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Abstract ;
This paper describes the desirable attributes of a future equation
oriented flowsheeting system. Areas covered include user/program

communications, modeling considerations for complex flowsheets and finally

the solving of models.




TS

1. I ntroduction

In this paper we shall "'drean! about the capabilities of a future
equati on-based flowsheeting system

Such a system should aid a design .engineer to set up and solve
conpl ex process nndéls. It should have mnmuch broader capabilities than
current sequential nodular programs, but these added capabilities should
not meke it unusable by an ordinary nortal.

Such a system should solve steady-state, dynamic and optimzation
pr obl ens. If should be friendly; in fact, we believe }t can be intelligent
in its interaction with the user. The designer should be able to save
results aﬁd readily retrieve them for subsequent nodeling or report
writing.

| The topics we will discus; are user/program interaction, how one
could use such a system to create a conplex nodel and how one could then
solve such a nodel. The paper is only a start at exam ning these ideas. W
hope it serves td broaden the reader's understanding of the Iafge number
of issues involved in creating a useful désign aid of this type
2. Communi cati ons
2.1. Types of Conmunication

W start by brainstorming the types of conmunications that \MII
occur with a design aid of the type being considered. The systemis to be
useful for a designer to set up and solve large conplex process nodels, to
save results and to retrieve and report on them Experience has shown
clearly that such systens nust contain extensive |libraries of building
bl ocks mhich the designer connects together to create his nndel. There are
thus two types of users: those who create the libraries and the design

engi neers.




e The system users nust enter and run their prograns; they nust
therefore have facilities to debug them Finally the need to save and
retrieve earlier runs and to create arbitrarily formatted reports suggest
the system should be tied to a database system

An interesting'question arises. 1s it reasonable that the design
engineers and the library creators ShOL'I| d, be provided with the sane tools?

If possible then only one set of tools need be created, and both types of

users would have the full power of such a system to use. 'In the next
section we will discuss the nature of nodels and discover that a nodel of
a conplex systemis often created as a hierarchy, i.e. as nodels which are

built of nodels which are built of nmodels, etc. A final flowsheet is
nothing nmore than the highest level of nodel so far created. It can be
constructed usi ng the sane Iangfjage and tools wused to construct |ower
I evel models. |Indeed, -t he libraries of nodels can be viewed as bei ng the
same as saving results for flowsheet runs so perhaps even the saving and
retrieving functions are the sane.

Again then, we appear to.need

1. an ability to construct nodels
2. an ability to run and debug them

3. an ability to save, retrieve and report results to the user.
W seem also to be inplying the library creators and the designers are
doing the sane things so they can share commn tool s.
2*2.  Formof the Communication
W believe the nmethod of communication for building a nodel is

through the use of a specially designed nonprocedural |anguage. It should

be one that can read and handl e al gebraic expressions, as the nodels will
be constructed of such expressions. Until we examine the nature of the

nodel s, we will postpone our discussion of the |anguage.




--To run and debug, the tools must be interactive. The nature of the
debuggi ng begs for such an interface. Debugging nornal .Iy consi sts of short_
"transactions'* requiring fast “turnaround and short “"response tines'!
(Benjamin, et al, 1981). Production runs which likely will not have short
response tinmes can be run in a batch node through the use of "conmand
files'* and so .also are readily accomopdated by interaactive tools.

Debuggi ng requires'easy access to "everything," a feature we tried

in part to put into ASCEND-I1 by making every variable value and every

-

equation residual available to the user by name and at any tine during a
run. One nust also be able to "single step" through a run, again a feature
we attenpted in ASCEND-I1 by providing a wealth of commands that break
‘down the exelcution of a nodel into a sequence of small steps, the
conséquence of each .bei ng under st andabl e by the user. A useful feature
which we do not have in ASCEND-1l is to review very selectively the
execution of a nodel after it has been run. This feature suggests the
sel ective saving ahd retrieval of information during a run. The counter-
part of this step with conventional flowsheeting systens is the printing
of a thick pile of output during an execution.

As stated earlier, the capability to save and retrieve earlier
nodel s and runs nade with them al ong with report generation based on such
results, would seem to suggest- tying such an aid to a database rranagerrenf
system As we have not attenpted such an exercise we cannot delve into any
of the details of this idea here. W can, however, point out issues one
must consi der.

To be useful such a storage and retrieval system nust aI_Iow the user

to search and discover which of the old runs is the one he is attenpting




to locate* If the system is to support .a user who has not witten down
extensive notes to hinself, it. nust provide the capability to search and
to I_ocate descriptive information. The notion of providing the user with a
picture on a CRT display of an office with a desk, file cabinets, etc., to
_whi ch he can point when searching is very appealing. Mdels worked on
recentl.y could be kept around on the' "desk top. Those worked on |ast
month could be filed in a "cabinet." Such visual cues to aid in searching
.seem extrenely éppealing. Xerox has created such a file managenent system
for their in-house system

Graphics could play a significant role in retrieval. Dream ng again,
it would be extrenely usefu] i f a. sinple picture of the nodel could-be
retrieved when searching. The pictufe could be in the form of a sinple
proc-ess flow di_agram (PFD), showing that the nodel is of a reactor
followed by a flash vvithA t he f‘l ash ‘bottoms recycling, etc.

