMETHANE•ETHYLENEl 

FLOC( IRl=FLO 
QRCC!Rl=QCOND 

C ADD COND LOAD TO LOWEST LEVEL . LOAD FOR NEXT REFR 
QL EVINL 2+ 1J=QLEVINL2+li+OCOND 

c 
C* TRANSFER RES IDUALS OF PURCH STREAMS TO NEXT SECT ION 

NNSP =NS PCIRI 
IFINN SP .EQ. O) GO TO 20 



c 

JCALC=O 
IR=JR+l 
DO 16 J S=l•N NS P 
LOAD SO LD STREAM RESIDUALS INTO SIN(l) ' THEN INTO SMRB 
NN=-NR SS!J S ) 
CALL MVF SM (l,NNt J R+2tJSl 
ASSIGN 16 TO LOADS 
GO TO 400 

16 NSP!IRl =NSMRB!IRl 
20 CONTINUE 

c 
C*** 

25 
COMPUTE TOTAL SYSTEM COSTS - INCL CPStCPE COSTS 
CTOT= O. 

c 
c 

c 
c 

c 

c 

DO 28 L=ltNLL 
28 CTOT~CTOT+COS T!Ll 

DO 30 I R= 1 ,3 
30 CTOT=CTOT+CPS(lRl+CPE(IRl 

COMPUTE COSTS/ BTU 
DO 32 L=lt NLL 
IF<QLEV!Ll.E Q. O.l GO TO 32 
JR=l 
IF!L.GE.LLV<l•2l l IR=2 
IF<L.G E.LLV( lt3) l IR=3 
COST<Ll = <CO S T(Ll/QLEV(LJ+<CPS<IRl+CPE<IRJ)/SUMQ<IRll/HRS 

32 CONTINUE 

ADD CONDENSATIO N COSTS 
DO 36 I R=l t Z 
IF<LRF! I Rl.E O. Ol GO TO 36 
LEV=LLV(l,J R+l l 
QCOST=Q RC<IRl*COS T<LEVJ 
Ll=LLV< l t! Rl 
L2=LLV(2,JRl 
DO 35 L"' Ll•L2 
lF(QLEV<Ll.E O. O.l GO TO 35 
--r-T"t•' _,.., ,.. ..,- ,, \ . tr- o r-\1/o ,, , .,...._l'fn\\)IIArr"CTIA tr \1/1 \\ 

1... V ..:.> I \ L I =: \._ V-..) I I L I ~ I r L C. V \ L J I I L V \.. \ ~ 1"\ J I ~ I \>II... V '-' I I 1.>1 L L v \ L.. 1 1 

35 CON -II NU[ 
36 CONTIN UE 

WRITE!6t 950 lC TOT tCPStCPE 
DO 980 I R=it 3 
IF<L RF<I RJ. EQ . OJ GO TO 980 
K E Q = t-1 Er-1 R < I R l 
KSM=NSMR B!I RJ 
WRITE(6, 963l 
DO 9 7 0 K= lt KS M 

97 0 W RITE(6 , 97 2 ) K ,( S~RB!KK,K,JRlt K K=l•7l 
WRITE(6,9 55l 
DO 960 K=l ,K EQ 

96 0 WRIT E <6•9 6 2l (E MR(K KtK,IRl •KK=ld5l 
98 0 CONTI NUE 

IIJRITE!6t 9 82l 
DO 984 L=l,NLL 

984 WRIT E!6t9 86lTLEV(Ll,PLEV!LltOLEV<LltFLEV<Ll,COST<L> 
RET URN 

c 
C* -*** 
c 

RE FR SECTION CO~ P UTING ROUTINE **** 

c 
10 0 

c 

c 

SET SJ N(l) AS UNIT FLOW S TREAM !SAT LIQl ~T CO ND PRES 
CALL ZE RO !XI Nt NOC OM P l 
TMIN<ll =X I NI NC tll =l . 
COMPUT E CON DENSA TION PR ESSUR E 
TJ N(ll =DP I N! l l =BP ! N(ll =TCON D 
VFJ N( 1 ) =0 . 
PIN!ll =P! I RtTCO ND l 
WRIT E ( 6 , 8 17lTJ N(ll,PIN!ll 
CALL PBUB <l, PCO ND, DUM l 
PJ N( l J=PL EV( NL2 +ll =PCON D 
CALL ENTH ( l , HIN ! l l t DUM l 
LOAD I NTO SMR B NLIQ 
ASS I GN 1 03 TO LOAD S 
GO TO 40 0 

J..U:1 



103 NLIQ=NSM 
c 
C COMPUTE PRESSURE LEVELS + SUM QS 

DO 104 L=NLl •NL2 
T J N ( l l = TL EV ( Ll 
PIN< 1 l=P< IR,TLEV<Ll l 
WRITE<6•817lTIN(ll,PIN!ll 
CALL PBUB(l,PLEV(LJ,DUMl. 

104 SU MO <IRl=SUMQ ( IRl+QLE V!Ll 
C ESTI MA TE REF CI RCULATION 

FLOW=SUMQ(I Rl/DHV<IRl 

c 

SET !RE-SET> COUNTERS ETC - START TOTAL FLOW ITERATION 
NSM=NSMRB!IR)=NLIO 
NE MR !IRl= O 
ICALC=l 
CLEV =C PS!IRl=CPE!IRl=O. 
CALL ZEROCTEX•2l 
NNSP=NSP< iRl 
IF!NNSP.EQ.OJ GO TO 120 

C** COMPU TE LIQ COOLING BY PURCHASED STREAMS 
c 

NSL=NLIQ 
XFLO=FLO \.J 
DO 118 JP=1•N NSP 

C++ ORDER I NG OF PURCHASED STREAMS 
NP =JP 

170 

C++ 
C LOAD NSL INTO SIN<ll <SET TO FLOW FOR JP=ll 'NP INTO SIN<2l 

CALL MVFSM<1•NSL•IR2•NLIQl 
IWV=-1 
ASSI GN 11 0 TO IFLO 
JF(JP.E Q.1 l GO TO '•40 

110 CALL MVF SM <2•NP•IR2•NPl 
C EXCHA NGE ' LOA D STREAMS + EQUIP 

C* 

C* 

c 

c 

112 

118 

J T N"l =N~ I 

JIN2=NP 

-
ASSIGN 112 TO LOADS 
GO TO 400 
NRSS<NPl=NS~ 
COMPUTE VALUE OF COOLING USED 
DT=OTF< 2) .J::-APRR 
CALL MVFSM (1, NP ,I R2 • NP l 
CALL SVAL UE<2,TOUT (2l,DT,VALl 
CP S <I Rl=CP 5 <IRl+VAL 
NSL =NS1'-1- 1 
CPE<IRl=CLEV 
GO TO 122 

120 NSL=NSM 
C SAVE COUNTERS 

,. 
\.. 

122 NSMSV=N SM 
NEM SV::.NEM 
TSL=S MRB <3 •NS L,JRl 

C*** 
c 

COMPUTE FLASH (+ CROSS EXCHANGE) FOR ALL LEVELS - TO DETERMINE FLO 

FLO =FXO=O. 

c 
c 

C* 

C* 

124 

DO 150 L= Nll •NL2 
QQ =OLEV !Ll 
IF!OO.EO. O.) GO TO 150 
NIT =O 
LOAD NSL INTO SIN!ll 
CALL MVFSM<l•NSL,IR2•NLIQl 
COMPUTE FLASH + SET UP SAT VAP OUTPUT 
CLEV =- 0 . 
r~IN =NOUT=l 

CALL ADBF(PLEV<Ll) 



C CALCULAT E EN THALPY CHANGE AVAIL/MOLE + REQUIRED FLOW 
VFOUT (1)=l. 
CALL ENTHI-l,HOUT(l),DUMJ 
H A V L == ( H OUT < 1 l - H I N ( 1 l ) IT M I N ( 1 l 
FXN =QQ /HAVL 

C SET SOUT 11J TO FXN 
IWV=-1 

c 
c 

c 
126 

XFLO =F XN 
ASSIGN 126 TO IFLO 
GO TO 440 

LOAD STREAMS + EQUIP FOR FLASH 
JIN 2=0 
IF<IR.E0.3l GO TO 128 

C* 
128 

IS CROSS EX POSSIBLE 
DTX=IT SL -TOUT(1) l-II.5*APRRl 
IFID TX .GT. O.) GO TO 130 . 
PR OPANE 
JINl=NSL 

c 
ASSIGN 142 TO LOADS 
GO TO t~O O 

C* IR=l'2 - REOUIR~S ITERATION OF FLASH/CROSS EX LOOP 
C RESET COUNTERS BEFORE LOADING 

130 NSM=NSMR61I Rl=NSMSV 
N0-1R I I R l =Nn-1S V 
JlN1 =NSM +2 
ASSIGN 132 TO LOADS 
GO TO 40 0 

171 

C TRANSFER SOUT<1l TO SIN<21 , LOAD NSL INTO SIN<1l + SET TO FXN 
132 CALL MVSOSI(2,lt0t0l 

CALL MVFSM(1,NSL,IR2,NLIOl 
I\"V= 1 
ASSlGN 134 TO IFLO 
GO TO 440 ;v COMPUTE CRO SS EXCH~NGE ~ LOAD STREAMS + EOUIP 

'--" 
134 CALL HXER<l,4,TEX,QJ 

C* 

C* 
140 

c 

JINl =NSL 
JIN2=NSM -
ASSIGN 14 0 TO . LOADS 
GO TO 400 
TEST FOR CONVERGENCE OF LEVEL 
FDF=A BS <F XN-FXO J/ FXN 
IFIFDF.LT. O. u1 l GO TO 142 
FXO=FXN 
NIT=NIT+l 
GO TO 124 

C UPDATE COUNTERS 
1'~2 NSMSV= NSM 

NEMSV::NEM 

FLOW 

C SET LEVEL FLOW + COST , STORE OUTPUT STREAM NO 
FLEVILl=F XN 
FLO =FLO+FXN 
CO.ST<LJ=CLEV 
NVP(LJ=N SM 

150 CONTINUE 
c 
C* CHEC K FOR CONVERGENCE OF TOTAL FLOW 

FDF=A BS IFLO-FLOWl /FLO 
IFIFDF.LT.U. U1 l GO TO 152 
FLO W= FLO 
GO TO 105 

c 
C SET NSM TO NVPINLll +LOAD INTO S!N(l) 

c 

152 NS M=N VP I NL ll 
CALL MVFSM(l,NSM,IR2,NL!Ol 
FLO=O~ 

C*** MIX ' COMPRESS + AFTERCOOL FOi~ ALL LEVELS 
c 

DO 200 L=NLl,NL2 



WRITE(6, 5 l 0 lLtTLEV<Ll ,PLEV<Ll ,QL EV<l l ,FLEV!L) 
FLO =F LO+F LE V<L l 
QQ= QL EV<Ll 
CL EV=O . . 
IF<L. EQ . NLl .OR . QQ.EQ.O.l GO TO 160 

C** MIX , LOAD STREAMS + EQU I P 
C LOA D NV P ( Ll I NTO SINI2) 

NMX=NVP ( L) 
CALL MVFS M( 2 ,NMX,IR2,NLIQ) 
NIN=2 
NOUT=l 
JINl= NSM 
JIN 2= NMX 

CALL MIXR(O.l 
C* 

ASSIGN 16 0 TO LOADS 
GO TO 400 

C** COMPRESS , LOAD ST REAMS + EQUIP 

C* 

C* 

160 JI Nl =NS1"i 
JIN 2=0 

CALL COMP (PLEV(L+1ll 

ASSIG N 166 TO LOADS 
GO TO 400 

166 IF <L. EQ . NL2 . AND .I R.EQ . 3 l GO TO 172 
C I S AF TERCOOLING POSS I BLE 

DTA =T IN ill-ITW AT+ DTW+AP PPl 
IFI DTA . LT . O. l GO TO 170 

C** AF TERCOOL ' LOAD ST RE AMS + EQUIP 
JI N1=NSM 

C* 

C* 

170 
c 

JIN 2= 2 02 
TEX(ll=AMAXl!!TWAT+APPPJ,(DPIN!ll+l•ll 

CALL HXER<1,z,TEX,Ql 

AS S IG N 17 0 TO LOADS 
GO TO 40 0 
IF<L.LT. NL2l GO TO 180 

C** 
172 

CONDENSE - LOAD EQUIP ONLY 
TEX I 1l= BP I N(1J- 1 . 
IF< IR .L T. 3 J GO TO 173 
GO TO 180 

C++ SU BTR ACT PSEUDO-S ER VICE REQUIR EMENT 
XFLO=TMINI 1J-TMS ERV 

C++ 

C* 

C* 

c 
c 

c 
c 

I WV=l 
IS2 =2 
ASSI GN 174 TO IFLO 
GO TO 440 

173 I S2 =3 
TEX<2l=TL ~ V( N L2+1) 

174 JI N1=NSM 
JI N2= I S2 +200 

CALL HXE R<l,ISz,TEX,Ql 

JO= O 
EQ UJ P (5J =NLIQ 
ASSIGN 176 TO LOADS 
GO TO 420 

176 OCOND=ABS IQl 

180 
182 

200 

PROPORTIO N + SUM COSTS 
DO 182 LL=NLl ,L 
COS T(L L l= COS TILLl +CL EV* !FLEV<LLl/FLOJ 
WR I TE I6 ,9 90 JCLE V,(C OS T<II J,II=NL1,Ll 
CONT I NUE 
GO TO 15 

C*** OUTPUT ST REAM LOADIN G ROUTIN E *** 

172 

HF 



c 
400 

402 

404 

410 

c 
412 

c 

I R2=IR+2 
IFCIC ALC . EQ .1l GO TO 402 
JO =IOS=l 
GO TO 404 
IOS=-1 
IOP=E QUIP !2l 
J0=2 
IF!JI N2 .EO. O.OR .JIN2.GT.200.0R.IOP.E0.2ll JO=l 
DO Ll-1 0 J= 1 ,JO 
NSM~ NSMRB <I Rl=NSMRB CIRl+1 
JJ=J*IO S 
CALL MVTSM (JJ ,NSM ,IR2,0l 
IF!ICAL C . ~Q .ll GO TO 420 
STORE MOLE FRACTIONS IN SMRX 
DO 412 I=l,NOCOMP 
SMRX! J,NSM,JRl=XINCI,ll/TMIN(l) 
GO TO 430 

C*** EQUIP LO ADING ROUTINE 
c 

c 

420 NEM=NE MR!IRl=NEMR!IRl+l 
EQUIP!ll=N Etvl 
EQUIP( 3l=JIN1 
EQUIP14l=JIN2 
JF!JO. EO.O) GO TO 422 
EQUIP! 5J=NSM- IJ0-1 ) 
IFIJO.E0.2 l EOUIP I6l=NSM 

422 DO 425 K=l,l5 
425 EMRIK,NEM,IR l =EQU IPIKl 

RESTO RE SOUTtl l TO SIN!ll 
CALL MVSOS I Ild 90 t0) 
CLEV =CLEV+EOUIP !l5l 

430 GO TO LOADS,!l6tl03,112,132,140,142tl60tl70,176) 
c 
C*** ROUTINE TO SET STREAM VEtTOR IWV TO XFLO *** 
c 

c 

440 

444 

450 

JFIIWV.GT.Ul GO TO 444 
IWV=-IWV 
HOUT!I WV l=HOUT!IWVl*!XFLO/TMOUT! IWVll 
TMOUT!I WVl?XOU TI NC ,I WVl=X FLO 
GO TO 450 
HINII WV)= HINIIWVl*IXFLO/TMIN!IWVl l 
T M I N ! l'IJV l = X I N ( N C ' HoJ V l = X F L 0 
GO TO I FL0,(11 0 ,126,134,174l 

FOR MAT(//* L T,p,Q,F -*,I5t5Xt2F8.ltFlO.OtF8.1/l 
FOR MA T! * T,p*,2Fl0.1) 

173 

51 0 
817 
950 
955 
962 
963 
972 
982 
986 
990 

FORMAT(///* COSTS - CT0TtCPStCPE*tFlO.Ot5Xt3Fl0.0,5X,3FlO.O//) 
FORMAT!/* EQUIP MATRIX-*/) 
FORM AT !3!2F5.0,3Xl,F12.G,5F9.1,3F9.0) 
FORM AT !/ * STRE AM MATRIX-* /) 
FOR MAT !J 5,3F8ol t 5XtF8 .l,F7.3tF8ell 
FO RMA T!//* T,p, Q,f,C -*/l 
FOR MAT I2F8.l,FlO.O,F8.ltFl2.8) 
FOR MAT(/* CLEV,(OST*tFl0.0,5Xt6F8.0l 
END · 



c 
c 
c 
c 
c 
c 
c 
c 
c 
c c 
c 
c 
c 
c 
c 
c 
c 

C$ 

c 

c 
C** 

C** 

C** 

c 

c 
c 

SUBROUTINE STMOVR<IWV,ISM,IIItNXl 

STREAM MO VING UTILITY ROUTINE ••• CRUNIT VERSION) 

IWV 

I SM 
I I I 

- ELEMENT NUMBER I N SIN OR SOUT WORKING ARRAY 
+ SIN 
- SOUT 

- VECTOR NUMBER IN SM--
- 0 MOVE TO OR FROM SMPB 

174 

NX 

1-2 MOVE TO OR FROM S~CHB- <1-21 
3-5 MOVE TO OR FROM SMRB- (1-3) 

-VECTOR NUMBER CONTAINING MOLE FRACTIONS <III GT 0) 

3 ENTRIES -
1 MVSOSI MOVES SOUT VECTOR ISM TO SIN VECTOR IWV <III=Ol 
2 MVFSM MOVES FROM SM-- TO SIN OR SOU T 
3 MVTSM MOVES TO SM-- FROM SIN OR SOUT 

*** COM MON DECK *** 
COMMON / CONTL/NE,NlNtNOUT tNOCOMP 
COMMON/SIN/BPIN(4ltDPIN<4ltTIN<4ltP!N<4ltHIN(4),VFIN(4),TMIN(4)• 

1 XIN C8,4 l 
COM MON/SOUT/BPOUT<4ltDPOUT14ltTOUTC4l,POUT<4l•HOUTC4J,VFOUT(4), 

1 TMOUT<4ltXOUT(8,4l 
BLANK COfv1r>lON 
COMMON NSMRB 13l,SMRB(7,z0,3l,SMRXC8,4'3l 
-K-** 
DIMENSION SMPB !ltl), SM CHB(l,l•ll,SMCHX(l,l,ll 
DIM ENS I ON SIDUM(4,7J,SODUM <4,7l 
EQUIVALENCE IBPJ N,SIDUM J,(B POUT,SODUMl 

ENTRY MVSOSI 
IENT=l 
GO TO l 

ENTRY MVFSM 
!EI\!T=? 
r:A Tf"\ , 
_.._, . v .a. 

ENTRY MVTSM 
IENT=3 

1 JJJ=III+l 
GO TO cz,3,3,4,4,4lJJJ 

2 ITYPE=l 
GO TO 5 

3 ITYPE=2 
KKK= I I I 
GO TO 5 

4 ITYP E=3 
KKK=III-2 

5 GO TO llO O,Z00,300 )IENT 

C** 
100 

50 

MVSOSI 
DO 50 !=1,7 
S ID U,\1 ( I WV , I l =SOD UM( ISM, I) 
DO 60 I=ltN OCOMP 

c 
60 XIN<ItiWVl=XOUTCitiSMl 

RETURN 

(** 
200 

MVFSM 
DO 10 I= 1, 7 

c 

GO TO !6t7,8)ITYPE 
6 AA=SMPS <I,I SM l 

GO TO 9 
7 AA=SMCHB!ItiSM,KKK) 

GO TO 9 
8 AA=SMRB<ItiSMtKKKl 
9 IF<IWV.GT. Ol SIDUMIIWV,Jl=AA 

I F ( IVI V • L T • () l S 0 D U 1'1 < - I W V ' I l = A A 
10 CONTINUE 

DO 20 I=1tNOCOMP 
GO TO (lltl2tl3liTYPE 



c 

11 AA=SMPBII+7,ISMl 
GO TO 18 

12 AA= SMCHX II,NX,KKKl*SMCHB(7,ISM•KKKl 
GO TO ] 3 

13 AA= SMRX <J, NX , KKKl *SMR8(7,ISM,KKKl 
1 8 I F ( I ~·J V • G T o 0 l X I N ( I , I \I/ V l = A A 

IFII WV.LT. Ol XOUTCI,-IWVl=AA 
20 CONTI NUE 

RETURN 

C** 
300 

MVTSM 
DO 30 I=ld 

c 

IF< IWV.GT . 0 ) AA =SIDUMC IWVt I l 
IFCI WV.LTi v l AA= SOD UMC-I WV,I) 
GO TO C21,22,23JI TYPE 

21 SMP 5 (I,I SM l=AA 
GO TO 30 

22 SMCHBCI,ISM,KKKJ=AA 
GO TO 30 

23 SMR BI I t!SM,KKKl=AA 
30 CONTINUE 

IFIITYPE.GT.ll RETURN 
DO 40 I =l• NOCOMP 
IFIIWV.GT. Ol AA=XINIIdWVl 
IFCI WV.LT. Ol AA=XO UTCJ,-IWVl 

40 SMPB CI+ 7 ,JSMl=AA 
RETU RN 
END 

175 
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E PHYSICAL PROPERTIES 

PROPL is the routine which contains the library of basic pure com­

ponent physical properties constants. It punches out data decks for any 

selected set of components; such data is then read into the /PROP/ labelled 

CO~~N arrays in KHZT for use in properties correlations. 

1G-IZT is, as described in section 4. 2. 5, the physical properties 

.calculation routine which supplies equilibrium, enthalpy and density data to 

other system routines. Apart from some nomenclature changes and streamlining 

and the modifications described in chapter 8, it is the CHEss(2) physical 

properties package and a detailed description of its function can be found in 

that reference. 

ZERO and ZEROI are not actually property routines but are included 

here as they are also system service routjnes. They provide ::~.utomRtic (floR.t-

ing point and integer) array zeroing. 

FLASH serves both as part of the properties system and as an equip­

ment subroutine. It provides a rigorous two-phase calculation capability for 

other routines, either in isothermal or adiabatic mode (entries ISOF and ADBF) . 

TI1e isothermal mode is essentially a direct calculation which computes the 

enthalpy of the outlet stream (a tHo-phase stream or separate liquid and vapor 

streams, as specified by the user) for a specified inlet stream temperature. 

In the adiabatic mode an iterative isothermal calculation is generally required 

to establish the outlet stream(s) t emperature corresponding to the specified 

inlet stream enthalpy. As with KHZT, FLASH is derived from the corresponding 

o-IEssC 2) system routine (ADBF) and modifications are again described in 

chapter 8. 

As an equipment subroutine FLASH represents either adiabatic (valve) 

e:li.1Jansion (entry ADBF) or adiabatic mixing (entry MIXR) . 
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PROGRAM PROPL!INPUT,OUTPUT,PUNCH•TAPE5=1NPUT,TAPE6=0UTPUT,TAPE7=PU 
lNCHl 

C PHYSICAL POPERTIES DATA LIBRARY ROUTINE 
C PUNCHES OUT DATA FOR SELECTED COMPONENTS 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

c 

PURE COMPONENT ID NUMBERS ••• 

1. HYDROGEN 18. N-TETRADECANE 35. 1-HEXENE 
2. METHAN E 19. N-PENTADECANE 36. CYCLOPENTANE 
3. ETHANE 20. N-HEXADECANE 37· METHYLCYCLOPENTANE 
4. PROPANE 21. N-HEPTADECANE 38. CYCLOHEXANE 
5. I-E3UTANE 22· ETHYLENE 39. METhYLCYCLOHEXANE 
6. N- BUT !1NE 23· PROPYLENE 40. BENZENE 
7. I -PENT ANE 24. 1-BUTENE 41. TOLUENE 
8. N-PENTANE 25· CIS-2 -BU TENE 42· 0-XYLC:NE 
9. NEO-PENTANE 26· TRAN S-2-BUTENE 43· t"l-XYLENE 

10. N-HEX ANE 27. I- BUTENE 44. P-XYLENE 
11. N-HEPTANE 28· 1•3-BUT ADIENE 45· ETHYL BENZENE 
12. N-OCTANE 29. 1-PENTENE 46. NITR OG EN 
13. 1'-l-NONANE 30. CIS-2-PE NTENE 47. OXYGEN 
14. N-DECA NE 31· TRANS-2-PENTENE 48. CA RBON 1"\0NOX I DE 
15. N- UNDECANE 32. 2-METHYL-1-BUTENE 49. CAR BON DIOXIDE 
16. N-DODECANE 33. 3-METHYL-1-BUTENE so. HYDROGEN SULFIDE 
17. N-TRIDECANE 34. 2-ME THYL-2-BUTENE 51. SULFUR DIOXIDE 

52. 2-METHYL-CS 56. 1-HEPTENE 60. C2-CYCLO-C6 
53. 3-t'li[THYL-C5 57. PROPAD IE NE 61. ISOPRENE 
54. 2•2-DI-C1-C4 58. 1•2-BU TA DIENE 62. WATER 
55. 2•3-DI-C1-C4 59. C2-CYCLO-C5 

COMMONIPROPIAPC(l 0 l,ATC(l 0 l,AVC(l0),AMW(l0l,AOMEG<lO),ADEL<10l, 
lAV\v( 10> •A PH( 10) , BE T< 10l , GAM <10 l ,DTA< 10), 
2BASEA< 10) ,sASEB< 10) tZCD( l Ol •ALD( lCl 

C STANDARD COMPONENT NAMES 
c 

-•T"• 1 ~ ,-•l f&l~r- I"Y\ ... . , ., ,"':' \I 
LJMI/-\ \.J\._.I'Lt-o\I"IL\J/71-.l,J.JUI/ 

1 4H HYD,4HROGE•4HN t4H •4H MET,4HHANE•4H •4H 
1 •4H ETH•4HANE •4H •4H •4H PR0•4HPANE,4H •4H •4H I-8•4 
2HUTAN•4HE ,4H •4H N-B•4HUTAN•4HE •4H •4H I-P,4HENTA,4HNE 
3 •4H •4 H N-P•4HENTA•4HNE ,4H •4H NE0•4H-PEN•4HTANE•4H ' 
44H N-lh4HEXAN•4HE •4H •4H N-H•4HEPTA,4HNE •4H • 4H N-0,4HC 
5TA N•4HE • 4H ,4H N-N,4HONAN•4HE •4H •4H N-D•4HECAN•4HE 
6•4H •4H N-U,4HNDEC,4HANE ,4H ~ 4H N-D,4H0DEC•4HANE t4H t4H 
7 N-T, 4 HRIDE•4HCAN E , 4H • 4H N-T,4HETRA•4HDECA,4HNE , 4H N-P , 4HENT 
8A,4HDECA•4HNE • 4H N-H •4 HEXAD •4HECAN•4HE , 4H N-H•4HEPTA•4HDECA•4 
8HNE • 4H ETH,4HYLEN•4HE t4H ' 
9 4H PRQ,4HPYLE• 4 HNE •4H •4H 1-B•4HUTEN, 4HE •4H •4H CI S , 
A4H-2-B• 4 HUTEN,4HE •4H TRA•4HNS-2,4H-BUT,4HENE ,4H I-B•4HUTEN,4HE 
B •4H • 4H 1• 3 •4H-BUT,4HADIE•4HNE •4H l-P• 4HENTE,4HE •4H 
C•4H CJS,4H-2 - P,4HENTE,4HNE •4H TR-•4H2-P f ,4 HNTEN•4HE t4H 2-Ct4H 
Dl-l-• 4 HBUTE, 4HN E ,4H 3-t•4Hl-l-,4HBUTE•4HNE , 4H 2-C, 4Hl - 2 -,4HBUT 
~~,~~~~4HC~~L}4~o~~§~~~ ' 4HE ,4H'~~C,4HL~~E~4~x~~E~~~' 4HN!~~,~~~,4HC~ 
GCL, 4HO-C6,4H I 

