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ABST‘RACT :

One of the problems with using Newton s method to solve sy
non- linear equations is that when the algorithm fails cthe reason why it

«

failed»is ‘not known. _In.distillation simulation.'the reason is elther
that the starting point was poor or that the column ‘was glven phy51cally
infeas1ble,specifications This work investigated homotopy contlnuatxon'
‘methods to determine how'they would perform when phy31cably,1nfea51ble
‘speeifleatlons were‘made on -the column._ It was found that contlnuatlon
. methods did not "blow upf as'Newtonlalmefﬁhd does, and}that'continuatéoﬁ\'
methode failed in euch’.a wap that? the dimltiné Qalue of the-
spec1f1catlons could be determlnedi | .

Two new phy51cal homotoples were developed The first path'follows
“in ;artlflcial heater/coolers. These_ewere';used" to eliminate the
vresiduals in the‘enthalpy halance equations at-che startrofhthe homotopy:
5§eth; The'secohd‘homotopy‘applied‘to interlinked columns. The eolumns\
were decoupled at the start of the path and the 1nteract10n’between the
columns was Lntroduced as\the path was followed |

Problems were studled whioh had phys1ca11y lnfea51ble epe01f1catlonse"l

o It was found that the paths resultlng from ghe contlnuatlon methods were
smoothm and + gave physical_ 1nalght 1nto‘ hat;_waeh happening in,‘the -
problems; Whenf the paths stopped, app oached ah Limitlng Avaluel'
'asymptotically ‘or ' turned around 'the _limitlng :”Values” of Ithe
hspecificatlons were\indicated.: While‘these results_are eneouragihg;“
’there‘ie'no.guarantee that thielis alwaysptrue’in the generalscaee.

_hultlple ;stcady state solutions. were‘iobserved for a'_eystem- of

iﬁterlinkéq,columns: ) ::f R S . » B :.p SR



i
o

Acknowledgemenc
N

T would like to thank my supervisoxs Dl Aﬂ E;.Mnthor and Dr.{K.’
Nandakumar for their assistance guidance 'and pntiencé lhrouphouL thi"

project. I 1earned much of thermodynamics through my di:(USbiUH‘ with

. } . 4 -

Dr. Mather, and 1 am sure that this knowledge will always bo usotul 1
: , N :

am very grateful for Dr.vNandakumarifor intrdecing'mo tpfcontinuuthuy

I

methods, for hls patlent explanations and ‘his good llstonlnb vdx.tn my
ideas. 1 hope thatlln the future I will be able to make good use ol ‘the
tools that have been nrov1den to ne

I would glsoilike to thank.Simulétibn Sciences fnr nlioninﬂ me :Q

use,theif coﬁputer equipment for‘producing my -thesis, .
' Flnally I would like cto thank my wife Cathy for her pntxtnto and

o understandlng throughout these first three years of our mnxrlod l)fu



s
. > ¢
e
S Tabi§ of Contents - .
. | | ~ é?g.e
lfbr Int;oduétios it.:..;..(l ....... !ff ';?;..{....7 ..... :.....;:,.,.'.1
2.0 Litcratdre Review ...,.?L...;.f ...... ‘.,.JH.E...,.l....: ..... .3
3!0 'MathéhaticalnModef- .......... i....;.;t;..(..;.},,..i.,...;;l.; 10
.3{1' Discillﬁtioﬁ Equations ...f..ffu;t.il...ﬁ..,.:..;.......7 10
3.2 qacﬁbian Eleménté'and Structure .L..;.;..;." ....... B
5;3 Dégrees.df‘Ffeédom Anal?sis ....... ............,..,....L.,‘d32l
4.0 Solution ALGOTLENM ... ..eoiervieeees iere i 38
a;i Homotgpy Contihuétionvﬂ..;..;,...t.;#7.;..;f;.Q..,.t).}f;' 39‘
4.2 Path Following in Heater/Coolers ... 7 ... .............. 57
4.3 ‘Path _Féllbwiﬁg_in Structure .......... | ... 60
4.4° Path F‘Jllowin'g‘ in Nor{,'s:‘candardxqu’ac’ions e s
4.5 Séiviﬁg the Initiai Probiem ..; ....... S BT ve... 68
4.6 ﬁomotopy Selection ..L.; ....... e ‘...{.....;, ..... ‘}1
‘SJO ‘Case‘SCudles ; ................................................ ZG
' 5.1 Case study'A;__pa-c_;-cs'-cs‘Splicce; :'7.6
' 5.2,‘Case,$t;dy B: Depentanizer»t..,..;;.);,if.;.;;.Z..}.!Q...‘ %8
}5-0 Discussion of R'e.as“ul_.ts. e S ' ....... L 10s
’j7u6 Coéé}usions'énd_Récamméndatiqné.‘{J...,;...f.' ...... e }17‘
Bxbllography e e e ¥ o RO S AN i20»
‘ A9,C, Apbéndicé?j;:.;itq..;T;;..' ...... ;ﬂ_}q}:,.;.p; ;!.:;..;i,..;g.:'123

ovi



Table

"Table

Tabie

Table

Table

Table

Profiles fox Case 2C.

. A v

vLisc of Tables _ ’ : fy
Degrees of‘Ftéedomvfor Subsystems. -........... U

Comparison of Physical “and © Mathematical
Homotopies, Functional Transformation Mcthod and
Newton's Method® ..... .. . .. e e e
Cbmpérison‘ of - Physicaf  and Mathematical
Homotopies, Functional Transformdtiqh Method and
Newton's Method. s o
EQuivalent Newton Iterations for Case 2C. .........

v

Solution and Initial Liquid Profiles for Case 2C. .

Solution "and Initial Propane Mole Fraction

..............................

vii

- Page’

. 32

7&_

79

112



T,

Figure

Figure

. Figure

Figure

Figtre

Figure

Figure

nFigute

. Figure

:Figure

Figure

.’Figureg

V‘,Figure

Figure

'Figure

Figure

Figute

Figure

Figure

3.

3.

3:

3.

List of Figures'
1_‘Schematic Diagram of a Ceneral Tray. ......... e

2 Schematic Diagram of Dlstillatlon Column w1th
Sidestrlpper ..................... O

3 Schematic Digram of Distillatlon Column w1th ,
Two Pumparounds R ITIT IR IRIPUFITP R e EEEE

.4 ,Jacobian Submatrix Structure for Column with v .
»Sidestipper e R R R

.5-‘Jaeobian Submatrix Structure for Column.with
Two Pumparounds. ......................: i e

.Sa»Submatrices for Pumparounds from'Figure 3.5...,}..."

.6 Non- Zero Jacobian Elements for Liquid Feed :
(Submatrlx Type A). ...1.i=, ....... e e .

7 Noaneto Jacobian Elements for Liquid and - -
Vapour Leaving a Tray (Submatrix Type B). B

.8 Non-Zero Jacobian Elements for Vapour Feed -

(Submatrlx Type C). .......... S T

.9 Non- Zero Jacobian Elements for Condenser
(Submatrlx Type D) ............. .........L.,..;,....

.10 Non- Zero Jacobian Elements for Reb011er

(Submatrlx Type E) ....... e e

.11 Non- Zero Jacoblan Elements for Liquid FEed to ..

Top. of Sidestripper (Submatrlx Type F) ORI

.12 Non- Zero Jacobxan Structure for Pumparound Feed

Comp051t10n Effect. ........... e e o

.13 Subsystem Breakdown for Degrees pfﬂ Freedom
Analysxs for Distillation Column with Sidestripper.

14 Subsystem Breakdown for Degrees of Freedom

Analy51s for Distillation Colwmn with Two
Pumparounds. R N T P

.1 Soluti: Domain For The Functions f(x,y) ;

And g(x,y).of Vasquez et al.(1987). ............ L

.2 “Newton Homotopy Starting at (207,20) for anmple 2

" of Vasquez et al. (1987) T S T

3 :Newton Homotopy Startlng at (20,20) for Example 2

_of Vasquez et al. (1987) I e ,..‘ .......

A Custom Homotopy for Example 2 of Vasquez et ql :
(1987). ......... S S

Page

38



‘Figurez

Figure
Figure
Figure
Figute

~ Figure

g Figure

Figure
‘fFigure

Figure

Figure -

Flgure.

Figure

Figure

Figure

Figure

Figure

Figure

Figure

. Figure

Figure‘

Figure

Figure

Figure

[ep)

.10
5.11
12
5.13
14
.15

.16
17
.18

’Path for Case 2C.
.19

.20
21

.22

Case 1A

Scnematic Diagram” of a Ceneral Tray Showing the
Addltlon of the Artificial Hontox/Coolox

Schematic Diagram of a Distillathn Column wlth

1destripper for Path Followxng in Stxu(&uxo

e

Reflux Ratio_Along the Homotdby‘Path for Case 1AL

C3 Mole Fraction in Distillate Along the Homotopy
Path for Case 1A.

Condenser Temperature Along the Homdtopy Path 101

dt/dp Along the Homotopy Path for .Case 1A.

- Reflux Ratio Along the Homotopy Path for Case 1A,

C3 Mole Fraction in Distillate Along the Homolopy
Path for Case 1A.

Case 1A

_dt/dp Along the Homotopy Path fdr Caso lA

e ) :
Reflux Ratlo Along the Homotopy Path for Caso 18,

NC8 Mole Fractlon in. Bottoms‘Along thc'HomotOpy
Path for Case 2A.

Reboiler Temperature Along the Homotopy Path for
~Case 2A. .

Tray '3 Molar Liquid Rate Along the Homotopy Pat g
for Case 2B.

Bottoms NC8 Mole Fraction Along thc Homotopy Path
for Case 2B.

S1destr1ppe1 ‘Product Temperaturt ‘Along,.  the
Homotopy Path for Case ZB

dt/dp Along the Homotopy Path for Case 2B. ... .. L

L1qu1d Draw rate Along the Homtopy Path for Cnsc
2C. ..., Ll e '

C3 Mole Fraction. 1n Dl&:lllatc A]ong Lh( Homotopy.

'Condenser Temperature Along the Homotopy Puth for -
Case 2. ... e e e P

dt/dp Along the Homotopy Path for Case 2C. ........

Homotopy  Paths for.- »Path ﬁpllouxng, in
- Heater/Coolers and Structure. '

Multiple Solution -Homotopy Paths at Different. .
Reflux Ratios. .............. S

ix -

..........................................

.................................

O

83

84 . .

84
86
8/

By .

90

91

():)

6

()/'.
gy e



<< <O H VR ZT.

s RTmmo,
n : =

®x £
‘w3

~<.

ar

w

.Equilibrium Ratio

m .

m

artifieial heater/cooler o

Vapour i- btbdf.\\5\<» .

: Noﬁenclature‘
Molar Distillate Rate, kmol/h
General Tray Enthalpy Balance Equation
Sqmmation of 'Equilibrium Ratios Equatlon

‘Mol ar Flowrate, kmol/h

Molar Enthalpy, kJ/kmol

Liquid Molar Rate| kmol/h
Liqui&rFeed Molar Rate, kmol/h -
Liquid Sidedraw Molar Rate kmol/h

- General Tray Mass Balance Equatlon y =
‘Path Length ‘
“Non Standard Equation .

>

Reflux Ratio, Li/D

Summation of Liquid Mole Fractlons
Absolute Temperature K

Homotopy -Parameter

. 'Heat Duty, klJ/h v .
Vapour Molar Rate, kmol/h' |

Vapour Feed Molar Rateefkmolfh.°41 »
Vapour Sidedraw’ Molar Rate kmol/h

"Scaling Factor : g S
. Liquid- Mole Fractlon,v‘_. :
.Vapour Mole ‘Fraction

e

. 'Sﬁbécripts

Calculated Values from the solutlon of the masrzx'
Equations 5.16 - : :
Pumparound Draw Tray

“Component Number

Tray Number, eqdation 3.1, ~figure 31

Tray Number for liquid. draw equation’ 3.1, figure 3

Specified Value

. Tray Number for' vapour. draw equatlon 3.1, figure BJIJ,;V%jg;Vw
Pumparbund _ ] ‘ e I
‘Pumparound Return Tray . «?ﬂi”f

Sdperscrip;s '
Liquid



&~
A - " Difference .
T .

mation
a .

-
’ e
"
* 1 $ .

4

Greek Letters

4



4.2 Path Following in Agsjficiai Heater/Coolers
The‘twgrmalnnsourceé.of‘npnlineafity in disti{lq@ion problems. are
the equlllbrizm relatienshlps and the enthalpy balénées. To the bést of
oﬁrlknoﬁlcdge‘hdrphyéical hombtopy has;addreésed.thg enghalpy balance
. L8 - .
.effects, and this led to‘the development of path following in artificial
heater/coolers. The héater/coolersAafé"artificial' bgcausg they are
not physically present; they aré Just é._tooi' used to -facilitate
solut;ons. | | | . '

, " This method was déveloped'to,address~the~non}ineabity introduced,
inpo the distillatidn equations by the énthalpy balance. ﬁhile this
noﬁllnearity‘is most significant for wide boiling mixtﬁhés,nit has also
beeﬁ found useful when solving narrow boilinglmixturés. THe method also
;has pot¥ential to bevused in heat infegration. heat exchangeggnetworkéﬁ'
and highly exo£hermic,of fndgthefmic chemicai'reactors. Any physical
models which haQé nonlinear énthaipy balanqes jaqe:'candidatesv to be

solved with this approach. : _ ' B

The basic idea behind path following in artificial heater/coolers

is simple. Thé solution to a simple problem, for ekample assuming

constant molar overflow (. and thus neglecting enthalpy effects ) is
\

obtained firét?" The result;ng solution for the composition ahﬁ

temperature clearly do not satisfy the enthalpy balahce equations. ‘The .

o7

imbalance of ‘the enthalpy equations is made up. by the additien ofT%;

artiftcial heater/coolers. . The  heat duties of the artificial

”heaten/coo;ebs are calculated such that ‘the error in the enthalpy

’

. . ) \ -
balance on each tray is zero. When any actual heaters or coolers are
present then their duties are taken into account if they are known. In

this way, if ‘an estimate of the condenser or reboiler duty is known,

-~



o - S

then the value of ghc artificial heater cooler wlll l)(.‘:_._:;llmll.;. l"ks:ﬁ)-q"
‘4.5 "shows a schematic diagram of a .t?:;y wlth an ":ufgl If1cial

. . - t‘i-’ ,-‘:
heater/cooler. o » '

L
e

The homotopy equation)is constructed fr‘om ;U@%gth.u&py bxlnnu:" -
ol

h - .

equation in such a way that when t=0 the solution Lor‘f‘e( pond ,{ﬂu pnc el

e .

including the artificial - hea'ter‘/coog'ers' and when t=1" {ha" (?u,lnd

. i

solution is obtained. Thi$ results firom the modified heat balance whlcli',v ‘
is wr‘i.tten, to include the artificial heater/cooler: '

L oL 2

E =H L -%HLF +H Vv + HwF 4

T 3-1 -1 Kk ogel el 1
H (L +LS ~“H (V +VS + + (1 - ¢t = (. (4. 26) ¢
y{LytES,) T H (VS ) 9 ( ‘)Qfs‘r, "

~

e

This equation is the ‘same as the normal _enthalpyr ba]:;n_c'c (:)E(;u;>t for 't,m_-. ;
addition‘of‘ the (1 - t)Q;r.v term, vwhe‘r'e ?Q;r%i's 't'.he. value of - the u;-(.ll‘iciul"
heater/cooler.

The value ‘o_f -the artificial heotér cooler at (=0 {s a good
_indicator of how close the initial profile is to the u-ug s;ol.ut.io'p."._‘u"
the artificial heater'/cooflers ;aré small r‘elative» L(_) .Lh(c enthalpies cof |

the streams entering and leaving the stage, then the initial temperature

and vapour/liquid traffic profiles are probably very good.
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4.3 Path Following in Structurek
One of the most drfflcult,hydrocarbon dlstillu(ion1001umun to 30190

" is the crude column vith attachcd sldestrlppcrs ,'Brownv lqh\i and 'Ot to

-

showed that this iséhaqg most robustly if all Lhc Lquatlon, are solved

simultaneouslmdgikwwver Newton's method will still fall If the Inttial

estimate 1s:poor. In order to address the problems associated with this
type ofvsystem, path following in structure wneAduveIopud‘ ', ,‘. | .