Having located one or several old nodels together with results
generated by them on-e.rray wish to generate a. report and perhaps pl ots
based on an analysis of the collected set of results. Cherry (1975) ex-
ami ned these ideas in his Ph.D. thesis. In addition though one may w sh to
construct a new nodel from-parts of each of the old nodels. d1e needs a-
| anguage to deal conveniently with such an exercise. Also one may wish to
use the nunmbers generated for these earlier nodels to aid in initializing
the calculations for the newWy constructed nodel .

We shall Leave these issues here becauée, as yet, we have not

t hought seriously how to solve them




2.3. Docunentation

The means need to _exi st to docunent and retrieve'that docunent ati on
for nodels which have been created. Thought nust therefore be given to the
nodes of docunentation possible. Online docunentation seens appropriate.
The best form vvould.be for nodels to be selfdocunenting, requiring the
| anguage to be close to English (or S.panish, etc.) and not confusing in
i ntent. Docunentation can be considerably nore elegant than sinply
diépl ayi ng back.the program however.

Let's dream a bit. It would be extrenely useful if the online

docunentation were like a user's nanual but with many access routes. First

one should be able to read it like a book witten in chapters, sections,

subsections, etc. One should be able to access it through a table of
contents. It would also be useful to allow crossreferencing vvit_hin t he
docunentation to other ‘i nt eregti ng sections related to the one being read.
An entry by an index of keywords is also of value so one can consider a
topic and find one's vvay to the correct part of ,the docunentation. Finally

it would be exceptionally convenient if, while the progranﬁ is executing,

it kept wupdated pointers to related portions in the docunentation so a
simple "help me® would lead one directly to relevant aid. W discuss
briefly such a help systemin Benjanmin et al (1981).

Would it not be ideal if the tools to create such docunentation were
avail able? Wuld it perhaps even be useful if the nodel devel oper F;E to
document within such a system to create the nodel in the first place? And,
would it not be convenient -if sonehow the document creation system could

automatically use the nodel itself as part of the docunentation, indexing

it, etc.?




2. 4. 'General Language Consi derations

This section is to alert the reader to the proﬁlens associated with
| anguage design. The special [|anguage one invents for the user to comuni -
‘cate with the system should be very carefully designed. There has been
consi derable thought given to I|anguage design in conmputer science, and
these resources should be tapped when d-evel oping a |anguage. For exanple,
one attribute the language should have is an "el egance" that allows a user

to guess the command syntax for comands he has not yet used by assum ng

E—— _—

they nust be simlar to the syntax of commands he has already used.
Questions about "strong typing" of variables arise. Also can the |anguage
cater to an expert? Shoul d it? Perhaps not as it nmay be significantly |ess
sel f docunent i nge
In Benjam n et -al (1981) we raise a nunber of issues relating to the
| anguage that one should create for a design engineer. W argue that for
fl owsheet calculations the appropriate level to interface the user is with
the equations and variables. This 'will Ieave .nmost readers aghast, but
ultimtely, when a calculation fails, it is to this level of detail that
the engineer often nmust gain access to see why. He may |ook and decide it
is not of help, but invariably he will ask to see the nodeling equations.
" We also argue, as we have already indicated earlier, that a major
advant age of the equation solving approach is that the nodel can be st at ed
i ndependently of how it is to be solved. The solution algorithm becones a

separate aspect considered when solving but not when creating.

2.5. Nature of the Conmunication

We have considered various aspects of the user/program interface.
There is anot hér aspect vvorth‘ considering which is whether the com
nmuni cation is ~act ive or passive. Three types of interaction wll be

mentioned here: fri eﬁdl y, graceful and intelligent.
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Friendly interaction is a very popular concept at this tinme. It
suggesfs that the user who is either a novice or who has been away for a
while can discover how to use the system by searching through the help
facilities provided. G aceful interaction goes one step further. It is
friendly but also tolerant of errors, sonetimes correcting them if they
are obvious or suggesting alternatives }f not. Also a graceful interaction
will allow the wuser to invent his own abbreviations for .routinely used
commands. Graceful interaction has traces of being active in that it wll
attenpt ta take some corrective actions on its own.

| Intelligent: interaction can be thought of as a level of interaction
where the conputer does not sinply let the user know what is permssible
it also advises the user which of the permssible next steps are the
betfer ones to take. We can dream a bit again. It would be interesting to
have a design aid that- could understand the activity of setting up gnd
solving complex models. It could know that the better strategy to do this
activity Is to evolve'fronlno nmodel to the final conplex nodel by setting

up parts, testing them correcting them testing, and so forth. It could

al so advise the user on what steps to take when a test fails. It could

per haps know that distillation colums cannot be solved when asked to find
solutions requiring too high a recovery for the Kkey conmponent. Such
know edge suggest a level of understanding beyond providing a wuser's
manual . The system would have to detect what the user was doing to be able

to offer advice..