DATA <SCN/\i'v\E( I l t!=l57,248ll 
G 4H BENt4HZENE ,4H •4H •4H TOL,4HUENE,4H ,4H , 
H4H 0-X,4HYLEN,4HE •4 H •4H M-X,4HYLEN,4HE ,4H ,4H P-X 9 4HY 
1LEN•4HE •4H •4H ETH,4HYL BE,4HNZEN,4HE •4H NITt4HROGE,4HN 
Jt 4 H •4H OXY,4HGEN •4H t4H ,4H CO •4H t4H ,4H ,4H 
K C02•4H •4H t4H t4H H2S ,4H ,4H t4H ,4H S02, 4H 
L t4H t4H •4H 2-M,4HETHY,4HL-C5,4H •4H 3-M,4HETHY,4HL-C5 
M•4H ,4H 2•2•4H-DI-•4HCl-C•4H4 '4H 2•3•4H-DI-•4HCl-C•4H4 ,4H 
N 1-H,~HEPTE•4HNE • 4H •4H PR0,4HPADI,4HENE ,4H t4H l,2,4H-BU 
0Tt4HADI E •4HNE •4H C2-•4HCYCL•4HO-C5t4H t4H C2-•4HCYCL•4HO-C6•4 
PH •4H IS0•4HPRENt4HE t4H ,4H WAT,4HER t4H ,4H I 



c 
c 
c 

c 
c 

c 
c 

c 
c 

c 
c 

c 
c 

c 
c 

( 
c 

c 
c 

54 t•2466te347lt.ll93te 09 87,.2709te3046te213,.348/ 

CHAO-SEA DER MODIF IED HILDEBRAND SOLUBILITY PARAMETER 
CCAL./ML. l** 1/2 
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REAL DEL(62l 
DATA DEL/ 3.25t5e45t5.88t6.00 t2*6.73•3*7.02lt7.266t7e43t7.55lt7 
1.649t7.72lt7.79t7.84t 7 . 89 t7.92,7.96t7.99, B.o3 ,5.8,6.2t4*6 .76t6.94~ 
26*7e 055 t7e4• 8.107 t7e 849t8el96 t7e826t 9 el5 8t8e915 t8e 987 t8e8l8t8e7699 
38e787t2e58,4.,3.13;6.,5.6 34 t6e,7e0l8t7Gl32t6e712'6•967t7el68t6e854 
4t7.95t7.7 39 t7.743•7.277t 7.39 / 

VOL UME AT 25 DEG.C. ' ML .I G-MOLE 
REAL V25i62l 
DATA V25/ 3l.t52et68et84.tl05.5tl01.4tll7.4tll6.ltl23.3tl36.6t 

1147.5tl63. 5 •17 9 .6tl96., 212 .2t228.6t244. 9t261.3t277.8t294.lt 310 .4· 
26let79et 95 . 3t91 . 2 t 93e8•95 o4t88e,110•4t107.8tl09et108e7tll2e8t106 •7 
3tl2 5 .8t 94. 7tl13.1tl 08.7t128 . 3 t 89.4 t106. 8tl21.2t123 .5tl24 •• 123.lt 
4 36. 0 • 28 . 4 • 35.2•53 .6•4 3 .6•45 . 2,132 .9•130.6•122.7t131.2tl41.7•61.6t 
5 83.7t128. 8 t143.1tl00.37t18. 076 / 

CHAO-SEADER CHARACTERISTIC MOLAR VOLUMES - Mle/ G-MOLE 
REA L VW(62) 
DATA VW/ e955t5.,7.88tl0o35t l3.37tl3••15.36tl5·27tl5.89tl 7. 64t2 
10.05t2 2 e 49 t 2L~e94t27 e4 2 t29e9,32.39t34e88t37e39t 39 e8 9 t42e4lt 44o92t6 e 
288t9o69tl 2 el7t1lo7ltl 2otl2e l7,1lo 2 7tl4o 55tl4 e26,14o4ltl4 e3ltl4.77t 
314el 4tl6o9tl2o72tl5 e 33tl4 e87tl7o67tl2o26tl4.83tl7e03tl7e28,17o34'1 
47e23,2e534t2o87lt2o584t6e365,5o08lt6o5l6•17e727tl7e473•16o297t 
517. 519 tl9o22 3 t7e72ltl 0.936tl 7o713•19o91 6 '13. 297 t2o552/ 

CRITICAL TE MPERATURES, DE G. K. 
REAL TC< 62l 
DATA TC/ 33.27•19 0 .7,305.43t369.97t408.14t425.17t461.,469.78t43 

13.76, 507 . 9 t 54U.16t569.4t595ot619.,640.,659.,677.,6 95 .,710.,725.,73 
25et2 83 . 06,365e1,419e6t428et428et417o89t4 25 ot 474 et4 8 lel6t479el6'472 
3.16 ,4 61.16t471.16,5 0 3.99t511.76t532.77t553.46t572.16t56 2 .6lt594.,6 
432e2t61 9.2 ,618o2t619e7, 126 . 2 • 154 . 8 , 81 .7tl 94.7 t711.4o 7A1 . 7 ,4 9R . OA • 
5~04~3~.4~G.~G.50il.28•535e5!392.78·& 58=06 ~ 559 ;hh:502.S!:~e~.2e: 
6647.33/ 

CRITICAL PRESSURES , ATM. 
REAL PCC62l 
DAT A PC/ 12.79t45.8t48.2t42.01t36.,37.47t32.9t33.31,31.57t29.92 

1•27.0 1 ,24. 64 ·22.5,20. 8 ·1 9 .2,17.9,17.,16··15.,14.,1 3.,50 . 5 ,45.4, 39 . 
27t4lot4let39e45t4 2 e7t 39 e9, 3 5e3t35olt35et 34 e 5 t35e 9 ~32el,44e 55 ,37e36 
3'38.2t34 . 3 2,48o6,4 0 . ,36 ., 35 e• 34et37.,33o5,50ol'34e5'72.9t88o9 ,77o 7 
4•29.94,30.83,3 0 .65,3 0 .9 9 ,28.05,45.92,40.12• 33 ·53,30.88,38.,218.37/ 

CRITICAL VOLUMES, CC.IG MOLE 
REAL VCC62) 
DATA VC/ 65 .0t 99 .5,1 48 .,200.,z63.,255., 308 .,311.,303., 368. ,426. 

1'486.,54 3 .s6 02 ., 660 ., 718 .,780 .,830.,890 .,95 0 .,1 000 .,124.,18l., z40 o 
2'236e,2 4U .,2 35 ., 221 •' 295 .,z95•'295e'301••291•' 286 e'350., z60 •,319•' 
3308.•344.,26U.,316.,36 9 ., 376., 3 78e'374.t 90 .1,7 4 .4t93.lt94e'95.,122 
4.,367.,367.,359.,358.,4 05 .,146., 221 .,375.,41 9 ., 266 .,56.1 

MOLECULAR WE IGHTS 
REAL MW I62l 
DA TA MW / 2.016 •16. 042,30 . 068,44 . 094 ' 2*58.12•3*72.146,86 .172, 

11 00.1?8,114 . 22 4tl28.25,14 2 .276sl56.302,17 0 . 328 ' 184.354 '1 98 .3 8 , 
2212.4U6,226 . 432 ,24 0 . 458,z8.052,42 . 0 78, 4*56 .104,54. 088 '6*7 0 .1 3, 
3~4.15 6 ,7 0 .13~2* 84 .1 56 t 98 .1 82 ,7 8 .1 08 , 92 .1 34 ,4 *106 .16,2 8 . 0 16,32.,28. 
4Ul,44.01, 34. U8 t64e 06 ,4 *86 e2, 98 e2 ,4 0 el,54el' 98 e2'll 2 e2'68el,l 8 e02/ 

DENSITIES AT 15 DEG. c., G./ML. 
REAL DENS <62) 
DATA DENS / . 07,.z,.376,.5 076,.5633to5 84 7,. 6246 ,.6 3089• · 596 7,.66 

13849e6880l ,e 70654 te7214 6 ,. 7339 ,e7440 te7 525, .760Q ,. 7663 'o77 20,.7734 
z,.7780 ,.3 490 ,. 5226 ,. 60 14,.6271,.61•·6 005,.6274,.64565te6607•·6534, 
3e6558,e63 26 ,o6776,o6777 9 ,e75 0 18'o7534,o783 14to77371te88417'e87146' 
4e8 8440 ,. 86836 ,e865 32 tc 8 71 4l •o 808 ,lel40s. 804t lel 01 ,.79 0 ,1e434te6579 
5,.669, . 654 ,. 6664 ,.7 0 15,.657,.658 ,.771,g792 2 ,.6861,1.0/ 

**** COEFFICIENTS OF ZERO PRESSURE HEAT CONTENT. ***** 
REAL APHAI62l 



( 

c 
c 

c 

c 

800 

720 
721 

READ COMPONENT NUMBER 
RE AD ( 5 , 7 12 JI 
JF(E OF, 5 J72 0 9721 
CALL EXIT 
I 1=4*( I-1 J+1 
12=11+3 
VC(IJ=VC(IJ*.45359/28.32 
PUNCH DA TA 
WRIT E ( 7 t7 12 l I' ( SCNAME ( JJ l 'JJ= I 1, I 2 l 
PP=I4. 696*P CCil 
TT=1. 8* TCC I l 
BAS EB <Il= O. OR67*TT/PP 
ZC D( I l=PP *VC< I J/( 10 .7 3*TTJ 
BA SEA(I I= SQR TC0.4278 * TT* * Zc5/PPI 
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WRI TE (7, 7 141 PP,TT,VC< Jl, MW <IJ, OME GA(IJ, DEL(IJ,VW(IJ,APHA(ll •BETTA( 
11 l ,G AM AC I l , DELTA< I I •BASEAC I l • BASEBC I l ,zCDC I I ,DE NS( I I 

GO TO 800 

712 FOR MATCJ5,4A4l 
714 FO RMA TC5E14.51 

END 



c 
c 
c 
c 
c 

c 
c c 

c 
c 
c 
c 

c 
c 

c 
c 
c 
c 
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SU BROUTINE KHZ TIARGtANStLISTl 

THIS IS A COMPRE HE NS IV E THERMO. DATA SU BROUTINE 
le ENTRY DENS IAR G,ANStAAMWl 

WITH 8 ENTRY POINTS 

2 . ENTRY ENTH I ARGtANStDUMl 
3 . ENTRY KVAL I ARG , ANS, L IST l 
4. ENTRY TSUB H I ARG,ANS ,D UM l 
5. ENTRY BUBTP I ARG,ANS fl IS Tl 
6. ENTRY DEWT P IARG,ANS,l ISTl 
7. ENTRY PBUB I ARG tA NS tl ISTl 
8. ENTRY PDEW IA RG , ANS ,LI STl 

INTEGER ARG'C9UNTT,COUNT,COUN ,COMPNT,VPFRAC 
REAL X18 J,LI S I B I,L NPHI IBl,LNACTIBJ,LNNUIBl , KV (8), NEWX I8ltAV25(8l 
REA L LHC, MPOLY, MA DDY 
LO GI CAL FFLAG,FLAGtAKFLAG 
EQUIVALENC E ITRE,TEMTURl 
DAT A TTLOW/240.1 

I NTERNAL FUNCTIO NS . 
AS STATEMENT FUNCTION 

***** DELHV + DELHL ***** 
DELHVL 

DELHVL(H,Zl=ll.5 * ASQDB*AL0Gi l. +H l+l.-Zl *TEMTUR*1•986 

DPOLY I A'B'F'H , Z l =A+ I B+ IF+ H*Z l *Zl* Z 
DA DDY (A' B ' F ' H,ZJ=A+B*SRED1+F*SRED 2+H*ARED+Z•SRED4 
M P n I Y I .A. ] • f::. 2 • ,f::. 3 • t;._ LJ. • 7 l = _A. l .._ ( ,6, 2 .._ I _fl.. 3 ~ ,fc-,1~ * ! ~ * Z. ) * ?_ 
MADDY I A1,A2,A3,A4 , A5l=A1+A2*SRED1+A3*SRED2+A4*ARED+A5*SRED4 

FU NCT I ON FOR TEMTUR STARTING VALU E FOR BUBBLE + DEW POINT ITERATION 
REGRESSED OVER RANGE AAMW =11, 55 , PRSS UR =l0,565 ( HYDRO CAR BON S CO-C 
TE MSTIAA MW ,PR SSURl=-42 . 0 +AAM W* I18.6-0.143 * AA MW )+ 0 . 282*PRSSUR 

1 -1007. / PRSSUR 

CH AO-SEADER COEFFICIENTS FOR LIQ UI D FUGACITY 
AS MOD IFIE D BY GRAYSON AND ST REED . 
CHAO- SEADER COEFFS RETAINED FOR H2,CH4 
REAL CO EFFTI3,1 0 l 
DAT A COEFFT/1 . 96718,2 .4 3840,z . 05 1 3 5,1.02 972 ,-2.2 4550,-2 .1 0899 , 

1 -0.054009,- 0 .340BL,, o.,o . ooo5zas , o . ooz1z,-0.19396,o.,-o . oo223, 
2 o. 022Bz , o .ooasss , o .l 0486 , o . osasz,o .,-o . o369 1' 3*0 ·'-o.o os 7z,z*o., 
3 -0.0 0353 , 2*U ., u . 002U3 / 

~ONS T ANTS FOR YEN AND WOOD S CORRELATION 
REAL FR I( 5,3 l 
DATA FRI / -. 0817 ,.327 4 ,-. 5014 t. 3870 ,-.1342,.0933 ,-.3445,.4042 

lt-.2083,.G5473,. 089 ,-.434 4 ,.791 5 ,-.76 54 ,. 3367/ 
REAL FRJ ( 5 , 3 ) 
DATA FRJ / -. 0230,- . 0l24 ,.1 62 5,-.2 135,.08643,.0z2,-.oo3363 , 

1 -.0796, . 0a546 ,-. oz 17,.0674,-. o6 109 ,. o6z61 ,-. 2378,.1665/ 
REAL FRK I 4t3 ) 
DA TA FRK / . 056 26, - .3 518 ,. 6194 ,-.380 9 ,. 01937t- . 03055 ,. 06310 , 0 e 0 

lt-. 01393, -. 003459 t-.l611' 0 • 0 / 
REAL FRL I 5 ,3l 
DAT A FRL/ -2l.0,55.174,-33.637,-28.109,z6.277,-16.0,30.699, 

1 19 . 645,-81 . 305 ,47. 031 .-6.55, 7 . 8027, 15 . 344 ,-37 . 04 , 20 .169/ 
••• PRESE T VALUES ••• 
DATA LNPHitLNACT,LNNU/24*0./ 

ENTR Y DENS 
ASSIGN 20 TO LOC 

***** ZDENS ***** 



c 
~ 

c 

GO TO 1000 
20 ASSIGN 22 TO LOC 

GO TO 3000 
22 IF CVPFRAC .NE. 1) GO TO 24 

ASSIGN 23 TO LOC 
GO TO 5000 

23 ANS=PRSSUR/C10.73*TEMTUR*ZFACl 
GO TO 28 

24 IF CVPFRAC .NE. 0) GO TO 26 
ASSIGN 25 TO LOC 
GO TO 6000 

25 ANS=RO/AAMW 
28 LISTCll=AAMW 

RETURN 
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26 WRITEC6,27l 
27 FORMAT(80HO* ** DENSITY CANNOT BE CALCULATED BECAUSE VAPOR FRACTION 

1 IS IMPROPERLY SPECIFIED> 
ANS=0.5 
RETURN 

ENTRY ENTH 
ASSIGN 30 TO LOC 
GO TO 1000 

31 ANS=O. 
RETURN 

***** ENTH ***** 

30 IFCTEMTUR.LT.1.l GO TO 31 
LOS=1 
GO TO 14000 

33 ANS=GETH 
RETURN 

C ***** KVAL ***** 
c 

c 
c 
c 

ENTRY KVAL 
ASS I ~N 40 TO L0C 
r;l"\ TC 11"'\f"'\(\ 

40 lF(VPFRAC ~ .NE. 0) GO TO 43 
LOS=1 
GO TO 70 00 

43 IFCVPFRAC -.NE. 1 l GO TO 45 
LOS=1 
GO TO 80 00 

45 WRITE(6,46l 
46 FOR MAT<71H U* ** K-VALUES CANNOT BE CALCULATED' VAPOR FRACTION IMPRO 

1PERLY SPECIFIED) 
47 DO 48 I =N FC,NLC 
48 LIST< I l=KVC I l 

RETURN 

ENTRY TSUBH 
ICAL=l 
ASSIGN 50 TO LOC 
GO TO 1000 

***** TSUBH ***** 

50 IFCTEMTU R.EQ.O.J TEMTUR=500. 
FRDV=O.lO 
D0 .56 COUNT=1t10 
LOS=2 
GO TO 14 000 

52 HTRY=GETH 
SUfvlM=HCON T -H TRY 
IF<ABSCS UMM/HCONTl .GT. 1.E-3 ) GO TO 55 
ANS=TEMTUR 
RETURN 

55 ASSIGN 56 TO LOC 
GO TO 200 0 

56 CONT I NUE 
WRITE< 6,57l 

57 FORMATC54 HU* ** TEMPERATURE AT INDICATED ENTHALPY CANNOT BE FOUND) 
ANS=TE MTU R 
RETURN 



c 
C ***** BUBTP ***** 
c 

ENTRY BUBTP 
ICAL=1 

650 ASSIGN 60 TO LOC 
GO TO 1000 

61 ANS=O. 
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WRITE(6,6lll 
611 FORMAT!63H * ** ABOVE CRITICAL PRESSURE - DEW/BUBBLE POINT CANNOT B 

lE FOUNDl 
RETURN 

60 IFIICAL.EQ.2l GO TO 651 
c **** 
C CALC APPRCX STARTING VALUE FOR TEMTUR 

TEMTUR=T EMST IAAMW,PRSSURJ-15. 
FRDV=0.07 

c **** 

c 
c 
c 

651 IFICOUNT.E Q.1l GO TO 70 
LOS=1 
GO TO 4000 

63 IFIPRSSUR.GT.(l.OS*PCR!Tl l GO TO 61 
ENPH I=O. 
CALL ZEROILNPHI,NOCOMPl 
CALL ZEROI NEWX , NO COMPl 
DO 164 COU NT=1,15 
ASSIGN 64 TO LOC 
GO TO 12 000 