Patp followingvin structure is a‘gcneral idea whici can be used in
any system which has heat and/or' mass recycle streams. Ixu'n‘icrudu

column, the vapour return from the‘sldestrippers to the main column can

be considered a recycle.. This is a general idea which can bce hpplied'in

. . I
a large number of places.

The basic 1dea behind path followxng in structure s simple. AL

the start of the homotopy pa&h the recycle sgrcdm'is'torn (it 15 not

recycled). In the case of a column with’ sidestrxppgrs :whenvlhe vapour
return to the main column‘is torh .it‘becomes‘; vdpoum'pmoduet;from the
sidestripper. As the homotop? path 1s ﬁpllowed. ihe'!rae{ion pccyicd IS
gradualiy increased. At thé end of the homotopy patlf,. mliqof the stream

PA
T

is recxcled,&andltﬁe'solukion‘to the;oes%rleproBlemfhmo buqn reached. .
#ath foliowing r@n: strucgpre? inoféeféo1ﬁmn' oigh sidestrippers 1f§§§>
implemented as follows. Consider;fiépre 4l6,'whiehmis a pprtion of a

. : . . ) Tt '1,‘ ‘ . .
distillation column with & sid.éstﬁ‘{p‘péfr_ attached. Tray m iu the top of
the sidestripper, \andj’vm is- t‘i‘xé'.v’tear_:mg, 's,_t'réam. " AL the start .of the:

homotopy path' (t=0) none of the stream is returned to the main column,
1t is all a product. While’actual columns are not built Lhis‘way, it Yo
physically meaningful. This type of system will be casier to solve

because there |is nov, no interaction between the main column and the

2 b



" sidestripper(s).
-~ N
orlgindl speclf!cdtions in order to solve the initial problem ~ Suppose
that a 5% .grue boiling point (or a purity) was specified in the

distillate stream. If. there was stripping steam imtroduced “in the

bottom of the reboiler, then the phnity\specification»may be impossible

to mé§$ b¢¢a se at the start'of the path stripping steam is not being

:;the main column,

reflux ratio specifications.. The reflox ratio was arbitrarily set at 3,
‘and the feed was evenly: distributed between the products requiring new
specifications. ‘Initial estimates of ‘e' proé&tt rates were not

implemented because. if good initial estimates - were available = then

Path‘following in structure usually‘requires modification of the’

ork, the originél specifications were replaced by rate and

Newton's method would probably convergé anyway, and continuation would

not be necessary. - Section 4.4 (Path Following; in Non Standardl

the homotopy equations as the homotopy path is followed.

On%e th;ﬁinitlal problem is solved, then path following beglns Aé

.' LR

the homotqpy pathvis followed, the vapour stream is introduced to the
' N F : . :

main column according to tV arnd the vapour product is decreased-
. m _

baccordlng to (I—t)Vm. . This strategy is very easy to implement because

‘there 1s no modification to the equations for tray m. The only stage
thaﬁ requires modification is thépgenerai balance for tray J. This
3 »- v . :
equation becomes - ' ’ , »
m =x L +xLF +x K V + x K tVF - -
S 2 B B kK k J*#1 J+1 J+1 ~"mm  m
x (L +LS )-x K (V +VS )=0 : (4.27)
3.y y 39 3 o ,

"‘. * l‘

Specifications) eXplafns‘how the specification'équations are included in

61
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- The onlyldifferencé;between eduation 5.23 and the (gﬂg\nnl mass
bvaiance equation (3.1) jis the jhtr"()ducuon of the factor t into the tc.l*m
fo; the vapour feed from tgay m. -Note that'ﬁhe équononL,subscrlpt hnﬁ
beeﬁ omitted for ciarity. |

* . .

The ‘new enthalpy balance‘becomesAv

E =H" L +HLF +H
J J-1 §-1 'k k

ﬁ?(LJ+LSJ) - ”:‘V,fYSJ? +Q + (1-)Q =0« | | (4.28)

‘Aslln'the mééé balancé equation,‘the only difference In equationVGQQQ

from the ofiginal entﬁalpy,balance equat ion (3.2) is the introduction bf

'the féctor t ihtp the term for the enthalby of the vapour feed from Lray
m and the duty of tﬁe abtificlal heater/cooler;

Note\that the‘hoﬁotopyvparameter t appeérs twice in équation 4128.
Different homotopy parameters could be qsed, howe?er this would require
aﬁother'constraﬁht equation 1n order tao keep the ﬁumber of varlables and
‘equations the same. 'Althéugh there'arevnokliterature examples of using
multiple homotopy parametefsvin distillation calculations, this appuurs
to beAa reasonébie approach to implementfhg continuation methods. Using
the same homotopy'pabameter~in héat and mass balance equaﬁlons couples

the equations. This forces the mass and the héat to be introduced into

the equation set at the same rate.  -Since mass and heat are

v . g »

. X , .
fundamentally different quantities, -it-may be better to use-different

homotoby ﬁarametérs for diffeheht phyéiéél_qqantities;

ﬂ Wﬁen'multiple Sblqtions‘occurﬂalong the same homotépy path, the
homotopy path will bass through télio, go théough a’tﬁrhing:polnt, and‘
pass through’t=i,0 again. in order for the calculations not LQ fatl,

the system of équationsA must be -defined for t > 1.0.' When path

¢
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f“ollowi;lg in structure,. what does t > 1 0] mean’> ' _ o .
~_Cohsidcr flg‘ur‘e'vl‘l.S, the diagram f‘or‘ path followlng in structure.
~When t > 1.0, more of stream V is returned to stage “J- -t-h‘an is ’dféwn
from stage m. This means that the stream which was a ;l)'roduct Strear-n 1s.
rluow a feed stream. ,As the value of‘ t chan\ges'- when»‘t': > _,1 the physiqaL - :

h .
1nter~pretation of this is that the - composnmn’ of‘ 'the exter‘r}a*l f‘eed'

) o :T,,A :-'-'-

stream of rate . ‘ll_-t | V_m 1s always the samé z}s %he ,,c@mgoglt‘ion of‘c,

Vot
;! -y

.}\;

stream V . v ) . .,4} S
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4.4 Path Folloulng in Non Standard Equations

One of thc advantages of” Newton s method’ls the great flex1bdllty

B

"'alLowcd for specifications.” Essentially anything that can be expressed

@ sin equatlion form can beAused as a specification, subject to mathematicaL

énd physical constraints. Ferraris (1981) shows how this can:be done_in

distillation calculations and how to. solve :tne- ﬁéSulting matrix
efficliently.

Mathematicall&, speciflcations m_st*pceserye'linear independence.

Physically, specifications must not vﬁ'iate maSsAand eneﬁgy tonservation

" or thermddynamic limitations. For e .mpie, it is;possible to specify a

dlstillate product\purity which cannot be bbtainéd with the specified
Lo : e
reflux ratlo and number of trays 5 ' L

s

Oné benefit of cont1nuat10n methods u51ng phy51ca1 homotoples is

the ability to detect physically 1nfea51ble spec1f1catlons rD1vergence

o/
due“ro poor initial estimates is’ avolded by choos1ng initial problems
which are sufficiently easy ‘that accurate .1n1t1a1 estimates are not
necessary. This is a 'sgrcng poin;f/of this work and the efficlient
homotopy of Vickery and}Ta&loP;(1987). vHowever; mathemdtical homotopies
‘overcome the starting Pé1ntrmfoclem fhe best by'being.able to start from
" any vector of 1ni£1eiﬁes€ima£es. G -

.7

LT

&

In order to detectvwhen‘physically infeasible specifications are

present using ,pnysical homctopiesL the initial“ﬁpnoblem must contain

: speclficatlons‘that\are easy to solve. 'Theyican be different'types of
4 specificatdcnsy(k}eflux ratio and product }atés are good choices ) or
'nelaxedcvalues of tne desibed specifications:. For e§amp1e, supnose it
is desiredv to solve a column with one of the distillate products

specified to a purity of 99.99%. The initial prcblem could be to solve

-

" B5
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ier problem Qlth a purity of 95%, and then path folld@

o

ing could be

.obtain the desired solution with the 99.99% purlty. This type

/’Wheg>3ﬂ ”?following, the path'm#y stop before t=1. Th)s usuﬁlly
occursibecause one of'thexlndependent variables.reaches a physlcal 1limit
(zero flow rate, zero mole fréctionl. The feason that the path stops
before tallisreithervthat 6qe of the‘;becificatlons lS'thCuslbluAfor

-

the éolumn configuration, or ,that‘ tﬁé homotopy path naturally gocesg
through this non physical region. " Unforﬁunate}y thére appcurg to be'ﬁo
method to distinéuish between the cauées for a.homotopy path géing into
a non physical regioﬁ.

.Although in this work none of the lattér cases were encountered,
theyvcannot be ruléa out. If the reaéon that the path. stops is  secause
bf a physically infeasible specification, the point where the path stops
indicates the limiting Qalue of the spécification.

For example, consider a distillate'purity specification. The mole
fraction qf.tﬁe light component in the distillate ( X ) is desired (6
be 0.8999. The iﬁitial problem has-been.solved suéh that X0, = 0. 94,
The homotopy équation for this specification 'is |

| NS = X" 0.95 - 0.0489 t = 0. ' (4.24)
Suppose that the homotopy path stops at t = 0.1: This would indicate
that the value X, = 0.954983 iskthe maximum purity that can bhe achicycd
given the other parameters ( li.e. number of ‘trays and reflux ratio,

condenser and reboiler duties ) specified for the column.

To the best of'our'kndkledge this is the first implementation of

LK



‘non standard speclﬁications in physical homotopies.: This épprdaeh
should . be compatiblg'wiﬁh other physical homotopies such’as those of
Taylor and- Vickery., The ability>to detect non physical specifiqagions
Is a great ald to solvingvsimulation problems. ‘

The other result of bath following in non standard eéuations is
that they may’-\f“orce a turning point. Fo;‘ eka.lv, when path following

in componenﬁzpurity, the mole fraction of‘any c®mponent is constrained

"to be less than 1.0 because of the equation which constrains the mole

fractions to sum to 1.0. Note that values of 't greater than 1.0 stillkﬂ

? v
. have physical meaning for these types of specifications. For example,

consider the mole fraction constraint equation

NS = X, 0.80 - 0.10t = O © . (4.30)

At the 'start of the path the value oﬂdxll will be 0.80, and at the
sélution (’t=1.0 )vxl; will be '0.80. However, when t=1.5, x11 mus£ be
0.95, whiéh is still physicallyvpossible. The maximum value that t can
réach is t=2.0, when x11 woul& be equallts:l.o. T;ereforé a turning
point w&uld have to occur at or befdre'a value of 230. The reason that
the turning point may occur before 2;0 is that there may be something
else that is physically limiting in the problem.

It is important to note that since the equations do not contain
constraints on individual liquid.or vapouf flows, these liquid ér vapour
flows may'become negative. These cqn%tfaints could be added to the
equation set as, -

L - A" = Q ’ : (4531)
v -2a%=0 | (4.32)

These constraints could aléo be added with the square mapping function,

which has already been mentioned.

=
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4.5 Solving tﬁe‘lnitial Problem |

The solution of the initial préblem is crucial In solving problems
by homotbp& continuation. While for the mathematicul'homoiopius thls Y¥
trivial, for physical homotoples it usuaily‘will require éome fterative
calculation. An iterative’ calculation 1is wundesirable becauée it
provides an opportunity for the.method £d_fail. However, by choosing a

v - .
homotopy with a good physical basis the initial problem shou!é almost
'always converge. . In this work the initial problem hcvér fu&lcdl'g)
converge for the hydr&capbon systems studied. |

The first steé in solving the ihiﬁial problem is %o fnitialize the
liquid and vapour traffic in the columm: This is done such that there
are no errors in the overall maés baiance...The~masé balance aroupnd the
condenéer is done fifst, then the remaining trays are done in a
stagewise fashibn from tray 2 to the condenser.

If the distillaté rate 1s not specified, then the spec&fiqatlohu
are checked to sée if the distillate rate can be dbﬁaincd by mass
balance. For éxample, if ‘the bottonms product rate is spécffled arid
there are only two products frbm the c&lumn, then the distillate produch'
rate is the feed rate minus the specification for the bottoms rate. I
the distillate rate cannot be obtained in this manner, 1t ts not
specified and there is no,uservestimate given, then a value of 4H0% of
" the feed is used. )

Next, if'the‘reflux ratio is not known, then a value of‘thrcc N
assumed. Using- the distillaté rate and reflux ratio the amouﬁt of
liquid reflux leaving the condenser can be calculataed. Then using the

estimates ‘for the distillate and Liquid reflux the amount of vapour

enteringvthe condenser can be calculated.



-Startiég ét the second tray, the vapour leaving>énd the  liquid
entqring aré-known from thé cbndenser calculation. Assuming'constant
> . : o . . '

molar odbrflow, the liquid leaving and vapour entering; tray. 2 are
calcu}ated. This procedure 1z repeated fof each tray until the reboiler

~1s reached. At the reboliler, the bottoms product is given‘by‘the liquid

rate entering minus the vapbur rate,lea&ing‘the réboiler.}

_There are two other cases which require special attention. The
first is how to treat sidestrippers. Sidestrippers are initialized
before the main column liquid and vapour traffic. This 1s so the

sidestﬁipper‘draw and return rates ‘are known when the main,célumh‘is
done. Lf.tﬁe producf rate from the sidestripper is not known, and it
qannot:;bér estimated from the ‘give; "%becificatiénsb (including a
specifléaﬂibﬁ on the‘liquid draﬁ rate from the main coiumn); then the
draw raté“is eétimated at 104 of the feed io the c;iumn. ‘If'tgg draw
}ate froﬁ the ma;n column is not knownf then it is assumed toibe 50% -
vgreater than the sidestripﬁer product rate. Thé sidestripper liquid and
vapour traffic are injtialized aséuming,conétant molar.overflow.

The seéond'spedial case is a pumpgroynd. If a pumparound fate'was
not known then it wﬁs assumed tq.be-SOZ of the liquid entering the tray
from whibh the pumbafound was drawn from. This al}ows the pumparound’

Rl

return tray traffic to be calculated before the pumparound draw tray.

While these heuristics were not based on any data, they were adequaEe to_v

generate good starting points for ﬁhe homotopylpath. ’

Ohcev the 1liquid and wvapour graffic are iniﬁializeﬁ, '£héﬁ‘ the
tempeéature profile ﬁﬁst be calculated. One 6f the stréngths-of the
prqposéd method is thag the starting estimates for this temperature

profllé need not be very acéurate. The . temperature profile is

N
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calculated to satisfy only the equiiibrium relationships.  The onthulpyv‘

balahces are ignorea here and ﬁthe path following in artfflé\hl
heater/coolers remove the enthalpy balance feéiduuls which remaln af'ter
the - initial problemuis‘solved. The‘rehoval of . the vntp&lpy balances
from the initial problem makes this a very stable‘proccdure.. Another
benefit?bf this approach is that the more accurate the ihltlaf 1quid
and vapour>traffic thé-more accurate the tempefaturc profile will be and

the smaller the enthalpy balance residua{g will be.

At this‘point the ltgratlve procedure begggs. Compqncnt'liquid,*u

mole fractions are solved for using the Wang and Henke method ns:i“

outlined by Hen

- 2.

fractions oq" e normalized. Now the Lempéruturc on Euch&LTuy

is found usip 'method such that the sum of the vapour molc

fractions is procedure is repeated until the temperature on

each tray is staﬁie and the liqh;d and vépour moie fractiﬁns sum Lo onec.
When these conditions are met the initial problem has been solved.

This procedure hinges on £héhfact that 1térating on the cémpositioh
is a stable ptocedUTg. While this 'is true for hxdf?carbbn systems, this
may not be true for chemical systems; Chemical §§§tcms were -not studicd

here, and this would be a good topic for future research.

ley and Seader (1881)., After this, the | hlufd moléif

-l
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1.0 Introduction

Iii the wmodern refinery, distillation accounts for a Targe
percentape of“the energy usage. "1t is.thereﬁoré important to be able to
model the ‘distillation process for purposes of process control and

.i | . - | | o S )
optimization. Currently there are many algorithms available to solve
the model equations governing distillation processes; howevVer there are

.stfil some difficult ﬁrbblems for which better algorithms are needed.