The technol ogy needed to develop this type of interaction is being
devel oped in computer scieﬁce under the label "expert systens.'' These
systens are an attenpt' to put know edge into a conputer éo it can know
when to apply the know edge as well as sound like an expert when appfying

it.




We include this section to alert people who wish to devel op conputer

aids as to the potential of new ideas that are beconing avail abl e.

3. Model i ng
3«l« A Mathenmtical Representation

We consider here the mathematical |anguage needed to fornulate a
model of the type needed for doing flowsheet simulation, design and

optim zation calculations. W  shall introduce the concept of general.

R ———

nmodel s (Stateva and Westerberg (1983)) to broaden the range of nodels
previously allowed in equation-oriented flowsheeting systens. Models are,
in our definition, the equations and variables and not the solution

met hod, which we consider to be a separate semanti¢ entity.

Sinmple Steady State Model;

gx) =0
where £(x) is a set of m equations in n+m unknowns X» ™ solve requires

that n of the unknowns be specified by other neans and the remmining are

found by solving the mnonlinear algebraic equations in munknowns.

Constrained Steady State Model ;

where g(x) is again a set of m equations in n+m unknowns. However, now
some (or all) of the variables are restricted to be wthin specified
bounds. (By the use of slack variables this fornmulation is equivalent to

writing arbitrary inequality constraints.)




To solve one is asking to find a feasible point for the problem

This problemis typically solved as an optimnzation problem

Ceneral Function Models (Stateva aqd Westerberg (1983)):

W now significantly enrich the structure of the nodels allowed by
permtting the use of both continuous and discrete variables. Wthout this
added structure, equation-oriented flowsheeting nodels cannot mnmic the
nodel s used within conventional sequential nodular flowsheeting systens.

Ve define a general function to be one of the form

ﬁi(x) if i, =TRE

g, (®) =
’ gi(x) ot herw se

wher e £.1 and %1 are equation alternatives to be used depending on the
val ue of the laogical (discrete) variable I.l. Either nay be "null."™

I':. is defined by

Xi * | ogi cal expression

An exanmple is that g.l(x) is the relationship between the fanning
friction factor and Reynolds® nunber in a pipe. If the Reynolds® nunber
exceeds 2100, turbulent flow is to be assumed giving one form If it is_
bel ow 2100, then laminar flow is assumed giving another form

Stateva and Westerberg explore the range of problem types for which
this structure is useful. An exanple is a traditional vabor/liquid flash
nodel where the operation nmay be one phase (superheated vapor or subcool ed

liquid) or two phase. Another exanple is to evaluate
(Tl-tl) - (T

( Ty-t1
a\\ T -t
2"t

27%5)

AL, =




10

anywhere including the limt as T1-t1 becpmas equal to T’:-t’:. A third

exanple is to find the largest real root of a cubic polynom al of the form

s T D +axt+ax+a =0
. z L o

and so forth.

Pictorially the nodel operates in."regions' as depicted by Figure 1.
The given conditions may allow for a solution tb reside in only one region
while the ini t‘i al guess may be in another. One can imagine a strategy
whi ch can nove automatically from the incorrect region to the correct one.

Current nodels in sequential modular flowsheeting systens allow for
general functions to be used in their definition, although this point is
never stated nor perhaps fully appreciated. W are wunaware of any
equétion—orient ed flowsheeting systens attenpting to deal wth general
function nodel s, however.

Stateva and Westerberg discuss a sinple strategy which appears to be
effective for solving a nunber of problenms of this form Basically it
involves guessing the discrete decision values which are not specified,
sol vi ng. the corresponding well-behaved region equations for the dependent
continuous variables, reguessing the unspecified discrete decision values,
etc. Contrast this with the current sequential nodular "ad hoc! approach
that inbeds the discrete decisions within each nodel so the outer flow
sheeting system is being handed back discontinuous nodel behavior as ié is

trying to converge recycles.

Two approaches to handling regions are possible. One is to convert
the problem to a feasible point problem which is usually formulated as an
"optimzation problem Here the expressions defining the |ogical variables

becone constraints for the region nodel equations.




Figure 1.

11

Region

A Model Wi ch (perates in Regions
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The second approach is to gues;s which-region is the correct one but
ignore the constraints. |If the solution relsi des outside the constraints,
the place it falls can give help in reguessing. which region to attenpt
next. This approgch does not require an optimzation problem fornulation

and is the one we are exanmining at present.

3.2. Dynanic Models

Kuru (1981) suggests writing a dynanmic nodel in the form of a mxed

set of ODE s and al gebraic equations:

ju(t) given

Xx(0) given

where x are "state variables equal in nunber to variables v and -to
equations f, v are "vel ocity!’ variables, £ are al gebrai ¢ vari abl es equal
in number to equations £ and u are independent variables whose tine
traj eciories nust be specrified by other nmeans before a unique solution is
defined, £ are the state equations, but here V\{ritten in terns of variables
v rather than as RHS's for the X equations, and £ are al gebraic equations.