64 ASSIGN 65 TO LOC 
GO TO 110 00 

65 DO 66 I= NFC ,NLC 
TEMP=NEWXCil 
N E ~~ X ( I l = X I I l 

66 X I I l = T Etv1P 
COUN= O 

67 FFLAG=.FALSE. 
JF((OUNT .FQ. 1 l GO TO 6R 
~()S- 2 
GO TO 8000 

68 ASSIGN 69 TO LOC 
GO TO 9000 

69 DO 160 I= NFC •NLC 

160 

16 1 

161 1 
162 

16 3 

164 
16 5 
166 

TEMP=KV(I l *NEWX I!l 
lFIA BS IIT EMP-XCi ll/TEMPl.GT. l.E-5) FFLAG=.TRUE. 
XC I l =TEMP 
COUN =COUN+1 
~~~F~e~~ J G~~2 9 b ~9 TO 165 
SUMM =O . 
DO 161 I= NFC ,NLC 
TEMP= X I I l 
XIIl=NE WX IIl 
NEW X < I l = T U1 P 
SUMM=S UMM+I 1.-KVIIll*XIIl 
CONTINUE 
IFIABSISU MM l/TMOLE .GT. 5.E-3 l GO TO 163 
DO 162 I= NFC , NLC 
LI ST<Il =K VIIl 
IFIIC AL . E0 . 2 l GO TO IPRtl310,410) 
AN S= TEMTU R 
RETURN 
ASSIGN 164 TO LOC 
GO TO 2000 
CONTINUE 
vJRITE( 6d 66 l 
FORMAT I 38HO*** BUBBLE POINT CANNOT BE DETERMINED) 
GO TO 1611 

ENTR Y DEWTP 
ICAL =l 

***** .DEWTP ***** 

750 ASS I GN 70 TO LOC 
GO TO 100 0 



70 LOS=2 
IF!ICAL.EQ.2) GO TO 751 

c **** 
C CALC APPROX STARTING VALUE FOR TEMTUR 

TEMTUR=TEMSTCAAMW,PRSSURl 
FRDV=0.07 

c **** 

c 
c 
c 

c 
c 
c 

c 

751 GO TO 4000 
73 IFCP RSSUR .GT.C1.05*PCRITll GO TO 61 

TT=T EMTUR 
ENACT=O. 
CALL ZEROCLNACT,NOCOMPl 
CALL ZEROCNEWX,NOCOMPl 
DO 174 COUNT=l,l5 
ASSIGN 74 TO LOC 
GO TO 3000 

74 ASSIG N 75 TO LOC 
GO TO 5000 

75 ASSIGN 76 TO LOC 
GO TO 10000 

76 DO 77 I=NFC,NLC 
TEMP= NEWXCI l 
NEWXCI>= XCI) 

77 XC I >=TEJ'v1P 
COUN =O 

78 FFLAG=.FALSE. 
LOS=2 
GO TO 7000 

79 DO 170 I=NFC,NLC 
TEMP =NEWXC il/ KVC I l 
IF!ABS((TEMP-XCil!/TEMPl.GT. l.E-5 l FFLAG=.TRUE. 

170 XCI>=TErvlP 
COUN=COUN+1 
IF< COUN.GT.20) GO TO 175 
IF< FFLAGl GO TO 78 
SUM M=O . 
~'"' , -,1 t -"•cr. P-.11 r 
VV .1. I ..1.. .L - ,-., , '- 7 f'CL.'-

~ E i•i ;:: ::: X i i l 
X ( I > = N E -.,.J X C I l 
NEWX(J)=TEMP 
SUMM=SUMM+<l.IKVC!)-1al*X(I) 

171 CON TINUE -
IF< ABS!SUMM I/T MOLE .GT. 5.E-3 l GO TO 173 
GO TO 1611 

173 ASSIGN 174 TO LOC 
GO TO 2000 

17Lf CONTINUE 
175 WRITE( 6,176 1 
176 FORMATC35H0*** DEW POINT CANNOT BE DETERMINED> 

GO TO 1611 

ENT RY PBUB 
ICAL =2 
FRDV=-0.25 
ASSIGN 31U TO IPR 
GO TO 650 

310 ANS=PRSSUR 
RETURN 

ENTRY PDEW 
ICAL=2 
FRDV =-0.25 
ASSIGN 410 TO IPR 
GO TO 750 

410 ANS=PRSSUR 
RETU RN 

***** PBUB ***** 

***** PDEW ***** 

C INTERNAL FUNCTION ***** COMVEC ***** 
c 

1000 IFCA RG .GT. Ol GO TO 1007 
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c 
c 
c 
c 
c 
c 

c 
c 
c 
c 

J=-ARG 
DO 1006 I=1tNOCOMP 

1006 XC I l=XOUTC I , J) 
TEMTUR=TOU T<Jl 
PRSSUR=POUT<Jl 
HCONT=HOUT(J) 
VPF RAC= VFOUT !Jl+O.OOl 
TMOLE=T MOUT !J) 
GO TO 1009 

1007 J=ARG 
DO 1008 I=l,NOCOMP 

1008 X!Il=XINCidl 
TE MTUR=TINCJ) 
PRSSU R=PIN <Jl 
HC ONT=HIN(J l 
VPFRAC =VFIN!J)+O.OOl 
TMOL E=TMIN! Jl 

1009 COUNT=O 
NLC=O 
AAMW=- 0 . 
DO 1005 I=l,NOCOMP 
XX=XII )/T MOLE 
JF!XX.LT. 0.002 l GO TO 1005 
AAM W=AAMW+AMW!I l*XX 
COUNT =COUNT+l 
IF!NLC.G1. 0l GO TO 1004 
NFC=NLC=I 
GO TO 1005 

1004 NLC=I 
1005 CONTINUE 

NCMP=COUNT 

2000 

GO TO LOC,(2 0 t30t40,50,6 0 ,70l 

INTERNAL FUNCTION ***** 

ICAL=l ITERATING ON TEMTUR 
ICAL=2 ITERATING ON PRSSUR 

IF!ICAL.EQ.ll VAR=T EMTUR 
IFIIC AL.EQ .2l VA R=PRSSUR 
OLV AR=VAR 
IFICO UNT .GT.1l GO TO 2001 

ITER ***** 

SU MivJ + TEMTUR TOO LOW ' PRSSUR TOO HIGH 
- TEMTUR TOO HIGH , PRSSUR TOO LOW 

IFISU MM l 2005 ,2 005,2003 
2001 JF(IIl20 02 ,2 008,20C4 
2002 IF!SU MM .LT. O.) GO TO 2005 

I I == 0 
2003 VLO itJ =VAR 

SUML = SU~·1M 
JF!CO UNT .EQ.l) GO TO 2007 
IF ( I I • E Q . 1 l GO T 0 2 0 15 
GO TO 2012 

2007 II=l 
GO TO 2014 

2004 IF!SUMM . GT.O .l GO TO 2003 
II=O 

2005 VHIGH=VAR 
SU MH=SUi'-iM 
IFI COUNT . E0 .1l GO TO 2006 
IF (I I . EQ .-1 l GO TO 2015 
GO TO 2012 

2006 I I =-1 
GO TO 2014 

c 
2008 IFCSUMM.GT.O.l 

VHIGH=VA R 
SUI"lH= SUr-1M 

GO TO 2010 

GO TO 201 2 
VLO itJ=VAR 
SUML= SUMM 
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2012 VA R=IVLOW*SUMH -VHIGH*SUMLl/ISUMH-SUMLl 
D I FV=VH I GH-VLo·w 
! FINCMP.FO.ll GO TO 2113 
SGN=SIGNiletFRDV l 
DFV =D IFV*SGN 
IFIICAL. EQ . l l VTOL=2. 
IF!ICAL. EQ . 2l VT OL=0.02*VA R 
IF!DFV.GT.VTOLl GO TO 2113 
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C** 
c SP ~CIA L RESTART PROCEDURE FOR BUBTP + PBUB CONVERGENCE 

RE-E STABL ISHE S LOW TE MP OR HIGH PRES (LOW K VALUEl LIMIT 
I I =-1 

c 
DV=-0•5*FR DV* VLOW 
VAR =VLOW 
GO TO 2015· 

C** 

c 

c 
c 
c 

c 
c 
c 

c 
c 
c 
c 
c 
c 
c 
c 
c 

c 

2113 RSUM=ABS<SUML/SUMHl 
IF< RSUM .L T. U.l5l VAR=VLOW+0.3*DIFV 
IFIRSUM.GT.7. 0 1 VAR=VLOW+0.7*DIFV 
GO TO 2016 

2014 DV=FRDV*SIGN!VAR,SUMMl 
2015 VAR=VAR+DV 
2016 IF!l~AL . EQ .1l TEMTUR =VAR 

IF<TE MTUR . GT .TTL OW l GO TO 2017 
WRITE!6t210 Ul 

2100 FORMATI20H *** NON-CO NDEN SABLE) 
TEMTU R=T TL Q\.-.' 

2017 9~<f2A~~~~.2l PRSSUR=VAR 
IF!PR SSUR .GT • ( l. 0 5*PCRIT> l GO TO 61 
GO TO LOCtl56,164,174l 

3000 

3001 

4000 

4001 

INTERNAL FUNCTION 

A=B=SUMX=O. 
nn ~001 T=NF\oNI I 
~-"- ~ .:L ~ i'. s:: ~ ~ ! - ~ .i >: ( !' l 
A ~A+BASEAill*X III 
SUMX=SUMX+X! I l 
A=A / SUMX / TEMTUR**l .25 
B=BISUMX/TE MTUR 
ASO DB=A*A/B 

***** CALCAB 

GO TO LOC,(4001,8001,14001,22t74 

INTERNAL FUNCTION 

AS SIGN 4001 TO LOC 
GO TO 3000 
TRASH=<4.94/ASQD Bl**• 66 66667 
PCRIT=. 08 67/ITRASH* Bl 
GO TO (63,73l,L OS 

***** 

INTERNAL FUNCTION ***** ZF AC -lC·**** 

5000 

ORIGI NAL NEW TON- RAPHSON IT ER ATIVE SOLUTION FOR REDLICH-KWONG 
HA S BEEN REP LACED WITH ANALY TICAL SOLUTION FOR CU BIC I N Z 

ThE VAPOR COMPRESSIBILITY ZFCTOR IS ALWAYS .IHE FIRST ROOT-ZZ 

BP=B*PRSSUR 
ZBl=-1. 
ZBZ=BP*IASQDB-1.0-BPl 
ZB3=-ASQD B*B P*BP 
ZB10V 3=ZB1 13 .U 
ZALF=Z B2 -Z Bl *ZBlOV3 
ZBET=Z~O*ZB10V3**3-ZB2*ZB10V3+ZB3 
ZBETOVZ=ZBET/2. 
ZALFOV3=ZALF/3. 
ZCUAOV3 =Z ALFOV3**3 
ZSQ BOV2= ZBETOV2**2 
ZD EL=Z SQBOV2+ZCUAOV3 
FOR ZDEL +VE THERE IS ONLY ONE REAL ROOT 



c 

c 
c 
c 
c 

5004 

5007 
5008 
5009 
5010 

5003 

5012 

5011 
5013 

5100 

FOR ZDEL -VE THERE ARE THREE REAL ROOTS 
IF!ZDELl50 03 ,5 003 ,5004 
ZEPS=SORT!ZDELl 
ZRCU =-ZBETOV2+ZEPS 
ZSCU=-Z BETOV2-ZEPS 
ZSIR =1 .0 
ZSIS =1 .0 
IF!Z RCU l5007,5008,5008 
ZSIR=-1·0 . 
IF!ZSCUl5009,5010,5010 
ZSIS =-1 .0 
ZZR=ZSIR*<ZSIR*ZRCUl**0.33333333 
ZZS= ZSIS* !ZSIS*ZSCUl**0 . 33333333 
ZZ=ZZ R+ZZS-ZB10V3 
GO TO 5100 
ZQUOT=ZSO BO V2/ZCUAOV3 
ZROOT =SORT!-ZQUOTl 
ZTERM=I. 0 -Z ROO T**2 
IF!Z BETl5Ul1,5012 t5012 
ZPEI=(l.5707 96+AT AN!ZROOT/SQRT!ZTERMl) l/3.0 
GO TO 5013 
ZPEI=ATAN!SOR T!ZTERMl/ZROOTl/3.0 
ZFACT=2. 0*SOR T!-ZALFOV3l 
ZZ=ZFACT *COS!ZP Eil-Z BlOV3 
ZFCT OR=ZZ 
ZFAC=ZF CTOR 
H=BP/ZFAC 
GO TO LOC,!23t80 02 ,140 0 2t75l 

INTERNAL FUNCTION ***** LIODEN ***** 
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c ••• YEN AND WOODS CORRELATION ••• 
6000 PST=PSV=ZCE=O. 

DO 61 0 1 I=NFC,NLC 
PST=P ST+X !Il *ATC!I) /T MOLE 
DSV=P SV+X Cil*AV ( f J)/TMO LE 

G! 'Jl Z. ~ L = Z C [ : X ! ~ ~ ~ 2 C 8 ~ I ) / T ~1C ~- [ 
PSP=!ZCE * l U. 73E0*PSTl/PSV 
AC ON=DPOLY!l7 . 4425E0,-214.578E0,989 .625E Ot-1522. 06EO,z CEl 
IF!ZCE.GT •• 26E0l GO TO 6111 
BCQN=DPOLY<-3.28257EU,13.6377E0t107.4844EOt-384.21lEO,zCEl 
GO TO 6120 

6111 BCON= DPOLY(6u.2091E0t-402.063EOt50l.EOt64leEO,ZCEI 
6120 DCON=.93E0-8CON 

TROD=TEi'HUR/PST 
ARED=J.OEO-TROD 
IF!T ROD . GE . l . EOl ARED=O.OEO 
SREDl=ARE D** !l./ 3 .l 
S RED2=SREDl*SREDl 
SRED4=SRED2 * SRED2 
RHORS=DADDY!lE Ot ACQN , BCQN ,OEO,DCONl 
E27=DADDY<.714E0,-1.626E 0 ,-. 646E0 ,3.699E0,- 2 .198EOl 
IF!TROD.GE.l. OEO l GO TO 6300 
F27=-ALOG!TR0 Dl 
F27=.268E O* !TRO D**2. 09 67l/(l.OE0 +.8EO*!F27**•44ll l 
G27=.U 5E0 +4.221E0*( <l. OlE0-TROD l**•75l *EXP I-7. 848E0* (1.01EO -TROD l I 
GO TO 6 301 

63 00 F27=. 268EO* ITROD**2.0967l 
G27=.v 5EO . 

63 0 1 H27=DA DDY !-1 0 . 6E0 ,45. 22E0,- 103 .79E Ot1l4•44EOt-47.38EOl 
IF!Z CE . LT •• 25EOJ GO TO 6102 
IF!ZCE.GT •• 3vE0 l GO TO 6104 
DELPZ=<ZCE-.25E 0 li. Ol2E 0 
AFAC =3 .1 E0+DPOL YI-.21417E-1,-.133624E0,.0619168EO,-.ol0875EO, 

1 DELPZJ *DE LPZ 
GO TO 6103 

61 04 AFAC=l.BEO 
GO TO 6103 

6102 IF!ZCE.LT •• 23E0 1 GO TO 6105 
DELPZ~!ZCE-.23E0l /. 00SE0 
AFAC=3~15E 0+DPOLY<- . 283392f - 2t . 3 583 31E-2 ,-. 31658E-2 ,.416557E-3t 

1 DELPZl*DE LPZ . 
GO TO 6103 



c 
E 

6105 
6103 

6113 

6107 

6112 

7000 

7001 

7002 

AFAC= 3 .15EO 
PRS =E XP!2.3 025 85EO*AFAC*!l.E0-(l.EO/TRODJ)) 
DELP = ! PRSS UR/PSPl-PRS 
TT =DEL P 
IF! DELP.LT •• 2E0 l TT= 0 .2E O 
DELD UM=E 27+F27*ALOG!TTl+G27*EXP!H27*TT) 
IF<D EL P.LT. 0 .2 E0 l DELDUM=DELDUM* <DE LP/.2E 0) 
IF< ABS ! ZCE-.27 E0 ).GT.1.E-10l GO TO 6107 
RDZC=O. . 
GO TO 6112 
J=3 
IF!ZC E. GT •• 27E 0 l J=1 
IFCZ CE . LT •• 2 7E O. AND.ZCE . GT •• 24E0 l J=2 
R I 1 =MADD Y ( F R I ( 1 , J l , F R f ( 2 'J l ' F R I ( 3' J l 'F R I ( 4 ' J l 'F R I ( 5 'J l l 
RJ 1 =MADDY ( FR J ( 1, J l, F l~ J ( 2 , J l 'F RJ ( 3 'J l 'F RJ ( 4' J l 'F RJ ( 5 'J l l 
RKl= MPO LY<F RK < l,J) , FRK(2,J l ' FRK < 3dl tFR K(4,Jl t TROD l 
R L 1 =MADDY ( F R L ( 1 ' J l ' F R L ( 2 ' J. l ' F R L ( 3 ' J l ' F R L ( 4 ' J l ' F R L ( 5 ' J l l 
TT =DELP . 
IFC DELP oLT •• 20 EOl TT=.20EO 
RDZC =R I1+RJ1 *A LOG!TTl+RK1*EXP ( RL1* TTl 
IF< DELP . LT •• 20E0 l RDZC=RDZC* <D ELP/0 .2EOl 
RHO =RHORS+D ELDUM+RDZC 
ROCRI T= <PSP*AAMWl /! ZCE * 10 .73E O* PSTl 
RO=ROCRIT *RHO 
ZLI O= <P RSSUR * AAMWl /C10.73*TEMTUR*ROl 
LHC =B*PRSSUR / ZL I O 
GO TO LOC,(25,14 004) 

INTERNAL FUNCTION 

ASSI GN 700 1 TO LOC 
GO TO 12 00u 
ASSIGN 7002 TO LOC 
GO TO 11000 
AS SIGN 7003 TO LOC 
GO TO 9000 

***** LJQPRM ***** 

-"A- -- T-fVV _) I.JV IV 

c 
c 
c 

c 
c 
c 

8000 

8001 

8002 

8003 

8004 

. 900 0 

90 01 

c 
c 
l 
10000 

10002 

10001 

c 
c 
c 
11 000 

INTERNAL FUNCTION ***** VAPPRM ***** 

ASSIG N 8001 TO LOC 
GO TO 3000-
ASSIG N 8002 TO LOC 
GO TO 5000 
ASSIGN 8003 TO LOC 
GO TO 10000 
ASSIGN 80 04 TO LOC 
GO TO 900 0 
GO TO (47,69) ,LOS 

INTERNAL FUNC TION ***** EQR ***** 

DO 90L 1 I=NFCtNLC 
DKV =2.3 02585 E0*LNNU !Il+LNA CT<Il-LNPHI(J l 
KVCil=EXP<D KV l 
GO TO ~0Ct! 700 3,80 0 4,69l 

INT ERNA L FUNCT ION ***** GASFUG ***** 

ZT=ZFCTOR -1. 
ENPHI=O. 
IFCH.GT •• 999E0) GO TO 1000 2 
ENPH I= ALOGIZFCTOR* !1.-Hl l 
ASC ON= ASODB*A LOGI1 . +Hl 
F3T = [3 -nEMTUR 
AT= A*TEMTUR**1.25 12. 
DO 10 001 I=NF C,NLC 
BTT =BA SEB<Il/ BT 
LNPHI( Il= ZT*BTT-ENPHI- ASCON*IBASEA<I liAT-sTT) 
GO TO L0( ,( 76 , 8003 ) 

INT ERNA L FUN CTI ON 

SUMDEL=SUMV=O. 

***** LIQACT ***** 
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11001 

11002 

c 
c 
c 
12000 

DO 11001 I=NFC,NLC 
A V 2 5 ( I l =A V\.J! I l * < 5. 7 + 3. 0* T EM T URI AT C I I l l 
TEi'1=X ( I l * AV25 <I l 
SUMDEL=TE M*ADELIIl + SUMDE L 
SU ~ V = TE M + SUMV 
IF<SUMV.GT.1.E-30l SUMDEL=SUMDEL/SUMV 
DO 11002 I=NFC , NLC · 
LNACT<Il= AV25(Il * <ADEL Cil-SUMDELl**2/TEMTUR/l.l033 
GO _TO LOC,(65,7 002l 

INTERNAL FUNCTION ***** LIQFUG ***** 

DO 12 G01 I= NFC, NLC 
TRED=TE~TUR/ATC<Il 
PRED=PRSSUR/APC<I l 
J= 3- <2/COMPN TCill 
IF<A BS<AOMEG!Ill.LT •• 03 . AND .J.EQ.3l J=2 

188 

ENNU=( !COEFFT(J,5l*TRED+C0EFFT<J,4ll*TRED+COEFFT(J,3ll*TRED+ 
1CO EFFT (J, 21 / TRED+COEFFT(J ,ll+l <COEFFT(J,81*TRED+COEFFTIJ,7) I* TRED 
2+C0EFFT(J,61 l *PRED+ICOEFFT (J,l0l * TRED+C0EFFTIJ,91 l *PRE D*PRED-
3ALOG I PREDl/ 2 .3 u 2585 

C THI S VAR I ATION SUGGESTED BY GRAYSON AND STREED. 
I FITR ED. GT.l EO l TRED=1E O 

12001 LN NU"!I l=E NNU+AOMEG!I l * ( (-3.15224*TRED*TRED+8.65808l*TRED-4.23893 
1 -1 .22 06/TRED-. 025*<PRED- .6ll 

c 
c 
c 
13000 

13001 

c 
c 
c 
14000 

GO TO LOC,(64,7001l 

I NTERNA L FUNCTION 

SAPH=SBET=SGAM=SDTA=O. 
DO 13 00 1 I=NFC,NLC 
SAPH =SAPH+X<Il*APH (IJ 
SBET =SBE T +X (I l *BET (I l 
SGAM=SGAM+X<Il*GAM<Il 
SDTA=SDTA+X<Il*DTA(Il 

-;(-**** ZPH ***** 

TOK=TRE/1.8 
HBASE=<<<SDTA14. *T OK+SGAMI3.l*TOK+SBETI2.l*TOK+SAPHl*TRE 
r:;n Tn t_nr. c 1 uU (JI) ) 

INTERNAL FUNCTION 

ASSIGN 14 001 TO LOC 
GO TO 3000 

***** GETH ***** 

14001 IF<V PFRAC .NE. 11 GO TO 14003 
ASSIGN 140U2 TO LOC 
GO TO 5000 

14002 HDEL=DELHVL (H,ZFCTORl * TMO LE 
GO TO 14005 

14003 IF!V PFRAC . NE . UJ GO TO 14 00 7 
ASSIGN 14004 TO LOC 
GO TO 6000 

14004 HDEL=DELHVL(LHC,ZLIQ l* TMOLE 
14005 AS S IGN 14006 TO LOC 

GO TO 13000 
14006 GETH=H BASE- HDEL 

GO TO 14 009 
14 00 7 WRITE (6,l4U08) 
14008 FO RM AT !74H U*** ENTHALPY CAN NOT BE CALCULATED' VAPOR FRACTIO N IS I M 

!PROPERLY SPECIF I ED ) 
GETH= O. 

14009 GO TO 
END 

C33,52l •LOS 



SUB RO UTINE ZERO(A,N) 
DIMENSION A(NJ 
DO 1 I=1,N 

1 A(Il=O. 
RETU RN 
END 

SUBROUTINE ZEROI(II ,NJ 
DIM ENS ION Il(NJ 
DO 1 I= 1, N 

1 I I (I l =0 
RETU RN 
END 
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SUBROUTINE FLASHIPEXl 
c 
C***** EQUIP TYPES ADBF 
C MIXR 

10 
21 
ENTR IES C FLASH ROUT INE - 3 

c c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

ADBF - ADIABATIC FLASH 
ISOF - ISOTHERMAL FLASH 
MIXR - ADIABATIC MIXING 

PRESSURE CHANGE ALLOWED 
PEX~O. INDICATE S OUTLE T 

FOR ADBF + MIXR ONLY 
PRESSURE ( PEX) IS PIN ( 1) 

EQUIP OUTPUT VECTOR CODING -
1.- 2. EQUIP NO + TYPE 
3 .- 6. INLET/ OUTLET STREAM NOS 
7. OUTLET VAPOR FRACTION 1*1 00 1 
8.- 9.- (1ST l INLET /OUTLET PRESSURES 

C***** COMMON DECK 
COM MON /CO NTL/NE ,NIN,NOUT,NOCOMP 
COM MON /E OUIP / EOUIPC15l 

IPSIAl 

190 

COI'l f\'10N / SIN/BPINI4l tDPINC4l diNC4l ,PJN(4) tHINC4l tVFIN14) dMINI4l' 
1 XINC8,4l 

C0MMON/SOUT /BPOUTC4lt DPOU TC4ltTOUT(4ltPOUT14ltHOUTC4ltVFOUTC4)t 
1 TMOUTC4J,XOUT(8,4) 

C***** 
c 

C*** 

(*** 

C*** 

c 

121 

122 

100 

LOGICAL FLAGtFFLAG 
DATA FLAG/.FALSE.I 
REAL DUMClltNEWDIFtKSC8lt0LDKSIBl,OLE018)tEQRI8l 
INTEGER TCNT,COUNT 

ENTRY ADBF 
EOTYPE=10. 
ICAL=U 
XHIN=HIN!ll 
GO TO 100 
C .. ITnv T t""AL 
t-. I, t 1'\ I 1 "--"•...1 I 

ICAL=l 
GO TO 100 

ENTRY MIXR 
EOTYPE=21. 
IMIX=1 
ICAL= CJ 
XH=XTM=O. 
CALL ZEROIXOUT!lt1),NOCOMP) 
DO 121 J:::l,NIN 
XH=XH+HINCJ) 
XTM==XTM+Tiv1IN(Jl 
DO 121 I=1tNOCO MP 
XOUTC I dl=X OUT C I d >+XIN< I ,Jl 
HINill=XH 
XHJN=HIN!ll 
TMIN!1 J=XTM 
DO 122 I=1tNOCOMP 
X INC I ' 1 l = XOU T C I , 1 l 
GO TO 104 
IMIX=O 

1 Ot, TC NT= 1 
KCNT=O 

c 

CALL ZEROIBPOUTt60) 
CALL ZEROIOLDKSt24) 
TSAV=TEi--1P=T IN ( 1 l 
PSAV =PIN<1 l 
VSAV=VFINC1l 
BBT=BPINC 1) 
DvJT=DPINC1) 

PX =PEX 
IFCPX.EO.O.) PX=PINI1l 
IP EX=O 
IFIIMIX.EQ.l.OR.PX.N E.PINilJl IPEX=1 



c c 

POUT< 2 l=POUT< l l =PIN <ll=PX 
VFOUT lll= l . 
VFOU T<2 l =O . 
COUNT=NL=O 
DO 102 I=1tNOCOMP . 
IF< ( X I N ( I , 1 l IT ,1.1 IN ( 1 l l • L T • 0. 00 2 l GO T 0 1 0 2 
COUN T=COUNT+l 
IF<NL.GT. Ol GO TO 101 
NF=NL =I 
GO TO 102 

101 NL=I 
102 CONTINUE 

IF<ICAL.EQ.O) GO TO 4 

2 TOUT(2l=TOUT<ll=TT=TEMP 
TMOUT(2l=T MO UT(ll=TMIN<ll 
DO 3 I=NFtNL 

3 XOUT(J, 2 l= XOUT(J,1 l=XIN(l,1l 
IF<<TEMP-BBTl.GT.O.ll GO TO 160 
V=O. 
!=2 
GO TO 162 

160 IF<<D WT-TEMPI .LT. O.ll GO TO 161 
IF<COUNT.EQ.1l GO TO 164 

C MAKE INITIAL K-VALUE ESTIMATES - AT FEED D.P. 
CALL DEWTP l l t ADtKS l 

C ESTIMATE VAPOR FRACTION FROM TEMPS 
V=<TE MP-BBT l/lD WT -BBTl 

c 

c 

c 

GO TO 45 

161 V=l. 
I= 1 

162 CALL ENTH(-J,HOUT(I)•DUM) 
11=3-I 
TMOUT< I I l= O. 
CALL ZFRO(XOUT( 1 ,JJ),NOCOMPl 
GO TO 53 

164 CALL ENTH( 1,XHIN, DUM l 
V=VFIN<1l 
I I = 1 
GO TO 9 

191 

C MUST CALC DEW + BUBBLE POINTS OF INPUT FOR PRES CHANGE OR MIXI NG 
c 

c 

c 

4 IF<IP EX.EQ . U) GO TO 6 
CALL BUG TP(l, BBT t EORl 
IF<C OUNT . GT .1l GO TO 5 
DWT=BBT 
GO TO 6 

5 CALL DEWTPC1 , DWT , KS ) 
6 TINC1l= DW T 

VFIN< 1 l =1 . 
CALL ENTH(l , HV , DU Ml 
DH= 2 5. * Tr"i IN ( 1 l 
IF<<HIN(1l+ DHl.LT.HVl GO TO 14 
V=1. 
ASSIGN 9 TO NRT 
I I = 1 
GO TO 15 

9 TMOUT<IIl=TMIN(1l 
DO 16 J=NF, NL 

16 XOUT ( J, I I l =X IN ( J, 1 l 
VFOUT<I Il =V 
HOUT< I I l=X HI N 
GO TO 150 

14 TIN<1l=8BT 
VFIN<ll=U . 
CALL ENTH(1,HltDUM) 
IF! <HI N<ll-DHl . Gr . Hll GO TO 21 
V=O. 



c 

ASSIGN 22 TO NRT 
GO I 0 15 

22 II=2 
IFCNOUT.E Q.lJ II=1 
GO TO 9 

21 IFCCOUNT.GT.ll GO TO 28 

C **** FOR ONE COMPONENT SYSTEMt CALCULATE V DIRECTLY 
c 

c 

c 

c 

TOUTC2l=TOUTC1l=DWT 
V=CHINC1J-HLJ/CHV-HL) 
IFCNOUT.GT.ll GO TO 30 
I I= 1 
GO TO 9 

30 TMOUTC1J=TMINI1J*V 
TMOUTC2J=T MIN I1J-TMOUTI1l 
DO 31 I= NF t NL 
XOUT C I, 1 l =X IN I I, 1 l * V 

31 XOUTCJ,2l= XINIIdl-XOUTCidl 
HOUTC1)=HINI1J*V 
HOUTC2J=HINill-HOUTCll 
GO TO 150 

28 TNEG=BBT 
TPOS=DWT 
AA=AB S CHI N!l ll 
FN EG= <HL -HINi ll l/AA 
FPOS=IHV-HI NilJJ/AA 
TEMP=<DWT*F NEG -BB T* FPOSl/(FNEG-FPOSl 
CALL ZEROCE QR ,NOCOMPJ 
GO TO 2 

10 FLAG=.TRUE. 
DO 32 I= NF tNL 
OLDIF =EQR Cil-OL~Oill 
NEWDIF= KS Cil-OL DKS IIJ 
iFii A6S iN EWD IFi/KSiili.GT.l.E- 4i 
OLDK~I I l= K~I I l 
IFIKCNT.L E$2) GO TO 33 
IFIIABSCN~WDIFl/KSCil l.LT.l.E-4) 
OWEG=1.-0 LOIF/NEWDIF 
IFCAB S IOWEGJ .LT.l. E- 61 GO TO 33 
QWEG= 1. / m-JEG 
IFIQWEG.GT •• 5) QWEG= .5 
KSI I l=Q\'JEG*EOR I I l+( 1.-QWEGl*KS! I l 

33 OLEO( I l= EOR I I l 
32 EOR( I l=KSC I l 

IFCF LAG.O R.KCNT.GT.I OJ GO TO 48 

V=.5 
DO 42 COUNT=ltlO 
SUM= DSUM=O . 

GO TO 33 

DO 43 I=NFtNL 
TEMPO = ! KS IIl - l.l/CV* IKSIIl-1.1+1.) 
TE~PA= T ENPO*XIN Cit l l 
DSU M:DSUM+ TEMPA* TEM PO 

43 SUN=SUM+TE MPA 
T EMPA=SUI, /DSUM 
IFI ~BS <T EMPAJ .LT.l.E-4) GO TO 45 
V=V+T Et..1PA 
IFIV. GT . l .J V=0.99 

42 IFI V.LT . O.J V=O . Ol 
45 VFI NCl) =V 

SUM =DSU M=O. 
DO 47 I =NF t NL 
TEMP A= ! 1.-Vl*XINI I d l /(V*IKSC I l-1. l+l. l 
IFI TEM PA.L T. O.l TEMPA=O. 
TEMPO=XI NC itil- TEMPA 
IFCT EMPO . GT. O.) GO TO 46 
TEMPA=X I NIItll 
TEMPO=O. 

4 6 DSU~ = D SUM+ TE MPO 
SUt-1=SUM+ T Et-'1 PA 
XOUTCit2 )= TE MPA 
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c 

c 

c 

c 

c 

c 

c 

47 XOUTCit1l=TEMPO 
TMOUTCll=DSUM 
TMOUT(2l=SUM 

11 CALL KVALC-2tADtKS> 
CALL KVALI-1tAD,KSl 
KCNT =KC NT+1 
GO TO 10 

48 CALL ZEROCHOUT,2l 
DO 52 J=lt2 

52 IFIITMOUTIJJ/TMINIIJl.GT. O. OOll CALL ENTH!-JtHOUTCJ)tDUMl 
JF(JCAL.EQ.l) GO TO 53 
FTEMP=I HOU Till+HOUTC2l-HINI1ll/TMOUTC1l 
IFCABSCFTE MP) .L T.25.l GO TO 53 
IFCTCNT.LE.l 0 J GO TO 55 
WRITEC6t561 

56 FORMAT<* FLA SH DID NOT CONVERGE*> 
GO TO 53 

55 IFCFTEMP.GT.O.l GO TO 73 
TNEG=TE MP 