To model distillation processes requires the solution of a complex

[ -

set’ of non-linear equations. ‘Unfortunately, these non-linear equations

require iterative solution techniques which work best when some a priori

‘estimate of the solution is known.- The problem with these iterative

.

methods is. that when the solution diverges, it is not known if- it is

-because of a poor imitial estimate, if it is because the specifications
- I

violate the thermodynaﬁickconstraints of the physical system or if the
intermediate solution enters a non physical ddmain (i.e. negative mole
W R

-

fractions)’ causing ‘the thermodynamic ‘calculations to fail. This has -

always been the.main problem with using Newton’s method.
Recently, researchers. have been investigating a new method for

solving a system of non-linear: eQua;ions; the homotopy continﬁatiog‘

- method; “This method has. two main uses. The §irst use is'in_findihg a

family of . solutions -to a given -problem.as -a physical parameter is

varied. For example it may be used to investigate how.the solution to a

distillation column changes as the reflux ratio is varied. g @%

C _ .
. The second use of continuation methods is in finding a solution to
a set of non-linear equations starting from any arbitrary starting

point. This’is important because there are some problems where Newton's

method will only converge with an initial estimate ‘which is very close



>

the the initial solution, which'is certainly not always possible.

Ll;

. ! . . .vl



'22.0‘Litérature Reviéw
N ‘Reéqncly, phére has b%en’much work#@one using hoﬁotdpy continuation-
methods. . 'it .iS' importapt_,?o ‘note ‘that.vﬁhén ‘readihgr the 1itérntﬁre.
hOmdcopy continuation mgﬁhods ‘a}e also’ kqown: aé .homoéqpy 'mbthodg,l
continuétﬁon methods; 'parameterized continuatioh methqu qor: one
péramétcr imbedding-techﬁiquéé. fﬁ this‘work.fhe§ will be refgrfed_to as .

homotopy ~continuation or continuation methods. A history of

distillation will not be given here. ~For excellent historical reviews,

sce Wang and Wang, ‘1981, and Seader, 1985.
Before beginning the literature review it is necessary to introduce
some of the concepts and terms used when discussing continuation

.mgchods. Hometopy confinuation is a general.maphematical téchnfqué for
.solvin@ a:systpm‘of non;linear equations. Sinég She ;arly'LQSO's ic,hés
-beenbused in'chemipalvgngineé;zggf;gggérch té solve évwfde variety»éfp
‘difficult distillation problems, ‘Ihg mefhod-cbhéiétsfbf introddciﬁg a

new pérameter into the“éec bf gistillation eqﬁationsl'(ﬁhe_,homotopy 
parameﬁgr) ;hich makes the equations éasy td‘SOlvelfér"the‘initi31 valué'
vof'the‘pafahcﬁer. The parametef vélue is iﬁéfemented and%fhe'resulting
~ . . : R Lo L
locus of solutions (homotopy path) ﬁs’tracked until the ‘terminal value

‘.

of the parameter is reached, At the -tefminal value the equatﬂgb set.
reduces to.the origihal set of equations that was to be solved. #
There are’ two general CIQSSes of homotopy . problems. " The- first

class uses continuation to find a solution to.a- set of non-linear
equations.. - The second class uses continuation to trace ‘the value of
some physical parameéter in the problem, such as reflux ratio. S0 far

most work in distillation has focused on the: first class . of

applicationé,'tfying to. get solutions to distillation problems that are



difficult to converge Qsing Newton's or other mc;hqu.’“Thgs work is
also concerned with ébplying concihuatiox{ ‘to _the first class of
probleﬁst | |

The simpieéc method Qf'path folléﬁiug is kmown as he classical
continuation @ethod or cOntinuatiog byriterétion.'vln ghis method, the

homotopy equations are solved first at the initial value of the homotopy

-

‘parameter. Then the homotopy parameter is incremented and the previous

Splutipn is'used as a'starging point to solve the homotppy equations at
 the-n¢w‘Va1Qe of the homotdpy ﬁa;ametep. This process is‘repehtcd until
o Ehe'tefﬁin;IJvalue sf'the homotopy pafaﬁeger is réached. This approach
has been shown fo work §acisféct6rilyfin physical homo;op}eé, but not in

mathematiéalvhomotopies.

A more Sophisticated way to solve the homotopy cquations is to

actdally predict where the next point will be. along: the homotopy path.

Once the prediction is made, a few steps are taken to get back onto ‘the

path. This proéess is repeated until the terminal value of the homotopy

'parameter is reached. These are known .as the differential arclength

.

continuation or predictor corrector methods. - The advantage: of  thisg
method is that it can follow the homotopy path around turning points,

It is possible that while path followiﬁg the'path will turn back on

itself, that is .for -the homotopy  parameter to begin decrcasing, .and -

‘going back'toward; the initial value of t.‘ The point at which the
homotépy'path tufns‘bacg'on itself is calied a Eafning.point.of Limit
boint. When multiple solutions exigg theré will be  turning points along
tﬁe'path. o

Salgovic et al. (1981) showed that continuation methods could be used

to expand the region of convergence over Newton’s method. They used a

b



linear mothemhﬁibal‘oomocopyoaﬁd comporod three different meﬁhods fot'
vsolving the homotopy equationoo,' Thoirv_first -me§ood inoegrateooothé

- homotopy equqoions once using ao Eoier ingegrator, then invokediﬂewton”s

method ét”thefend‘of tho path!h Using diffe;ent-initial gueéses, the&o
‘ohowed where this ‘éppfoéch 'cbnvefgod ‘when Newton's mothod diverged;

They also showed that the smaller thevotep siie.in #ho-Eulef prodictor,

theop00rgr the initiol estimate could bg>fof ohe ooiomnbto‘solvé. The

second'way'th;t.they‘solved the homotopy\equationé was using a restart

method with a oioéle'Euler‘integrator. This was»fouod to oe,very slow

to converge. The ooird.oayvthey solved_tﬂe homotopy equatioﬁs wasvusihg

a fifth’ order Runge kutta .intogrator. While ' this gave Lreliable

'SOlotions,jthe computaoioz’fime was about an order- of magnitude greater

_ thon.their'first aporoach. )

Bhérgavo and Hlavaoek{(1§84) investigaﬁed‘a‘lineép'and a non linear
métheﬁa;ical homotopy. They,applied'oontinuation to distiilatioﬁ‘of
chemioal.systems.(sysoems.rEquiring'1iooid phase activity coefficients).
- Their primary.iooerest was to‘seé:if continuatioo;methods werevmoro
robust than Nthon's megﬁod. They.found ;everal problems (including
. dohyd:ation of oghanol with benzene) which solveo'with concinuaﬁion.and
diverged Qitﬁ Newton's. methoo. They u§éo'contiooatibn.by itegation and
tho.restart homotopy Qsing Euler'§ method. . They fouod-that from a very:

: : “ . R
poor»sta;Ei:g'point it was best to_intégfatevtho homotopy equations two
or three'timts and‘theniuse Nowton's métﬁod.n From a good starting point
‘they fouoo ic‘was beéé to use oontinua#ion by iterétibn;

Byrne and Baird (1985) 'osed ‘a proprietary ‘homotopy to solve

difficult distillation problems. Their interest was to see if

continuation methods were more robust than Newton's method for highly



non ideal’ systems such as sour ~water strippers and azcotropic
\ S _ . . oo ' '
distillation towers. - Unfortunately, the homotopy  they

used was
propr@e;aryf‘ They used a predictor corréctor method to ' follow the
'hémotopy path. “Thgy were able. to solve distillation proﬁléms unﬁﬁu

n

éontinu;t;oﬁ,that did notvsol§e With Ne&ton's:method starting from the.
~same §téftiqg‘point. | |

Chavez et_al..(19815 found multiple sgeady'stpte solutions to a
éysﬁem»of inter%inked‘columns.‘vThey gged ;he Newton homotopy with .a
prgdictor ¢orfe¢tor ;igoriﬁhm. fhey al;o‘éhployed'avspphispicupcd;srop
size adjugﬁment éigorithm (Georg;-1980) which detérminéd yhai Lho';izﬁ

of the next predictor step should be. -In the original work the multiplo

-~

solutions were found by trying different: arbitrary  starting puesses. .

P . A e e pa 4 e . .
Requiring different starting guesses to find multiple solutions is

‘unsatisfactory because an infinite number of starting points would be

required to ensure that all solutions had . been f{ound. The  most

desirable situation is to have all of the solutions along the Same

endpoints (t=1.0) to see if the paths would turn around and return to a

!'. . . . . . . . )
-different solution. When this was done the liquid and vapour traffic
. . . v ==

i

Lin et al.(1987) Qsed a. square mapping fuhction that alléwud them o
find all of'thé solutions of Chavez etval,'along a singlqvpufh;- fhc
(;qﬁare mapping fﬁhction cons;rains thg values of the nmle (rncthuﬁﬁ
liquid and vapour_flgws:and temperacdrex;o be‘positive, ﬂﬁd nlloyn”tﬂc
independent (mapﬁed) variables.ﬁo be negative.. The arAwagk to the-
: method- is that 2" (whefe, n is the dimeﬁsion of Lhe proprm) 'ﬁuw

solutions ‘are introduced. While the method of Lin et al. cannot

j o : o , : :
homotopy  path. Chavez et 'al. followed the homotopy paths past the

and some mole fradtions became negative. To get around this problem, -
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‘puarantee that all the solutions will indeed be on a single path, the

results ére_enéouragiﬁg becaﬁse for thgif probiem they Qere succéssful.

yickeﬁy an& Taylor‘k1986) useq p?yéicai hémotépies to -show fhat
conpinﬁatigﬁ Hés'a wider regionigf-cdnyergenéguthah Neﬁtén'sﬂmethod;
They soived vche.-difficult problems of éxtrgcﬁivé and - azeotropic
dis;#llatiénp Tﬂefihavé.psgd path féilowing;in thermodynamics and in
ftrayyéffiéienéy,  The ariving forcé behind cheif‘appfoaéhmtb‘soiving
pfobléms bygqéntinﬁation is;ﬁq &evéloﬁlaiﬁhysicai ho@otépvahich dea1§ "
' with the main sqﬁrce of nonvlinearity in the physical problem. For the
problems of éxcrac#ive and azeotfopic,disfillation the mainvsour;e of
. non iinearity‘iS'in the 1iquid:§has; abtivitybéoeffifienté. Héncé’theyv
c se'first t; ﬁgfh‘follow in K values¢"At thé.start of‘thérhomotopy_
path they solve the system with_ideal K.Qalues. As’they(fdilow the bach
they introduce the non iihearity ffomvthe activity coefficients into’thé}
k vélué. ThgyvhaQe.also used péth foiloﬁing‘in.stage efficiency. The
idea here is thaﬁ at low -stage efficiency there Iis very'5littie
sepafation énd so this 'problem is easy to solve. As the stage
éfficiéncy is increaséd' the problem bg;omes more non lineaf;: and
pecause ;he noﬁ linearity is‘being int:oduéédbincrementaliy it is easj
to solve each boint along the homotopy:path;‘

Vickéry_and_Taylor were able tobsolve prébléms that failéd‘uéing
cbhtinuation aloné. Ic is‘iptene§ting to:ﬁote that they reported Qery
little benefit using prediccor corfecto} methods iﬂétead'of.clasiical
épntinuation by iteration. _fﬁis implies that physical homOCOpies'result
.in paths whiéh are smoqthér, which.is.thé aesired cése.f Also, they did
not encounter any turhipg poihts. wﬁereas Chavez et al. (1986) did. Tﬁé

only drawback to’ the work of Vickery and Taylor is that ﬁhey_only used



distillate and reflux ratio specifications. It would appear that Lhcy

can also use geherai specifications, as developbd in this thesis.

Ellis et al. (1986) used concinuéfion to patﬁufollow fn'phySicnl

P}

‘parémeters. bottoms rate and liquid sidedraw. rate: They  compared
Euler's method, the semi-implicit Runge-Kutta  and Gear's method to

integrate the hdmo;opy equations. They reported that Gear's method

. ¢erformed the best. .UnfOICQnately they did not consider npy sortVQf'

 step ‘size predictor for Euler's method as others had done to provide an

additional basis for comparison.

Kovach ahdeeide: (1987) solved an extractive distillation'CUiumn

using a mathematical homotopy. They model the equation set the same as

Wayﬁurn and Seader and ~use the Newton homotopy., In phéir model LQo

Nt s®

iiqdid phases‘ﬁefe‘allowed to form on any stage. In order to determine
when .ﬁwé liquid phases were‘;bresent; \they did a iiduid liquid
equilibrfﬁm (LLE) flash- calculation. . They also ‘embloycd;zn physical
homotopy in theifiLLE flash daléluafions.

:Théy aiso 'reporﬁ good sﬁccess;. héwevef they  indicatc Lhér pjéh
problem‘initially requires manual tuning ofbéﬁe parameﬁcr# iHVUiVGd:iH
the predictor step of :following the homotoby' pafh.4 CThis s

disconcerting because it restricts the use of their method$ to only

those people who - are knowledgeable with the details of predictor

corrector .algorithms.

These papers have concentrated on applying differeng types of

hEmotopies to - solve complex. hydqpcarbon and chemical distillation

systems. They have shown that path foilowihg can increase the region of

convergence: over ' Newton's method. However, none have considerced the

question of whether or not path following algorithms can offer a



"-0‘

reliable method of determining when  physically impossible

$pecifications have been made. This work seeks 'to answer this question.



3.0 Mathemstical Model )

.

In this chapter the _equations used .ﬁo mode Aistlllntion,'are
presented, as_well as thé‘struétubebof thevJacoblah matrix and a degree
of freedom anaiysis. thé distillation \model uscs idcal stages, and
,‘alloWé for puhbdrounds, sidestrippérs andqélde.ﬁeaﬁebs and coolcrs,, The,
. model AOeé not 1nc{ude entré;nment or cgemical reactlén.

3.1 Distillation Equations

Thé equapiOns solﬁed are.the'masg and énergy.balancc eqUQLions,

3 équilibbiuﬁlreléﬁiohsﬁipé.and-mole‘fractibn cohstraint_équations. rThesc .
,a;e. wriften for the \géﬁerél btray shown 1in Frguée 3.1.' Thé ﬁlgn

. | . | , B - | o ?’#-gf/
.conventions adopted here are that heat and mass flows in,arc positive
and heat andvhass flows out are negaﬁive...ﬁere LF; dénéﬁes'n liquhf
 fééé’ffom stagé k and VF denotes a Qapour feed from sLngé 1. quu{d
and vapour draws from stége‘J érg denoged by ﬂSj and Vsj rcspcctiveiy.

FJ is an external fixed feed.

3.1.1 Component Mass Balance Equation . ,

Equation (3.1) is for a givenlgomponent on stage J. For clarity

fhe'component SUbécript has been omitted.

“.m =F

z + x 'L
3 )} Jj-1

"+ XxLF +x K V +xKVF.- -~

-1 Tk x J#1 3% Je1 o T

X{L +LS) -xK(V +VS) =0 (3.1)
5 ) SN | : _

‘This fofmulati§n allows foh iiquid and vapour traffic belween non
adjacent:stagés,' LF;-i$:£hé rage of liquid from étage k‘thuﬂ'KQQQ5.
stagé J (i.?. a quUid'pumﬁaround“bétﬁrn‘étreah), énd VFl is the rate §f
‘vépbuﬁ from stage 1 thét feeds $tage J (i.e. ﬁhe;VAppurLreLurnvto the
‘main 'cqlumh, from the,lto; of a sidéstripper). ‘F) Vis Lhe~.ratc ’qf dn
external ffixed; feed, and zJ.Uhe_cqncén£ra£ioh of_compoqcn; i in tﬁe
.éxtérnal feed. LSQIan'VSi_aPe the ratgs of‘lidgld‘ahd Qapouy pbodu¢t
10

£



stfeams from'sLagc J.
'The substitution yj=Kij has already beén made in equation 3.1 to

remove the -vapour mole fraction yJ from the equationset. If the

Murphree vapour phase. efficiéncy‘ were used, then the ‘vapour mole .

fractions could not be‘temoved from the equation set.. Also note that

because there are no chemical reéctions.‘the material balance can. be

 written either in terms of mass or moles. gMéle_balancés,are used here

_ because mole fractions -are required in the _equatien-fof state -

'calculationé.