Def i ni ng X:\_/_ has the advantage that the nunerical nmethod which wll
be used to integrate the equations forward'in time will have a si.rrple
predefined form of ODE to convert to the approximting al gebraic equations
defined by the nmethod. For exanmple a nodified Euler's method will convert
X=v into

A%
Bl "5 Y7 Gt %)
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or
Atk At
k =
B+l " 72 a1 &t T2 31:) 0
which relates the unknown x and v values at time tk+1 to the known values

at time ¢t . Also the state equations f need not be algebraically
rearranged so each fi is in terms of only one'ii variable, often a tedious

task.

3.3. Dynamics with Inequalities and General Functions

e~ —_—

Inequalities can be added and any of the algebraic equations may be

defined as general functions for a dynamic model, too.

3.4. Optimization

The only difference in an optimization model and one of the earlier
ones 1is that a variable must be designated as the objective to be
maximized or minimized. A poiné to be made here is that it should ‘be
possible to designate any variable. If so then problems are possible of
the type: find the maximum recovery for this column if you are given 10%
more money to operate i;.

We will not discuss optimization further in this paper except to
note that significant new results have occurred since Han (1975) provided
the theoretical insights to allow the development. of the very fast
successive quadratic programming algorithm. Powell (1977) implemented the
Han ideas, and we (Berna et al (1980), Locke and Qesterberg (1982), Locke

et al (1982)) extended them for use with large models.

3.5. Procedures
Perkins (1983) strongly advocates that an equacibn-oriented flow-

sheeting system must be able to use existing procedures within a model. A
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"procedure” contains within it the équations and the code to solve them
One argunent for allowing procedures is that: sone physical behavior could
not be nodeled in existing equation-oriented systens. W believe allow ng
gener al functions- renoves this argunent. Another i_s that conpani es have
many nodel s devel oped which they will be unwilling to throw away, partic-
ularly for the calculation of physical 'properties. Finally the argunment is
made that sone nodels defy normal sol ution methods and are best handl ed by
a procedure that can incorporate all sorts of special ad hoc nethods to
help get to a solution for them W agree wth these last two arguments,

particularly the former; the latter nmay becone less valid as we l|learn how

to set up and solve nodels containing general functions.

3.6. Model Hierarchies

Conpl ex nodels are al nost al ways built in a hierarchical fashi-on. An
exanple is a distillation colum, which is built up of ‘trays, flash units,
splitters, m xers, heat exchangers, punps, etc. A flash unit itself is in
fact a hierarchical structure. Enbedded in it' is the need to evaluate
K-values and enthalpies so in ccTncept it uses a library of nodels that
al ready exist to evaluate the needed physical properties.

To create conplex mdels one therefore needs the ability to conbine
previously witten nodels wth the extra defining equations for the
complex nmodel. It is here that "|anguage" considerations becone inportant.
This ability can be included with "elegance",” or it can be unfortunately
clumsy. We used "macros" in ASCEND-Il1 to include this ability. Qur next
generation |anguage (ASCEND-I11) has a very natural |anguage construction,
so natural that we do not even have to raise the concept of "macros" to

t he nodel buil der.
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Let's get at sone fine points about building nodels in hierarchies.
Consider the problem of a flowsheet which "contains!® a flash unit. The
flash unit "contains" the physical property routines to calculate
K-val ues, enthalpies and so forth. At tﬁe flowsheet level we wish to
i ncl ude’ the flash rm.del and to tell i_t which variation of the physical
property routines we wish it to include. How does one do this "routing"
task with a natural |anguage construct? W used defaults in ASCEND-1l to
pass information down to the flash unit so it <could then create a
statenent to be added to the flowsheet through macro expansion that
i nvoked the desired physical property nodels.

In ASCEND-I1II we are including the |anguage construct that wll
allow any nane used in any lower level nobdel to be treated as a fornal
(i.e. dummy) name that can be replaced with an actual nane by the -higher
| evel. Thus we cah wite a flash nodel to invoke th_e "ideal" option for
liquid activities, but, when including this flash nodel in a flowsheet, we
can overwite at the top level the "ideal option" of the |ower |evel by
the "NRTL" or "W/ son" —option. -

Along with this poWerfuI renam ng potential goes the possibility
that one mght, for exanple, rename a variable.of type "tenperature" to be
a variable- of type "pressure". ASCEND-111 uses strong variable typing so
the writer of the flash nmpbdel can insist that a variable be of type
"tenperature.”

Anot her language issue is the notion of equivalencing two names so

they refer to the same variable. In nost |anguages this equival encing rrust'

be done at the highest level the variables are nmentioned. In ASCEND 111,

we are allow ng equivalencing to occur at the |lowest |evel. Wy? Consider
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a pipe nodel with inp-ut stream Sl and output stream S2. In steady state
the nodel does not change conponent flows from input to output. If it can
equi val ence them the equations that otherwi se are needed to equate them
and the storage space for having these flows witten twice can be
elimnated from the rrbdel. It is conceivable a very large fraction of the
rmdél i ng equations and vlariabl es could be el iﬁnat ed for sone problens.