F N E G = F T E r--1 P 
GO TO 74 

73 TPOS=T(!'-·1 P 
FPOS=FTEMP 

74 TT=CTPOS*FNEG-TNEG* FPOSl/!FNEG-FPOSI 
IFIAB S !TT-T EMPl.LT.0.051 GO TO 53 
FF=ABSCFN EG /FPOSJ 

60 

53 

61 

62 

64 

66 

DTF=TPOS-T NEG 
IFCFF.GT.l U.I TT=TNEG+0.7*DTF 
IF<FF.LT.0.11 TT=T NEG+0 .3*DTF 

TEMP=TT 
TCNT=TCNT+1 
TOUTC2J=TOUTCll=TINCll=TT 
KCr-!T=O 
,-A f 1 I Z [~8! [Q~, ~~CC8~-~P) '-ML'-

GO TO 11 

IFCV.LT.0.9991 GO TO 61 
11=2 
GO TO 62 
IF<V.GT.O.OOll GO TO 64 
I I= 1 
TMOUT ( I I l =0 . 
CALL ZEROIXOUT(1,IIltNOCOMPJ 
IFC NOUT. EQ .1J GO TO 66 
GO TO 150 

V=TMOUTC11/CTMOUT!li+TMOUT(2ll 
XHIN=HOUT!ll+HOUTI2J 
I I= 1 
GO TO 9 

C *** INTERNAL FUNCTION GETTP 

c 

c 

15 TI NClJ =TSAV 
VFIN(l l=V 
CALL TSU BH(l,TE MPtDUMl 
TOUTC2J= TOUT(ll =TEMP 
GO TO NRTtC9t221 

150 TINC11=TSAV 
PINCli=PS AV 
VFINCli =VSAV 

C CALCULATE BUBBLE , DEW POINTS FOR OUTLETS 
c 

JJ=l 
IFCNO UT.EQ.l.OR.TMOUTC21.EQ.O.> GO TO 154 
I F CT MO UTClJ.GT. O.l GO TO 151 
JJ= 2 
GO TO 154 

151 DO 152 J=lt2 
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152 

154 

155 
C** 
c 
c 

CALL BUBTP<-JtBPOUT<JltKSl 
CALL DEWTP<-JtDPOUT<JltKSl 
CONTINUE 
GO TO 155 
BPOUT<JJl= BB T 
DPOUT<JJl=DWT 
IF<IC AL.EQ.l) RETURN 

SET. OUTPUT PARA MET ERS 

CALL ZERO<EQUIPtl5l 
EQUJP(2 l=EQTYPE 
EOUIP<7l=1ll O. *V 
EQUIP(8)=PSAV 
EQUIP< 9l=PX 
RETURN 
END 
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F EQUIP~~NT ROUTINES 

The equipment routines are all design-oriented, simulation-type 

modules, each of which computes the equipment size and cost for processing a 

given stream to some specified extent. With the exception of the column 

routine, DIST , all receive input values through the CALL argument list and 

return output values through the /EQUIP/ labelled COMMON vector. 

DIST is the column routine. It operates in the design mode, i .e. 

computes column size for specified product compositions. The tray require-

ments are computed by the approximate pseudo-binary method proposed by 

Hengstebcck(3). The method combines all components in a pair of "equivalent 

(multicomponent) keys" the separation of which can be computed by the McCabe-

Thiele method, assuming constant mole flows of liquid and vapor in each column 

section. Eauilibrium relat i ons are renresented hv a constant kf~v n~lat. iVF~ .. .. ~ ~ 

volatility and the McCabe-Thiele tray calculation is made with the analytical 

procedure described by Stoppel(4). Coll111Ul sizing (for 4" bubble caps) is 

achieved with the simplified method described by Bolles(S). The costing method 

is based on the column shell weight and tray diameter. 

HXER is the countercurrent heat exchanger design routine. It 

computes exchanger area and cost for exchange between u1o streams with speci-

field inlet and outlet temperatures. The calculational path depends to some 

extent on the stream types (service , pseudo-service or process) but the 

algorithm basically depends on constant film heat transfer coefficients. Each 

side film coefficient is valued according to the phase condition and pressure 

of the fluid in question as shown in the program listing. Values were 

obtained from Peters and TimmerhausC6). The overall coefficient is obtained 

by sun~1ing of the film resistances . The exchanger area is obtained through a 
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ten step (in Q) m .. unerical integration along the exchanger length. For inter­

polation purposes it is assumed that stream temperature -is a linear function 

of enthalpy within each phase · segment of the T vs H curve. 

C~W is the single stage compressor routine which estimates the 

pm~er requirement for compressing .a stream to a specified pressure. The 

algorithm is based on a single polytropic compression coefficient, n, i.e. 

II.l 

Then since the compression is assumed to be adiabatic, i.e. Q = 0, 

the compression work is given by the stream enthalpy change 

AU 
L...IU II. 2 

A fac~or is included to account for mechanical inefficiencies in the 

con~ressor system. 

1be polytropic coefficient, n, is estimated as a simple linear func­

tion of stream molecular weight. Average values were obtained from Edmister(?). 

The costing is for a single stage reciprocating compressor with electric motor 

driver. 

SPLIT splits a stream linearly into two output streams. 

SPLINE, SVALUE and INTER are routines required for stream energy 

value estimation. SPLINE sets up a cubic spline of temperature vs value/unit 

enthalpy to fit a set of specified points. A separate spline is created for 

both hot and cold temperature regions;cooling water temperature is the change­

over point. SVALL~ estimates the value of a given stream between specified 
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temperature lirni ts. The basis of the calculation is described in Appendix I.l. 

INTER provides energy values at any temperature by interpolation of the splines 

created by SPLINE. 
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SUBROUTINE DIST 

c 
C***** EQUIP TYPE 100 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c c 
c 
c 
c 
c 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

COLUMN DESIGN MODEL • 
BASED ON HENGSTEBECKS PSEUDO-BINARY PROCEDURE 
COMPU TES COLUMN SIZE + CO ST FOR SPECIFIED KEY SPLIT 
FOR 4IN BUBBLE CAPS 

EQUIP INPUT VECTOR CODING -
1.- 2. EQUIP NO + TYPE 
3. CONDENS ER CONFIGURATION FLAG - O. TOTAL CONDENSER ' 

1. PARTIAL CONDENSER ' 

4. 
-1. 0/H PRODUCT WITHDRAWN AS VAPOR BEFORE TOTAL CONDENSE R 
REFLUX RATIO FACTOR - R/RMIN 

5.- 6. 
7.- s. 
9.-10. 

11· 
12· 

OVERHEAD LIGHT + HEAVY KEY MOLE FRACTIONS 
BOTTOM LIGHT + HEAVY KEY MOLE FRACTIONS 
LIGHT + HEAVY KEY COMPONENT NOS 
COLUMN PRESSURE· ! PSI A l 
TRAY SPACING CINSl 

PARAMETERS -
STRES - STR ESS CARBON STEEL - PSI 
TREFF - TRAY EFF I CIENCY - FRACTION 
ACOL,BCOL - COST COEFFS - COLUMN 
ATRtSTR - COST CO EFFS - TRAYS <SS BUBBLE TRAYS) 
CFCOL - FACTOR TOT CAP INV/C OL CAP COST 
AMORT - FR ACT IO NAL CH ARGE ON CAPITAL/YR 
CORR - CORROSI ON ALLOWANCE FOR SHELL - I NS 

DATA - NOT MATERIALS 

STEE L 
CAR BON 
NICKEL 

TEMP RANGE 
TO -50F 

IMPLEMENTED BY PROGRAM 

STRESS COST FACTOR STRESS 
13750. 1.00 

(ORR. COST FACTOR 
1.00 

TO -150F 16000 . 2.00 1·72 
S T ·"· ! ~! ~- E S S BELO\AI -l5 0F 18 750~ 3~5 ?.">6 

OUTPUTS -
D 1. 0/H PRODUCT- LIQUID !PCOND=O.) , VAPOR (PCOND=-1.,1. l 
B 2~ BOTTOMS PRODUCT - LIQUID 

v 
VBAR 

3. FLOW TO CONDENSER <PARTIAL OR TOTAL) - VAPOR 
4. FLOW TO REBOILER - LIQUID 

EQUIP OUTPUT VECTOR CODING -
1.- 2. EQUIP NO + TYPE 
4. CONDENSER CONFIGURATION FLAG <PCONDl 
5. OUTLET TEMP FOR PARTIAL CO NDENSER <DEG R) 
6. REFLUX RATIO 
7. NO OF RECTIFYING TRAYS 
8. NO OF STRIPPING TRAYS 
9. COLU MN DIAMETER <FTJ 

10. COLU MN THICKNESS <INl 
11. MATERIAL COST FACTOR 
12• COLU MN SHELL WEIGHT <LBSl 
13. CAPITAL COST ( $) 
14. OPERATING COST ($/YRl 
15. TOTAL COST ($/YRJ 

C***** COMMO N DE CK 
COMMON/CONTL/N Et NI NtNOUT,NOCOM P 
COMMON / EM1 / EMI<l5 tl 0l 
COMMCN/ EQUIP/EQUIP( l 5l 
COMMON /SI N / BPIN<4 lt DPIN (4ltTIN(4ltP!N(4ltH!N(4),VFIN(~),TMIN<4lt 

1 XIN(8,4l · 
COM MON/ SoUT I BPOUT14 l, DPOUT C4l;ToUT(4l,POUT(4),HOUT<4l,VFOUT<4lt 

1 TMOUT!4J, XOUT(8, 4 l 
COMMO N/ PARAk iAMOR T, HRS ,TWATtDT W,CWATtTS,HVS,cStCKWHtAPPPtAPRRt 

1 ARR Rt TR RR 
(·lH~*** 



c 

c 

c 
c 

DIMENSION DUMCll 
EQUIVALENCE CFEEDCll•XlN(l,lll 
EQUIVALENCE CT OP<ll,XOUTCl,lll tCBOTCll,XOUTClt2ll 
DIME NSION ALPHAC8l,DBLNC8J,FEEDC8J,XKVC8J 
DIME NSION TOPC 8J , BOTC8l 
DIMENSION ROVC2l,ROL<2>•AREA<2l,DIAMC2l 
EQUIVALENCE CX MW t DUM Clll 

DATA STRES,TREFFtACOL, BCOL,ATR,gTR,cFCOL,CORR/ 
1 13750.,0.7•14.5,0.7•48.,1.7•4··0·0625/ 

C* SET INPUT PARAMETERS 
c 

c 

PCOND=E MIC3,NEJ 
RFAC T=-EMIC4 , NEJ 
YL=EMI<5•NEJ 
YH=EMIC6tN EJ 
XL= Et-11 (7, NEJ 
XH=EMI C8,NEl 
NLK=EMI C9tNEl 
NHK=EMIC10,NEJ 
PRES=EMIC11,NEJ 
TSPACE=EMIC12tNEl 

PSAV =P INCll 
POUTC4l=P OUT C3l=POU TC2l=POUTC1l=PIN<ll=PRES 
VFOUTC3 )=VFOUT(1l=1 . 
VFOUTC4l=VF OUT C2l=O. 
CALL ZEROCTOP,NOCOMP) 
CALL ZEROCBOT , NOCOMPl 
CALL ZEROCXOUTC1,3J,NOCOMP) 
CALL ZEROCXOUTCl•4ltNOCOMPl 
NL=O 
uv ,~ ·I ~1 tNOCOi·ir 
XX=~·Et.D l ll/1 MlN \11 
IFCXX.LT.0.002l GO TO 4 
IF<N L.GT.Ol GO TO 2 
NF=NL =I 
GO TO 4 

2 NL=I 
4 CONTINUE 

c ****** 
C CALC ULATE Q VALU ECEQUIV. TO VAP. FRAC.) FOR ACTUAL FEED 
C USE THIS VALUE FOR THE PSEUDO-BINARY SYSTEM 
c 

c 

VFSA V=V FI NC1 l 
TSAV=TIN<ll 
IFCP RES . NE .P SAVl CALL BUBTP<1•BPINC1l•TKV) 
TIN( l>=BPINC ll 
VFINC1l =O . 
CALL ENTHC1 tHL• DUM l 
CALL DEWTPC1,DPINC ll•X KVJ 
TIN C 1 l =DP INC 1 l 
VFINCl>=l. 
CA LL ENTHC1,HV • DUM! 
VFINCll=VFSAV 
TIN<ll=TS.A.V 
QQ=CHINCll-HLl/CHV-HLl 

199 

.C CALCULATE KEY MOLE FLOWS CORRESPONDING TO GIVEN MOLE FRACTIONS 
B=CFEEDCNLKl-YL*FEED IN HKl/YH l/CXL- XH*YL /YHl 

c 

D=TMI NCll-B . 
TOPCNLKl=D*YL 
TOP ( NHK l =D~- YH 
BO TC NLKl=B*XL 
BOTCNHKl=B*XH 

C COMPUTE ALPHA VALUES - CORR TO FEED AT DEW POINT 
DO 6 I=NF , NL 

6 ALPHA < I l=XKVCI l/XKVCNHKl 
c 

• 
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c SET UP LINEAR LN(D/Bl VS LN(ALPHAl RELATION 
SLOPE=(AL0G(T0P(NLK)/ B0T(NLKll-AL0G !TOP!NHKl/BOT!NHKll)/(AL0G (ALPH 

1A<NLKl l-AL OG <ALPHA!N HK l l l 
XINT=ALOG!T OPCNHKl/BOT!NHKll-(ALOG<ALPHA<NHKlll*SLOPE 

c 
c 
c 
c 
c 

c 

****** 
CALCULATE LN(D/Bl'S FOR ALL COMPS FROM THEIR ALPHA'S 
CALCULATE B1 S + D'S FOR ALL NON KEYS 

D=B=O. 
DO 8 I =NF ' NL 
DBLNCIJ=SLOPE*ALOG<ALPHA( Ill+XINT 
BOT( I l=FEEDC I l/(EXP<D BLN( I l l+1.l 
TOP( I l=FEED( I l-BOT( I l 
D=D+TOP(l l 

8 B=B+BOTCil 
TMOUT<ll==D 
TMOUT<2l=B 

C CALCULATE CRITICAL LNCD/Bl'S 
DBCL=D BLNC NLKl+.7 * <D BLN(NLKl-DB LNCNHKJJ 
DBCH=DBLN(N HK l-.7* (DBL N<NLKl-DBLN<NHKl l 

c 
C* CALCULATE KEY PORTIONS FOR LIGHT NON KE YS + SUM FOR EFFECTIVE LK 
c 

BINFL=FEED<NLKl 
BINDL=TOPC NLKl 
BIN BL=BOT(NLKJ 
II=NLK-1 
IF<II.LT.NFJ GO TO 15 
DO 14 I= NFdi 
IFtDBLN< I l-DBCLl 10 ,1 0 ,11 

C 10 - IF LNCD/ Bl IS LESS THAN CRIT VALUE INCLUDE WHOLLY IN LK 
C 11 - IF GRE ATER CALCULATE PORTION TO BE INCLUDED 

c 

10 Al=FEEDC I l 
A2=TOP< Il 
A3=BOT<IJ 
(:.(),Tr'\ 1? 

11 A2=BOT(l>*EXP<DBCLl 
A3= 0 . 
Al=A2 

12 BINFL =B I NFL+Al 
BIN DL= BIN DL +A2 

14 BIN BL=BI NB L+A3 

C REPEAT FOR HEAVY NON KEYS SIMILARLY 
c 

15 BI NFH =FEED< NHKJ 
BI ND H=TO P CNHK l . 
BIN BH= BOT< NHKl 
1I=NHK+1 
IF<II .. GT. Nll GO TO 21 
DO 20 t=II, NF 
!F(D BC H-D BLN(I ll17,17,18 

C 17 - IF LNCD/ Bl IS GREA TER THAN CRIT VALUE INCLUDE WHOLLY IN HK 
C 18 - IF LESS CALCULATE PORTION TO BE INCLUDED 

17 A1 =FEE DCIJ 
A2= TOP(ll 
A3=BO T(ll 
GO TO 19 

18 A2= 0 . 
A3=T OP <Il *EXP (-DBCHJ 
A1=A 3 

19 BI NF H=BINFH+Al 
BI NDH=B I NDH +A 2 

20 Bl NBH=R I NBH+ A3 
c *-**1!-* * 
C CALCULA TE PARAMETERS FOR EFFECTIVE BINARY 
c 

21 XF= BI NFL/( BI NFL+BINFHl 
X D=r~ I NDL / ( B l NDL +B I ND H l 
XW =B I NBL/ ( 8 INBL+B l NB Hl 
R l ~ALOG ( BIN D L / B I NBL l 
R2=A LOG CBI ND H/ BI NB HJ 



RV1=EXPCCRl-XINTl/SLOPEl 
RV2=EXPICR2-XINTl/SLOPEl 
RV =RVl/RV2 

C RV IS THE NORMALISED REL. VOL. OF THE EFFECTIVE LK 
Ql=l.-QQ 

c **-~*** 
C* NOW APPLY STOPPELS CALCULATION FOR THEORETICAL STAGES 
c 

201 

C COMPUTE MINIMUM REFLUX RATIO - FIND FEED/EOUIL. INTERSECTION 
c 

c 
c 
c 
c 

c 
c 

c c 

c 
c 

c 
c c 
c 

c 
C* c 
c 
c 
c 
c 
c 

104 SS=-Q1/QQ 
XNT=XF/QQ 
ASSIGN 10 5 TO KINT 
GO TO 96 

105 XXl=AA-QU 

94 

95 

XX2=AA+QU 
XMIN =XXl 
IFCXXl.LT. OseOR.XXl.GT.l.l 
YM I N=SS*Xf\1 I N+XNT 
SSMIN=CX D-YMINl/CXD-XMINl 
RMIN=SS MIN/11. - SSMINl 
R R = R f\1 I N * R FA C T 
R1=RR+l• 
Rll=l·/R1 

CALCULATE INTERSECTIONS 

XMIN=XX2 

FE ED LINE + RECT OL 
XQ=CXF/ QQ - XD/ Rll/CRR/R1+Ql/QQ) 
YQ=XO*RR*Rll+XD*R1l 

EQUIL LINE + RECT OL 
SS=RR * Rll 
XNT= Rll*XD 
ASSIG N 94 TO KINT 
GO TO 96 
XE =AA+QU 
Xv -'AA -Qu 
Yt= S::, *X t. +XNI 
YO =SS*X O+XNT 

EQUIL LI NE + STRIP OL 
SS=IY Q-X Wl/I XQ -X Wl 
XNT=X W* Cl.-SS J 
ASS I GN 9 5 TO KINT 
GO TO 96 
XE D=AA +QU 
XOD=AA- QU 
YED =SS*XED+XN T 
YOD= SS*XOO+ XN T 

CALCULATE TR TS 
TR= AL OG CC CXD - YO l * IXE-X Ql l/( IY E-XDl * IXQ-XOl l 1/ALOGIIYO*XEl/IXO*YEl) 
TS =A LOGII IY Q-Y ODl*IXED-XWl 1/IIYED-YOI*IXW-XODII 1/ALOGIIYOD*XEDJ/(X 

lOD* YED l l 

*****-ti· 

SET CONDfNSER + REBOILER FLOWS 
CDFA CT= RR +l 
IFIP COND . EQ . -1 .1 CD FACT=RR 
RBFACT= I RR*D +T MI NC! l * ll. -QQJ-BJ/B 
IFIPC OND .L E. O. J GO TO 109 

COMPU TE PAR TIAL COND ENSER . 
TOP ARE VAPOR FLOWS FROM P.C. 
COMPU TE LI QU I D FL OW S FROM P.C. + VAPOR FL OW S TO P.C. 
USE OUT PU T VE CTOR 4 AS TE MP LOCATI ON FOR LI QUID FLOWS 

COMPUT E K-VALU ES FOR 0/H AT DEW POINT 
CALL DEW TP I- l , DW T,X KVJ 

TMOUT1 4l =TMOU TI 3 1=0. 
DO 1U8 I= NF , NL 



c 

c 
c 
c 
c 

c 
c 
c 

c 
C* 
c 
c 
c 

c 
c 

X OUT ( I , 4 l = R R *TOP ( I l I X K V ( I l 
TMOUTC4) =TMOUT(4l+XOUT<I,4l 
XOUT! I t3l=TOP! I l+X OU T! I ,4) 

108 TMOUTC 3 l =TMOU T!3l+XOUT(I,3l 
TOUT ( 4 l =DvJT 

109 

111 
112 

113 

114 

116 

120 

121 

122 

130 

CALL DENS(-4,ROPC,DUMl 
f~OPC=ROPC*XMW 
GO TO 112 

TMOUT<3l=D*CDFACT 
DO 111 J= NF tNL 
XOUT (I d l =CDFACT*TOP (I l 
TMOU T<4l= RBFAC T*B 
DO 113 J=NF,Nl... 
XOUTCit4)=R BFACT*BOT<Il 

SUBTRACT 1 TRAY FOR PARTIAL CONDENSER 
IF<PCOND~E0.1.l TR=TR-1. 

ROUND TRAY NUMBERS 
TR=TR/TREFF 
II~TR+1. 
TR=II 
TS=TS/TREFF 
II=TS+1. 
TS= I I 

SET OUTPUT BUBBLE/DEW POINTS ' TEMPS + ENTHALPIES 

DO 114 J=Jt3 
CALL BUB TP(-J,BPOUT(JJ,XKVl 
CALL DEWTP(-J,DPOUT(JJ,XKVl 
BPOUT<4l=RPOUTC2l 
DPOUT(4J= DPOUT (2l 
TOUT(1)= DPOU T<1l 
IF<PCOND. EO . Ol TOUT(1l=BPOUT<ll 
TOUT<3l= DPOU T<3l 
TOuTi4i=T Oul i2i=8PO UT iLi 
IF!PCOND. E0.0 .) VF OUT <ll=O. 
DO 116 J=1,3 
CALL ENTH(-J ,H OUT (JJ,DUMJ 
HOUT(4J=H OUT( 2J*RBFACT 

CALCULATE CO LU MN DIAMETER FOR 4JN BUBBLE CAPS 
CHEC K TOP + BOTTOM 
COMPUTE DENSITIES + FLOWS 

DO 12 2 I= 1, 2 
J=I+2 
VFS AV=VFOUT(Jl 
IF<PCO ND .EO.-l •• AND.J.E0.3l VFLOW=VFLOW*<<RR+1•l/RRl 
VFOUT(Jl=1• 
CALL DENS(-J,RO,DUMl 
VFL OW=TMOUT ! J l/ RO 
ROV ( I l =X M'.AJ*RO 
IF<PCON D.LE . U •• OR.I.E0.2l GO TO 120 
ROL!ll =ROPC 
GO TO 121 
VFOUT(JJ '=O. 
CALL DENS(-J,RO,DUMl 
ROL < I l = X ~-1 V.' *R 0 
AREA( I l =0 . 0015S*VFLOW*SORT <ROV(J}/(R0L(Il-ROV(Illl 
DIA M< I l=l.13*.SORT<AREA< I) l 
VFOUT(JJ =VFSAV 
CONTINUE 
DCOL=AMAXlCDIAM!lltDIAM!2ll 
DINS=12·*DCOL 

CALCULATE SHELL THICKNESS , WEIGHT +CO STS 
THICK =!PRES*DINS l/!1.6*S TR ES-l . 2* PRE S l+CORR 
WT=<<T R+T S+3el*T SPACE + DINSl*3.14*DINS*T HICK*0.283 
CAP= ( A COL * { W T l * * B C 0 L + ( T R + T S l -':f-AT R * ( DC 0 L l * ~- B T R l * C F C 0 L 
CYR = CAP *A ~ORT 
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c 
c 

c 
c 
c 
c 
c 

SET OUTPUT PARAMETERS 

CALL ZERO!EOU IP,l5l 
EQUIP<2l=l0 0 . 
EQUIP<4J=PCOND 
JF( PCOND .EO.l .l EOUIP(5l=TOUT(ll 
EOUIP<6l=RR 
EQUJP(7J=TR 
EQUIP<8l=T S 
EQUIP<9l=DCOL 
EQUIP<lOJ=THICK 
EQUJP(l2l= \VT 
EQUIPC13l=CAP 
EQUIPC15l =CYR 
RETU RN 

****** 
INTERNAL FUNCTION TO CALC. EQUIL. + OP. LINE INTERSECTIONS 

96 Al=SS * CRV-1.) 
A2=SS+XNT * <RV-l .l-RV 
QU = CS QRT(A2 **2-4 . *Al*XNT l l/!2.*All 
AA= -0 .5 *A2 //'-.l 
GO TO KINT,{94,95,105l 
END 
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c 
C***** c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c ,. 
\... 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c c 
c 
c 
c 
c 
c 
c 
c 
c 

SUBROUTINE HXER(I0PtiS2tTEXtOl 

EQUIP TYPES !lOP=> 1,2 

HEAT EXCHANGER DESIGN ROUTINE 
COMPUTES AREA + YEARLY COST FOR 1-1 COUNTERFLOW EXCHANGER 

NOMENCLATURE -
IOP -OPERATION TYPE (ON FIRST INPUT) 

1 COOLI NG 
2 HEATING 

!52 - 2ND STREAM TYPE 
1 STEAM 
2 WATER 

204 

3 REFRIGERANT (PROPANE OR ETHYLENE) 
4 PROCESS STREAM 
5 STREAM 1 PSEUDO-SERVICE (PARALLEL PROCl 
6 STREAM 2 PSEUDO-SE RVI CE !PARALLEL PROCl 

(JPS IS PSEUDO-SERVICE STREAM NO- IF GT 0) 

TEX(lJ- SPEC EXIT TEMP FOR STREAM 1 
!IF O. EXCHANGE TO APPROACH) 

(FOR IS2=4 CO MP UTE TO SA T TSPEC FOR LIMITING 
TEX(2J - IS2 =1'2 N.A. 

STREAM Uv\ IN Q l l 

Q 

IS2=3 REFR EVAP TEMP 
IS2=4 SPEC EXIT TEMP FOR STREAM 2 

- HEAT TRANSFERRED TO 1ST STREAM 

PARAMETERS -
HRS - NO. OF OPERATING HRS/YR 
AEX, BEX - EXCHANGER COST COEFFS. 
AMORT- FRACTION OF CAPITAL CHARGED/YR 

- COOLI NG WA TER TEMP 
WATER TEMP RISE 
COOLING WATER (OST 
MIN TEMP APPROACH (GENERAL) 
MIN TEMP APPROACH !REFR IS2=3t4,5J 

TWAT 
DTW 
CWAT 
APPR 
APRR 
fo.RRP. M T 1\1 T t:: M D fl D D D fl fl r · u I P t= >:: D T C. 'J - '::1 • f, • k lol T T u T I T T D D D \ 

• ' "- 1 • 1 '-- o ' 1 r \ • 1 o \ .._, , , - I o ~ o ' "- 1 I " .. "-" &:.. _,t , - T I' - • 0 £ I I I I tf - I • I I ' I f ' I 
' -rr 

I .J 

HVS 
cs 
TLOW 
FMLT 
CFEX 

.::,iLAi-~ CC(~U . I[(.',~ 
STEAM LATENT HEAT 
STEAM COST 
LO W TEMP LIMITS FOR CARBON, NICKEL STEELS 
COST FA CT ORS FOR NICKELtSTAINLESS STEELS 
FACTOR TOT CAP INV/EX CAP COST 

PROCESS FILM COEFFICIENTS -
COND OR REB 
COOLI NG OR HEATING PROCESS LIQUIDS 
COOLING OR HEATING PROCESS VAP OR S -

EQUIP OUTPUT VECTOR CODING -
1 .- 2. EQUIP NO + TYPE 
3.- 6. INL ET / OU TL ET STR EAM NOS 

!PR GT PLO W) 
!PR LT PLOWl 

- XUl 
- XU2 

- XU3 
- XU4 

7• EXCHA NGER HEAT LOAD - + FOR HEATING 1ST STREAM (BTU/HRl 
8. TRANS FER AREA ! FT 21 
9. ENTROPY INC REASE / BTU (/DEG R *10**51 

10. SERVICE OR PSEUDO-SER VIC E FLOW ( MOLES /H Rl 
1 1 . REFRIGERANT TE MP LEVEL OR PSEUDO-SERVICE OUTLET TEMP 

12 .. 
13. 
14. 
15. 

SPEC ! DEG Rl 
MATERIAL COST FACTOR 
CAPITAL COST ( $ ) 
OPERATING (SERVICE> COST ($/YR) 
TOTAL COST ($/YR) 

C***** COMMON DECK 
COMMON/CONTL / NE,NIN,NOU T,NOCOMP 
CO MMON / EOUIP/EQUIP !151 
COMMON/SJN/BPIN!4),DPJN(41tTIN(4JtPIN(4ltH!N(4),VFIN(4),TMIN(4), 

1 Xlf'J(8,L+-i 
COM MON / SOUT/BPOUT!4l , DPOUT (4J,TOUT(4J,pOUT(4J,HOUT(4)tVFOUT(4Jt 

l TMOU TC4J, XOUTU~ ,4l . 
COMMON / PARAM IAM ORT ,HRS tTWAT,DTW,CWAT,TStHVS~CS,CK WHtAPPPtAPRR, 



1 ARRRtTRRR 
(***** 