3.1.2 Enthalpy Balance Equatiocns
The enthalpy balance for a generalgtray is givén by

F L

E =FH +H L +HLF +H v +HVF -
J 3 j-173-1 Kk Jo1 o J+1 1
L v ' o
H (L+LS ) - H(v+vsY +Q =0 . - . (3.2)
S M 37y j ,

For heat addition QJ>O and for heat removal QJ<O.

3.1.3 Sum of Liquid Mole Fractlions
S =) x j1=0 | (3.3)

'~ 3.1.4 Sum of Equilibrium Rat fos

ER =YK x -1=0 o (3.4)
ST L Ty

3.15 Specification Equations

“ .

Forvény-given-distillatioh problem, the number of-speciﬁicatiohs is

. ' 8 - Y ) K
~equal to the number of degree§'of -freedom. The degrees bf freedom

analysis will be presentea-in section 3.3. Speéificapidn equatibns are_ 

t

implemented as.  described by Ferraris (1981). A ‘discussion of |

- incorporating speclflcatloh equations in the homotopy equations is found

In gection 5.4. FoTlowlng>are the five types of spécification equatidns {

used in this wérk, Note that due.to the,flexlbility of Newton's methdd

coe

11



many other types of specifications are possible.

a) Flow Rate Specification ’ vr

. , NS = F-F =0 - | S

S

Hefé: F denotes any .molaf fiowrate, and |7 iy ‘Lhc dusircd_
fspeclfied), flowrate. In this work the fio;rutcs &vailubic .?Qt‘;
ispecification are - fhe .distiliéte, 'bq;toms, and éidestrlpper product
rateé. ' the‘ pumf)afoﬁnd rgte,. bgn'd t...he rate of} ‘t'h‘be ‘1 1quid dr::;w f'rom t,hp

méin column.to feed thé sidestripper.

b) Mole Fraction Purity Specification

NS.=x - x> =0 | O (3.6)
o 2 Ty 1} .
Here x;J denotes the 1iquid mole fraction for the i’é componcntﬁon

th : s : T P
the j stage, and--xlj is the specified value.” "In this work the purity

specification was implemented for product streams.
.'c) Reflux Ratio
' ‘ R s : . : .y -
1 ‘ : NS.=L -~ RD=0 , : (3.7)
. 3 . .

Here'-Ll‘ is the molar raté' of 1liquid from the condenser which
enters the second tray. Rs is the speciffed reflux ratio, and D s the
molar distillate rate.

d}. PumparoundgEnergy Balanée’.

NS = F_ (_H"

- . - = o 3.8
4 PU- ¥ RE- . HDR) . Q 0 ( )

PU . \

Here F_ is the pumparound flowrate, H- and H" arc¢ the pumparotnd
. PU <§;’*\ . . o RE . bR o .
quuid return and draw enthalples, and Qiu is the spccificd pumpiround
heat duty.

e) Pumparound Flow Rate _ ‘b‘
/ . . <

' NS =F - F° =0 B (3.9)

5 PU . PU . ‘ o :

Here -FPO is the buhbafound flowrate and Pih is the cspecified

(desiredj pumparound flow rate.



£) Pumparound Duty

PU PU

‘NSé =Q ‘- Q. =0 e X N ;f(3,10)

Here QPU s ‘the pumparound duﬁy ~and Qiu”is_ the 'Specifyéd

(desired) puhparoundvduty.

’ g)"Pumbaréund Temperature Difference

S

NS =T _-T -8 =0 o ©(3.11)

RE DR

Here TRF‘and Tﬁn ére the pumparouﬁd return -and draw-tehpefatufes.

and aT? is the'speclfled temperature differenééi . Note thaﬁ~ATs X‘O‘ﬁo e

cool the liquid.
It is 1mpobtént *to.: note that “for »pumparoundé only two

specifications are allowed, since spécifying'two.bf pﬁmparound hate,

'duty énd return Ehermal éondition-(i.e.,pumparound return tempehature) 

fixes. the third unspecified quantity. - “Non standérd specification

equatiqn‘4'(equa£16n,3.8) is an ehthalpy balance for the pumparound, and
, _ . » :

‘does not contain any specified values. .Therefoﬁe a pumparound with two
. : ) ,

speclflcat}ons'contains equation 3.8 and tW0.0f equations 3.8, 3.10 or
3.11. o c A I
3.2 Jacobian Elements and Structune;

" Solving all equations in a non linear system’simuitanedusly'uéing'

Newtonfs.method'hds 1ong“been recoghized as thé»preferred method for
solving a system of non Ilnear}equations. However only.'in the last‘IO
yéars has thé computihg power been available to make Newton's.method a

viable cholcé fdrféolving diétil}aﬁlon‘pPOblems; ’This'is'dué to the

A

large” number of equations that result in a'distillatiohibrdblem; When

BBk

véolving a problgmlusing Newton's ‘method, the calculation of the Jacobian

matrix ( thé'matr}x of first partial derivatives ) is Qhere most of the

)
-

calculation time is spent.



To get 'around the problem* of solvlng all of the 'equullousl

simultaneously, a number of tearlng procedures have. bocr pxoposod rn&'

3
’

method ‘of Wang and Henke (1986) solved the componcnt materlal bulnnuuil'

for . each ”component individually - .. They showed that:-thlf ,could_ be

. dOne using a slmple tridiagonal matrix structure which gave the'method

' low solution times. However, 1t was found that ‘the mothod worked bo td

i

for narrow boiling: mixtures, and s unstable for wlde bolllng mixture
The method of Boston and Sullivan (1974 later extended by Russcll,

1983) used'an Inside/Out 1oop structure. In the inner loop, simplc

thermodynamic models were used to model enthalpy and K values.‘ In the?i

§

outer loop the simple thermodynamic models were updated using rlgorous i
models, and a convergence:check'was made. The lndepende t.- varldblev

““chosen were the stripping factors, and'a trldiagonal;system of equatlons .

was solved for component mole: rates.: By solving for component molc

rates the solution was always in 1mass balance, ‘and thls helpcd tof
accelerate the solution. This method has been found to very robust and

is used by at least flve commercial slmulators today ' However; duc'toa

the approx1mat1ons used in the K value model ( K valucs are modclled dn.
the inner loop as ‘functions of temperature only) the algorlthm does not -
work well for chemical systems -which reqdire liquid phase actlvity

coefficients. .-

P':’ .

Naphtali ‘and Sandholm (i971). were the. first to solve all of the'

'd1stillation equations simultaneously uslng Newton’ méthod. Thls SRR

also known as the .Global Newton Raphson method Thoy showod that” 1f}the
equations were grouped by vstage ,that a block. trldiagonal Jacobian

resulted. Their method worked wellfor both wide and narrow bolling

' minUPeél and for columns with or without condenscrs' or- rebollers.

\
-t



However, to solve'the Eesu}tlng Jacobian matrlg it.had tO'bévpértialry
“stored on disk be;ause coﬁputér.rhndom aécess memories were ﬁot as'largq
as they are today. Theirvbloék-tridiagonal strﬁc{urévfobms;openea fﬁe
'w?y for'Lbe SImulLaneous soiution of the‘distillation equations usiAg 
ﬁcwfbnfs;method. )

Ishii and Otto '(1973) allvso solved all equa‘t‘io'ns simultaneously, but
pantitloﬁedvéhe eduatibns 1nto‘submatr1ces for the coﬁppneﬁf hateriai;
.balahces and,energy.balancesf”This alsojhéquiredvﬁhat thé trid{agonai
matrix Sc inyerte?{ and ishii developéd'a fast alé;rithmitg ég ﬁhis.
.Later, ’Browne, Ishii  and >0tto(;977)‘lshoﬁed thaf fdr' sys;ems of -
dist{[latjon Cblumnﬁ, simultaneous solutipns'weré &ther thah‘SOIYing
cach columnAsgparately and iterating betweenithé tear streams.

;Wifh fasier.CPU's ana larger memory, thé Global Néwtoh Raphson is
_bécoming Lﬁe standard Qay @6 ;olvellarge sbarse/prpblems. Questioﬁs
_céncerning;'scallng and ‘condiiioning‘ of ‘the- Jacoblan to '¢n1arge the
- region qg cOnQéEgence and thus produée-reliagle and fléxible a1g§rithms

abg the subjects of current research. GloBaLﬁNthon Raphson was cﬁosen
in this work because of‘thé.flekiblity in specificatiéns and the'easé‘of\
‘use fﬁvcontinﬁat{on scﬁemésl As will be:shown, the Jacobién matri# for
use 1in continuation methods is tﬁe same as that uséd‘ih the Global
"Neﬁtéh'Raphéon hethod, excebt that an exﬁra row dhd'column4are ad&ed té

the borders of the matrix.

‘.

. 3.2.1 ‘JdcobianAStructure , : ;

‘The7 Jacobian structure':ﬁill be illustrated (for .a"distillétion

column with sidéstripper and a distillation column with two pumpgroﬂnds.
These distillation columns are shown in figure5'3.2‘ahd 3.3. 7 Since’
the simulator is developed in a modular'fbrm; it can handle any number



of trays and components, with no restrictions on pumparound return and
draw trays. First the non-zero structure of the Jacoblan for the column

‘wffh attached'sidestripper will Dbe cohsidercd._

Figure 3.4 shows 'the block tridiagonal bordered structure ‘uﬁlch'_,'

results for the distillation column with sidestripper. Buséd on the:

recommendatidnS'of Wayburn(1983) the sidestripper trays are inserted in

the Jacobian afteb the tray where the liquid draw fﬁom the main columh

is taken. This results in the submatrices for the liquid from. tray 3sto

't%ay 4 and the vapour from'tréy 4 to tray 3 being aWuy from Lhc.blobkv ‘

tridiagonal submatrices. Theré_are 7 different types of submalrices in

figures 3.4 and 3.5. Each one represents the different .internal- and

external streams in a distillation column.. Figures 3.6 through 3.12

show the non-zero structure for each of the submatrices. The %

presented has 4 components. Note: that the equations are arrapged such
-that. as many diagonal entries are non-zero as possible.  This Yesultu in
less rearrangement for the  sparse matrix package. Also noté_thnt the

important derivative of énthalpy with respect to Lcmpebéturc is found -on

the diagonal. This will be one of the larger elements in the matrix, -

h

thgs helﬁing télform.a diagonhally dominant étructur¢.‘

| Note that there is n6 entha1py balancé equation for the Condonsnr
orﬂreboiler. This is posSible.beCauge the duty is ﬁbt 4 specification,
‘The duties ére caiculated from the cén?erged sdlugion (the LémpcruLUreS
of the condenser and reboiler are célculated to mécﬁ»thc bubbih point
c:ndition); . ‘figureét 3.9 and 3.10 . show ﬁow Lﬁd nén—stuﬁdurd
sbecification equatfbn replaces the enthalpy 5alance in the cémhnumr
and }ebogler. NS1’ NSé, and NSS correspond to cq;utions 3?5, 4.6 and

\
N

3.7 respectively.

)



pigure_S;ll shoﬁs.thé~non—zero strnucture for ti. Jacobian~
for Lhé }iquid feed to the iop of;a sideétr{bper. This is the samé.as
:submafrixvtype A, ekcebt ﬁhat thé co fficients for the liquid‘rate are
zero, 'Tﬁls isvbecause only phe compoéltipns'and enthalpy from the draw
vtr;y influence the top tray of the sidesiripper. The liquid dréw‘rate

" 1s another variable which appeabs on the border of the Jacobian.

By introducing tne liquid .draw rate as another variable into the

system of equatlions, .it is necéssary to introduce anotherﬂéqpétion to .

[}

kecep the éysteﬁ'well poéeq. This is shown as the row which is appended

to the Jacoblian as shown in figuré 3:4. While the simplest eduation to
S ' LI -

1ntroducgw#s ong which fixes the rate_bf the 1liquid drawlrate, ahyf»

specificaifon_ which does not Qiolate mathematical or thermodynamic
_con;tréints can -be Qégd. Specifications are discussed in greater‘detgil
in'SCC§1dn 5.4. . R |
- Figures 3;5 and 3.5a show the Jacobian structure for a.column with

two pumparounds, Each = pumparound introduces an additional t:

equations and thrqe unknowns ‘into the Jacobian matrix. The unknowns for

each = pumparound are the ‘pumparound"flowrate, duty, and return

temperature: 'qu specification equations are allowed, and an enthalpy

balance for the bumparound is beqﬁired. In the exampleJin figure 3.5,
‘the first pumparound has the flowrate and duty specified, and the secbnd
. pumparound has the flowrate and tehpératﬁre»difference specified.

In this work the specificationS‘ introduced for the additional

pumparound variables relaté to the pumbarounds.’ However, Newton's

~method does not restrict the additional'spécification ions to the

pumparounds; any valld specification is acceptable. Suppo é it was

‘desired to find the pumparound flow and duty which would/ meet two

17



~additional purity speciflcatlons:beslde'the usual distillate rate and

reflux ratid spe¢1f1catldns.AIthough. any‘ arbityary  values could  be

specified for the_purities. they may not be possible with the peflux’

and distillate rates specified. There will most llkely be a small range
over - which additional : feasible. speclficationé could

* made.’

3.2.2 COMPQnenffMass.Ealénce Derivatives

Thé derivativés for the component.mass‘balance.cquations follow.
Note_that the cqmpohenp subscﬁibt has been omiited for clar&ty.' The
. partial derivatiQes of K values with respect'to £omposilen have

been assumed to be zero. The small error which Is Introduccd dnto the

Jacobian'matrix will,at,wobst.slow convergence. It does not affect the .

vfinal'solution beqauée the K values are calculated rigorously -frrom the

equatiop'of.étate, and are always used in the evaluation of the model

.equations 3.1 through 3.9. )For hydrocarbon systems, the composition’

.effect on the K values is minimal and so sctting them to zcro does not

have any noticeable effect on convergence.

—_— = Lj_l ('4 1)
’ axj_1
8m o . :
2 X © (3.13)
aLJ_1
dm ‘
- _l = LFk (3.14)
axk
am : o _
P L 31Y)
ALF x
k
am
L ' (3.16)
3% Lot ‘ ‘ '
31 "

be



19

am 1 . :
3 = (3.17)
av je1 §41 i )
g1
1
am , dK
3 =% S AL - (3.18)
aT #1341 ot
je1 o 341
- am. :
. : - _3 =k vVF o (3.19)
: L ax 1 .
: dm : . .
. = x K, S . (3.20)
o aVvF o
8m . aKl _
3= x VF — (3.21)
aT. - haT :
B | S |
_ﬁi = (L + LS +KI(V +VS)) {3.22)
ax 3 3 R ,
3
—3 = x SRR (3.23)
aL '
3
am_ . : : B
A = x , : (3.24)
aLs - '
! 8m , , '
j ‘ , R -x K, o (3.25)
: av, o . : .
am . o o
= xx o o (3.26)
avs 3 ‘ : : '
‘ I .
-8m - 8K .
—J e x(v+vs) 2 | C(3.27)
aT Yo ot L

Note that equations 3.24 and 3.26 ‘are~ necessary‘ when sidedraws ére--
"variables. This occurs for pumparounds. when the rate is not’specified,
and for the liquid dfaw from the main column to afsidestripper when the

sidestrippér rate is a variable.

©3.2.3 Enthalpy Balance Derivatives



The following are the partial deblvatlvés for the enthalpy balance

equations. The component subscript has been omitted for c'lar‘lty.

____‘l. = LF’ '
ok

LF
K

aH"
k

ax
K

aH-

aT
k

«

(3.28)

(3.29)

(3.30) '

(3.31)

(3.32)

(3.33)

(3.34)

(4. 35).

(3.136)

(3.37)

o



3E L .
.___J_ = LF __l_
3T ' ar
1 1
3E
3 = gt
-
3 v
Ly J
3E ' L
_i = -H
aLs -
3
i 8E. v
____j. = -H
av -
Y
8E.
—1 = -H
avs .
) .
8E "
3 - (L +15) 2
ax j,ax
J :
af . - 3H"
-1 =-(LY+LS)_—-4— - (V. +VS)
oT v g y )
3 '
3.2:4 Sum of Liquid Mole Fractions
s
.___j. =. 1
ax
o SR
3.2.5 Sum of Eq@ilibrium Ratios
- 8ER
.-—-—-J = K -
'ax 1
3
3ER. 3K
) =,Z x 3
8T J et
3 S0

aT
J

(3.