W return to nake a point on variable typing. In ASCEND-II1 vari -
ables and records made up of.collections of wvariables can be strongl)_/
typed. Thus we can collect together a set of variaﬁes and type the-r;:f?s-:a
"stream ! The normal notion of record typing is to fix conpletely aI_I
attri butes when defining a type — thus a stream containing H~2 CH,q and
C:sz m ght be of type "hydrocarbon streamt'! and a stream containing IiO of
typé "wat er .stream"’I The flash nodel would have difficulty when it typed
its inputs and outputs as stream records —which stream type should they
be, the water stream type or the other? In ASCEND-I1l we get around this
by al | owi ng typing'to be qualified. Thus the flash can insist that its
inputs and outputs are of type "s.tream'; the conponents involved can be
bset by separately qualifyitng the type "streani to be the type "hydrocarbon

stream" for exanple. The flash nodel only cares that what it gets is at

| east of type "stream!' for its input and output streans.

3.7. Variable Nanes

The final point of inmportance is the nam n‘g of variables. It is
desirable that a variable can be accessed by any set of attributes it has.
For exarrpl-e, if a tenperature is that of a tank as well as of its outlét
stream which of course is the inlet stream to another unit, we ought to
be able to access it by any of .these names. |In ASCEND-111 namng is done

by constructing qualifiers; e.g. a variable can be naned
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REACTOR1. LI QUI D-OUT. TEMP
If it is also

HX2. I Nl . TEM

it can be accessed by this name too.

4. Model Sol vi ng
All  our current thinking supports solving nodels using Newton or

guasi - Newt on nmethods conbined with sparse matrix methods. This approach

——
—

first converts nonlinear algebraic equations into their I|inearized equiva-
I ents* These linearized equations are then solved iteratively, with the
l'inear equation solving taking advantage of their structure.

The ,mair_w alternative to solving is by "tearing®. Tearing procedures
strive to di scover the fewest variables one has to guess such that, by
al gebraimcally mani pul ating the equations, the remining variables can be
solved for using a forward substitution scheme. There will be a |eftover
set of equations equal in nunber to the set of <tear variables. These are
evaluated as error functions and, if not equal to zero, require one to
reguess the tear variables. A sequential nodular flowsheeting system uses
tearing to solve- recycle problens. Tearing has significant problens which
are difficult to get around for a general equation solving package. First
one usually discovers the tear variables for a set of equations using only
the structure of the equations. It is very eaSy to create singular
sol ution procedures using structure only. Second the approach suggests one
wi |l mani pulate the equations to create the forward elimnation scheme for
the nontear variables. To date such algebraic manipulation is too costly

to be done repeatedly. It can take seconds of tine to rearrange an
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equation* Third, .the sensitivity information developed for New on-based
schenes is valuable for inplenenting optimzation.
Therefore we shall confine our discussion here to New on-based

sol ving* The approach involves the follow ng considerations.

4.1. Partitioning and Precedence Ordering (see Westerberg et al (1979)).
Based on the structure of the resulting problemit is often possible
to partition the problem into a sequence of snaller irreducible ones which
can be solved in a precedence ord.er. Each irreducible }:;robl em requires the
si mul taneous solving of equations. For solving m equations in m unknowns
(a square system, part’itioni ng and precedence ordering is well under-
stood, with an algorichm by Tarjan (1972), which is very simlar to one by
Sargent and Westerberg (1964), being extremely effective. Nousquare sys-
tems of ra equations in .nto variables are not so readily dealt wich as here

one can significantly affect the partitioning possible by choice of which

n variables to wuse _as the independent ones. "Safe* partitioning is
possible if 'a fictitious equations are added before partitioning where
each is assunmed to contain all variables. After partitioning these equa-
tions are dropped. Another alternative is to select the independenc
vari abl es by other neans and then cu partition the resulting square sysucnu

If partitioning is done then one can solve the variable initial-

ization problem convergence problens, etc., as a sequence of snaller

problems. Often initialization, for exanple, is easier to do well if
values for variables feeding into a current partition from an earlier one
are already cal cul at ed.

W find ourselves with a dilemma here using this argument to justify

the use of partitioning. A good scheme to partition is to generate the
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linearized equations and to perform an "analyze" pass for Gaussian elim -
nation where a set of pivots are picked based on structural and nunerical

consi derations. The f

n* variables not pivoted becone the independent ones.
W then partition and precedence order the leftover square set of 'm
equations and variables. But we needed initial guesses to gener_at e the
linearized equations. Full circle. Cléarly we need to "tear' this circle
and start sonewhere. One could envision two (Ior nore) passes. First one
woul d _crudel y ‘guess the variables and then perform an analyze pass to

choose a set of 'n' independent variables. Then one could partition and
precedence order the 'ni equations and 'nt dependent variables. Then one
could .start over on initializing variables. Conparison studies are needed

to decide if this two pass strategy is worthwhile for nost problens.