( 

c 

c 

c 

c 
c 
c 

c 

DIMENSION SIDUM(4,7l,SODUM(4,7l 
EQUIVAL ENCE <SI DUM,BP INl,(SODUM,BPOUTl 
DIMENSION TEXC2ltTSPECC2ltDUMCll 
DIM ENS ION HBPC2l,H DP C2l,TT(2ltUUC2J,QS(2l 
DIMENSION XTI (21 ,XTOI2l •XHI <21 •XH0(2l 
DIMENSION JVF(2J,KVFC21 
DIMENSION TLOW(2J,FMLT<2l 

DATA AEX1•AEX2•BEX1tBEX2,CFEX/82.,25.,0.6•0.8•4.1 
DATA XU1,XU2,XU 3 ,XU4/250.,150.,80.,40./ 
DATA PLO\N'/5U./ 
DATA TLOWtFMLT/410.,310.,2.,3.5/ 

WRITEI6t600)TEXtiOP,JS2 
600 FORMAT(//3H ** •* EXCHANGER- TSPECS*t2F8.lt* IOPtiS2*t2I4/l 

TSPECI1l=TEXCll 
TSPEC(2l=TEX<2l 
SIGNO=C3-2*IOPl 
IPS=IS2-4 
FM=1• 
AP=APPP 
IF<IS2~GT.2l AP=APRR 
IF<TSPECC1J.GT.O •• AND.TSPECCl).LT.TRRRJ AP=ARRR 

SET TEMPS ETC FOR IS2=lt2t3 

GO TO ll5t20t25t100,l00tl00)!S2 
15 TINC2l=TS 

HPM=lB.*HVS 
DT2=0. 
U2=500. 
CST=CS 
GO TO 30 

2 0 T ! !'! ( 2 ! ,.. T "'' ·"· T 
H P 1v1 = l 8 • * D T W 
DT2=DTW 
CST=CWAT 
U2=25 0 . 
GO TO 30 

25 TINC2l=TSPECI2l 
DT2=0. 
U2=250. 

30 TOUTC2)=TINC2l+DT2 

C** 
100 

FIND LIMITING STREAM <MIN Ol 
IFL=1 

122 
124 

C* 

DO 124 J=l,2 
IF(J.E0e2.AND.IS2.LT.4l GO TO 200 
IF<TSPEC<Jl.EO. O.l TSPEC<Jl=TIN(3-Jl+AP*SIGNO*FL0ATC3-2*Jl 
TT=TSPECCJJ 
GO TO 150 
QSCJJ=DH 
Q=QS ( l l 

QR=ABS(QSCll/QS(2ll 
IFIA BS CQR -l.l.LT.0.02l GO TO 200 
IFCQR.LTol•l GO TO 130 

C 2ND STREAM LIMITING 
J=l 
GO TO 132 

C FIRST STREAM LIMITING 
130 J=2 

C COMPUTE Q + NON LIMITING STREAM CONDITION 
132 ISIGN=3-2*J 

SIGN=ISIGN 
0=-SIGN*OS CJ+ISIGNl 
IF<IPS. EO .ll OR=l./QR 
IFCI3-JJ .. EO .. IP SJ Cl=O*OR 
IFCI PS.GT.U l GO TO 200 
HH=HIN<JJ+SIGN*O 

205 



c 
C* 
c 
c 
c 
c 

150 

162 

ROUTINE TO CALC ENTHAL PY CHA NGE FOR STREAM J (HOJ-HIJl 
. OR COMPUTE OUTLET STREAM J CONDITION FOR GIVEN ENTHALPY 

SAVE INPUT lIN INPUT 3 
TRANSFER INPUT J TO INPUT 1 
I I I = 1 
I I J= 3 
DO 166 II=l•2 
IF<III. EQ.II Jl GO TO 166 
DO 162 K=l , 7 
S I DUM< I I J, K l = S I DUM ( I I I • K l 
DO 164 I=1,NOCOMP 

164 XJN(I,JIJl=XIN< I•III l 

166 
c 

170 

174 
c 

· I I I =J 
IIJ=l 
CONTINUE 
SAVE OUTPUT <3-Jl IN OUTPUT 3 
DO 170 K=1,7 
SOD0M(3,Kl =SO DUM<3-J,Kl 
DO 174 I=1,NOCOMP 
XOUTCI,3l=XOUT(J,3-Jl 

NIN=NOUT=1 
IF<IFL. EQ . 2 ) GO TO 176 
TIN(1)=TT 
CALL IS OF <O.) 
GO TO 178 

176 HIN<1l=HH 
CALL ADBF<O.) 

c 
c 

1 7 A 
:;-~ r. 
.&.0-

182 
c 

l8l~ 
186 

188 

190 

c 
c 
C** 
c c 
c 
c 

· c 
C* 

200 

202 

RESTORE INPUT 1 
[)I) l80 l(=l·7 
S:DU~ !: ;~ l = S!DU~!~;Kl 
DO 182 I=1, NOCOM P 
X IN ( I, 1 l =X IN (I, 3 l 
RESET OUT PUTS 1 + 2 - OUTPUT 1 INTO J , THEN 3 INTO {3-J) 
I I =J 
IJ= 1 
DO 186 K=ld 
SO DUM< I I , K l =SO DUM ( I J 'K l 
DO 188 I=1,NOCOMP 
XOUT (I 'I I l =XOU T (I' I J l 
IF<II&E0e<3-Jl) GO TO 190 
11=3 - J 
IJ =3 
GO TO 184 
DH=HOUT<Jl-HIN(Jl 
IF<IFL.EQ.1l GO TO 12 2 

*-l:•*** 
COMPUTE EXCHANGER AREA 
WORK IN OJRN OF ! NCR TEMP FOR STREAM 1 
DIVIDE IN TO 10 SECTIONS + INT EGRATE NUMERICAL LY WITH Q 
ASSUME T LINEAR WITH Q WITHIN EACH PHAS E SEGMENT 

COMPUTE HBP + HOP FOR EACH STREAM + SET UP BOUNDARY VALUES 
DO 2 1U J=l, 2 
ISV =O 
IF<J.EQ.2.AND.IS2.LT.4l ISV=l 
JF<ISV. EQ .ll GO TO 2U4 
VV=VFIN<Jl 
DO 202 KK=l•2 
VV =2.*VV+l. 
IFCVV~GT.l.001.AND.VV~LT.2.999l VV=2. 
KVF!KKl=VV 
VV =VFOUT(JJ 
JVF (J )=1 
IF<KV F <1l.EQ.KVF<2ll GO TO 204 
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c 
c 

c 

204 

208 

210 

JVF<Jl=O 
TS .o\ V=TIN<Jl 
VFSAV =VFIN!Jl 
TIN<Jl =BP IN(Jl 
VFIN(J) =Oo 
CALL ENTH(J,HBP<JJ,DUMl 
TIN<Jl =DP IN(Jl 
VFIN!Jl =1 . 
CALL ENTH(J,HDP(J),DUM) 
TIN<Jl =TSI\V 
VFIN(J)=VF SA V 
CONTINUE 
SET UP INPUTS/OUTPUTS TO GIVE INCR TEMP 
Q+ HEATING FIRST STREAM , - COOLING 
Jj=J 
IF<O.LT.O.l JJ=3-J 
GO TO (206,2 08 lJJ 
XTI (Jl=T IN!Jl 
XTO<Jl=TOIJT(Jl 
IF!ISV.EQ.1l GO TO 210 
XHI (Jl =HIN(J l 
XHO!Jl=HOUT (Jl 
GO TO 210 
XTI(J)=TOUT(J) 
XTO<Jl =T IN<Jl 
IF<ISV.E0.1l GO TO 210 
XHI(J) =HOUT< Jl 
XHO(Jl=HlN(Jl 
CONTINUE 

WRITE(6,6 01 JQ,XTI,XTO,XHI,XHO 

FOR STREAM 1 

601 FORMAT!* Q,XTI,XTO,XHI,XHO*'F10.0,2F8.1,5X,2F8.1,10X,2F10.0' 
l 5X,2FlO.Ol 

c 
C* INITIALIZE + INT EG RATE 

DQ=AB S (Ql/10. 

c 

c 

c 

C+ 

C+ 

u -f 0 = A 8 S i X T I i l j - X T I i 2 I i + v • G l 
RT0=1./ XTI !1 l-1./XTI !2l 
DENT=AREA=O. 

DO 240 K= 1_, 10 
QT=DO*FLOAT<Kl 
FRQ=QT/A BS( Q) 

DO 23 0 J=l,2 
IF!J.E0.2. AND .IS2.LT.4l GO TO 226 
HJ =XHI (JJ+QT 
IF<J. EO. IPSl HJ=XHI(Jl+QT/OR 
I F ( K • L T o 1 0 l GO T 0 21 3 
TT<Jl =XTO(Jl 
GO TO 215 

213 IF!JVF!Jl. EO . Ol GO TO 215 
AA=XTI!J) 
BB=FR Q 
CC=XTO(J) 
GO TO 219 

215 BP=BPIN<Jl 
DP =DPIN (Jl 
HB=H BP!J l 
HD=HDP<Jl 

lF(BPINIJl.GT.26 0.) GO TO 214 
BP=A MIN l!TI N<JJ,TOUT(J!l 
HB=A MINl<HI N(J),HOUT(J)) 

214 IF(K. EQ .10l GO TO 219 
IF<HJ.GT.HDl GO TO 216 
IF<HJ.LT.H Bl GO TO 218 

C TWO PHASE 
AA=BP 
BB= IHJ-HBl/(HD-HB l 
CC=DP 
GO TO 22 0 
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c 

c 

c 
c 

c 

c 

C* 

c 

216 

218 

219 

220 

221 
222 

223 

224 

VAPOR 
AA==DP 
BB=CHJ-HDl/IXHOIJl-HDl 
CC=XTOIJl 
GO TO 220 
LIQUID 
AA=XTI(Jl 
BB=IHB-HJl/IHB-XHI(J}) 
CC==BP 

EVALUATE U S AT MIDPOINT 
I FCJVFIJJ . EO . Ol GO TO 220 
IVF=KVFIJ) 
GO TO 221 
HHJ=HJ-0.5*DO 
IF<J.EO.IPSI HHJ=HJ- 0 .5*D0/0R 
IVF=2 
IFIHHJ.GT. HD l IVF=3 
IFIHHJ.LT. HB l IVF=l 
GO TO 122 2 ,223,224JIVF 
UUIJJ=X U2 
GO TO 225 
UU(Jl=XUl 
GO TO 225 
UU(Jl=XU3 
lF(PJNCJl.LT.PLOWl UU(Jl=XU4 

225 IF<K.EO.lOl GO TO 230 
TT<Jl=AA+BB*ICC-AAl 
GO TO 230 

226 TT(2l=XTII2l+FRO*DT2 
UU(2J=U2 

230 CONTINUE 

DTN=ABSITT<ll-TTI2ll 
11-1 I I 1 . /Ill I ( 1 I ..1..1 . /I J1 J I?\ \ 
- - ~ ... ~·L ., , - ..... _, . ..a. .,. - - · -•• 
RrN-l.;rT:l: - l .: TT:2: 

C CALCULATE AREA INCREMENT 
TEST= U• 9*AP 
IFIDTO.LTi TEST .OR.DTN.LT.TESTl WRITE(6,730lDTO,DTN 

730 FORMA T<* WARNING- BELOW APMIN- DTO,DTN*,2F8ell 
XLMTD=IDT O-DTNl/IALOGlDTO /DTNll 
AREA=AREA+ DQ/(U*XLMTDl 

C ENTROPY INCREASE 
DENT=DENT+A BS <D0* 0 .5*1RTO+RTNll 
DTO=DTN+O.Ol 
RTO=RTN 

240 CONTINUE 
C***** 
C CALCULATE COSTS 
C CHECK IF ANY TEMPS BELOW MATERIAL LIMITS 
c 

500 TLW=AMINliXTIIll,XTJ(2l l 
IFITLW.LT.TLOW<lll FM=FMLT(ll 
IFITL W.LT. TLOW I2ll FM=FMLTI2l 
AEX=AEXl 
BEX=H EXl 
IFlAREA.LT.400.l GO TO 504 
AEX=AEX2 
BEX=BEX2 

504 CAP=FM*CFEX*AEX*<AREAl**BEX 
COP=O. 
IF!ISZ.GT. 2 l GO TO 510 
FLSRV=A t3S (Ql/HPM 
COP=CST*FLS RV*HR S 

510 CYR=AMORT*CAP+COP 
C** 
C SET OUTPUT PARAMETERS 
c 

CALL ZEROIEOU IP,l5l 
EOUIPI2l=IOP 
EOU1PI7l=Q 

~08 



EQU IPI 8 l =ARE A 
EQUIP I 9J=l. E5*DENT / ABS I QJ 
I F I I S2 .LT .3 J EQU IPil OI =FL SRV 
I F I! PS . GT . Ul EOUIP il OJ=OR* TMIN II PS l 
I F I IS2cEQ . 3 l EQUIP I lll= TSPE CI2 1 
I F I IP S . GT . Ol EQ UIPil l l =TSPEC II PSl 
EQUI P I 12 l =FM 
EQU IP I 13 l =C/\P 
EQUIP I 14l= CO P 
EQUIP I1 5 l =CYR 
RETURN 
END 
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c 
C***** 
c 
c 
c 
c c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

SUBROUTINE COMPIPDISl 

EQUIP TYPE ll 

COM PRESSOR DESIGN ROUTINE 
COMPUTES POWER REQUIREMENT S,CAPITAL+POWER COSTS FOR SINGLE 
STAGE I SENTROP I C COMPRESSION 

TOUT/TI N= IP OUT / PIN l ** ((CO EF F-l.l/COEFFl 
Q ASSUMED ZERO , THEN W=-DELTAIHl 

NOMENCLATURE -
POlS - DISCHARGE PRESSURE 

PARA METERS -
COEF F - I SENTROP I C TE MP COEFF 
HRS ~ NO. OF OPERATING HOURS /Y EAR 
EFF - OVERALL MEC HA NI CA L EFFIC I EN CY FACTOR 
ACOMP,BCOMP - COST COEFFS . FOR COMPRESSOR 
AMO T,BMOT - COST COEFFS. FO R CO MPRESS OR MO TOR 
CKWH -POWER COST / KWHR 
AMORT - FRACTI ON OF CAPITAL COSTS CHARGED/YEA R 
CFCP - FACTOR TOT CA P INV/COMPR CA P COST 

EQUIP OUTPUT VECTOR CODI NG -
1. - 2. EQUIP NO + TY PE 
3.- 6. INLET/ OUTLE T STREAM NOS 
7. COMPRESSOR HP 
8.- 9. I NLET/OUTLET PRESSURES IP S IAl 

13. CAPITAL CO ST ( $ ) 
14. OPERATING IPOWER J COST ( $ /YRl 
15. TOTAL COST ( $ / YR J 
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C**** * COMMON DECK 
COMMON / CONTL /NE, NIN ,NOUT,NOCOMP 
CO MMON / EQUIP/EQUIP<l5 1 
COM M 0 !'! ! S ! 1\! / B D I "-! ( l : ) ~ [) D I N ! 6. ) • T ! N I 6. ) • P I N ( u ) , H I N C u ) • V F ! N ( u l • T M r N ( 4 l • 

-. ' I ~ • • I r\ r • 
.l /\ 1 I~ \ U ''+ I 

COMMON / SOUT / BPOUT 14 l• DPOUT 14 J,TOUT14J,POUT1 4 l, HOUTI41 ,V FOUT I4) , 
1 TM OUT 14 J, XOUT I8 • 4 l 
COMMON/PARAM I AMORT,HRS , TWAT,D T ~ ,C W AT,TS,HVS ,cS ,C KWH•APPP•APRR, 

1 ARRR,T RRR 
C***** 
c 
c 

c 

DIM ENS I ON DUM (8) 

COST(A, BJ=A*HP**B 

DO 1 I = 1, NOCOMP 
1 X OUT ( I , 1 I =X I N ( I , 1 I 

TMOUTill=T MINI1J 
VF OUT I 1 l =l . 
POUTI1J=PDIS 
PR=PDIS / PIN I 1 l 

C COMPUTE CO EFF I= CF1 - CF2*FRACTION C3+J 
FC3=0. 
DO 2 I= NC3 •NOCOMP 

2 FC 3=FC3+X!N (ldl 
FRC 3=FC3 /T fv1IN I 1 I 
CO EF F=CF1 -CF2*FRC3 

C COMPUTE DISCHARGE TEMP 
TOUTil i =TI Nill *PR** CICOEF F-lel/COEFFI 

c 
C COMPUTE OUTLE T BUBBLE + DEW POINT TE MPS 

CALL BUB TPC-1,BP OUT (ll,DUMI 
CALL DEWTP I-l, DPOUT IIJ, DUM ) 

C COMPUTE ENTHALPY CHANGE + HP ( AD JUST FOR EFFICIENCY) 
CALL ENTH(-l , HOUT ilJ, DUMl 

c 
HP = I HOUT ( 1J-HIN 1 1 l l *3 . 93E-4 / EFF 
CP WR=U . 746*HP*HRS*CKWH 



C CALCULATE CAPITAL +YEARLY COSTS 
c 

C** 

CCOMP=C OS TI ACOM P,BCOMPI 
CMOT=COST IA~ O T ,B MOT I 
CAP=CF CP* IC COM P+CMOTI 
CYR=CPWR+A MOR T* CAP 

C SET OUTPUT PARAMETERS 
c 

CALL ZEROIE QUIP,l5) 
EQUIPI2l=llo 
EQUIPI7J=HP 
EQUIP(Bl=PI N(l) 
EQUIPI 9 l =PD I S 
EQU!P(l3J=CAP 
EOUIP(l4)=CP WR 
EQUIP(l5l=CYR 
RETURN 
END 
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SUBROUTINE SPLITCFRll 
c 
C***** EQUIP TYPE 20 
c 
c 
c 
c 
c 
c 
c 
c 
c 

SPLITS INPUT LINEARLY INTO 2 OUTPUTS 

EQUIP OUTPUT VECTOR CODING -
1.- 2. EQUIP NO + TYPE 
3.- 6. INLET/OUTLET STREAM NOS 
7.- 8. 1ST,2ND OUTLET STREAM FLOW FRACTIONS (*100) 

212 

C***** COMMON DECK 
COMMON/CONTL/NEtNIN,NOUT,NOCOMP 
COMMON/ EQUIP /E QU IP(l5l 
COMMON/SIN/BPINC4 J,D PIN (4J,TIN(4l ,PIN(4),HIN(4),VFIN(4J,TMIN(4), 

1 XIN(8,4) 
C0MMON /SOUT/ BPOUTC41,DPOU~(4J,TOUT(4),pOUT<41'HOUT(4),VFOUT<41' 

1 TMOUT(4),XOUT(8,4) · 
(***** 
c 

C** 

FR2=1.-FR1 
RPOUT(2l=BPOUTCll=BPIN(lJ 
DPOUT<2l=DP OUTC 1l=DPIN(l) 
POUT(2l=POUT(lJ=PIN<ll 
TOUTC2l=T OUT<ll=TINC1 1 
VF OUT <2l=V FOUT(ll=VFIN (ll 
HOUTC1J =HIN<ll*FR1 
HOUTC2)=HIN<ll*FR2 
TMOUT(lJ=TMINC1l*FR1 
TMOUT(2J=TMJN(lJ*FR2 
DO 1 I= 1, NOC OMP 
XX =XIN (J,11 
XOUTCI,ll=XX*FRl 

1 XOUTCI,2l=XX *FR2 

C SET OUTPUT PARAMETERS 
c 

CALL ZC~C:E~~rP7l~l 
EQUIPC21=2 0 • 
EQUIP<7l=I00.*FR1 
EQUIP(8)=100.*FR2 
RETURN · 
END 



213 

SU BR OUTIN E S PLINE<JCHJ 
c 
C SETS UP CUBIC SPLINE FOR ENERGY VALUE $/BTU (Vl VS TEMP DEG R <Tl 
C X=T EMP , Y=VALUE , PM - MOMEN TS 
C JCI·I=l HOT (f'-l H PO IN TS ! , 2 COLD <NC POINTS) - COf'I1M ON POINT NC+l 
c 

c 

c 

COMMO N/SPLINE / NH,NC,X (l OltY<lOl,PM<lOl 
DI MENSION Q(l OJ,U(l Ol 

IF( JCH . EQ . 2 l GO TO 20 
Nl=NC+l 
N2=NC+NH+l 
GO TO 30 

20 Nl=1 
N2 =NC+ 1 

30 S LOP El= <Y<Nl+ll-Y(N1l )/(X(NJ+ll-X<Nll l 
SL OPEN=<Y <N2 l -Y<N2-1 l l/( X(N2l-X(N2-ll l 
Hl=X< Nl+l l -X <Nl l 
Dl= 3 .1 Hl* ( <Y<Nl+ll - Y<N1 l J/Hl-SL OPEll 
Hl=X< N2 l- X<N2-l l 
DNP=6 ./ Hl* <S LOPEN -<Y< N2 l-Y(N2 - ll l/Hll 
Q!NlJ=- 0 . 5 
U(N l J=Dl 
NF=Nl+l 
NL=N 2-l 
DO 4 I =NF ,N L 
AA = (X ( I+ l l - X ( I ) ) I ( X ( I+ l l - X ( I -1 l ) 
D=I6.1(X(l +1 ) -X ( I -l l l l * < <Y( I+1l-Y<Il )/(X(I+lJ-X(l) l 

* - ( Y(lJ- Y<I -ll li< X<I l-X(I-1})) 
P = ( 1. - ?. A l *C· ! I -1 ) + 2 . 
Q(I l =-AA/P 

4 U<Tl = <D-< 1.-AA l *U(l-lll/P 
PNP=O <NF J+2. 
PM(N2J=<DNP-U ( NF ll/P NP 
DO 6 I ==Nl tNL 
J=N 2- <I-Nl +ll 

6 P M I .11 =0 I . J )* PM ( .J+l l+ll( . J l 
n r. T I t O~ ~ 
'' L I \..JI\1,. 

END 
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SUBROUTINE SVALUEIJCH,TEX,TDSP,VALUEl 

c 
C**** * EOU IP TYPE 30 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c c 
c 
c 
c 
c 
c 

COMPUTES INP UT STREA M ENER GY VALUE/YEAR 
VALU EI Bf U AS FU NC TI ON OF l EMP IS OBTAINED FROM INTERPOLATING SPLI NE 
ASSUMES 0 VS T LINEAR WITHIN EACH PHASE SEGMENT 

JCH 1 HOT , 2 COLD 
TEX . EXI T TE MP SPEC 
TDSP TE MP DISPLAC~MENT 

EQUIP OUTPUT VECTO R CODI NG -
1.- 2. EQUIP NO + TYPE 
3.- 6. I NLE T/ OU TLE T STREAM NOS 
7~ HEAT AVAIL AB LE - + REFR 
8. - 9. INLET/ OUTL ET TEM PS I DEG 

14e OPERATIN G COS T I CRE DITJ 
15. TOTAL CO ST ( $ /YRl 

C***** COMMON DECK 
CO MMON / CONT L/N E , NI N, NO UT,NOCOMP 
COMMON / EQUI P / EQU I P I1 5 l 

, - WASTE HEAT IBTU/HRl 
R l 
{S/YRl 

CO I"i iVi ON/ S JN/ BP INI4l ,D P INI4l diNI4l ,PIN14l 'HINI4l ,VFINI4l di\1INI4l' 
1 X I ~J I 8 , 4 l 

COMMON / SOUTI BPO UTI 4 l, DPOUTI4J,TOUT14),pOUT14l,HOUT14l,VFOUT14), 
1 TMOUT 14 ), XOU TI 8 t 4 l . 

COMMON/P ARA M/AMORT,H RS, TWA T,DT W,CWAT,TS'HVS,CS,CK WH,APPP,APRR, 
1 AR RRtT RRR 

C**** * 
c 
c 

c 

DIMENSION DU Mill 

TSAV =TI NI1l 
VSAV =VFINI1l 
BP=BPINI 1 l 
'"'r'\-~r'\ l ''I, \ 
v r -ur J. '" \ J.. 1 

i~ i N"' i ~ 0U I :.: 1 
TDP =TDSP*FLOATI2*JCH-3l 

IFIJCH. E0.2l GO TO 10 
C* HOT 

XTOUT =TINill 
XHOUT=HI NI1l 
TI Nill =XT I N= TEX 
CALL I SOF I U. l 
XHIN=HOUTill 
GO TO 20 

C* COLD 

c 

c 

10 XTI N=TINill 
XHI N= HINI1) 
TINI1l =X TOUT=TEX 
CALL IS OF I U.) 
XHOUT =HOUTI1) 

20 QT =XHOUT-XHIN 
VALUE=O. 

C** INTEG RATE IN DIRECTION OF INCREASING TEMP 
c 
c~· l LI QU ID 

c 

IFIJCH. E0 .2. AND.VSAV.EQ.l.l GO TO 4U 
IFIXTI N.GT.I BP+ 0 .1l l GO TO 30 
AS S IG N 30 TO !V AL 
I F I XT OUT.LT.I BP- U.1ll GO TO 95 
TB=BP 
VFI Nill "' O• 
GO TO 90 

C* 2 TWO-PHASE 
30 IF<XT IN .GT.I DP+O.lll GO TO 40 

ASS IGN 4 0 TO I V~L 
I F I XTOUT.LToiDP- O.lll GO TO 95 
TB =DP 



c 
VFIN!l)==l. 
GO TO 90 

C* 3 VAPOR 
40 GO TO 95 

c 
50 TIN<l l =TSAV 

VFINCll =VS.tW 
C** 
C SET OUTPUT PARAMETERS 
c 

CALL ZERO!EOUIP,l5l 
EQUIP C21=30. 
EQUIP ! 7l=OT 
EOUIP(8l=riNCll 
EQUIP<9l=TEX 

C 14 IS - VE !C REDIT } 

c 
c 

VALU E=VALUE*HRS 
EOUIPC15l=E QU IP!l4l=-VALUE 
RETURN 

90 IFIN=O 
TTN!ll=TB 
CALL ENTH !l, HB,DUM l 
GO TO 100 

95 IFIN=l 
100 TA=XTIN 

HA=XHIN 
IF<IFI N.EO cO) GO TO 10 2 
TB=XTOUT 
HB=XHOUT 

102 DT=TB-TA 
DH=HB-HA 
VAL =O . 
DO 105 1=1,3 
TT=TA~O. S ~iLOAT< T - · lJ ·~~ DT+ i CP 
CALL i~TERiJ(H ,T T,V j 

105 VAL=VAL+V 
VALU E=VALUE+DH*VAL / 3. 
IF!IFI N.EO.l l GO TO 50 
XTI N=TB 
XHIN=H B 
GO TO IVAL, ( 30,40 ) 
END 

215 



216 
SUBROUTINE JNTERIJCH,XR,YRl 

c 
C COMPUTES ENERGY VALUE/BTU lYRl AT TEMP (XRl FROM CUBIC SPLINE 
c 
C JCH =l HOT , 2 COLD 
c 
c 

COMMON/SPLINE/NH,NC,XIlOJ,YilO),PMilOl 

IFCJCH.EQ.2l GO TO 20 
Nl=NC+l 
N2=NC+NH+l 
GO TO 30 

20 Nl=l 
N2=NC+l 

30 IFIX R.LT .X<Nll) XR=X<Nll 
IFlX R. GT .X< N2l l XR=X(N2l 
DO l I =Nl ,N 2 
IF<X< I l. GE . XR l GO TO 2 

1 CON TINUE 
2 J == I- 1 

IFIX<IJ.EO.XRl GO TO 3 
H=X(J+ll- X(J) 
YR =IPMIJ l/16 .*H l l*IXIJ+ll-XRl*IXIJ+ll-XRl*IXIJ+ll-XR} * +IPMIJ+ll/(6.*Hl l * IXR-XIJJ l*IX R-X IJI l*IXR-XIJl) 

* +(Y(JJ-PMIJl*H*H /6.l * IXIJ+li-XRl/H 
* ~(YIJ+ll- PMIJ+ ll*H*H/6.l*IXR-XIJ) l/H 

GO TO 4 
3 YR =Y I I l 
4 RETURN 

END 



11.2 System Data Structures 

The major system data structures can be divided into five 

categories : 

i) Parameter 

ii) Stream 

iii) Equipment 

iv) Stream processing path 

v) Other 

The data arrays are generally stored in labelled C0~10N blocks. 

Especially for the larger stream ru1d equipment arrays some use is made of 

blrulli COM-·DN in order to conserve central memory (the CDC 6400 program 

loader will overlay blank CO.MtvVN but net labelled COMMJN). The five system 

tion is given as to the system section(s) with which they are associated -

C = COLSYS, S & B = S~~TCH & BRBND, R = RUNIT 

i) Parameters 

Parameters which are common to many system routines are stored in 

the /PAl"Wvl/ labelled COM-10N block. · Their nomenclature is as follows: 

N10RT - Amortization factor (fraction of capi ta1 investment charged/yr) 

HRS - Number of plant operating hours/yr 

TWAT - Cooling water temperature (oR) 

D11V Cooling water temperature rise (oR) 

OVAT - Cooling water cost ($/lb mole) 

TS - Steam condensation temperature (oR) 

I-NS - Steam enthalpy available (BTU/lb mole) 

217 



CS - Steam cost ($/lb mole) 

CK\'JH Electric power cost ($/KWH) 

APPP - Exchanger closest temperature approach-water cooling ( 0 R) 

APRR - Exchanger closest temperature approach-process stream and 

refrigerant usage (0 R) 

ARRR - Exchanger closest temperature approach-below TRRR (0 R) 

TRRR - See ARRR above . 

DTF() - Stream energy pricing discount (o) parameters 

ii) Stream 

(a) Working vectors 
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The /SIN/ and /SOUT/ COMMON blocks contain stream properties work­

ing vectors. These are conveniently used for most stream manipulation within 

BPIN/BPOUT Bubble point temperature (0 R) 

DPIN/DPOUT Dew point temperature (0 R) 

TIN/TOUT Temperature (0 R) 

PIN/POUT Pressure (psia) 

HIN/HOUT Enthalpy (BTU) 

VFIN/VFOUT Vapor fraction 

Th1IN/1MOUT Total flow (lb moles/hr) 

XIN/XOUI Component flows (lb moles/hr) 

(b) General stream arrays 

There are in general three types of vectors for each stream in the 

general stream arrays. They are: 

i) Stream control vectors- SMPA(C), SMCHA(S & B) 
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The SMCHA matrix has two sections, one each for hot and cold streams. 

The coding for SMGIA vectors is given below. Note that a slightly 

different coding is used for the SMPA vector and this is described 

in the listing for COLSYS. 

1. Primary stream number 

2. Secondary stream number (incremented by 1 for each heat exchange match) 

3. Active/inactive flag - 0. Active, 1. Inactive 

4. Stream type - 1. Feed, 0. Intermediate, -1. Product 

{2. High Priority - satisfy by service only) 

(-2. Pseudo-service stream) 

S. Stream sub-type - 0. Load, 1. (Heat/Refrigeration) Source 

6. Not used 

7. Pressure specification (psia) 

8 . . Temperature specification ( 0 R) 

ii) Stream properties vectors - S:t--1PB (C) , SMCHB (S & B) , S!vlRB (R) 

The order of coding for these vectors corresponds exactly to that 