(3.

(3.

(3.

(3.

(3.

(3.

(3.

3g9)

40)

41)

.42)
43) -

aa)

. 45)

16)

47y’

48)
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Figure 3.1
Schematic Diagram of a General Tray
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Figure 3.2

Schematic Diagram of Distillation Column
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Sidestripper



24

~

~» Distillate

“hx 4 4
3 e

hx ,' 7
2 1

Feed 3

S S Ve ——- Bottom’

Figurg 3.3
Schemat ic Diagram of Distillation Column
With Two Puméarounds



25

NS U B L -

bl B

Figv{:::\ﬁs‘ll

Jacobién'Submatrix Structure
For Column With Sidestripper




10

NS4
vy NS5
Se
NS4
NSs
NS7

3 4 S 6 7 8 9 10 @ngo

T T T T T

C
B | C G P
L3
A B | C
A B.| C
A|B|C|G P
A|lB|lC|™
A B C
A B | .C
{. A E
| | 1 1
) ’ XXX
N X
1
X
‘ XXX |
N_. X
2
X
: Figure 3.5

Jacébian Submatrix Structure
. For Column With Two Pumparounds

~



Xx x._x _x L v.T
15-°25 35 45 5 5 S
'-NS4 , ' D ¢ . )
NS b Submatrix Nx
5 .
NS
6
X X X X L V. T
v 15 23 35 45 5 S5 S
NS, AR X : o
NS | : . Submatnyx N2
NS_| - ' o X
71 . _ . i
FT Q.
m X
1
m X
2 .
m_ X Submatrix P
m. X »
o4
SF
ER
E X X

Figure 3.5a

Submatrices for ‘Pumparounds from Figure 3.5
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_ Figure 3.6
" Non-Zero Jacobian ents for Liquid Feed
(Subma Type A)
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Figure 3.7

N

Non—Zero»Jacobiah Elementé For Liquid
And Vapour Leaving a Tray. -
(Submatrix Type B)



Figurée 3.8 .
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Non-Zero Jacobian. Elements for .Vapour Feed
o (Submatrix Type C) -
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Figure 3.9

Non-Zero JacobianTElements For Condenser

(Submatrix. Type D)
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Noh—Zero'Jacobian Elements For Rebaoiler

(Submatrix Type E)
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Figure 3.11

Non-Zero Jacobian Elements for Liquid
to Top of ‘Sidestripper
" (Submatrix Type F)

Feed



[ T ] T T [
m [X : :
LS RIS SRS SN S SO SUNIE SR
R IS SRS U S SRMNNT SN S
m : E X ?
S T NN SR DU FR I S S
mo S
4 TR
(SN DU SSRN POV SRR A J—
SF i :
ER A -
E | xix¥xix
i i i P i

Figure-3.12'

Non-Zero Jacobién Elements_for Pumparo
Composition Effects
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3.3 Degrees of Freedom Anélysls

Thg difference bétyeeﬁ the number of &ndcp&ndcnt cquations and
.vari;bles Anm a‘bgivén systém_ of equations 'is  cu1lcd the’ degpéqs of’
freedom; - The numﬁét of variables'specifled_must cQual Lﬁo dcgfcos of'
freedom 50 that a éoiution to the'system of équdtions-bun be Fouhdr'ﬁf a
éoiupion doéé indeed exist. In this work only, solutions in the real

domalin are considered.

A degrees of freedom -analysis is performed here as outlined by

Henley‘and Séader(lSQO). The basic ldea 1s:that eveﬁy system can béf

‘brokén.'down into a number‘_of\ smaller subsystems.: This prbccss is,

‘repeated until  the subsystems correspond to systems for which the

degrees of freedom are already known. Then the dcgrecs‘of freedom for

each subsystem are summed, taking  into account “-interlinking .sticams.

~

Table 3.1 lists all the subsystems used heré and the number of degrecs
of freedom for each system. Appendix I has a sample-calculationlshowyng

that the number of'degrees of freedom for a total condenser is C+4 (

where C is the number of components ).

-

 Table 3.1
Degrees .of Freedom for Subsystems:
SUbSystem : : » Degrees of Freedom
Total Condenser C+4 |
Reflux Divider. e
N Stage Cascade © 2N+2C+5
Interlink Stage . aceg
Feed Stage ' o ’ 'ﬁ+8
Partial Reboiler c+a
Tray with Sidedraw - 2C+7 )
| S ' . Note:;CQ:humbef of components’
- - : . = number of stagey ,

, ™



Figure 3.12 shows how the distillation column with sidestripper is
simplified to do. the degreés of freedom analysis. The 'dcgregsbiof

freedom are calculated as follows:

~

M;in Columﬁ 'Dégrees of.Fréedom
Totér Condenser - _C + 4 ’
Reflﬁx Divider ' | , A C+5
: Nl'Stage Cascade “ | : __— | 2N; + 2C + 5
Interlinking Sﬁage _" ‘_.‘  > ~ 3C + 9
N2 Stage Cascade | - ” ?Né ; 2C + 5
. Feed Stage ' ' : 3C + 8
N, Stage Cascade 2N_ +12c1+ 5
Partial Reboiler . c+a
Sub Total ’ .2£Ni+N2+N3) + 15C + 45
13 Repeéted.Stheams‘ o | . 13(C + 2)
Total . = S .'Z(leNé+N3) +2C + 19

33

To simplify.mapters, let N = N1+Né+N3¥4, which is equal to the . .-

\ . A .
total number of'equilibrium'stages in the'distillation column (note that .

.the refluxjdiVider_is noﬁvcounted'as an equilibr{um stage ).

o Total'degreeé of freedom =2N + 2C + 11 for the main column.

1

§idestripper = o . - ”Dégreés of Freedom ,
‘ ﬁl Stége:Cascade L ,2N1‘+ 2C +.5
Partial Reboller B vv . Cc+a
Sub Total . 24 +3C + 9.
2 Repeated $treams . 1 Co- Z(C + 2)
Total + ” | |  _ M ovces o
'Substitute M = M + 1 so that M is fhe total number . of

equilibrium stages in the sidestrippeﬁ\\



- : T aa
Total‘degrees of freedom = 2M +.C + 3 for the sidbstrlppor[
Now ‘the total degrees of freedom for the system can be found.

COMPLETE SYSTEM:

Main éolumﬁ _ 2N + 20+ 11
,Sidestripper"' o . 2M + C . +‘5

Sub Total | 2N+ M)+ aC v 14
2 Repeated Streams - 200+ 2)

Total Dégrees‘of_Freedom_for the systém ‘ZLN + M) ; C+ 10
Th¢ next step is to sum the degrees of:freéaom.used up in ?ssumpflons
regarding the known vquantities of the distillation coluﬁn. These
‘a$sﬁmptidné are:

1) Pressure of all stages including condenser, M+N+1

reboilers and the reflux divider.

2) Heat transfer to/from all stages including M+N=-2
the reflux divider, but‘excluding the condenser

and reboiler.

_3). Degfeés of subcooling in condenser 1

4) Number of stages in each column o 1

5) Interlinking stagerlocatfqﬁ : ' ' 1

6) Feed stage 1ocation _ : ‘v‘ 1

7) Feéd‘compoﬁéni flowrates, R : C+ 2

temperature and pressure

Total Specifications 2(MeN) + C v 6

The .number -of additional specifications is given by

Total Degrees. of Freedom o 2(N.+ M) + C + 10
- Total Specifications . . 2(N + M) +C+6
Additional Specifications 4

Thérefore_there are four more specifications which can be made. In this

work  they were chosen. from product molar rate~speéfficatiohs, product ]ﬂ,//“



¢

purity spccificaﬁlons, reflux ratio, 6r by specifytﬁg the molér»raté.of‘
‘the liquid sidedraw fﬁomvthé mainvcolumﬂ to thé §}éestripper.'
The. second’ examble.'fgr a degfees pf"freédom analysis is a -
dLsLiilatlop' éolpmn with fwo pumparéuﬁd$. Figure ~3,121‘§hoﬁs;vthd
subsystem breakdoﬁn for“this system; ‘Note tﬁat in this sy#tem éach‘tray
is a subsystem, As for Case 1 the dégree§1¢f fr¢éth aré caléulated'by.
Summing.the degbeeglof freedom for the éﬁbsystems’ahd corrécting fpr‘thq

redundant streams.

‘.Columh'wfth Tgo Pumpﬁfoundé : - ' Degreés of Freedom
C&mﬁmﬁ‘: | 1' C f - C + 14
Ref 1ux Divider L ) C+5
\Stagé 2 i" o . - o 2c + 7

" Pumparound Return o ‘.' » ’f_ 3C + 8
Stage 4 ’ » , 2C + 7
qupafound Draw L ‘ : | o 2C + 7
Pumparound Return '( » l 3C + 8
Stage7 .z

.Puﬁparound Draw ' o T 2C + 7
Feed Stage | | o : 3c + 8
Partial Reboiler -~ - | _ e
Pumparound Cooler- ‘ ' :- i . : N ‘ C+ 4
Pumparéund Cooler i o R o ;_4
Subtotal | | - : 24C + 80
25'Repééted Stfeams : o  " -23(C + 2)

‘Degrees of Freedom ' T C + 34



The next step now ls to sum up the'degrecs‘of freedom uséd up in
.the assumed known quantitlies:

1) Heat transfer to/from all stages inctuding 9

‘reflux divider and excluding ;he‘condehser, ' L

- reboiler, and pumparound cooler dutles.

2) _Pressure of all stages, reflux divider, ' 13

and pumparound coolers - - .
, ' o
3) Subcooling in the total condenser and ' 3
‘ pumparound coolers§ ‘

!

4) Feed temperature,_preséure.andvcomposition C+2
'5) Feed stage locatibn, L " - o 1.
Total . - ‘ o ) ) | C + éé

The number of remaining specifiéations‘is given by

Total degrees,of freedom of the system E C + 34
—‘ASSUﬁptiOns ' o | : . C C + 28
- Total Degrees of Freedom of System ’ 6
For thié syétem-thére are six,remainihg degrees of free¢dom. This
is intuitiye as félioﬁs. “ A Aisfiilation column with_ condenser  and
rebéiler alone has £wo additibnal spgcifiéations. Eaéh pump#round hgé"
‘ *

two degrees of freedom (speéify two of pumparouﬁd rate, heat duty ‘and
'temperatufé diffefenéeﬁéhd the‘fhird quéhtity‘may be célculéted); Sincc
‘there are twél pﬁmpardﬁnds tgis gives a total of six Qdditionul
.speéifications. in thisﬁwork £herrcmaining;éix specificatioﬁs ﬁuy be
selecfed from pumparound'.rate, dufy, temperature difféfengc, product

‘molar rate, reflux ratio or a product purity.

RiY
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| 4.0 Solution Algorithm‘_'
In this .wdrk the ndlspiliétion‘ eﬁuations are éast as a set of
.homdtopy~equatioﬁs. ' fhese homotopy équatlohs are ﬁhen solved psihg
diffcrcntlal‘arclé;gth homot6py.qontinuation. This‘chaﬁter'inﬁroduces
the reédcr to the ‘p;inclples of hohotopy continuation and provides
dgtaiIS’oflthe new homotopies devgloped in..th1s work:. -
| Two new physical homotopies are 1ntrodﬁ¢ed hgre and_thgir'behayiour
with a hydroéarbbn‘ mixture= is explored. The‘ first 'homotopy uses
artificial Heater/codleré to deal with the nonlinéarity intfédﬁcedbinto
. _ v , ‘ v
. the diéfilla fon equations:by thelgnthalpy-balancé: The secénd homotopy
_usesuﬁﬁe‘struc Qre of_fhe problém'to deal with‘the znteracpions between
a main distillétion’céiumn and a sidesirippgr. | |

’Another‘new aspect of ihis work is the ability to inc1gde a w}dé
rangc‘of nonstahdérd specifigat?oﬁrequgpionég 'Thislhas not béen doﬁé
previohsly for physiéél homot;pies. The‘cohceﬁts Qeveléped here cah
c&sil&'be applied io other physical homotopies such ‘as "in -the work of
Vickcry and Tayiof; _Fi}sf’ however 'the mathemétics of _homotopy
continuation will be explained} "bgv o E -

4.1 Solving a éenerai System 6f'EqQétions Usiﬁngontinuation '
Suppose it ié desiredvto find‘the solution X. to £he system of

b
equat ions

F(X) =0 , ' (a.1)

F(X) = 0 is a vector valued function which can be expanded to

f(x ,x,x, ..., x)=0 (4.2)
AR R - n A
£ (X, X . Xy o, x) =0
2 1 2 3 B i}
f (x'.x X, Lo, x ) =0
3 1 2 3 n = i
t :
f(x ,x ., X, ..., x) =0
n 1 2 3 i 1Y
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Suppose that there ex!sts another systcm (X) = 0 for which the

solution X is known or is easily found. The homotopy cqual tons  are

created by blending F(X) and GkX) tséethcr. This 1s done using the

—~

homotopy parameter t (where t is a scalar). One possible (and popular)

form of the homotopy equations ‘is given by the gencral linear convex
! . ’ !
homotopy
H(X,t) = tF(X) *+ (1-t)G(X) = 0 v So(4.3)

The -homotopy equations have the following characteristics:

- G(X)

H(X, t=0) 0o o (4.4)

H(X,t=1)_ = F(X) =0 . T (4.4)
At't=0 fhe homotopy eqdations reduce to G(X) =0, which is the ‘simple

system of eqdations.: At t=1 the homotopy equations reduce to F(X) = 0,

which is the déé{red set of equations. * The' locus of points at the.

solution to the hdmotoby‘equations for the Aiffergnt vialues of U i the
homotopy path.“ Note that other forms of the homotopy ecquations are

possible:

‘

H(X,t) = (1 *)F(X) + e™*'G(X) = 0 (4.6)

In the discussion which follows only thé linear homotépy (£$3) will be

3
. considered.

}heré are3 many different éhogges fér the..fUnction .G(X)' The:
simplest is the fixed point homotopy,

G(X) .= (X - x'o) =0 | . o4l)
where X, is an arbitrary starting point. While this homotopy has
flexibility with respect to the choice of an id{?al Staﬁting point, it

suffers from poor scaling (Wayburn, .1983).

Another popular homotopy is the Newton homotopy,

G(X) = r(x) - Ftx, Y=o Sy

uie



Jhe'homotopy.equatlons reduce to ‘

R = FOO - F(X)) + tF(X)) =0 | (1.9)
’Thls is the homotopy used by Wayburn(1983) ano Kovach(1988) to solve
' dlstillation problems
_ The homotoples presented so far have been mathematical homotoples

These homotoples are general mathematical fonmulae'whlch can be applled

to any system of nonlinear equations. Another class of ‘homotopy is/thef'

"custom or physical homotopy. These homotopiespexplolt'some aspect of

theaequatlon set or physical system -As their names imply e form of

the homotopy equation will differ from problem to problem Vickery and‘

Taylor(1988) have used a physlcal homotopy 1n the solution of azeotropic
dlstillation problems. Whether mathematical or physical.homotopies-are
best for solvlng'distillation problems is currently thefsubjeCt of‘much
debate.

There are also two different applicatlons" for  homotopy

continuation. The first one (which has already been presented) is to -

solve a system of - nonlinear equations: by introducing -an }artificial

. parameter t into the formulation. "The second application is to trace
: oot the: locus of solutlons as 'some' physical'.parameter appearing
natﬁrally in the problemuls'varied;v For example, ref10x ratiofcoulo be
chosen as the homotopy'parameter. First a solution to the problem at a
‘glven reflux ratlo must“be.found; Then the homotopy path could be
followed and the solutions at different reflux ratios generated.

Another' potentially important appllcat{on is in the field of

. -
~

optimizatlonl First the optlmlzaflon problem aust be-cast as a set of
equatlons (this can be ‘aone ‘uslng _Lagrange multipliers) and _solved.