4.2. Large Problens

To solve really large problens one can consider ways to deconpose
the irreducible conputations or to solve them using other than Newton-like
nmet hods.

Pr obl em decorrposi:io_n using Newton-like schenmes has been discussed
by Westerberg and Berna (1978) and by Stadtherr and Hilton (1982). The
idea is to deconpose the linear equations corresponding to a flowsheet
probl em b)} taking advantage of their bordered block diagonal structure.
The deconposition allows one to work on the equations uni t by unit so. the
fast nmenory requirenents of the conputer need only be large enough for a
unit's worth of equations. The penalty one pays is the substantial anount
of data transfers to and from nmass nenory. |

A spar-se matri x package has been witten by Cark (1980) based on

these deconposition ideas. It is really very interestihg in its capa-

bilities, which were notivated by Kuru's (1981) thesis work on dynanic
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sinmulation. It permts one to generate the Jacobian and RHS error func-
tions for each unit separately and pass themto the sparse matrix package.
Based on a preanalysis first pass, this package knows the extent to which
it can reduce the equations for the unit by partial forward elim nation,
saving the bulk. of the rmdi_fied Jacobian matri x on fast menory and keeping
the part that connects to other units available for subsequent reduction
at the far end of the fast nenory available. Wen fast menory fills to the
extent permtted, the conbined residual blocks from previously analyzed .
units are thenselves reduced as if a unit. The back substitutioﬁ‘;‘%Eép
retrieves the nodified Jacobians in the reverse o_rder and carries out back
substitution on a unit by unit basis.

If the variables for a unit have not changed since the last step,
the Jacobian Iand RHS error gene.ration can be suppressed. |If needed for
backward .substitution the package will use the results of the last pass.
If the RHS errors are. essentially zero for a unit, the forward elimnation
step is not r'equired. Again it can be skipped. A simlar ski ppi ng for
unnece'ssary back substitution steps is possible.

Finally, if tw units are in the flowheet in a way that would
permit them to use the sane pivot sequence, one can suppress the costly
"anal yze" step of a sparse mmtrix package and use the pivot sequence of
one unit on another. This feature is particularly wuseful in dynanic
simul ati on.

Kuru suppressed 45% of the conputations needed for a very sinple
dynami ¢ nmodel using these capabilities. The "latent" portions of com

putations for the process were sinply turned off when portions of the

process ceased to be very active.
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4.3, Variable Initialization

To solve a set of simultaneous nonlinear algebraic equations using a
Newton based scheme requires that one has an initial ‘guess for every
variable. The user will be willing to provide guesses for only a few of
the variables, and the system must be developed to provide the rest.

We believe that this step must be done with extreme care, as doing
it poorly can often lead to no chance to solve the problem even though a
solution exists. Newton schemes will usually converge rapidly if they will
converge. Using Newton-Raphson we frequently solve problems in 4 to 6
itérations. The theory is very clear — one must get in the vicinity of the
answer to get such convergence rates. Failing to do so will lead to slow
or no convergence, with no convergence being useless to the user.

How can initializatioﬁ be accomplished? We can imagine several
schemes.

First one can use defaulting. The user can be asked for any gues;es
he is willing to provide. The system then proceeds to use default values
for all the rest. Defaq}ting can be done by setting all variables to zero,
‘or it can be done with soﬁe problem insight if the '"type'" of each variable
is known. For example,J if a variable is known to be a temperature, it
could be defaulted to 300K. Or a mole fraction could be defaulted to llnc,
where n_ is the number of components in the stream. To default with this
"level of insight requires that the system has considerable information
available — in the case of mole fraction that the variable is a mole
fraction and that it is part of a stream containing n_ components.

A second approach is' to use "tearing' concepts to analyze a problem

to discover a minimal set of variables, which if guessed, will allow the
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rest to be determned in terns of 'Lhese. :_Here tearing is only used to
obtain an initial guess. W use such an aplproach in ASCEND-11. However,
the tearing is not done automatically, nor did we strive to provide
m ni num tear setg. Rat her, each wunit to be put into the library was
analyzed by the library creator to find a set of tear variables which if
known would allow the renaining variab‘I es to be initialized. The input
stream variables to a unit were assunmed to .be known or to have been
guessed by the user on entry to initialization. These together with a few
"tear™ variables permitted initialization of the remaining variables for
the unit. The tear variable nanes are known and printed in the user nanual
for each unit.

By sequencing through a flowsheet nmuch as for solving in a se-
quen.tial nodul ar fashion, all the units can be initialized by guessing
only recycle. stream values and the tear variables for each unit. Locke
(1982) describes the approach in nore detail. Kuru and Westerberg (1983)
describe simlar ideas to predict algebraic variable values as one is
stepping forward in time when solving initial value dynam c sinulations.