for the stream working vectors described in (a) above. Transfer 

between the two is accomplished conveniently by the appropriate 

version of the stream handling utility routine, STMOV. Note that 

as for the SMGIA matrix, the SMCHB matrix has two sections, one 

each for hot and colcl . streams. The SMRB matrix has a separate 

section for each refrigerant circuit. 

iii) .t-lole fraction vectors SMO-IX(S & B), SMRX(R) 

Since the compositions of streams do not change throughout stream 

processing path generation and refrigeration unit calculation, it 
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1s convenient to store these constant compositions as mole fractions. 

Then the component flows for a primary stream and its subsequent 

residual streams -are generated when required from the appropriate 

mole fraction vector. This is carried out automatically by the 

stream handling utility routine, STMOV, during information transfer 

to the stream working vectors. 

iii) Equipment 

(a) Working vector - EQUIP 

The EQUIP working vector is used primarily to output information 

from equipment routines. Its general coding (slightly different for the DIST 

routine) is as follows: 

1. Equipment nwnber 

3.-4. Inlet stream nwnbers 

5.-6. Outlet stream numbers 

7.-12. Equipment size and parameter data 

13.-15. Equipment cost data 

The type nwnbers (2.) for the presently available equipment are 

listed below. 

1.-2. Heat exchanger (1. Cooler, 2. Heater) 

10. Adiabatic (valve) expander 

11. Compressor 

20. Splitter 

21. Mixer 

30. Stream energy value module (Stream sale) 

100 . Distillation column 
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There is a special convention for inlet/outlet stream number and 

size for the EQUIP vector, as follows: 

Hot (process) streams + 

Cold (proc~ss) streams 

Service streams >200 (201 steam, 202 cooling water, 203 

refrigerant) 

Pseudo-service streams 300 +signed stream number 

e.g. 301 for hot stream 1, 299 for cold stream 1 

(b) Input equipment array - EMI (C) 

The EMI array is used to input (column) equipment parameters to 

COLSYS. The coding of its vectors is described in the DIST routine listing. 

(c) General equipment arrays - EMCH(S & B), EMR(R) 

f.:,J.- ve:ctors uf these a1:tay~ .i..:::. .i..ueHt.i..(:a.l i..u -Li1ai.. fur llu:: 

EQUIP working vector described in (a) above. Note that the EMR array has a 

separate section for each refrigerant circuit. 

iv) Stream processing path 

The stream processing path data are stored in the /PATH/ C~~N 

block. The JPATH matrix stores the actual processing paths aud the NPATH 

vector stores the number of paths (excluding the initial pre-processing path) 

used for each primary stre~l. Primary stre~ are each allocated a maximum 

of NPTHS paths (columns in the JPATH matrix) and there are separate sections 

for hot and cold streams. The first path for each primary stream is reserved 

for pressure change processing (pre-processing). 1\vo subscript indexing 

functions, IDJ and IDN, are used to locate the correct positions in the JPA1H 

ru1d NPATI~ arrays for any given primary stream. The coding for the stream pro-

cessing paths, stored as columns of the JPATH matrix, is given belmv: 



222 

1. Number of equipments in path 

2.-6. Equipment numbers 

7. Total path cost 

8. Active (0)/inactive (>0) flag 

v) Other 

Other system labelled CO.MMJN blocks are briefly described below: 

/KPM/ Input process matrix to COLSYS. The coding is described in the 

COLSYS listing. 

/PROP/ Physical properties pure component constant vectors 

/CONTL/ System control information -

NE Equipment number, NIN, NOUT Number of input and output streams 

to an equipment, NOCOMP Maximum number of stream components. 

/REFL/ Refrigerant level information 

/SPLINE/ Stream energy cost spline information (Costs are in $/B1u) 

/PLOPT/ Optimal process configuration information 

/REFD/ Refrigeration unit input level and demand information 

N.A1v1ELIST usage 

Some use has been made of the FORTRAN NAMELIST free form input 
' feature, specifically for COLSYS input and for the /PAJU.ST/ and /COMP/ ~ffi-

LIST blocks. It has been used because of its convenience when only parts of 

particular arrays are to be provided and for the ease of identifying and 

changing system parameters. 



· APPENDIX I I I 

CASE STUDY ~~ PROCESS DETAILS 

III.l High Pressure Case Study and Process Details 

A full set of input, intei~ediate and final output data is given in 

this section for the high pressure (HP) process case. Data sets are grouped 

according to the four sections in which the system was run, i.e. 

A Task identification 

B Stre~n processing path generation 

C Selection of optimal netwcrk configuration (Branch and· bound 

optimization) 

D Refrigeratjon lmit. 

The sequence of data within the sets is essentially the same as 

expected for input to and output from the programs as listed in Appendix II.l. 

Brief notes of explanation are provided to guide the reader through the 

various sections. Specific data can be identified through the system data 

structure descriptions given in Appendix II . Z. Some comments have been inter­

spersed in the data to fur tl1er facilitate understanding. Additional title 

cards are identified by C**? 

blank cards have also been added. 

***and comment cards by C .. Some 

Note that as the component physical properties data set is common 

to all four sections it has been removed from all but the first. 
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A TASK IDE~~I FICATION (COLSYS Section) 

i) Input (to ~~NC) 
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The first section of data is that for component physical properties 

for the 7 pure components used in the study . There are 15 constants per 

component. 

This is followed by the colwm1 system data which is provided in 4 

NAMELIST groups as follows: 

a) · PARLST 

This is the group of carunon system parameters. 

b) KPMLST 

This is the process matrix data which defines the column system 

configuration, coded as sets · of equipment number, equipment type 

number and inlet and outlet stream numbers (+inlet. -outlet ). 

c) SMPLST 

This is the relevant stream control (SMPA) and properties (SiviPB) 

infom ation for process streams. 

d) EMILST 

This is the (column) equipment parameter information. 

ii) Output (f rom COLSYS) 

The output equipment vectors for the columns are shown on page 226. 

Their coding is described in the DIST routine listing. 

The stream demand and pr operties output from COLSYS 1s described 

as i nput t o the following system section, B. 



*** HIGH PRESSURE PROCESS CASE *** 

C*** HP CO LSYS SECTION INPUT *** 

c •• COMPONENT PHYSICAL PROPERTIES DATA 
$COMP 
NOCOMP=7,COMPNT=lt2t3t4t5t6t7t0t 
$END 

1 HYDROGEN 
1.8796 2E+02 
3.65000E+00 

-2. 7900E-10 
2 METHANE 

6.73 0 77E+02 
5.45 000[+00 
o. 

3 ETHYLENE 
7.421 48E+02 
5. 80000E+00 
4.22 000[-09 

4 ETHANE 
7.08 347E+02 
5.88000E+00 
o. 

5 PROPYLENE 
6.671 98E+ 0 2 
6.20000E+00 
5.88000E-09 

6 PROPANE 
6.17 379[+02 
8: 00000[+00 

7 N-BUT /1NE 
5.50659E+02 
6.730 00[+00 
o. 

5.98860E+01 
9 . 55000E-01 
7.94771E+00 

3 .43260[+02 
5.0C000E+00 
3.72492E+01 

5.09508E +02 
6 . 88000E+00 
5.8 1184E+01 

5 .49774 E+ 02 
7.880UCE+00 
6e54226E+01 

6e57180E+02 
9.69000E+00 
8e42555E+0 1 

6 .. 65946E+02 
1.03500E+01 
8 .9 05 19E+Ol 

7.65306E+02 
1. 30000E+01 
l.l2195E+02 

1 DEME THA NIZER 
2 DEETHANIZER 
3 C2 SPLITTER 
4 DEPROPANIZER 
5 C3 SPLITTER 

l.04108E+00 
6.9520 0E+00 
2.76232E-02 

1.59365E+00 
3.38100[+00 
4.42158E-02 

1.98606E+00 
9.44000E-01 
5.95223E-02 

2 .37046E+00 
2.24700[+00 
6.72910E-02 

2e8990 0E +00 
7.5 3000E-Ol 
8.53981E-02 

3.20332E+00 
2.41 000E+00 
9 .352 04E-02 

4 • 0 8 4 2 3 E+ 0 0 
4.453 00E +00 
l.20496E-01 

2.01600E+OO 
-4.57600E-04 

3. 045 29E-01 

1.60420E+01 
1.80440E-02 
2.91229E-01 

2.80520E+Ol 
3.73500E-02 
2.69607E-01 

3.00680E +0 1 
3.82010E-02 
2.84639E-Ol 

4e20780E+01 
5.69I00E-02 
2.742 96E - 01 

4.40 940E+01 
5.71950E-02 
2.76766E-Ol 

5.81?.00E+Ol 
7~22700E-02 
2.73879E-01 
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o. 
9.56300E-07 
7.0000 0E-02 

o. 
-4.30000E-06 

2.00000E-01 

9.49000E-02 
-1.99300E-05 

3.49000E-Ol 

l.06400E-Ol 
-l.l0490E-05 

3.76000E-Ol 

1.4510 0E-0 1 
-2.91000E-05 

5.22600E-Ol 

1.53800E-Ol 
-1.75330[-05 

5.07600E-Ol 

1.95300E-Ol 
-2.2214 0E-05 

5.84700E-Ol 
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C*** HP COLUMN EQUIPMENT VECTORS *** 

1 100 0 1.oo 300.5 1e28 9 11 2.27 0.78 
1.72 1312 0 99361 0 29808 

2 100 0 o.oo o.o 1o05 14 13 2.87 0.81 
1 • 0() 18694 87835 0 26351 

3 100 0 -1.00 o.o 3.49 30 26 3.44 0.47 
1.00 19039 145221 0 43566 

4 100 0 o.oo o.o 0.59 8 9 1.84 0.26 
1.00 2602 23424 0 7027 

5 !CO 0 o.oo o.o 6-17 29 56 3.90 0.31 
1.00 20898 226 0 55 0 67817 



B STREAM PROCESSING PATH GENERATION (SMATCH Section) 

i) Input (to MAINS) 

The title card is followed by the "features" card (1111 .) which 

activates (with a "1", deactivates with a "0") desired processing options 

in SMKfCH, i.e. steam, stream sales, cooling water, refrigeration and vapor 

recompression. 

TI1is is followed by the system parameter NAMELIST block, PARLST. 

The next card (7700) gives the numbers of hot and cold primary 

streams and hot and cold pseudo-service streams. 
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The following stream data, obtained as output from the preceding 

COLSYS section, is provided in two groups, one each for hot and cold streams. 

Within each the block of specification vectors (SMCr~) for all primary 

and stream component flow vectors. The latter are immedi ately converted into 

stream mole f r action vectors (SMCHX). Note that within each (hot or cold) 

stream group pseudo-service streams should allvays precede all other streams. 

For this particular application there are no pseudo-services. 

The final inpllt is that for refrigerant temperature levels. These 

data are provided for the refrigerant level scheduling algorithm in SMATCH. 

ii) Output (from SMATCH) 

The output from SMATCH (st remn, stream processing path and equip-

ment dat a) is described as input to the f ollowing system section, C. The 

intermediate out put produced during SMATCH execution is primarily for error 

detection purposes and is not shown. 
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C*** HP SMATCH SECTION INPUT *** 

HP PLANT -PROPANE SERIES PROCESSED 

$PA~LST 1 1 1 1 

AMORT =0 .3, HRS=8000. , 
TWAT=535., DTW=1U.,CWAT=3 .6E-5,TS=8 25.,HVS=1.00E3,CS=1•80E-2,CKWH=0.007, 
APPP=10.,APRR=10.,ARRR=5.,TRRR=310., 
SEND 

7 7 0 0 
c •• HOT STREAM DATA -
c •• STREAM CONTROL VECTORS , THEN ALTERNATE PROPERTIES + FLOWS 

o.o 555.0 
VECTORS 

1 -1 1 
2 1 
3 0 
4 0 
5 0 
6 0 
7 0 

555.2 555.2 614.4 
o.oo o. oo o.oo 

240. 0 449~1 520.0 
255~ 00 495. 0 0 315.00 

240. u 348a5 348e5 
255.8 0 1041.2U 122.20 

481.9 490.9 490~9 
o.oo 14 . 05 628.78 

416e0 422e1 422A1 
o.oo 23&90 1056 .26 

552. 0 559.7 559.7 
o.oo o.oo o.oo 

508.2 512$5 512.5 
o.oo o. oo o.oo 

c •• COLD STREAM DATA 
1 -1 1 
2 0 
3 0 
4 -1 1 
5 0 
6 0 
7 0 

240.0 300.1- 300.1 
255.00 488·16 7e84 

530.0 577.8 530.0 
.oo 9.36 420.26 

634.1 648.6 63 L~ .1 o.oo . uu 4.61 
461.3 466.6 '+6).. 3 o.oo . oo 3.73 
461.3 466.6 461.3 

o.oo . oo 22.44 
644.5 653.8 644.5 o.oo o. oo o.oo 
533.7 547.6 533.7 o.oo o. oo o.oo 

c •• REFRIGERATION LEVELS -
5 

296. 
345. 
385. 
425. 
470. 

565.0 400.0 
o.o 301.5 o.o 481.9 
o.o 416.0 
o.o 552.0 
o.o 508.2 

174.4 15604605 1.000 2368.7 
o.oo o.oo 22214.40 

115.0 5185628 1.000 1500.0 
210.00 135.00 45.00 

565.0 1871954 1.000 1420.0 
o.so .oo .oo 

465.0 214 0741 1.000 10 79.7 
418.39 16.14 2.32 

215.0 1794653 1e000 1091.0 
10.83 .o o o.oo 

200.0 1305193 1 .000 282.3 
9.01 196.85 66.71 

115.0 3802021 1 ·000 987.8 
40.74 868.85 78.18 

215.0 -1.0 
o.o 577.8 
o.o 648.6 

115.0 -1.0 
o.o 466.6 
o.o 653.8 
o.o 547.6 

565.0 925856 1.000 751.6 

o.oo 
45.00 

.oo 

.oo 
o.oo 
9.70 

o.oo 

·61 .oo .oo .oo 
565.0 -975563 o.ooo 1023.9 

286.49 1M4.71 61.57 61.57 
465.0 1437380 o.oo o 1011.0 

25.79 577.15 199.15 204.27 
215.0 -454183 OeOOO 21 2 .2 

20 0 .61 7.86 o.oo o.oo 
215. 0 -2735952 o.ooo 127 8. 2 

1208.43 47.33 o.oo o.oo 
200.0 581610 o.ooo 203.8 

.01 13.9 0 8.37 181.55 
115.0 -1296919 o.ooo 959.2 

.oo 72.28 741.46 145.49 



C SELECTION OF OPTIM!\L NETWORK CONFIGURATION (BRBND Section) 

i) Input (to MAJNB) 

229 

The title and system parameter cards are as for the previous section 

with one addition, the discount (o) parruneter for cold strerun energy trans­

fers (DTF(Z)). 

The card containing parameters for the branch and bound optimiza­

tion is next. 

The remainder of the data, with the exception of the final refrig­

erant level/cost information, is obtained as the complete punched output 

from SMATCH. It is divided into three sections as described below: 

(a) Stream information 

The first card (7 7 0 0 24 16) gives the numbers of primary, pseudo­

service and total streruns for the hot and cold categories. Within 

each category the block of mole fraction vectors (SMCHX) for primary 

streruns is first. This is followed by the block of alternate 

stream control (SMCHA) and properties (SMCHB) vectors for all primary 

and residual streams. 

(b) Stream processing paths 

Within this section information is again divided into hot and cold 

(primary) stream categories. Within each the first card gives the 

number of processing paths used for each primary stream (NPATH 

vector). Then follow the processing path matrix (JPATH) sections 

for all primary streruns, each preceded by the primary stream number. 

(c) Equipnent vectors 

TI1e nunilier of equipments precedes the complete listing of equipment 

vectors. Withi n each vector the equipment number is f irst. The 
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second entry is the equipment type number and the coding for the 

remainder of the vector can be found in the corresponding equip­

ment subroutine listing. Note that at this stage cost values for 

equipment involving energy costs (types 1 and 30) are missing. 

They are to be provided as a first step in this system section by 

the ENERGY routine. 

The final data cards contain refrigerant level and cost information. 

These cost figures (in $/BTU) are either estimated or obtained from previous 

calculation and are updated later by the refrigeration routine, RUNIT. Final 

convergence of the overall problem cannot be obtained until these costs are 

within the correct range (refer to Figure 10, section 6.1). The values shown 

here are those for the final computation pass. 

ii) Output from E~ffiRGY (entry ENEC) 

The ENERGY routine (specifically the ENEC entry) computes all costs 

associated with energy transfers, i.e. refrigerant usages and stream sales. 

This completes the equi pment costing process and allows processing path costs 

to be totalled and sorted into order of increasing cost f or each primary 

stream. The completed output from this computation phase is shown on page 239. 

TI1e stars (*) which indicate optimal paths for each primary stream were added 

after the following branch and bound optimization stage. 

Note that the first processing path for each primary stream is not 

shown. This is the pressure-changing or pre-processing path which does not 

present any processing alternatives and hence is not directly required for 

the branch and bound optimization calculations. The pre-processing path cost 

has however been added into the costs for all other paths for the appropriate 

stream. 



Note also that costs for process/process matches are divided 

equally between paths for the two respective streams to avoid duplication 

of costs. 

iii) Output from BRBND 

The intermediate output produced during execution of the branch 
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and bound optimizing routine, BRBND, is not shown. After the optimization 

_has been completed BRBND compiles a list of thenumbers of the equipment 

which comprise the optimal plant (NEOPT vector). This is shown on page 240 

together with the optimal plant number and cost. Note that since the maximum 

number of processing paths per stream (NPTHS),which is also the base for 

the plant number, is 10 then each decimal digit of the plant number is a 

component path sequence number~ 

iv) Output from ENERGY (entry ENDS) 

Fran the ~~OPT vector the ENERGY routine (specifically the ENDS 

e11try) compiles lists of energy transfers and overall cost statistics for the 

optimal plant. These are shown on page 240. Note the following points. 

The t emperatures given in the REFD refrigeration demand array are 

the maximum temperatures at which refrigeration should be supplied. Dependent 

on the l evels available the actual temperature used may be rather lower than 

that shown. 

As the high pressure process does not use any stream as a pseudo­

service the PSR array is not used. 

The costs shown do not agree exactly with the values given in Table 

8 (section 7.5) as the energy cost values have yet to be updated by the final 

pass thr ough the r efrigeration routine. 

The ENDS routine also Hrites out the sequence of complete equipment 
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vectors for the optimal plant. This is not sho~1 in the line printer output 

in which it is produced due to page width limitations. However complete 