Then the optlmum\can be.traced as the homotopy path is followed with

\ ' . * ‘ a
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respect to some physical paramefér. Multlple solut\onsf can also be
found 'using continuation methods(Lin et al., 1987). 1In. this work
continuation methods .are used to find the solution to the distillation
equations. For exémpleé of path,foiiowinglﬁith'réspoct to a4 physical
. parameter in distillation see Ellis Qt al., 1986.
Uphto this point it has been assumed that it is~possfblc»tb follow

the homotopy path that is formed by solving the cquations as the

-homotopy - parameter is varied from zero to one. The  methods for
following the homotopy path can be pﬁt into two grgups. The first
'ﬁethod is‘continuation by iferation, or the classical method. This g

very easy tobimplement'but is not capabie of solving .a s&gtcm with a
turning: point along the homotopy -ﬁath;v Howevér, Vickery and
Taylor(iQSS) nepbrt goéd results using ‘this method with physical
homotéﬁies.- The secoﬁd.is £he differential arclength method which . ig
tﬁe method used. in this gtudy. This’method i;'more robust Lhﬁn thes,
érevious method because it makes use of the 1nformatloﬁ_ of howu'Lhn”
variablés change as the path is fqliowed.' First Eﬁe classicﬁlvmélhod
g}apd £hen the difféfenﬁial abclength method will. be préséntéd.~ oo
s ;%‘311 Classical Homotopy Continuation |
ﬁymﬁ,gi - .

The classical continuation method can be easily incorporated into

A il A -
it Y VY A .
%aﬁégﬁ‘existing method of solving a system of equations independent of the

’

method used to~§glve the equations. The idea is very simplec. First the

equations are solved for some value of the. homotopy paﬁamctcr for which
) - ‘ ' ' . 4 '
a 'solution is easlily found. Then the homotopy paramete; ts incremented

and the previous sQlution is used as the starting point for the solytion

-

at the cﬁrrent value of the homotopy .parametcr, "This procecs o

repeated until the desired value of the homotopy paramecter has been

=
»
&



.
. reached.

Following is an algorithm to implement the classical continuation

method.
1. Solve H(X,t ) = 0. SR _
If the solution falls, then stop. Another value of to,should
‘be ‘tried. '
2. Let t =t _ + At .
kK k-1 K
If t >t then t =t .
f f 3
3. " Solve H(X,tk) =0. 5 :
If tk = tr and the solution'ﬁas_successful
THEN
stop -
. . b,
ELSE if the solution was successful o
THEN SR
8o to step 2
i ELSE At = At / 2.
. k+1 k. .
LI At > At
: k+l min
THEN

go to step 2
ELSE

'Stép,bclassical_cohtinuation failéd.

Figure 4.1 shows the §€IQtion spéce of.thevfﬁnctiOAS-from example 2
.‘of Vésquez et al., 1987: This was chosen as an example- §f a'véry

difficult system to 111uétrate‘ thedr new functionali trangformation
.méfﬁbd.' Tﬁe neighbourhood around 'tbe solution to this system: éf
equat ions is‘sgeﬂ:(d be Suéh.tgg* the lines are nearly parallel; ;nd it
is diéflcult to determine ﬁhéisolution from the éraph. It is well knawn
tha# in'linear syste tﬁis would result in-é nearly sinéularrsystem, so
iﬁ is not‘suprigingvthat'this~is difficult to sd}ve by Newton’'s method

alone.

Figures 4.2 and 4.3 show the homotopy paths which result from

‘2



solving,the system using the Newton homotopy from starting poinﬂs of
(20.201'and'(1,1) respectively. The path starting from (20,20) Gnn b
solved very eaéily by classical conttinuation. ‘Hoﬁcvcr, “the path

starting at (1,1) turns back on itself, and so Classiqal cont 1 nuat fon

will fail for this stqfting point. The peint where the path turns back

on itself is cdlled a turning polnt.

One of the drawbacks to Newtoh's method is that diffcrent starting

points can produce very different homotopy paths. CUnfortunately it

cannot' be determined a priori which starting point  will pEOdUCc‘ the

simplest (straightest)yhomotopy path.

Figure 4.4 shows the homotopy path which results when this system

is solved using a  custom hométopy. This homotopy is developed In

Appendix. II. - in this instance the custom homotopy does: not seem to-

offer any advantages over Newton's method.

o

4.1.2 Differential Arclength HomotopyxCohtinuation
7 - .
Arclength continuation takes the ideas of classical continuation

. one step farther. Arclength_continuafion makes use 6f the information

“How do the independgnt variables cﬁapge as the path is followed?" That
ax e

“is, the values of ggl.and 5% are used, where p .is the path or arg

.- -

length. Once these values are obtained a predictor step is taken as to
.where the next point is along the path. -.Then corrector steps are taken
toAgét close to or on the path again. Firét the method used to obtain

the derivatives with respect to the path length will be explaincd. ?

.
.
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Consider the gencral set of homotopy equations;

h (X . %X .X, ..., x,t) =0 o (4.10)

1 1 2 3 n . v X
L h(x ,Xx,X, ...,.x,t) =0 ’ v

27172 73 R LR ‘ _

h (x ,x ,%x, ..;, x,t) =0
3 1 2 3 n - .

h (X ,X ,X, ..., X, ) =0
n 1 2 3 n

Now differentiate these equations with respect to path length using the -

chaln rule. o ' ' (4.11)
S .
dh dh  8x dh 9dx dh  8x dh 0dx dh 8t
1 1 1 1 2 1 1
— = e == — T+ e —— + + — — =0
ap ax1 ap ax2 ap X, P . dx dp dt dp
sh,  8h_ 8x ah_ ax_.  8h_ 8x 8h_ ax  8h_ 8t
2 _ 2 v, T2 "2, 2 3, . 2 m 2 g
ap* dx_ dp dx_.38p x_ dp x dp at dp
1 2 - 3 n
ah_ 8h_ 8x ah_ 8x_  8h_ ax 8h_ 8x ah_ at
3__.3 1+, -3 2, 3 _3, . 3 n, 3 _g
dp adx_ dp dx_ 8p ax_ dp dx Jp at dp
1 2 3 n
8h ., 8h 3x 8h 38x ah Hx_  8h ox dh a4t A
ne_ ' .n 1 n 2 . n 3 n n n _
55 ;9% dp * %@ " ax.% 0 " &x & ' & &p O
P 89X, 2 ) n - 2
1 s -‘,-x,':‘.“ ) - . ax
At thig point the system is not square. There are n+l unknowns (5;1
. 3x at LA . . ,!
through 55“ and 55") and gbere are only n homotopy equations that .can be
differentiated. '.'Tﬁf getw"around this the n dimensional Pythagorean

R R . ,
theorem is added =24 & constraint equation'to facilitate the solution.

”

This equatioﬁ;gévg
o

axff%i, axé'2 3%, G ax \° ot 2 .
7y L —_— TS [— .__..n v — . = ’
15w & & 55 + 3 + .. .+ 5 + 3P 1 (4.1?)

- ‘-' .'" . . ' . : )
Thlgééquaticn can also be written in discrete form as
s . :

(Axl)z +(ax )%+ (8x ) + L+ (Bx )2+ (at )% = (ap )? (4.13)
. “ n ' o
.,ngn the Pythagorean theorem is used as above, the value of g% is often

¢ . -
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. .: . - < ‘ a6
poorly 'scaled. ~ To get around this scale factérs w“J and w_ can be @.é"
. . . . - . . 4 .. . 'AJ' '
introduced, +’ . ’ L

w4 : :
; . .w1 n_ axl i ' : o
;- ©n)  \sp =1 (%10
AJIE: dp- o , 4
» =1 b ' . -

.

- Experience.shows that w1=0.05, and w2=0.95 glve good results. It 16 not

‘Q.écessary that wl";'and 'wz sum to unity because ‘Lhc:y ‘are only arbitrary

T -

 scale factors. The" resulting syét’em of equations is .,givén by

. . : o o (4.15)

- o ) f"‘; :!(‘3'" R o B - o 9
I 8 > . ) .

?Ea : _hl__ s ?21 , b ‘211 21 a_)iJ 01 - ] P
A% ax ' ax oo - gx o8ttt | ap oW T
9% 2 3 , : T b - #

© 8h_ ' 8h_ ah_  ah ah ax | | “
o e T2 T2 S - K N §)
. ax. = 8x_ BX_ . T 9x gt | ] dp
1 .2 . 3 no L

¢ : ' . ¢ Lot )

dh_ dh . Sh. P . dh Oh b JIx

3 - 3 A N 0

ax. ~  8x. ax o ax -~ at ap |

1 2 . 73 n - , .
. v 3"?‘;"' S
. g ? : 27 o R

éh ‘6h dh 8h ~ 8h ax . °

_.n _n _n n _n n 0 MR

ax ax 3x ax - at ap
i 1 _ 2 3 n ., ) .

w. 8x w_9x W ax_ . o o wax T wat ar
11 1.2 1.3 1 n 2 s 1
n 8p n dp n dp ~ nap " dp ap
L : . L J L .
¥
. .

The above system must be solved f‘or." theé solutivc‘m vector. At first,
'glance this appeérs ‘tol be :Lanéiterfat‘i\ie pr‘bcedure because the solution
vector is included in the last equati_‘on.v However, the form of the
constraint equatiori ailow; the solution 'trof bc; normallzed such that th:v
n;)rmélized solution is thg‘ desired fsolut'ior.].vcctér. '

Thbe soluti:on pr‘ocedur‘e__f‘br the ﬁEul_er*glsLep is u.xcn as ‘1'()11'(;‘»11;.‘
;Firgt assume values for the solutjon vector. Then solve the A:sy:;u:‘n'n of

¢

equations. Normalize the solution act:ording' to the f‘ox_'mhlu



ax

1,c
. axl 7 a?
—] = : “(4.18)
- |ep ' ' . 2 . 2 :
L w ax . dte
_ _1_ t,c ‘ow
n ap 2 |8p
: .
at
R Cc
aty dp |

W (Bx 12 - (8te )?
1 . i,c

— + W

n E: ap -2 |8p

i

-The subscript ¢ denotes the calculated” values from solving t&é matrix

VeqUations (4.15). A proof ‘is givén for this normalization equation in
b 4 .

- Appendix II1T.

- ax. . :
Instead of using ! and_§£ in the predictor step, it 1is also
ax ap ap
‘possible to use 53’. Let the homotopy equationsﬂ(4.15) be partitioned
into.
H+H =0 . (4.18)

-x ~t

wher‘e‘}_{x is an n X n matrix containing the X, terms and 5( is a column
vector containing the t terms. Now differentigte (4.18) with-respect to

t, and expand ngby the chain rule.

ax N , :

ax . , .
5% " —[H } H . | (4.20)

The benefit of using 4.20 is that ﬂx is the Jacobian in a standard

implementation of Newton's method, and so implementing this in an



aw

existing Newton code is made very easy. Howeyer,.phe'Jacoblan becomes

»
e

éingular at a turning point, and one of the columns of ihq Jacobian must

be'removed from the equation set 'so that Jacobian is no longerr rank

;ggélcient. aThis method was not used in this work, because it was foiigy

W
i

“that since 4.15 s not singular at turning points it was the best

ghoiée. ~_V§§&éry and Taylor however did use thlsvapproéch wlth their
physical'homotopies; and since they did not encounter any tUrnlng.po\nLn

4.20 was a good choice for their work.

4.1.3 Euler Projection-

Once the slopes ffl and g% are known a simple Euler proJjection is
. ap

done. The distarice projected is calculated‘differently depending on if

the current point is near or far from.a tﬁrning point. The value of at

’ ] ;:;
indicates whether the current point3is»cloée to a turning point because

)

at a tnrning poiﬁt, g% = 0. In the program the criteria for being in

at

ap

the neighbourhood of a turning point is that < 0.1. When far from a
turning point the projecféd distance is based on a desired valiue of AtL.

The 'value of Ax1 is calcluated by

SN ‘ Y .
QP ‘ X ; ‘ -t
e . 1| At o
I . . a5 :

_ Axi = — ' (4.21)
. ot .
3p
Since g%,is in the denominator of this equation It is clcurly‘unsultublc

close to turning points wheré g% approaches zero.

Close to the turning point, thé distance projected is basudléh a
desired movement aléng the path, Ap. JThe value of Ab used is based on
the value frpm the previousvviteratioﬁ. In this work halfv<ﬂ' the

previous value of Ap was used. If the start of the path is near a

Sy
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turning point then a conservative vglue'of Ap (0.1) should be used. If

4

tﬁis'fails the -value should be halved until a suécy

- The actual projections are

3

£ s
 ax = "Z—ﬁ Ap (4.22)
. and l‘vj % P .
9 :
, (3t ,
‘' | . At "= 7 Ap (4.23)
. | .

4.1.4 The Corrector.Step

After the Euler projection is made tﬁere are 'different ways to

proceed. Magst algorlthms_gry-to gét close tg the paﬁh again

of try to get back on thé\path exactly. This work’fofiowed Lhé examﬁle
of Viqkery and Taylob(i986) who solved the homoﬁopy equétions exactly
: only”a£ theVS§1u£10n. Thé actual path is followed loosely to reduce the
totai computatiohnfﬂmé. No loss of soluQ;%g acéuracy results beéau;e
exact Intermediate solutions along the path are not required.‘- Exact
intermediate solutions merely give'Euler projections closer to the true
tangenp vector. Eiact projections are not necessary beéaqse the purpose
of the prodection is to predi¢t a point in the vicinity of the homotopy
path. In the case of path fbllowing with respect to a phyéical
paramete; it is important to follow the\hoh&topyrpaﬁh closely because

the intermediate solutions do have physicél meaning. Note that in the

special case where¢ the homotopy pat! is linear that' no correctio,'is

necessary because the Euler projection would then be exact. ' Hovwglgh
nearly all paths have curvature.

The correction steép is solved using-the extended system, except at

The

s+ the solution point where ‘the equations are solved at t=1.0.

exEéchd' system is formed by .appending the discrete form of the n .

dimensional Pythagorean theorem to the homotopy equationé (equation

49

U et



14.13).
The .purpose of the n- gqﬁymensional Pythagorcan cquatlon s to
constrain the movement along the path to Ap, the desired dist tance to be

travelled along the path. The resulting/éguation set Is gliven by:

hx(x1‘x2’x§' ce ey xn,t) =0 ' _ - (4.24)
hz(x1'x2'x3’ Oy xn:tJ =.0v | :
ha(xx'xz'xs'%"" xn,t) =0. -
D
. h (X ,%x,%x, ..., x.,t).=0
n 1 2 3 n

+ .

(8x)° + (8% §* + (ax)® + ot (kT e (8 ) = (ap )°

Ndte that Ax1 = x - x?, where x? is the previbus point'bn the puth 

1

The Jacobian matrix and right hand side for this system arc given by:

o . jﬁg&. . SR (4.25)

dh 8h dh | 8h dh }
! 1 _1 1 1 Ax | -n
ax ax 3x - o ax gt 1 1
1 2. . T3 n
dh dh dh . oh dh
2 . 2 2 . 2 2 Ax? ~h
ax ax ax I ax = 8t ’ i
1 2 '3 n
dh dh dh ~dh ah’
3 _ 3 -3 R _ 3 3 qu. -hq
ax ax ax I 3% at i i
1 2 3 n
dh . dh dh dh 4 38h
n o © o n ] . n . n Ax -h
3x 3% ax o 3% at " "
T 2 3 n
1
0 o ) ' 2
2(x-x) 2(x=x_) 2(x=x_) . . . 2(x x %) 2(t-t% At -Ap
i 171 272 373 ]

Note that in this formulation, t, the homotopy parameter becomes, an
unknown and the path length Ap is specified. ¢ The resulting system s no

‘longer singular at a turning point.