THere i s anot her app;roach to initialization that is very appealing.
It is to "evolve' from sinple nodels up to th_e final conplex one that one
wi shes to solve. For exanple, one could first use approximte nopdels that
consider only material balance and equilibrium equations, the latter with
constant relative volatilities, etc. A system conposed of these si rrplé or
partial nmodels <could be solved first. Based on these nunbers, nore
conplexity can be added — for exanple, the heat balances, the new
variables initialized and the system solved again. Note that here the
entire conplex flowsheet is solved at each step but with a sequence of

nmore conpl ete nodel s.
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It is our experience that .the sinmple nodels wll converge from
al nost any first guess so one can readily get started with sinple defaults
and perhaps the unit-by-unit initialization of ASCEND-I1. Then based on
these results, nore conplexity can be added to the nodels and unit-by-unit
initialization reﬁeatéd to initialize the added vari abl eé just introduced.
Does this sound like the special tricks used by many distillation colum
prograns?

The use E)f general function nodeling permts one to devel op nodel S

—

that can evolve from sinple to conplex by the changing of a single
discrete variable from values of "sinple" to "intermediate! to "conplete."
This capability we feel wll have major inpact on solving difficult

probl ens.

4.4. Variable and Equation Scaling

Scaling is a "black art. Experience is poor wth schemes that
rescale variables and equations and do not consider the nature of the
problem The Newton-Raphson nmethod predicts a step which is theoreti cal | y

scale invariant; it is said to be a scale invariant method. It is not in
practice, hbwever, as scaling is necessary to allow a stable pivot
sequence to be selected for a finite word |ength machi ne.

Quasi - Newt on et hods are frequently not theoretically scale-
invariant* Perkins (1983) discusses this point. He presents an appealing
case for developing scale invariant Broyden-like rrét hods and discovers on
testing  them that theoreti cal scaling invariance has not hel ped
particul arly.

Still, scaling itself 1is necessary as it is needed to prevent
excessive roundoff errors when pivoting. How can one do it if conpletely

blind scaling seens to be poor?
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In ASCEND-11 we scale variables by know ng. the variable type and
scale using nom nal values* W divide tenperature perturbations by 300K,
ml e fractions by unity and so forth. Flowate scaling is based on cLJrrent
val ues.

To scale equations we develop the terms in the. nonlinear equation
(based on. current variable values) which are added together to form the
equation and scale by the largest of these in magnitude or unity,
whi chever is | a_r_ger.

In ASCEND-I11, variable and equation rescaling can be requested at
any time. We have had problenms not converge until they were rescaled,
indicating it was not that the problenms did not converge, but, because of
poor scaling, we could not detect convergence.

Two inplications occur here for the flowsheeting system Again it
must be aware of vari ébl e t‘ypes, and we find it very useful to solve
problens interactively, at least the first few times, to see if rescaling

can inprove the sol ution process.

4.5. Converging

The real problem here is to decide what to do if one fails to
converge. From a nunerical point of view, one can investigate such topics
as using bounded Newton steps, or steps such as those predicted by a
Mar quar dt - Levenberg algorithm or use a continuation rrét hod. Seader (1983)
has just presented an excellent paper which uses continuation nethods to
converge conplex distillation structures. Perkins (1983) also discusses
attenpting to create nmore stable and convergent quasi-Newton nmethods, by,
for exanpl e, maki ng them. (theoretically) independent of scaling. Many

peopl e have suggested starting up dynanic models to find the desired
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steady state solutions. -This is one aspéct of flowsheeting systens well
covered by the literature, and one we will not spend time on here. The
continuation nethods |ook exciting jU they can be developed to run faster.
At the present tine the_y seemto take an order of magnitude too I ong.

W will |ook at another aspect to converging. It is quite different

from the above and involves, again, sneaking up on the problem by evol ving

from less conplex calculations to nmore difficult ones. The idea we bring
up here which is different from that in initialization is to change the

set. of variables used as the independent ones for a problem W will

~illustrate with an exanple.

Suppose we wish to solve a distillation colum nodel. W give it a
fixed number of trays, top and bottom and want to solve it to recover 907,
of the light key in the top product and 95% the heavy key in the bottom
product. In ASCEND-11, the approach we would take is first to solve the
colum in a manner we know intuitively has a solution. W would fix the

feed, top product flow and reflux rate, the last" at a sonewhat higher than

necessary value. W al'rms__t certainly will find a solution (or we wll

"evolve" to it through a sequence of less conplex nodels as discussed
under initialization). W would then trade the top product flow and refl ux
specifications for the two recovery specifications. This trade nmeans we
will change the sets of variables identified as dependent and independent.

Suppose we |eave the variable values, even for the new independent
variables, at the values found above. W ask the system to attenpt to
solve. It wll spot a singularity in the Jacobian matrix for the new set
of dependent variables if the trade was bad anong the dependent and

i ndependent variable sets. W can change what we specify until we obtain a
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nonsi hgul ar problem W <can then- attenpt to inpose the 907. and 9%7»
recovery specifications. |If the problem fails to (fonverge, it can be
because we are too far fromthe answer initially or because the specifica-

tions are beyond the ability of the colum to meet them It is not because

we chose a bad set of variables to use as i ndependent vari abl es.