details of the optimal plant abstracted from the SMATCH output are shown on 

pages 241 and 242 . Both stre~1 and equipment details are shm1n. Note that 

only data for those streams and equipment which form part of the optimal 

plant are presented. 



C*** HP BRBND SECTION INPUT *** 

HP PLANT - PROPANE SERIES PROCESSED 
$PA RLST 
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AMO RT=0.3 ,HRS= 8000 ., · 
TWAT =535 ., DTW=1U etCWAT=3.6E-5tTS=825.,HVS=1.00E3,CS=l•80E-2,(KWH=0.007, 
APPP =10 ., APRR= 10 .,ARRR=5.,TR RR =31 0 .,DTF(2)=0., 
$EN D 

c •• BR ANCH + BOUN~ PARAMETER CARD 
10 3 4 2 

7 7 0 0 24 16 
c •• HOT STREAM MOL E FRACTIONS 

o.oo oo o.oooo o. o oo o 
.1700 .33 00 .2100 
·1801 .7 33 2 . 0861 

OaO OOO . 0 130 .58 24 

8: 8888 o: 8 368 o: 6 8~6 
o. oooo o. ouoo o.oo oo 

o.oooo 
.1400 
.000 6 
.3875 
.0099 
.0 319 
.0412 

o.oooo 
.090 0 

o. oo o o 
.0149 

o.o o oo 
.6973 
.8796 

1.0000 
.03 00 

o.oooo 
. 00 21 

o.oooo 
.2363 
.0791 

c •• . HOT STREAM CONTROL+ PROPERTIES VECTORS 
1 0 0 -1 

555.2 555.2 614.4 
2 0 1 1 

240.0 449.1 520.0 
3 0 0 0 

240.0 348.5 348.5 
4 0 0 0 

481.9 490.9 490.9 
5 0 0 0 

416.0 422.1 422.1 
6 0 0 0 

552.0 559.7 559.7 
7 0 0 0 

508.2 512.5 512.5 
2 0 1 1 

') /. (\ (\ 
'- -r;:: • ..... 

c. 
240.0 

2 
240.0 

2 
240 .0 

1 
555.2 

5 
472.3 

7 
50 8 .2 

7 
554.3 

2 
240.0 

1 
555.2 

1 
555.2 

2 
24 0 . 0 

2 
240 .0 

1 
555 · 2 

1 
555.2 

2 
240. 0 

2 
24 0 .0 

'· 0 1'. Q ...,. v _.;- ._., 
() , 
v .1. 

485.8 
0 1 
522.5 
0 0 
522.5 
1 0 
555.2 
1 1 
476.7 
1 0 
512.5 
1 1 
558.1 
1 0 
522.5 
2 0 
555.2 
2 0 
555.2 
2 0 
522.5 
2 0 
522.5 
3 0 
555 . 2 
3 0 
555 . 2 
3 0 
522.5 
3 0 
522 . 5 

523 ... 1: , ... 
545.0 

1 
653.3 

1 
545.0 

-1 
555.2 

0 
522.8 

2 
508.9 

0 
575.7 

1 
495.0 

-1 
555.2 

-1 
555.2 

1 
445.0 

1 
472.7 

-1 
555.2 

-1 
555.2 

1 
434.6 

1 
435.0 

c •• COL ~ STREAM DAT A 
. 319 1 . h49 S 

0 • 0 0 (J 0 • v (J 9 1 
o. uuoo o.uuou 

1 o.o o.o 555.0 

0 

0 

0 

0 

0 

174.4 15604605 1.000 2214.4 

115.0 

565.0 

465.0 

215.0 

200.0 

o.o 565.0 400.0 
5185628 1.000 1500.0 
o.o o.o 301.5 
1871954 1.000 1420.0 
o.o o.o 481.9 
2140741 1.000 1079.7 
o.o o.o 416.0 
1794653 1.000 1091.0 
o.o o.o 552.0 
1305193 1. 0 0 0 282.3 

0 
115.o ~A82o21 · 0 t?ooo 508 ~~7. 8 

0 
(\ 
v 

0 

0 

1 

0 

0 

0 

0 

1 

1 

0 

0 

1 

254.9 

565.0 

565.0 

OeO 565e0 400e0 
6 7 8 8 5 l 3 l ~ 0 0 0 ,_ 5 no ~ n 
o. c 565.0 ':'00 . 0 
5410782 1.000 1500.0 
o.o 565.0 400.0 
7 0 53372 1.000 1500.0 
o.o 565. 0 400.0 
4981852 1. 000 1 500 .0 
o.o o.o 555.0 

174.4 11172383 .896 2214.4 
o.o o.o 416.0 

531.2 2642552 1.000 1200.1 
o.o o. o 508.2 

115.0 -2313502 . 06 7 987.8 

222.4 

565.0 

174.4 

174.4 

565.0 

565.0 

0.0 0.0 508o2 
4969671 1. 0 00 1086.6 
o.o 565. 0 400.0 
3237481 .881 1500.0 
o.o o.o 555.0 
4963488 .459 2214.4 
o.o o.o 555.0 
50 8 3094 .467 22 14.4 
o.o 565. 0 400.0 

757144 .634 1500. 0 
o.o 565. 0 .40 0 . 0 
2124174 .772 1500.0 
o.o o.o 555.0 

174.4 -1125802 . 0 29 2214.4 
1 o.o o.o 555.0 

174.4 -11258 02 . 029 2214.4 
0 o.o 565. 0 400.0 

0 

. 0104 

.41 0 5 

. 00 46 

565.0 

565.0 

.oooa 

.27 98 

.0255 

256871 .584 1500.0 
o.o 565.0 400.0 

276302 .586 1500.0 

o.o o o o 
·18 04 
.5709 

o.oooo 
.0601 
.1970 

o.oooo 
.0300 

o.oooo 
o.oooo 
o.oooo 

.0344 
o.oooo 

1 

2 

3 

4 

5 

6 

7 

a · 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

2 0 

21 

22 

23 

24 

o.oooo 
.0601 
.2020 



o.oooo o.oooo .0176 .9454 .0370 o.oooo o.oooo 
o.cooo o.o oo o .0176 .9454 .0370 o.oooo o.oooo 
o.oo o o o.o ooo o.o o oo .oooo .0682 • 0411 .89 0 8 
o. o oo o o . ooo o o.o o oo o.oo oo .0754 .7730 .1517 

1 0 1 -1 1 o.o 215.0 -1.0 1 
240.0 300.1 300.1 565.0 925856 1.ooo 751.6 

2 0 0 0 0 o.o o.o 577.8 2 
530.0 577.8 530.0 . 565.0 -975563 o . o oo 1023.9 

3 0 0 0 0 o.o o.o 648.6 3 
634·1 648.6 634.1 465.0 1437380 o.ooo 1011.0 

4 0 1 -1 1 o.o 115.0 -1.0 4 
461.3 466.6 461.3 215.0 -454183 o . ooo 212.2 

5 0 0 0 0 o.o o.o 466.6 5 
461.3 466.6 461.3 215.0 -2735952 o.ooo 1278.2 

6 0 0 0 0 o.o o.o 653.8 6 
644.5 653.8 644. 5 200.0 581610 o. o oo 20 3.8 

7 0 0 0 0 o.o o.o 547.6 7 
533.7 547.6 533.7 115.0 -1296919 o .ooo 959.2 

1 0 0 -1 1 o.o 215.0 -1.0 8 
. 24 0 .0 24 0 . 0 24 8 .6 215.0 925856 1.000 751.6 

4 0 0 -1 1 o.o 115.0 -1.0 9 
424.2 4 30 .1 424.6 115.0 -442874 .164 2 12.2 

5 1 0 2 0 o.o o.o 466.6 10 
461.3 466.6 463.4 215.0 1211037 .643 1278.2 

5 1 0 2 0 o.o o.o 466.6 11 
461.3 466.6 464.4 215.0 2155206 .794 1 278.2 

2 l 0 2 0 o.o o.o 577.8 12 
530.0 577.8 545.6 565.0 729706 .415 10 23.9 

7 1 0 2 0 o.o o. o 547.6 13 
533.7 547.6 535.6 115.0 4158 0 5 .264 9 59 .2 

7 1 0 2 0 o.o o.o 547.6 14 
533.7 547.6 5'+5.2 115 .o 4792371 .913 959.2 

7 1 0 2 · o . o.o o.o 547.6 15 
533.7 547.6 545.2 115·0 4792371 .913 959.2 

4 1 0 -1 1 o.o 115.0 -1 . 0 16 
4'?4.?. 4'3 0 .1 4 ? A.O 11').0 1)974A .')98 ?1'2.2 

c •• STREA M PROC ESS I NG PATHS 
c •.• HOT S TRE AMS -

6 3 1 2 2 3 3 
1 

0 0 0 0 0 0 
1 14 0 0 0 0 -

2 15 34 0 0 0 
3 1 5 35 41 0 0 
3 15 36 4 3 0 0 
4 15 35 4 2 50 0 
4 1 5 36 44 . 51 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 

2 
4 1 2 3 4 0 
3 29 38 4 5 0 0 
4 29 39 47 53 0 
4 29 38 4 6 52 0 
0 0 0 0 0 0 
0 0 0 l) 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 

3 
1 16 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
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0 0 0 0 0 0 
4 

1 17 0 0 0 0 
1 18 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 

5 
1 19 0 0 0 0 
2 20 21 . 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 

6 
1 22 0 0 0 0 
1 23 0 0 0 0 
1 24 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 

7 
1 25 0 0 0 0 
2 26 37 I) Q 0 
2 27 20 " v A 

v v 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 

c •• COLD STREAMS -
1 3 1 3 6 1 5 

1 
1 5 0 0 0 0 
1 12 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 

2 
1 7 0 0 0 0 
1 15 0 0 0 0 
2 23 32 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 

. 0 0 0 0 0 0 
3 

1 8 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
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0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 

4 
1 6 0 0 0 0 
1 13 0 0 0 0 
1 39 0 0 0 0 
2 46 49 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 

5 
1 9 0 0 0 0 
2 18 30 0 0 .0 
2 21 31 0 0 0 
1 26 0 0 0 0 
1 35 0 0 0 0 
1 44 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 

6 
1 10 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 · 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
() 

,... 
() () () 0 ,v 

0 0 0 0 0 0 
0 0 0 0 0 0 

7 
1 11 0 0 0 0 
2 24 33 0 0 0 
1 28 0 0 0 0 
2 36 40 0 0 0 
2 42 48 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 0 0 0 
0 0 0 a · 0 0 

c •• EQUIPMENT VECTORS 
53 

1 11 2 0 8 0 700 
115.0 254.9 o.o o.o o.o 233843 29240 99393 

2 1 8 202 9 0 -1377731 
684.5 13.7 7654.1 o.o 1.0 18549 2204 7769 

3 11 9 0 10 0 717 
254.9 565.0 o.o o.o o.o 238590 29964 101541 

4 1 10 202 11 0 -2071520 
828.1 17o8 11508.4 o.o 1.0 21601 3314 9795 

5 10 -1 0 -8 0 100 
565.0 215.0 o.o o.o o.o 0 0 0 

6 10 -4 0 -9 0 16 
215.0 115.0 o.o o.o o.o 0 0 0 

7 2 -2 201 0 0 4432222 
9 8. l+ 5 9 .4 246.2 o.o leO 5147 35458 37002 
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8 2 -3 201 0 0 4493258 
146.9 34.7 249.6 OeO 1.0 6547 35946 37910 

9 2 -5 201 0 0 6208896 
l03e2 94.3 344e9 OeO leO 5297 49671 51260 

10 2 -6 201 0 0 1377391 
47.0 32.8 76e5 o.o leO 3305 . 11019 12011 

11 2 -7 201 0 0 6715581 
141.7 63.8 373.1 o.o leO 6408 53725 55647 

12 30 -8 0 0 0 0 
249e0 -1.0 OeO OeO OeO 0 0 0 

13 30 -9 0 0 0 0 
425e0 -1.0 o.o OeO OeO 0 0 0 

14 1 1 202 0 0 -17157662 
8764.9 6.7 95320e3 OeO leO 142625 27452 70240 

15 1 1 -2 12 0 -4432222 
3239e9 6e6 OeO OeO leO 64331 0 19299 

16 1 3 203 0 0 0 
OeO OeO 301e5 OeO OeO 0 0 0 

17 1 4 203 0 0 0 
OeO OeO 48le9 OeO OeO 0 0 0 

18 1 4 -5 0 -10 -3926923 
1345.2 l0e4 o.o o.o leO 31844 0 9553 

19 1 5 203 0 0 0 
OeO OeO 416e0 OeO OeO 0 0 0 

?1"1 , , 5 0 13 0 ?0? L. ~ . . 
21~.0 

r._"'.'., ...... CleO c.o r. " Iifr!;CJS' l21 C) 't /, £. c:. ,, 'l 
..JJ.J..eL. v•V 

21 1 13 -5 0 -11 -4865113 
3192.2 7.3 OeO OeO 1e0 63573 0 19072 

22 1 6 202 0 0 -1703878 
86le5 5e3 9466e0 OeO leO 22295 2726 9415 

23 1 6 -2 0 -12 -1703878 
836e3 5.6 OeO o.o leO 21772 0 6532 

24 1 6 -7 0 -13 -1703878 
668e9 6e9 OeO OeO leO 18209 0 5463 

25 1 7 203 0 0 0 
o.o o.o 508.2 OeO OeO 0 0 0 

26 1 7 -5 14 0 -6208896 
1066.1 19.7 OeO OeO 1.0 26439 0 7932 

27 11 7 0 15 0 344 
l15e0 222.4 OeO o.o o.o 130811 14365 53608 

28 1 15 -7 0 0 -6628207 
3598.3 5e5 o.o o.o 1.0 69965 0 20989 

29 l 11 203 16 0 0 
OeO OeO 495e0 OeO o.o 0 0 0 

30 2 -10 201 0 0 2261907 
37.8 93.6 l25e7 OeO 1.0 2898 18095 18965 

31 2 -·11 2 01 0 0 1317738 
22.0 93.4 73.2 OeO leO 2097 10542 11171 

32 2 -12 201 0 0 2726953 
62e5 56e5 151.5 o.o 1.0 3921 21816 22992 



33 2 
10 6 . 2 

34 1 
6958.8 

35 1 
726.0. ' 

36 1 
4509.1 

37 1 o.o 
38 1 

o.o 
39 1 

224.0 

40 2 
13.5 

41 1 
3563.5 

42 1 
4509.1 

43 1 
3628.9 

44 1 
726.0 

o.o 
' J. 

46 1 
285.8 

47 1 o.o 
48 2 

13.5 

49 30 
-1.0 

50 1 
233.6 

51 1 
233 .• 6 

52 1 
o.o 

53 1 o.o 

-13 201 
63o2 277.9 

0 0 
OeO 

12 202 0 0 
5.1 7 0 696.9 OeO 

12 
35e4 

-5 17 0 
Oe O OeO 

12 
5.1 

-7 18 -14 
o.o OeO 

14 203 0 0 
o.o 508.2 OeO 

16 203 19 0 
OeO 445.0 OeO 

16 -9 20 0 
25eU 0.0 OeO 

-14 201 0 0 
61.6 34.8 o.o 

17 202 0 0 
5.1 36203.0 o.o 

17 -7 21 -15 
5.1 OeO o.o 

18 202 0 0 
5e1 36867.5 o.o 

18 
35.4 

-5 22 0 
OeO o.o 

, ,.., 
.1../ 

o.o 
0 

OeO 

19 
7.7 

-9 23 -16 o.o o.o 
20 203 24 0 

o.o 435.0 o.o 
-15 201 0 0 

61.6 34e8 o.o 
-16 o. o 0 

21 202 

o.o 

5.1 2373.6 

22 202 
5.1 2373.6 

23 203 
o.o 400.0 

24 203 o.o 400.0 

0 0 
OeO 

0 0 
o.o 

0 0 
o.o 

0 0 
o.o 

0 0 
OeO 

c •• REFRIGERATION LEVELS+ COSTS-
5 

296. .0000138 
345. e000012 0 
3 8 5. .0000095 
42 5 . .00000 43 
47 0 ~ . 0 000 0 25 

5002857 
leO 5390 

-12725440 
leO 118584 

-6208896 
1.0 19442 

-6089290 
1e0 83806 

0 
OeO 0 

0 
o.o 0 

-1125983 
1e0 8434 

626291 
1e0 1564 

-6516545 
leO 69423 

-6089290 
leO 83806 

-6636151 
1e0 70440 

-6208896 
leO 19442 

0 
OeO 0 

-500273 
1.0 9761 

0 
o.o 0 

626291 
1.0 1564 

426 
o.o 0 

-427255 . 
leO 8650 

-427255 
leO 8650 

0 
o.o 0 

0 o.o 0 

238 

40023 41640 

20361 55936 

0 5833 

0 25142 

0 0 

0 0 

0 2530 

5010 5480 

10426 31253 

0 25142 

10618 31750 

0 5833 

0 0 

0 2928 

0 0 

5010 5480 

0 0 

684 3279 

684 3279 

0 0 

0 0 
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C*** HP CSORTEDl STREAM PROCESSING PATH ARRAY *** 

c •• * DENOTES OPTIMUM PROCESSING SEQUENCE 

1 
2 4 15 36 44 51 0 28416 
3 4 15 35 42 50 0 28416 
4 3 15 35 '+l 0 0 43819 
5 3 15 36 43 0 0 53970 
6 2 15 34 0 0 0 65585 * 
7 1 14 0 0 0 0 70240 

2 
12 4 29 39 47 53 0 456936 * 
13 4 29 38 46 52 0 476838 
14 3 29 38 45 0 0 514500 

3 
22 1 16 0 0 0 0 289046 * 

4 
0 0 32 1 18 0 0 4776 

33 1 17 0 0 0 0 91484 * 
5 

42 2 20 21 0 0 0 56079 * 
43 1 19 0 0 0 0 416059 

6 
52 1 24 0 0 0 0 2731 
53 1 23 0 0 0 0 . 3266 
54 1 22 0 0 0 0 9415 * 

7 
62 2 26 37 0 0 0 20284 
63 27 28 0 0 0 64102 * 
64 1 25 0 0 0 0 233312 

1 
72 1 12 0 0 0 0 -94110 * 

2 
82 1 15 0 0 0 0 9649 * 
83 2 23 32 0 0 0 26258 
R4 1 7 0 0 0 0 37002 

3 
92 1 8 0 0 0 0 37910 * 

4 
102 1 13 0 0 0 0 -37260 
103 2 46 49 0 0 0 -18871 
104 1 39 0 0 0 0 1265 * 
5 
112 1 44 0 0 0 0 2916 
113 1 35 0 0 0 0 2916 
115 ~ 21 ~0 0 0 0 ~01 0 7 * 116 18 0 0 0 3 14 
117 1 9 0 0 0 0 51260 
6 
122 1 10 0 0 0 0 12011 * 
7 
132 1 28 0 0 0 0 10494 * 
133 2 42 48 0 0 0 18051 
134 2 36 4 0 0 0 0 18051 
135 2 24 33 0 0 0 44371 
136 1 11 0 0 0 0 55647 
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C*** HP OPTIMAL PLANT SUMMARY *** 

OPTI MAL PLA NT NO.,COST 51121321113311 1030575 

EOUIP ME NT NOS. -
1 2 3 4 5 6 8 10 12 15 16 17 20 21 22 27 28 29 31 34 39 47 53 

c •• REFRIG ER ATION DEMAND , STREAM SALE+ PSEUDO-SERVICE USAGE ARRAYS 
REFD,REF S ,PRS V ARR AYS -

296 23948 4 2 
390 15 2 11 20 
435 18 5 4 2 10 
472 3 9 26 7 80 
485 1744371 

249 -8 

TOTAL PLANT COST SUMMARY -

TOTAL 
PROCE SS NE TWORK I EXCL. REFR. DEMANDS+ SALES) 
PRE - PROCESSING !PRESSURE SPEC S > 
PO ST- PROCESSING ( TEMPERA TU RE SPECS) 
REFRI GERATION DEMANDS 
STR EAM SALES 

1030575 
5585 0 6 
2184 9 8 
340008 
566180 
-94111 
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C*~~- HP OPTIMAL PLANT DETAILS *** 

c •• HOT STREAM DATA 
o. cooo o . o oo o o.oooo o.oooo o.oooo 1.0000 o.oooo 

.1700 . 330 0 . 21 0 0 .14 00 .0900 .03 00 .0300 
·6806 .7 3 3 2 . 08 61 .0006 o.oooo o.oooo o.oooo 

0. 00 . (.11 30 .5824 .3875 .0149 .0021 o.oooo 
o .. oooo .0219 .9682 .0099 o.oooo o.oooo o.oooo 
o.uooo o.oouo o.oooo .0319 .6973 .2 363 .0344 
o. o ooo o.oo oo o.oooo .0412 .8796 .0791 o.oooo 

1 0 0 -1 1 o.o o.o 555.0 1 
555.2 555.2 614.4 174.4 15604605 1.000 2214.4 

2 0 1 1 0 o.o 565.0 400.0 2 
240.0 449.1 520.0 115.0 5185628 1.000 1500.0 

3 0 0 0 0 o.o o.o 301.5 3 
240.0 348.5 348e5 565.0 1871954 1.000 1420.0 

4 0 0 0 0 o.o o.o 481.9 4 
481.9 490.9 490.9 465.0 2140741 1.000 1079.7 

5 0 0 0 0 o.o o.o 416.0 5 
416.0 422.1 422.1 215.0 1794653 1. 0 00 1091.0 

6 0 0 0 0 o.o o.o 552.0 6 
552.0 559.7 559.7 200.0 1305193 1.000 282.3 

7 0 0 0 0 o.o o.o 508.2 7 
508.2 512.5 512.5 115.0 3802021 1.000 987.8 

2 0 1 1 0 o.o 565.0 400. 0 8 
24 0 .0 485.8 623.4 254.9 6788513 1.000 1500.0 

2 0 1 1 0 o.o 565.0 400.0 9 
240.0 485.8 5'+ 5. 0 254.9 5410782 1.000 1500 .0 

2 0 1 1 0 o.o 565.0 400.0 10 
24 0 .0 622.5 653.3 565.0 7053372 1.000 1500.0 

11 2 0 1 0 o.o 565.0 400.0 
240.0 522.5 545.0 565.0 4981852 1.000 1500 .0 

1 1 0 -1 1 o.o o.o 555.0 12 
555.2 555.2 555.2 174.4 11172383 . 896 2214.4 

5 1 1 0 0 o.o o.o 416.0 13 
472.3 476.7 522.8 531e2 2642552 1. 000 1200.1 

7 1 1 0 0 o.o o.o 508.2 15 
554r3 r:;5 R ~l 575-7 222·4 4Gf-.Gf:.-71 1 .UOO l U8 c--f:-

2 1 l) 1 0 o.o - - 565~6 400.0 16 
240.0 522.5 495.0 565.0 3237481 .881 1500 .0 

2 2 0 1 0 o .. o 565.0 40 0 . 0 20 
240.0 522.5 472.7 565.0 2124174 .772 1500.0 

2 3 0 1 0 o.o 565 . 0 400.0 24 
240.0 522.5 435.0 565.0 276302 .586 1500.0 

c •• COLD STREAM DATA 

o:6666 
.6495 . 0104 .ooo8 o.oooo o.oooo o.oooo 
. 00 91 .4105 .2798 .1 804 .0601 .0601 

o. o o o o o. ooo o . 0 046 . 0 255 . 5709 .1970 ·20 2 0 
o.o o oo o .uooo .0176 .9454 .037 0 o.oooo o.o ooo 
o.oooo o.oooo .0176 .9454 .0370 o.oooo o.oooo 
o.oooo o . o o o o o . oooo .oooo .0682 .0411 .890 8 
o.oooo o.oooo o.oooo o. o ooo . 0754 . .7730 ·1517 

1 0 1 -1 1 o.o 215.0 -1.0 1 
240.0 300.1 300.1 565.0 925856 1. 0 00 751.6 

2 0 0 0 0 o.o o. o 577.8 2 
530.0 577.8 530.0 565.0 -975563 o.ooo 10 2 3 .9 

3 0 0 0 0 o.o o. o 648.6 3 
634.1 648.6 634.1 465.0 1437380 o . ooo 10 11.0 

4 0 1 -1 1 o.o 115.0 -1. 0 4 
461.3 466.6 461.3 215.0 -454183 o.ooo 212.2 

5 0 0 0 0 o.o o.o 466·6 5 
461.3 466.6 461.3 215.0 -2735952 o . ooo 1278.2 

6 0 0 0 0 o.o o. o 653.8 6 
6Lt4 e 5 653.8 644.5 200.0 581610 o . o oo 2 03 .8 

7 0 0 0 0 o.o o.o 547.6 7 
533.7 5L~ 7 • 6 533.7 115.0 -1296919 o.ooo 959.2 

24<Lo 
0 0 -1 1 o.o 215.0 -1.0 8 
240.0 248.6 215.0 925856 1. 000 751.6 

4 0 0 -1 1 o.o 115.0 -1.0 9 
42'+. 2 430.1 424.6 115.0 -442874 .164 2 12.2 

5 1 0 2 0 o. o o . o 466 . 6 11 
461.3 466.6 464.4 215.0 2155206 .7 9 4 12 78.2 
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c •• EQUIPMENT DATA 
1 01 2 0 8 0 700 
115. 254.9 o.o o.o o.o .2 33843 29240 99393 

2 1 8 202 9 0 -1377731 
684. 5 13.7 7654.1 o.o 1.0 18549 2204 7769 

3 11 9 0 10 0 717 
254.9 565.0 0~0 o.o o.o 238590 29964 101541 

4 1 10 202 11 0 -2071520 
828.1 17.8 11508.4 o.o 1.0 21601 3314 9795 

5 10 -1 0 -8 0 100 
565.0 215.0 o.o o.o o.o 0 0 0 

6 10 -4 0 -9 0 16 
215. 0 115.0 o.o o.o o.o 0 0 0 

8 2 -3 201 0 0 4493258 
. 146.9 34.7 249.6 o.o 1.0 6547 35946 37910 

10 2 -6 201 0 0 1377391 
47.0 32.8 76.5 o.o 1.0 . 3305 11019 12011 

12 30 -8 0 0 0 1555873 
-1.0 o.o o.o o.o o.o 0 -94111 -94111 

15 1 1 -2 12 0 -4432222 
3239.9 6.6 o.o o.o 1o0 64331 0 19299 

16 1 3 203 0 0 -2 39481+2 
919.0 30. 0 301.5 296.0 3.5 82186 264391 289046 

17 1 4 203 0 0 -3926780 
513. 0 8.0 481.9 470.0 1.0 43146 78540 9148~· . 

20 11 5 0 13 0 292 
215.0 531.2 o.o o.o o.o 114499 12194 46543 

21 1 13 -5 0 -11 -4865113 
3192.2 7.3 o.o o.o 1.0 63573 0 1907 2 

22 1 6 202 0 0 -1703878 
861.5 5.3 9466.0 o.o 1.0 22295 2726 9415 

27 11 7 0 15 0 344 
115. 0 222.4 o.o o.o o.o 130811 14365 53608 

28 1 15 -7 0 0 -6628207 
3598.3 5.5 o.o o.o leO 69965 0 20989 

29 1 11 20 3 16 0 -1744371 
296.0 20.5 495.0 470.0 1.0 10350 34800 45150 

31 2 -11 201 0 0 1317738 
22 .. 0 93.4 73.2 o.o 1.0 2097 10542 11171 

34 1 12 202 0 0 -12725440 
6958. 8 5.1 7 0696.9 o.o 1.0 118584. 20361 55936 

39 1 16 -9 20 0 -1125983 
224. 0 25. 0 o. o o.o 1.0 8434 0 2530 

47 1 20 20 3 24 0 -1847872 
612. 0 15.0 435.0 425.0 1.0 16969 64306 69397 

53 1 24 203 0 0 -151503 9 
417. 0 zo. o 400.0 385.0 2.0 24946 115143 122627 



D REFRIGERATION UNIT (RUNIT Section) 

i) Input (to MAINR) 
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The data set begins with the usual title and system parameter cards. 

TI1is is fo llowed by previous refrigerant t emperature level and cost 

information (X, Y vectors) which is required to compute the cost for streams 

purchased by the refrigeration unit for cold recovery. 

The new refrigeration demand data (temperature levels and cooling 

loads, RLEV matrix) is preceded by a card specifying the number of levels for 

each refrigerant circuit (methane, ethylene and propane) and the total number 

of levels. 

Finally the purchased stream information is read consisting of: i) 