S0



Following ls"the‘ algorithm of how' the predictor/corrector was

implemented.
a 1. ag@lve the initial problem at t
2. -.'Cq,lémat:_e i inttial Jaco%:. .
}b v
b 0B Tofbegin, “let R, I | the problem is. we 1 posed,
@ dtsdp = 1 and so At % 0N WP th& agtial problg arts out

’ln a reg?on near a turniqg poinm a4 O, and s t will be
small. his is.. acceptable becap _ I‘ma?l steps 'are often
necessary to go around turnifig pdinf%;

. : axlv at ‘
"4, Calculate —and — from 4.16.
. - ap ap :

. e . - ” ' o0
5. Take the Euler predictor step, clamping tfaprt}‘if needed.

kela Kk « Ot
t t” + Ap 3p
k+1

IF t° > t‘.f" THEN ®

et
T gf.

e Cap = (t¥ 1 t¥)/  (dtsdp)
ENDIF )

~ +

6. Take Newton Corrector Step.
IF error increases GOTO.7

. ' IF eérror < télerance THEN
GOTO 8

ELSE

IF cunder S Newton iterations THEN
. GOTO 6
ELSE
GOTO 7
ENDIF
ENDIF

7. Newton Corrector Failed.

Apk#1= Apk(2

IF ap**' < Ap  THEN

. min
Continuation Failed.
ELSE J

GOTO S.
ENDIF

51
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*

8. Newton Corrector Converged to Homotoby Eath

IF t* = t_ THEN

Continuation Solved.

ELSE
| aptt = apt v 2 |
IF Ap* > Ap  THEN Ap = Ap
max max
. GOTO § -
ENDIF
]

T

B
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4.6 Homotopy Selection

-
]

Ohe current deflciency in the ‘literature is a compariscn between

. phy5®®al and r‘nathematllcal homotopies to aid in homotopy selection. This

scctlonluill 'attempt to present an unbiased overview of the strengths

’ " and weaknesses oi‘ the different pnysical and mathematical homotopies.

'I‘he homotopies discussed are limited to thosé which have been: UM.

r;ecently in separatlon calculatlons o C ' g\:’
o Tablesdl and 4. 2 t:z;ch address dif‘ferent issues a55001ated i

with choosing a homtopy and also prov1de comparisons to Newton’s Method
' and" to» the néw f‘unctional transf‘orr:;‘tion methoS of.Vasquez et al. The

'functlonel t?gansf‘o_r‘mat“ion method is an ad hog, method for . jumping over

- T

\

e : < ' ¢
Lurningﬁ points by modifying the equation set.

£ a good initial esti'mate is evaiiab‘le for the_ problem, " then

Newton s method will probably work and pdth following methods’ are not

required. In those -cases where good initial estlmates are avallable but

Mo

: Néwt‘on's")meth 'ti,ll f‘ails,_ they should still. be used as a startlng
¥

point. for the continuation algorlthm to keep the path short The closer
-, o

~
the solution of the initi’al problem is  to the sol.ution of ‘the
N -

f‘inal problem the shorter and less tortuous the - homotopy path will be'."

L&
?\S merltioned previous]y, it is important to be able to solve -the

initial probrem.v 'Ehe Newtoh homotopy can star; f‘_rom.any_vector of

initial 'st’imates ’ Howq‘-Ver th\e physmal homotoples use- iterative
\ : ) s R

. e
procedureé and s0 they have the potz;éntial of f‘axling at th1s pomt - The .

71

method of solvmg‘_the, initial problem was found to be qu;te -robust‘ for

tle hydrocarbon systemé studied in this® work. Afthough not pursue_d. in
"this work, shortcut methods - could be used to provide estimates of . the

““vapour ‘and Hqul‘d_ traffic and temperature profiles for ’solv»i.ng the

[ et . PN
I8
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!

’

initial problem. L .

The- wide boiling hydrocigbon mixture problem is a good test for u

distillation algorithm because of the wide range of .volutiiitivu

present. Unfor{unately, no.results are available lnlthc literature tor
. *

‘using mathematical homotopies to solve these‘problems. As shown in thisg

worklpath following in artificial heater/coolers-and structure.solvc

these systems reiiably Newton s method often requires damping or line

* searching techniques to stabillize it wQF& there is not a good inithxl

estimate avallable

~

When solving chemical'\ systems - the liquid ‘yhase a(Livity

-

L_coefficﬁents are strong functions of the liquid phase composition. Path

“following in heateqdeoolers and. structure has ~not been  donc “wWith

. - [ . ) .
chemical systems yet, but since no provision has bcen made for the
* v ¥

non—idealities of the l1quid phase it will probably perform poorly,

’Particularly,'the method outlined here for solving the inftial problwm

‘ »
I's not appropr1ate for systemS’where the liquid phase activity is a

strong function of the liquid composition. Kovach and’Selder_have shown

that a cOmbination of the.Newton homotopy and a physical homotopy'fon

solv1ng the liqqld liquid equilibrium problem (they uscd mixcd K- valuc<)

.gn'
«

works very well for’ chemical systems Vickerypet.al. have shown that
their physical homotopies also work Very well for chemjcal ysiom'

& . Pne advantage thax mathematical homotopies have ls ihat Lh«rc Is neo

'

’ o
.«,_ A .‘ » ”

ektra work required tovimplement non standard'specification equutionu.'

_Also the in1t1al problem is usually trivial’ to solve. Mathemat {cal

-homotopies are’ also appealing from ‘the point of - view of Tinding an

" ‘, o - o

\
algorithm which works well for all types of distillition problom' Ar

vany such algorithm'will ever be found.

‘72
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At this polint in time, nelther mathematical or physical homotofp es
N \ : : - | ap
can be considered superior; each one has its advantages. Depending on

the expcriéhce of the person implementing the.homotopy. one of them will

be casier to work with. If only physical homotopies have the ability to

~detect non—physical specifidations and indicate the limitihg values of

the Specification; then this would be an advantage over the mathematical

homotopies. *
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, Startin ‘ T -
-Homotopy Giess g Solving the Widt/Ndxlow'
Cood Bad Ipitia} Problem ~Bolling Mihngg
Heaters/ help to homotopy easy, but. good for
Coolers. get close path may still both
& to final |be long iterative
Structure solytion : : )
fra not able no easy,ibut still wldé bollling
y to use effect iterative ‘mixture will
Efficliency .
. be steep i
-Thermo- helps homotopy easy, but still
dynamics initial path may iterative ' ?
problem " |be long
' makes path|may have should be good

trivial

short, {trouble in for both but
easy to therhs “no results with
converge . |dynamics rigorous JI/D
|Functional| should- may have .
Transfor- | not need | trouble N o :
mation - | transfor-| in T/D ’
i mation‘ - ] - : T
. ' . may need :
: )’ . DA ;
Mefhod = |du] y vers search to ‘help -
. ! . converge '
no need potential no literature
'Cphménts for : weakness of | examples using |-
‘ . {homotopy . physical e ! mathcmatical
" |methods { * | ‘homotopies homotopics
e — o - Table 4.1 = - Ty
- . Comparision ‘of Physical and MathemdlicaL~/ Tl
. LT Homptopies, Functional Transformation Method, .’;;
) - and Newton s Method - - -
.' . a \
o g .

e 4
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Chemical

) COmparislon of ‘Phiysical an
Homotopies- Functional Trans

- . ~

2

sk “and Newton s Methdd¢

Systems Comments
'Homotbpy
Heaters/ may need to may have trouble
Coolers Anclude Vhen initial
' & K Values or " liquid/vapour
Structure s tray efficiency profile is poOr
Tra works best for not well sutted for'
Ef;1Z1enc these systems’ wide boiling -
¥ ) v _ hydrocarbons .
- Thermo- works best for hno'}iterature
d ic these systems exdmples with
ynamicsg ‘ Y Q: non standard
‘ .specifications
‘paths are only universal
Newton tort?ous, : approach :
Homoto requires manual paths can be long
>Lopy tuning of step | and tortuous
size parameters | '
Other ’ LR
Methods .
Functional distillation . \
Transfor- ? » examples:not yet 4,
matipn" in literature
Néwtop’s requires a Ehis’éhould‘always
- |Method good initial be tried first .
N : estimate . ) .
. " these gre the - :
Comment% most. %f‘icult~g ‘
- "systems to
*-‘-\ solve: ’ N
i e . o N~ LN
: . \ .. ’ + . - L '
- ‘{,h % N L] . -
e Table 4.2

Méthehaticél
ormation, ..



' 5.51 Case Studies
_ The purpose'cf‘the‘Cége studiesvpresentcd Is twofold. The Ftrsi i
to investigate howe path following in 'artificiai heuter/ceuiursj
structure and specifications perform ‘when physicuiiy infenuihiv
, specifications are given The second is toldetermine whether physical
homotopies can be ‘used to find multiple steadQI'statc soiutinns for
intenlinked‘columns Two diffe'ent distlliation cdlumns were studgaﬂ
using,different types of specifications The'coiunnS»studicd wur&huj
simple ®column” with a total condenser and ;| partial reboiler and ‘n

distillatidh column with attached sidestripper

The Peng—RonﬁSon eq' .-Qf_ staté  was. used to calculate
. . L) ¢ ' g ., i .

>

>
LI

s for the lidpid_and vapour phases. -

fugacitieégghd enthalby de
Critical constants, acentric ¥ ctors and ideal gas hcat'capucitinsiweru

faken from Reid et al. (1977). ~All binarylinteragtion parametoers f£or

at- ‘
. the equation of.: ate'were set to zero. . :2
.. L .o
-v.?.l Case Study 1’; C C4 Cs CS’Spl1tter o . L
This- Case study uses; a’ simple c ~Ci-C_-C, (ali", normal  ulkancs) |
‘splitier. Ihe column'has four;equilibrium_stages including'uvdmnfﬂ

o -

o condenser and a partial reboiler - For -all runs the fecd to the column

R

‘was an equimolar mixture of CS-C;CS—C6 to tray~ﬁ'with‘a total flowrate
. , - . ¥
of 1000 kmol/h.’ The column~pressure-is cbnstant at 2048 kPa (300 psia).

“ " Case study 1A investigated %he effect of - a rxrity- pc(iih.uion~

M
- 4 : "' - ~4‘

'whlch was too high The comen is specified with )0 molo';wyeent oF

pnopanevin the pverhead and a bdttom rate of 500 kmoi/h. By overal !’
. . .._~, . v RN . B L . LN N
mass balance the- distillate ﬁate ls* also 500" kmol/h. . Therefore to

satisfy the distiiiate puriby specification thorc wiii.bc HSU kmul/h

-

propanexin the distillate,ﬁ Since there are only 150 kmoi/h of propane
R P o » e .

“ - IR . % oL A a’
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entering the column, and the_purity spec is'only satisfied when all. of

the propane exits  the column in the distillate, to 'achieve this

concentration would require propane to be non dist;ibuting. Appendix IV

.

shows that in‘order to achieve this separation 18 Fenske (total reflux) -

stages are necessary. Since there are/only 4 ideal stéges-at a reflux

ratio of 3 the purity Specification cannot bevachievedf
When Newton‘s;@etgod.was‘used to_solée'tnis column tne~1iquid and
vap0ur:corrections Qere very_large. since the colnmn'was trying to ‘get
to infinite reflux in lone step. Danping theb Newton step does not
help witn‘ this sort of problem because the Newton corrections'pare
always trying to increase/theuliquid rates o infinite reflux. -

When path foIﬂoQing' in ‘artificial heater/cooiers was pused the

solution’ gradually changed as’ the homotopy path was followed. vFigures

5 1 thgoggh S 4 show how the reflux ratio, mole fractlon of propane 1n'

the distillate condenser temperature and dt/dp change as the homotopy.

path was: followed .Note that»the~ca1culation waseterminated at about
t=0123,when the reflux ratid was around fifty$%nd dt/dp was»SmalI~(

~

approximatéiy o'.oo-1« ). e algorithm contains ,a check 'to stop'

calculations when dt/dp is less then 0.00% for 5 consecutive iterations :

4 v
-

LY

. This muSt be done to avoid‘stopping prematureiy when'approaching a;jxryt

e

‘sharp t&rning point.

A - : Lo

Casé study 1B consideréd ffﬁé] effectsn of havxng a purity~

3

, specification that was too low qu thigiqase study the mole Trac fon &

P
b

of propane in the distillate was "’ specified at 0. 25 and the bottoms

product rate uas specified‘at SOO kmol/h To mcet the propane purity

specification in the distillate requires’that 125 kmol{h of propgncfexit

* the column in each of the distillate. Since there are ‘only 250 kmol/h

77
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<

”of propane ln (he feed,vto maintain overall mass balancc l2o kmol/h ol

v

'f_propane must exit the column out the botttom product Slnce'propnne ls

" equilibrium stages, a simulation was run with a low. reflux ratto

':exit the column in the bottoms : Appendix V shows that there are stillj

g

'f‘wthe, llghtest ecomponent ’1t is' not physlcally posslble Tor . 1t to

‘distribute eVenly between ,the top and bottom products

e

el To Vérify that it is physlcally 1mpossible to- have 125 kmol/ﬂ'or

) propane ln both the distillate and bottoms streams»rwithj.only 4

(0;001). At a low reflux ratio there will be a‘low separatlon und S0

o

- this provides ‘an estimate for the maximum amount of propane that wlll

b » v

v

7,200 kmol/h of propane in the overhead with this low reflux ratio.

'*However when using cont1nuation a smooth path resulted whlch was oapily“

When this problem was solved using Newton s method it blow up’

followed Flgures 5. 5 through 5.8 show how the reflux ratio, mole
fractlon of propanei{m J?E distillate, condenser temperature and dt/dp'

' change as the homotopy path is  followed. The‘~homotopy path stops-

abruptly at approximately“t=0.2?; This;occurs when the'llquld rate on

tray 1 becomes zero. . lf"the 'liquidﬁ and Qépour rates - yuru not

cdstrained to be positive, then the rates became negatlvu’.

Case-Study'Zl: Depentanizer / T o Sy

"Case study 2 ccnsiders a'slmple depentanlzer fho column hig 6

components. the normal alkanes propane through octann -lThelfeed.hns the
v . I N

P - .= :

followlng mole fractians : = gf> o

~
-



.05

. pfopane 0
v - n-butame. 0.15 ,
- \\ v 'n4%gnfene 0.20 i
S n-hexane 0.25 .-
PR . n-heptane 0.25 <
g n-octane ’ 0.10

The feed is bubble point liquid at 1600 kPa. The main column has 10
L BRI Y _ o
‘equilibrium stages including a, total condenser and a partial reboiler.

. The sldestrrppervhas 3 equflib n.m stages 1nc1udingfa partial‘}eboiler.
Thé sidestripper-liquididraw a ,%apour return are from stage 3 of the
. i ﬁ!}& s .

maln column where the condenser fs stage 1 The feed enters the oolumn

:.on stage 4 and the pressure throughout tgg column and s1destr1pper is-

1600 KPa'.-

_Case étudy 2A was -done to exami ) effect  of 'specifying an
;his is similar to case
study.lA. In~this case study, the speciflcatlons are as follows

1) Distillate Product Rate = 200 kmol/h v

2) Mole Fraction nfoctane in bottoms = 0.20 '

- 3) Liquid Side Draw Rate = 300 kmol/h. . '~

f4) Sidestripper Product Rate’ = 200 kmolrh

Pigures 5.9 through S 12 show how dt/dp,vreflux ratio, octane mole -

fractlon 1n the bottoms and - thes conden er tempflature change as Lhe

‘ homotopy path 1's ™ followed In thls case the reflux ratio becomes very

.“q,_,. e Cey

1angc to; meet thé purlty sﬁeo:l'éhd‘vd{/dp approaches} zero»~at ,

.

) -
approxlmately 1=0.375. T - L

~ i .

Lnsc stady 2B was also done”to:exam)ne Lhe-effeut of having an

‘octune purlty spec in the bottoss which was too h.g JCExecepl that the

CHlquid draw rate specification con the draw ,from The .o lumn o the.