-Failing to converge we would, in ASCEND-11, return to our original
simulation and play with the reflux rate and top product flow to see how

far we can push the recoveries. |If we cannot get close to those desired,

we would alnost certainly see the inpossibility of our original probl em
Note we are using the "power! of ASCEND-1l to allow us to alter the sets
of dependent and independent variables quickly to discover why we cannot
conver ge.

| This altering of sets is a matter of changing the flags associated
with variables that indicate if the variable is to be calculated or fixed
in the subsequent calculation. It costs us only a "reanalyze" step in the

solving of linear equations (about 1 second for K several hundred equations

on a VAX-780).

4. 6. Pr ocedur es

W can propose three approaches to solving_ 'nodels containing
procedures. Let's assune our procedure calculates £ given x and that it is

equi valent to

Z- £(x>

Including this procedure is the sane as including the equations

KZ»i> 2" H29 " 0.
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into our nodel* The Jacobi an elenents for a Newt on- Raphson schenme becone

the latter we nust estinate nunerically, either wusing perturbations or
guasi - Newt on updat e met hods.

An alternative for wusing procedures is to develop an approxinmate
nonl i near m)de.i that reproduces the |local behavior of the procedure
adequately in the vicinity of the current solution. For exanpl e, one m ght

approxi mate a conpl ex thernodynam ¢ nodel for K-val ues by

K = exp(Ai/T + Bi)/P .

The-procedure is. then used to oﬁt ain K.1 values vs T and P at the current
compositions of the vap-or ana I| quid streans which are in equilibriumwth
each other, to allow A.1 an.d B.l. to be approximated. Lucia and West man
(1983) points out that this |ast approach can cause one to | ose the

superlinear convergence_characteristics of a quasi-Newon nethod.

5. Concl usi on

W have used this paper to discuss many aspects we view to be
important in equation solving approaches to process flowsheeting. The
presentation is not neant to be conplete or even near conplete.

W believe some new ideas on |anguage design for such a system and
the use of “"general functions in nodels are real contributions to

devel opi ng these ‘systens in the future.




28

Ref er ences

Benjamin, D.R, Locke, MH. , Wsterberg, AW, "Interactive Prograns
for Process Design," Report 06-28-81 paper 25b, DRC, 1981, presented
as paper 25b, Al ChE Sunmer National Meeting, Detroit.

Berna, T.J., Locke, MH. , Wsterberg, A W, "A New Approach to the
Optim zation of Chemical Processes,* AIChE J., Vol. 26, No. 1, 1980,
pp. 37-43. ’

Cherry, D.H., Data Organization in Chemcal Plant Design, Ph.D.
Thesi s, Univ. of Canbridge, Canbridge, England (1975).

Clark, P.A, An Inplenentation of a Deconposition Schene Suitable
for Process Design Calculations, MS. Thesis, Carnegie-Mllon Univ.,
Pittsburgh, PA (1980).

Han, S*P., A dobally Convergent Method for Nonlinear Progranm ng,
Dept. of Conputer Science, Cornell Univ., Report No. 75-257 (1975).

Kuru, S., Dynamic Sinulation with an Equation Based Flowsheeting
System Ph.D. Thesis, Carnegie-Mellon Univ., Pittsburgh, PA (1981).

Kuru, S», Vesterberg, A W, "A Newon-Raphson Based Strategy for
Expl oiting Latency in Dynam c Sinulation," subnitted, 1983.

Locke, M H., A CAD Tool Which Acconmpdates an Evolutionary Strategy
in Engineering Design Calculations, Ph.D. Thesis, Carnegie-Mllon
Univ., Pittsburgh, PA (1981).

Locke, M H., Edahl, R H, Wsterberg, AW., "An I|nproved Successive
Quadratic Programring Optimzation Algorithm for Engineering Design
Probl ems," Tech. report, Design Research Center, Carnegie-Mllon
Univ., Pittsburgh, PA 1982. Accepted for publication, AlIChE J.

Locke, M K., Westerberg, A W, "The ASCEND-Il System - A Flow
sheeting Application of a Successive Quadratic Programmng Meth-,
odol ogy," Tech. report. Presented Annual Al ChE Meeting, Los Angeles,
CA, 1982. Accepted for publication, Computers and Chem Engng. J.

Lucia, A and K. E. Wstmn, Low Cost Solutions to Miltistage,
Mul ti component Separation Problenms by a Hybrid Fixed Point Al go-
rithm Contributed paper, FOCAPD-83, Snowmass, CO (1983).

Perkins, J.D., Equation Oriented Flowsheeting, Keynote Lecture,
FOCAPD- 83, Snowmass, CO, (1983).

Powell, M J.D., A Fast Algorithm for Nonlinearly Constrained Optim -
zation Cal cul ations, presented at 1977 Dundee Conference on
Nunerical Analysis (1977).