the number of such streams and ii) stream properties and mole fraction vectors 

preceded by the circuit number within which the stream i.s first to hP. uti 1 i ZP.ci 

for refrigerant cooling. 

ii) Output (from RUNIT) 

The output is divided into three sections, one for each refrigerant 

circuit (methane, ethylene and propane). Within each section there is a 

stream properties vector (SMRB) block followed by an equipment vector (E~R) 

block. Note that no stream control vectors are required and si~ce each 

circuit uses a pure refrigerant no mole fraction vector is needed. Note also 

that the saturated liquid stream (stream 2 in both sections) is shOM1 as 

being of unit flow for convenience in calculation. Its true flow is the total 

refrigerant circulation as shown for the final stream in both sections. 

The final output consists of summarized information for each refrig­

erant level in the unit. This includes updated refrigerant unit cost values 

(in $/BTU) which serve as data points for creation of subsequent energy cost 

splines. 



C*** HP RUNIT SECTION INPUT *** 

RUNIT - HP PLANT (8 SOLD> 
$PARLST 
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AMORT=0.3, HR S=800 0e, 
TWAT=5 35., DTW = l0 ., CW AT=3.6E-5,TS=825•'HVS=l.OOE3,CS=l•80E-2,CKWH=0.007' 
APPP=lO.,A PRR =l O.,A RRR=5.,TRRR=3l O.,DTFC2l=O., 
$END 

c •• PREVIOU S REFRIGERATION LEVELS+ COSTS-
5 

296. o.oooo133 
345. o.oooo114 
385. o.ooo o0 96 
425. 0.00000 44 
470. o. o o ooo z4 
c •• NEW REFRIGE RATION DEMANDS-

0 3 2 5 
2~6. 240000 0 . 
345. o. 
385. 15?.0000. 
425. 185 0 000. 
470. 5670000. 
c •• PURCHASED STREAM INFORMATION -

1 
2 

240.0 
.3393 

240.0 
.6495 

248.6 
.0104 

215.0 
.0008 

925856• 
.oooo 

1.000 
.. oooo 

751.6 
.oooo 
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C*** HP REFRIGERATION UNIT *** 
c •• ETHYLENE SECTION STREAM VECTORS -

215.0 1.000 751·6 1 240.0 240 . 0 2L~8 e6 925856 
2 435.0 435.0 435.0 263.9 -2 839 o . ooo leO 
3 435.0 4 35 . 0 371.6 263.9 -288 2 024 o.ooo 694.7 
4 240.0 240 . 0 425.0 215.0 1835877 1.000 751·6 
5 296.1 296 .1 296.1 11.5 . 46 1 059 1.000 419.2 
6 435.0 435.0 347.4 263.9 -1938941 o.o oo 419.2 
7 296.1 296al 361.6 11.5 66 1 070 1.000 419.2 
8 38 5 .2 38 5.2 371.6 106.9 385959 1.000 273.3 
9 345.1 345.1 498.2 44.5 114846 2 1.000 419.2 

10 385.2 385 . 2 612.8 106.9 1643295 1.000 419·2 
11 385.2 385 . 2 545.0 106.9 1319459 1.000 419.2 
12 385.2 38 5.2 480.2 106.9 17 05 418 1.000 692.5 
13 435.2 435 .2 594.8 263.9 24468 0 4 1.000 692.5 
14 435.2 435.2 545.0 263.9 2032981 1.000 692.5 

c •• ETHYLENE SECTION EOUIPf"1ENT VECTORS -
1 1 2 1 3 4 -910021 
505.2 55.7 o.o 0 3.50 50911 0 15273 

2 10 6 0 5 0 16 
263.9 11.5 o.o 0 0 0 0 0 

3 1 3 5 6 7 -200011 
297.0 26.8 o.o 0 3.50 34962 0 10489 

4 10 3 0 8 0 0 
263.9 106.9 o.o 0 0 0 0 0 

5 11 7 0 9 0 213 
11 .• 5 44.5 o.o 0 0 88638 8891 35483 

6 11 9 0 10 0 216 
44.5 106.9 o.o 0 0 89731 9027 35946 

7 
, , " .......... , , 

" ?...,"':>0.-'\l 
.1. J..V £.V.C.. J..J.. v -..JL..JU;)I 

116.9 12.2 1799.1 G 1.oo 7321 516 211-+ 

8 21 11 8 12 0 100 
106.9 1 06_. 9 o.o 0 0 0 0 0 

9 11 12 0 13 0 324 
106.9 263. 9 o.o 0 0 124553 13525 50890 

10 1 13 202 14 0 -413823 
275.3 9.6 2299.0 0 1.00 954 5 662 3526 

11 1 14 203 2 0 -4012117 
2666.2 11.2 o. o 425.0 1.00 55045 0 16514 

c •• PROPAN E SECTION STREAM VECTORS -
1 24 0 .0 24u.o 425. 0 215.0 1835877 1.000 751.6 
2 545.0 545 . 0 545.0 171.4 -960 o.ooo leO 
3 54 5 .0 5L~5.0 535.3 174.4 -2765597 o.ooo 2207.8 
4 24U . O 24U . u 535.0 215.0 2481729 1. 000 751.6 
5 425.2 425 . 2 425 . 2 18 . 2 437 2435 1.000 1189 . 2 
6 47 0 .0 47U.O 47U.O 45.1 43858 29 1. 000 1025.2 
7 470.0 470.0 497.3 45.1 564 3455 1.000 1189·2 
8 47 0 .0 470.0 484.8 45.1 1 0029285 1.000 2214.4 
9 55 5 .2 555.2 ~98.2 174.4 139878 86 1.000 2214·4 

c •• PROPANE SECTION EQUIPMENT VECTORS -
l 1 2 1 3 4 -645852 
386.3 24.1 o.o 0 1.00 11697 0 3509 

2 10 3 0 5 0 39 
174.4 18.3 o.o 0 0 0 0 0 
3 10 3 0 6 0 25 
174.4 45.1 o.o 0 0 · o 0 0 

4 11 5 0 7 0 555 



18.3 

5 21 
45.1 

6 11 
45.1 

45.1 

7 
45.1 

8 
174.4 

c •• REFRIGERATION 
T,p,Q,F,C -

296.0 11.5 
345.0 44.5 
385.0 106.9 

425.0 
470.0 

18 .. 3 
45.1 
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o.o 0 0 193344 23186 81189 

6 8 0 100 
o.o 0 0 0 0 0 

0 9 0 1729 
o.o 0 0 493529 72214 220272 

LEVEL DETAILS - TEMP,PRES,DEMAND,FLOW,UNIT COST -

2400000 
0 

1520000 

419.2 
o.o 

273.4 

5862117 1189.2 
5670000 1025.2 

o.oooo138 
o.ooooooo 
o.oooo095 

0.0000043 
0.0000025 
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III. 2 Lm.,r Pressure Process Details 

In this section data for the low pressure process case are presented. 

For this case only essential input data and output data for the optimal 

process configuration are presented. The figures correspond to case #3 in 

Table 8 (section 7.5). As the data format corresponds so closely to that for 

the previous high pressure case few notes of explanation are included with 

.the data. Note that LPM and LPL refer to the medium and low temperature sub­

processes as described in section 7.1 . 

• 



*** LOW PRESSURE PROCESS CASE *** 

C*** LP COLSYS SECTION INPUT *** 

1 DEETHANIZER 
2 DEMETHANIZER 
3 HP C2 SPLITTE R 
4 LP C2 SPLITTER 
5 DEPROPANIZER 
6 C3 SPLITTER 
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C*** LPM SMATCH SECTION INPUT *** 

LP PL ANT - MED TEMP SECTION <P ROPANE PSEUDO-SERVICE! 
1 1 1 1 1 

$PA RLST 
AMORT= 0 . 3 , HRS=80UO ., 
TWAT=5 35., DTW = lU .,CWAT=3.6E-5,TS=825.,HVS=l.OOE3,CS=l.80E-2tCKWH=0.007t 
APPP=1 0 .,A PRR =l 0 .,A RRR =5 .,T RRR=31 0 ., 
$END 

5 3 1 0 
c •• HOT STREAM DATA 

1 -2 
1 
0 

2 
3 
4 0 

0 
555.2 610.0 

o.oo 
44 9 .1 520.0 

5 3 

1 

o.oo 

5 
555.2 

o.o o 
240. 0 

255. 0 0 
240. 0 
257.9 0 

553.9 
o. o o 

510.6 
o.o o 

495. 00 315.00 
423. 9 423.9 

583.16 684.32 
56 0 .4 56 0 .4 

o . oo 
513.6 513.6 

o. oo 

c •• COLD STREAM DATA 
1 0 
2 0 
3 0 

583.8 603.6 58 3 .8 

o .oo 

o.oo 

.oo .oo 2.32 
644~3 65 3.7 644.3 

o.o o o.oo o.oo 
533.6 547.4 533.6 

o.oo o .oo o.oo 

Coo REFRIGERA TION LEVlL5 -
5 

305. 
345. 
385. 
425. 
470. 

o.o 555.0 
250.0 420.0 

o.o 396.5 
o.o 553 .. 9 
o.o 510.6 

174.4 6580 1.ooo 1.0 
0 .00 0.00 1.0 0 

115.0 5185628 1. 000 15 00 .0 
210.00 135.0 0 45.0 0 

25 0 .0 4567941 1.000 2174.1 
627.13 18.74 2.83 

200. 0 1229635 1.000 26 5 .0 
5.14 187.55 6 3 .1 9 

115.o 3810960 1 .• ooo 985 .1 
24.77 881.90 78. 3 9 

o.o 603.6 
o.o 653.7 
o.o 547.4 

250.0 -346934 o. o oo 11 0 1.7 
17.11 639.30 2 19 . 35 

20 0 .0 70228 0 o .uo o 247. 0 
.01 17.07 10 .2 3 

115.0 -1297719 o. o oo 9 56.5 
.oo 73.03 740.0 3 

o.oo 

45.00 

.oo 

9.10 

o.oo 

22 3 .64 

21 9 . 66 
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(-!!·** LPM OPTIMUM PLANT *** 

c •• HOT STREAM DATA 
o.oooo o. oooo o . oooo o.oooo o·. oooo o.oooo 1.0000 

.1700 .3 300 .210 0 .1400 .0900 .0300 .0300 

.1186 . 268 2 .3148 . 2885 .0086 .0013 o.oooo 
o.oo oo o. ooc o o.oooo .0194 .7 077 . 2385 .0 343 
o.oooo o.oooo o.oooo .0251 .'8952 .0796 o.oooo 

1 0 0 -2 1 o.o o.o 555.0 1 
555.2 555.2 610.0 174.4 6580 1.000 1.0 

2 0 1 1 0 o.o 250.0 420.0 2 
240.0 449.1 520.0 115.0 5185628 1e000 1500.0 

3 0 0 0 0 o.o o.o 396.5 3 
240.0 423 . 9 423.9 250.0 4567941 1.000 2174 .1 

4 0 0 0 0 o.o OaO 553.9 4 
553.9 560.4 560.4 200.0 1229635 1.000 265 . 0 

516.6 
0 0 0 0 o.o o.o 510.6 5 
513.6 513.6 .115. 0 3810960 1 . 000 985 .1 

2 0 1 1 0 o.o 250.0 420.0 6 
240.0 484e9 620.6 250.0 6743676 1. 000 1500.0 

24b.o 
0 0 

545.6 
0 o.o 250. 0 420.0 7 

484.9 250.0 5417232 1.uoo 150o. o 
5 1 1 0 0 o.o o.o 510.6 8 

555.5 557.9 575.1 219.2 4957913 1· 000 108 3.6 
2 1 0 1 0 o.o 250.0 420 . 0 9 

240.0 484.9 495.0 250.0 4578582 1. 00 0 1500 . 0 
2 2 u 1 0 o.o 250.0 42 0 . 0 10 

240.0 484.9 445.0 250.0 2407796 . 851 1soo-.o 

c •• COLD STREAM DATA 
o.oooo o.oooo .00 21 . 0155 .5803 .1991 · 2030 
o.oooo o. oooo o.oooo .ooo o .0691 .0414 .8 893 
o.oooo o.oooo o. oooo o . oooo .0764 .7737 .1500 

1 0 0 0 0 o.o o.o 603.6 1 
583.8 6 0 3.6 583.3 250.0 -346934 o.ooo 1101.7 

2 " {\ n (\ (\ (\ (\ " £.C:.-::l 7 ? v v v v vev vev ....,,_.,, 
644. 3 6~..1.1 644.3 200 .0 1 0228 0 ..... - ~· 247 . G Vevvu 

3 0 0 0 0 o.o o.o 547.4 3 
533.6 547.4 533.6 115.0 -1297719 o.ooo 956 e5 

c e. EQU I Pt-1ENT DA-TA 
1 11 2 0 6 0 680 
115.0 25 0 .0 o.o o.o o .o 228460 28422 9696 0 

2 1 6 202 7 0 -1326444 
674.8 13.4 7369.1 o.o leO 18337 2122 7623 

3 2 -1 2 01 0 0 6762353 
175e5 . , .. 7. 2 375.7 OeO 1.0 7285 54099 56284 

4 2 -2 201 0 0 1669474 
56e9 32.9 92.7 o.o leO 3707 13356 14468 

7 1 3 203 0 0 -4937518 
1156.0 16. 0 396e5 3.85.0 2.0 39418 387120 398945 

8 1 4 202 0 0 -1594803 
746.5 5.7 8860. 0 o. o 1.0 19881 2552 8516 

11 61 5 0 8 0 334 
115. 219e2 OeO o.o o.o 127886 13971 52337 

12 1 8 -3 0 0 -6608847 
3484.6 5.7 OeO o.o 1· 0 68191 0 20457 

13 1 7 203 9 0 -838650 
149.0 21. 0 495.0 470.0 1.0 1020 0 22140 2520 0 

15 1 9 203 10 () -2170786 
490.0 21.0 445.0 425.0 1.0 14187 90305 94561 

16 1 1U 203 0 0 -1382487 
238.0 28 . 0 420. 0 385. 0 2.0 8757 108427 111054 
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C*** LPL SMATCH SECTION INPUT *** 

LP PL~NT - LOW TEMP SECTION - NEW 2/1 MATCH SET 
0 1 0 1 1 

$PARLST 
A ~OR T= 0 . 3,HRS=AOOO. , 
TWAT=5 35 ., DTW =lU.,C WAT =3.6E-5,TS=825.,HVS=1.00E3,CS=1•80E-2,CKWH=0.007, 
APPP~l O ., APRR= 1 0 ., ARRR =7.,TRRR=400., 
$END 

4 5 1 0 
c •• HOT STREAM DATA 

1 -2 
1 
0 

2 
3 
4 

555.2 
0 

555.2 610.0 o. oo 
396.5 396.5 

4 5 

1 

o.oo 0 00 
24 C.o 

255. 00 
35 0 .1 o. oo 
315.1 o.oo 

495. 00 314.62 
362.1 362.1 

16. 0 2 50 1.93 
316.1 316.1 o. oo 165-10 

c •• COLD STREAM DATA 
1 0 
2 0 
3 0 
4 -1 1 
5 -1 1 

373.3 384.3 373.3 
.oo 4.3 0 243.13 

379.1 386.0 379.1 
o.oo .oo 212.02 

342.7 345.8 342.7 o. oo o. oo 4.80 
342.7 345.8 342.7 

o ~ oo u: oo 2,1s 
24V. G 2~0. 8 25 8.0 

255.0 0 489.5 0 

c •• REFRIGERATION LEV ELS 
7 

245. 
275. 
305. 
345. 
385. 
425. 
470. 

5.20 

o.o 555.0 
250.0 270.0 

o.o 350.1 
o.o 315.1 

174.4 6580 1.000 1.0 
o.oo o.oo 1.00 

250.0 2493182 1. 000 1274.7 
206.48 3e17 .39 

65.0 783953 1. 0 00 533.6 
15.67 .oo o.oo 

20.0 211030 1eUOO 171.6 
6.50 .oo o.oo 

7~.0 384.3 o.o 386.0 
o.o 345.8 
o.o -1.0 
o.o -1.0 

75.0 -1657187 o.ooo 
161.28 2e26 

65.0 -2059954 o.ooo 
307.12 4.42 

20. 0 -2054578 o.ooo 
428.20 6e3 0 

20. 0 -933912 o.ooo 
!9L..:55 2e88 

411.0 
o.oo 

523.6 
o.oo 

439 .1 
o.oo 

199 .6 
C• ~ 00 

-,I. n I 
I -,·,; • I 

o.o o 

o.oo 
.oo 

o.oo 
o.oo 

o.oo 
o.oo 
o.oo 
o.oo 
o.oo 
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C*** LPL OPTI MUM PL ANT *** 

c •• HO T S TR EAM DA TA 
o. oooo o. oooo o. oooo o.oooo o.ooo o 1.0000 o.oooo 

.2 00 0 . 38 8 3 .246 8 .1620 .0 0 25 .00 0 3 o. oooo 
o. oooo . o 0 0 . 94 06 .02 9 4 o.oooo o. oooo o.oo oo 
o. oooo o. od oo .9621 .0379 o.oooo o.oo oo o.oooo 

1 0 0 -2 1 o.o o.o 555.0 1 
555.2 555.2 627.0 174.4 6580 1.000 1.0 

2 0 0 1 0 o.o 250.0 270.0 2 
240.0 396.5 396.5 250.0 2493182 1.000 1274.7 

3 0 0 0 0 o.o o.o 350.1 3 
35 0 .1 36 2.1 362.1 65.0 783953 1.000 533.6 

4 0 0 0 0 o.o o.o 315.1 4 
315.1 316.1 316.1 20.0 211030 1. 0 00 171.6 

2 1 0 1 0 o.o 250. 0 270.0 5 
240.0 3 96. 5 3 8 0 .3 250.0 1185677 .817 1274 .7 

3 1 1 0 0 o.o o.o 35 0 .1 6 
385.9 3 95.9 426.6 132.0 1119526 1.000 587. 0 

3 2 0 0 0 o.o o.o 385.9 7 
385.9 39 5.9 38 8 .9 132.0 -1 9 591 0 8 . 0 70 587. 0 

3 1 0 0 0 o.o o.o 35 0 .1 8 
35 0 .1 36 2 .1 345.9 65.0 -2110002 .I..J76 53 3 .6 

4 1 1 0 0 o.o o.o 315.1 11 
351.4 355.9 4 0 2.0 55.2 346612 1.000 188.8 

2 2 0 1 0 o.o 250.0 27 0 . 0 15 
240.0 3 9 6.5 350 .1 250.0 -503950 .6 0 3 1274 .7 

2 3 0 1 0 o.o 250. 0 27 0 . 0 19 
24 0 . 0 396.5 315.0 250.0 -1899526 .439 1 274.7 

Coe COL D STREAM DAT A 
o. oooo . 0 1 0 5 .5916 .3924 .00 55 o.oooo o.oo oo 
o. oooo o. oooo .40 4 9 .5866 .008 4 o.oooo o. oooo 
o. oooo o. oo oo . Q109 .9752 .0143 o. oooo o. oooo 
o. oooo o. oo oo .01 0 9 .9747 .0144 o.oooo o.oooo 

.34 0 1 .6529 .0069 o.oooo o.oooo o. oooo o.oooo 
1 0 0 0 0 o.u (?. v 354. 3 

, 
... 

373.3 384. 3 373.3 75.0 -1657187 o. ooo 41 1. 0 
2 0 0 0 0 o.o o. o 386 o0 2 

379.1 38 6. 0 379.1 65.0 -2 0 59954 o. oo o 52 3.6 
3 0 0 0 0 o. o o. o 34 5 . 8 3 

342.7 345.8 342.7 2 0 .0 -2054578 o. ooo 439 .1 
'~ 0 0 -1 1 o.o o. o - 1. 0 4 

342.7 3 45.8 34 2 .7 20.0 - 9 33912 o. ooo 199 .6 
5 0 0 -1 1 o. o o. o - 1 . 0 5 

240.0 2 4 0 . 0 250.0 75.0 9530 00 1. 00 0 74 9 .7 
1 1 0 0 0 o.o 75. 0 384. 3 6 

373.3 384.3 380.2 75.0 -338831 .547 4 11. 0 
3 1 0 0 0 o.o o.o 345. 8 8 

342.7 345.8 343.1 20.0 -880927 .407 439.1 
3 2 0 0 0 o.o o.o 345.8 10 

342.7 345.8 345.8 20.0 846707 1.000 439.1 

c •• EQUIP ME NT DAT A 
1 3 0 -4 0 0 0 1738220 
343. 0 535.0 o.o o.o o.o 0 -147345 -147 34 5 

2 3 0 -5 0 0 0 1547976 
25 0 .0 535. 0 o.o o.o o.o 0 -135146 -135146 

5 1 2 -1 5 -6 -1307505 
93 0 .1 8.1 o.o o.o 2.0 47410 0 14 223 

7 11 3 0 6 0 1 12 
65.0 132.0 o.o o.o o.o 52944 4692 20575 

8 1 6 -2 7 0 -3092540 
2725.8 7. 0 o.o o.o 2.0 1 120 52 0 33616 
14 11 4 0 11 0 50 

20 .0 55.2 o.o o.o o. o 277 0 9 20 88 1 040 l 

15 1 11 -3 0 -8 -1204248 
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915.2 10.3 o.o o.o 2.0 46800 0 14040 

16 1 30 1 -6 0 0 -1091359 
58.6 83.3 15 0 .8 555. 0 2.0 7546 0 2264 

22 1 5 -8 15 -1 0 -1689628 
811.1 16. 0 o.o o.o 2.0 42491 0 12747 

23 1 7 20 3 0 0 -234684 
45. 0 31.U 385.9 345.0 2.0 6472 22905 24847 

30 1 15 203 19 0 -1395937 
479.0 27. 0 315.0 305.0 3.5 48807 149649 164291 

34 1 ' 19 203 0 0 -1507047 
276.0 66. 0 270.0 245.0 3.5 33444 295381 305414 
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C**-ll- LP REFRIGERATION UNIT *** 

c •• METHANE SECTION STREAM VECTORS -
749.7 1 240 . 0 250.0 250.0 75.0 953000 1.000 

2 315.0 315 . 0 315.0 400.0 -1070 o.ooo 1o0 
3 315 . 0 315.0 29 2 .0 400.0 -1008000 o.ooo 678.0 
4 24U.O 240 .0 305.0 75.0 1236000 1.000 749.7 
5 315.0 315 .0 275.0 400.0 -1195 000 o.ooo 678.0 
6 245.0 245 . 0 245.0 75.0 648000 1.000 678.0 
7 245.0 245.0 245.0 75.0 10 1400 1.000 106·0 
8 245.0 2'+5.0 245.0 75.0 547000 1.000 572·0 
9 245.0 245. 0 282.0 75.U 734 000 1.000 572.0 

10 245.0 245. 0 24 5.0 75o0 1 0 1400 1.000 106.0 
11 2'+5 .0 245 . 0 275.0 75.0 835000 1.000 678.0 
12 315.0 315.0 408.0 400.0 1415000 1.000 678.0 

c •• METHANE SECTION EQUIPMENT VECTORS -
1 1 2 1 3 4 -283000 
210.0 27.0 o.o 0 3.50 28800 0 8630 

2 1 3 8 5 9 -187000 
178.0 28.0 o.o 0 3.50 25900 0 7770 

3 10 5 0 6 0 11 
400.0 75.0 o.o 0 0 0 0 0 

4 20 6 0 7 8 16 
84. 0 o.o o.o 0 0 0 0 0 

5 21 9 10 11 0 100 
75.0 75.0 o.o 0 0 0 0 0 

6 11 11 0 12 0 2 54 
75.0 400.0 o.o 0 0 103000 10600 41500 

7 1 12 203 2 0 -2140000 
1352.0 25 .. 0 o.o 305.0 2.00 63400 23 0000 249000 

c •• ETHYLENE SE CTION STREAM VECTORS -
1 240 .0 240.0 305.0 75.0 236000 1.000 749.7 
2 342 .7 345$8 342.7 20.0 -933912 o.ooo 199.6 
3 4 35 . 0 435. 0 435.0 263.9 -2839 o. ooo 1·0 
4 435.0 435. 0 39G.3 263.9 -6552384 o.ooo 173.5 
5 24 0 . 0 24 0 . 0 425.0 75.0 1870523 1. 000 749.7 
6 435. 0 435.0 352.7 263.9 -7828432 o. ooo 1732.5 
7 342.7 3£+5 . 8 3l+ 5. 3 20.0 345140 0 . 970 199.6 
8 305.0 305 . 0 305.0 15.2 682762 1. 000 591+·1 
9 435.0 435 . 0 339.0 263.9 -2847238 o.ooo 594el 

10 3 0 5.0 305 . 0 342.7 15.2 845 345 1.000 594.1 
11 3lf 5 . 1 345 .1 345.1 44.5 54409 1. 000 40.0 
12 385.2 385 .2 352.7 106.9 1356813 1 . 000 1098.4 
13 345.1 345.1 442.0 44.5 1305327 1. 000 594.1 
14 345 .1 345 .1 436.1 44.5 1359736 .1. 000 634.1 
15 385.2 385.2 536.5 106.9 1936957 1. 00 0 634.1 
16 385.2 385.2 423.4 106.9 3293 7 70 1.000 1732a5 
17 '~35.2 435.2 524.5 263.9 4667613 1.000 1732•5 

c •• ETHYL ENE SECTION EQUIPMENT VECTORS -
1 1 3 1 4 5 -1634523 

1162.8 34.0 o.o 0 3.50 99194 0 29758 

2 1 4 2 6 7 -1276048 
587.7 21.1 o.o 0 2.00 32834 0 9850 

3 10 9 0 8 0 11 
263.9 15.2 o.o 0 0 0 0 0 

4 1 6 8 9 10 -162584 
31 0 .9 20.0 o.o 0 3.50 35933 0 10780 

5 10 6 0 11 0 3 
263.9 '+4. 5 o.o 0 0 0 0 0 

6 10 6 0 12 0 0 
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263.9 106.9 o.o 0 0 0 0 0 

1 11 10 0 13 0 201 
15.2 44.5 o.o 0 0 84585 8391 33766 

8 21 13 11 14 0 100 
44.5 44.5 o.o 0 0 0 0 0 

9 11 14 0 15 0 252 
44.5 106.9 o.o 0 0 101650 10530 41025 

10 21 15 12 16 0 100 
106.9 106.9 o.o 0 1.00 0 0 0 

11 11 16 0 17 0 600 
106.9 263.9 o.o 0 0 206062 25062 86881 

12 1 17 203 3 0 -9618815 
6922.1 9.5 425.1 1.00 118084 0 35425 

c •• ~ROPANE SECTION STREAM VECTORS -
1 240.0 240.0 425 . 0 75.0 1870523 1 . 000 749·7 
2 342.7 345.8 345.2 20.0 345140 0.970 199·6 
3 555.0 555.0 555 . 0 174.4 . -656 o.ooo leO 
4 555. 0 555 .. 0 546.5 174.4 -241 0690 o.ooo 2624.1 
5 240.0 24 U. O 545.0 75.0 25.6071 6 1.000 749·7 
6 555.0 555. 0 540.7 174.4 -2873634 o.ooo 2624·1 
7 342.7 345 .. 8 536.5 20.0 808084 1.000 199.6 
8 425.2 425.2 425.2 18.3 9083356 1.000 2470.5 
9 47 0.0 47 0 . 0 470.0 45.1 668804 1.000 156 .3 

10 470.0 47 0 .0 497.3 45.1 11723790 1.000 2'+70. 5 
11 47 0 .0 47 v . o 495.7 45.1 12392594 1.000 2626·9 
12 555.2 555.2 626.9 174.4 16976226 1.000 24 76.1 

c •• PROPANE FLOW TO PSEUDO-SERVICE - 150.8 

c •• PROPANE SECTION EQUIPMENT VECTORS -
1 1 3 1 4 5 -690 193 
386.4 25_. 7 o .o 0 1.oo 11698 0 3510 

2 1 4 2 6 7 -462944 
197.7 51.4 o.o 0 2.00 15651 0 4695 

3 10 6 0 8 0 41 
174.4 18.3 o.o 0 0 0 0 0 

4 10 6 0 9 0 27 
174.4 45.1 o.o 0 0 0 0 0 

5 11 8 0 10 0 1153 
18.3 45.1 o.o 0 0 352786 48167 154003 

6 21 10 9 11 0 100 
45.1 45.1 o.o 0 0 0 0 0 

7 11 11 0 12 0 2454 
45 .. 1 174.4 o.o 0 0 661031 102533 300842 

8 1 12 202 3 0 -18661564 
9162.9 7.2 103675.4 0 1.00 147784 29859 74194 

" 
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