- gidestripper was changed to'nvrcfluk.ratlo spocification.  The reflux

7’@..‘
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ﬂ T
ratio was specified at 3.0

Figures 5.13 thr¢ugh 5.16 show how dt/dp, the trﬁy 3 molar llqu!dv
rate, octane méle fraction in thé bottoms and'the sidéqtrlppcr products
‘ter.nperature ch.ange as the path.’ls f‘ol‘1~owed. The path hCleﬁ-().p:; when

"3 Ax

the tray 3 liquid rate becomes zero gt approximatuly t=0.52, because the
algorithm constrains the fiquiérand Qapour rates to be poleive
Case study 2C %?s done to compare solubioA tlmes of NewLon ;me£hod‘
 and path following The specifications usgd here were:
1)ﬂProbane’Purity in;DistIllate
2) Bottoms Rate ='4§"oo‘kmo_1/‘r1 |
3) Reflux Ratio’= 3.0
4) Sidestrippér Product Rate = 200 kmol/h
ﬁofé that~since there are only 3 broducté’énde of ﬁhe'rates/huvu,béeu
specified'that'the thirdg(distillate) pboduct.rafe can be culcdhﬂxﬂ
,.frdm' the dverailx.massb b#ignce. Since the reflux ratio hué‘ beon

specifiedTn the variable: which will have the 'greatést impact on the

column 1s the liquid draw rate from the main column Lo the ‘idcstFippnP

. , oo . - @‘

. ’

'This rate w1ll determine the amount of - liquid and vapour trdfi1<‘1nlphn

main column below t he liquid draw tray (stagc 3).

Table 5.1

Equivaient Newtori“Iterat jons for Cage 2r - Y
N Gt Propdne Mole Fractlon in Ui*tlllatn .
L. b 2za0 12250 . Clemasc o pwho
Hewton' & RS PR - [ ‘. )
Method 5 -7 o2 2 ? :
._....:.*_..—‘...,.,.__..,...._.,‘.‘.-.,._...,_“’.5n.._‘w.‘..,.;ﬁ...,m._.» . e }2, - L .é oAt - .
“Heater/Coolers 10 A [V TSI ) 1Y
rfm;m_wwNMw;;Wﬁmwm E _ ,é Co % '
| Heater/Cool " ’ - + ‘
tHeater/Loolers - L ya i SRRV B P
i and Structure 16 P b § ' o
; o i o
Vet o e s i ey oA L e e g it A - + -

N



Table 5.1 shows the number of iterations required» to s&iwe the

e,

-,

_column with different propane purity specifications in the distillate
For the cases where path following wasvused}'the path sﬁarted at t=0.1
and an initialrincremént of  Ap=0.3 was hsed.v

The homotopy paths for the cases in tab1e S.i\are not shown because
they" aEe-‘all smooth and monotonic beﬁween' the initial and termlnél
péfnts along the path.‘ FigUﬁes 5.17 through 5.20 show the homotopy
paths for the case where the propané' purity in the distillage is
specified at O. 2450 This bath turns aroundl indicating that with 10
equlllbrium stages and a reflux ratio of three that thls purity cannot

H

be met. Newton's: method Talso faills for this case.

- +This path is different from those preéented in the other case '

‘studies. because the constraihts of infinite reflux or a liduid rate
going to zero d§ not occur to indicate an infeasible spe0111cation In
this case, the path turns around, and the turning point indicates the
approkimate value of’the limiting value. The value 1is only approximate
'bécauée)the problem beihg_solved is not exactly the samevas.the desired
' probfeh dUe-io the pnesénce Af the arfificiél heater /.cooiersf.

| Case study 2D was done .to search for 'multiple soluF}qns The 'work
of Lin et al ghowed_tpgt for a column and‘51des£r1pper with purity
Speq}fications qﬁ _eacﬁ' éf the .prodﬁct ,stréams ahd a reflux .Fati§

specffled'thatlmultiplé Solutions éan be found_using the Newton homotopy

" with a square mapping function _ Tﬁis ﬁgrk extended'the-work'of Chavez -

‘ 1

fet al by flnding muitlple solutlons alonggthe same homotopy path
Flgure*S.Zl show5»the l1iquid sidedraw ;;te and tray 3 liquid rate

fo path following in ‘heater/coolers, tructur;'and SpccifYcationé at a

reflux rutiq of 5; .Gn.edch casc the path stops when the trdy 3 tiquid

-
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" rate ':becoméé zerb. »Th'e adjustments made. to all of the variables are
vscaled such -that no variable becomes ﬁcgé.tive. Notq tl‘m,t only one
‘s'olution is found. Different starting guesses were _pot tried on see it
" the _al—g'o_r‘ithm would colnverge,to.the other+ solution for t‘he‘ case where
t;he reflux ratio is 4.~

Figure 5.22 shows the homotopy paths at different reflux ratios for

the liquid sidedraw rates that result when path folldwlng is do‘nﬁc." ln.

=3

i ,
. structure and specifications. In this case the path turns around and
.-'f;‘;vzinultiple solutions are found. Multiple solutlons are found at reflux
"r@,tioé of 3 and 4. No solution exists at a reflux ratlo of 2.7%,

@i_thvo'ug'h thé ‘path also has a turning point. For a reflux ratio of §

"only a single solution is found. ; S .

.

T . . ~ i:_‘_\Ay . ’ -
App’ehdiX'VIIr gives the sir.nulalsélo_n results for the multiple solution

cage at a reflux 'rati'q/._\i'i;t}‘-?;ﬁ.,o. .The solution of the initial pioblem 1§ -

"giver‘i ( t=0 )}, .and the cql_pmn tempef‘atur‘e, liquid, _'yapour. and l’iquidv

‘mole fraction profiles are given for both of the steady state solutions

found.

cd, s
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TRAY 1~

1

2.3236
0.1187
TRAY - 2
2.79738

- .. 0.2109

”

TRAY 3
3.0920
0.2989 .

TRAY 4.

'3.2906
. 0.3767

TRAY S

3.3789
0.4430
_TRAY 6
3.4364
0.4977
TRAY 7
3.4799

0.5457 -

.

1

1.

2.

2.

2.

2.

TRAY 8 -

3.5167 -
0.5912
TRAY 9
3.5491
0.6370
TRAY 10
3.5767
0.6850 °
TRAY - 11
3.1077
0.307
TRAY 1
3.1410
0.3235

"' TRAY 13

3.2210
0.3608

2.

2.

2.

1

B

2.

2291

.6044

8675
0589
1757
2599
3274
3859
4425

4956

8860

. 9226

0087

K VALUES

0.6685

0.9463
1. 1598

1.3243

1.4392

' 1.5260

1.5976
1.6621
1.7239

1.7851

'1.1768

1.2099 -

1.2849

0.3714 - 0.

o.ss75lA'0.
of7303' fp
0.8620 0.
0.9622\\\3.

: 1.6404' ‘o.
;ﬂios4 'o:
11‘1689 b.
1.2260 oO.
.1.2859  o.
0.7444 0.

\. :

0.7714 0.

0.8329 0.

2078 -

3433

. 4643

séés-,
6499
7166
7742
8278;
8810

9360

4966

\
5452



k3

'SOLUTION #2

DISTILLATION BY ARCLENCTH;:—CO,NT I P?UAT ION
s i .

PENG-ROBINSON EOS

. 2
. ==— SOLUTION --- ¢
MAIN COLUMN ’f
STAGE ' LIQUID  VAPOUR TEMP SIDE LI SiDE VA
kmoi/hr deg C kmol/hr
1 1614. 403. 117.2 0. 0.
2 7 1554. 2017. 142.1 0. 0.
3 224. 1958. 1860.4 0. 0.
4 1305. 867. 175.8 0. 0. ‘
5  1368. 947. 185.3 0. - 0. 'i'
6 1415. 1011. 193.0 0. 0. .
7 1449.  1058. 199.7 0. O,
8 . 1473. 1092. 206.0 0. 0.
9  1492. 1116. 212.6 0. - 0.
10 357. 1134. 219.7 0. 0.
CONDENSER DUTY :  -40976. 42 MJ/HR
REBOILER DUTY : . 22876.52 MJ/HR - ‘
--- SIDESTRIPPER 1--- ° '
TRAY LIQUID VAPOUR  TEMP
- kmol/hr deg C -
11 123675 . 1068.7 173.1 [
12 1382:1,. 1096.2- 184.9
13 © 240.1  1112.0 196.6
’ SIDESTRIPPERS
SSTRP DRAW RET TYPE COL DRAW PRODUCT RATE
1 3 3 2 1308.8  240.1 -
'SIDE  TOP TRAY BOTTOM TRAY '
1 11 13

¢



CTRAY 1
‘0.1234
0.0017

TRAY 2
0.0450
0.0087

TRAY 3
0.0201
0.0257

TRAY . 4’

0.0181
0.0879
TRAY 5
0.0078
0.0913
‘TRAY. 6
0. 0031
°0.0976
TRAY 7
- 0.0012
0.1088

TRAY 8 .

0.0004
0.1288
TRAY 9
'0.0002
0.1632
TRAY 10
0.0001
10.2190
TRAY 11
0.0077
0.0336
- TRAY 12
© 0.0027

- 0.0515

TRAY" 13
0.0009
0.0876

0.

. 3563

2285

. 1401
.1018
. 0647
.0388
0221
.0120
. 0062
.0028
.0840
.0458

.0224

LIQUID MOLE FRACTJONS

0. 3560 0.1393

0.3900 0
0.3422 O
0.2363—0.
0.2124 0.
0.1813 O
0.1448 O
0.1082 0
0.0755 O
'6.0477 0
0.3019 ©
0.2372 0O
0.1653". O

. 2563
!3321
3114
g490‘
.3728
3787
.3643
.3288
.2741
.3879
.4145

. 4005 |

Y
‘

Lo

'0.0333

0.0715

'.0.1397
0. 2494
0.2748
0. 3065
0.3443
0.3860
0.4262
0.4562
0.1850

)
0.2483

0.3232

o1

I
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”
K VALUES
TRAY. .1 DR R )
2.2883 1.2060 _ 0.6535  0.3618  0.2018 /
0.1147 59:3% ‘ o
"TRAY 2, - s ‘ -
2:7399 1,892 0.9126 = 0.5433 © 0.3262
- 0.19%0 o - _
TRAY 3. ‘ - i
3.0365° 1.8179 -1.1192 0.6983 0.4406. ' '
0.2814 , '
TRAY - 4 ,
3.2960 2.0419 1.3010 0.8392 0.5469
0. 3604 . , -
TRAY 5 , , S
3.3778 2.1517 1.4086 0.9324 . 0.6236
0.4211 . '
TRAY 6
3.4327 2.2332  1.4924 1.0074 0.6871
0.4727 : Lo '
TRAY 7 ) : _
3.4752 2.3003 1.5633 . '1.0723  0.7432
0.5192 - o : o
TRAY 8 o T
3.5126  2.3612  1.6230 'y1.1336 - 0.7971 '
0.5645 - ESEAETEE ‘ .
TRAY 9 e e
3.5476 2.4209 1.6948 1.1959 . 0.8528 , "
0.6120 . o - L e " - e
TRAY 10 . ; Y R
3.5794 2.4811° 1.7635 , 1.2626 0.9135- ° .-
0.6647 5 R LRSIV .
TRAY 11 O S
3.1981 1.9840 1.2650 0.8167 » 05325
0.3511 = SEREN SR
TRAY 127 L
8-3297  2.1294 , 1.3981 ,0,9283 " 0.6235 . B
0.4224 ' . e
TRAY 13 o A T
3.4415 2.2638° 1.5280 1.0427"70.7184 -
0.49%0 2 o )
] - ‘ .
3 <.

r



"o

I

Appendix VIII

This,append‘i‘x contains inf‘_ormation about the Fortran program

wrritten to do this research. There is a listing and brief explanation

L .
of the main’ variables. in the common ,_blocl&s and a listing of the

executive routine that does the path following (Subroutine HTPYO1).

Ly
.7“ L
‘rﬂ.

‘ffﬁé;ould_ be useful to anyone considering wr‘idting their

v .
¥ ‘i\‘gorithm.



B E 1S

ey

Definition of Varlables .
L § s

g COMMONS IN INCL1.FOR "'jza
++++++ REALS +++++++ . .

HLIQU ;" ENTHALPY OF LIQUIDS ° : A
HVAPO' :  ENTHALPY OF VAPOURS ‘ '

. HLIQ() :  ENTHALPY OF LIQUID OFF EACH TRAY

" HVAP() - :  ENTHALPY OF VAPOUR OFF EACH. TRAY

DHLIST() =  DH/DT FOR EACH LIQUID

DHVAST() :  DH/DT FOR EACH VAPOUR

. GLOBL1() +:  PACKED VECTOR CONTAINING PHYSICAL CONSTANTS
: GLOBL1(START+1) = ATC OR SQRT(ATC) FOR MIXTURES
GLOBL1(START+2) = B FOR CUBIC EOS
_GLOBL1(START+3) = M FOR CUBIC EOS
' GLOBL1(START+4) = 1 / CRITICAL TEMPERATURE (K)
'GLOBL1(START+5) ¥2UE : CPA  PSEUDO : SG.
© _GLOBL1(START+6) UE : CPB PSEUDO : ECN
GLOBL1(START+7) = TRUE : CPC ~ PSEUDO : EMPTY ,
GLOBL1(START+8) = TRUE : CPD PSEUDO : EMPTY _ v
GLOBL1(START+S)5 MWT ' s ‘
_GLOBLI(START+10)— NBP (KELVIN)

n,ow owonou

i fn

NOTE - THAT NSIZE GIVES THE SIZE OF . EACH COMPONFNT
IN GLOBL1, SO IF NSIZE=10, THE 5TH COMPONENT
STARTS AT (5-1)%10 + 1 = 41 ( GLOBL1(41) CONTAINS
ATC FOR THE STH COMPONENT.

GLOBL2() : PACKED VECTOR CONTAINING THE ANTOINE "y

COEFFICIENTS A, B, C\
TVEC1().. TVECS() VECTORS USED FOR' TEMPORARY STORAGE
: AND IN THE SPLINE ROUTINES. f
RTAD() :  CONTAINS SQRT(A) FOR THE GIVEN: 'CUBIC - EOS,
FILLED IN GETPQR, AND USED TN FUGCTY
AND ENTDEP.

" RKVALS() = © KVALUES FOR THE GIVEN EOS.  FILLED IN

BY FUGCTY AND GTKVALS. -NOTE THAT .
~ KVALS() REATES TO THE MIXTURE
"IN XMOLE() “AND YMOLE().

IKVALS() :  IDEAL KVALUES, CALCULATED USING WAGNER VAPOUR
PRESSURE EQUATION OF WILLMAN- AND TEJA

KVALS() :  APPROPRIATE KVALUES, DEPENDING ON IF YOU AR
- PATH FOLLOWING IN K (PATHFK) AND IF NOT PATH
FOLLOWING, THEN ON WHETHER IDEAL KVALUES OR
: NON IDEAL KVALUES -(KIDEAL) ARE REQUESTED.
KVALST(,) : STORAGE. OF KVALES, (TRAY, COMP)
KRMKIS(,) -: RIGOROUS K VALUE - IDEAL KVALUE, NEEDER
~ FOR DERIVATIVES WITH RESPECT TO THE HOMOTOPY .

- , - -



A~

DKDTS()
DKDTST(,)
ZL1Q
ZVAP

T

PRES

A, B, C

P, Q, R

RT, ORT

" ALPHA2

DADT

Z

\Y

LNZ

ACAP, BCAFP
CCAP

+++++++ [INTEGERS +}+++++++

NTRUE®
NPSDO
THERMO

NSIZE
NSIZE2
START
START

L R E

'LIQUID

~PATHFH :

PATHFK :
PATHFS :
PATHFP :
FIRSTP . :
LASTP
KIDEAL .

EULER -
SVRHS

~-=-- END OF INCL1.FOR --—==-=---- -

-‘EITHER ZLIQ OR ZVAP" DEPENDING ON LIQUID"T,OR F-

: ACAP -

: .NUMBER OF PSEUDO COMPONENTS R

TRUE .==>
TRUE
TRUE
TRUE
“TRUE
. TRUE
TRUE ==

TRUE =

o ‘ o . ‘ 160

PARAMETER. . L : o

DERIVATIVE OF K WRT TEMPERATURE. R

STORAGE OF DKDT FOR EACH TRAY AND COMP Lo
LIQUID Z FROM EOS R T BRI ST
VAPOUR 2 FROM EOS - ' T o s e
TEMPERATURE USED IN THERMODYNAMIC ROUTINES. (Kl AR
PRESSURE USED IN THERMODYNAMIC ROUTfNES (PASCALS)," | ¥
EQUATION OF STATE (EOS) CONSTANTS o g*%'\"a [ R
USED TO SOLVE EOS FOR 2 ' 4 ' - il'f DR .
RGAS * T (RGAS = 8. 3144 J/MOL K) . ORT 1,/ RI ‘ T

- . 3 <:- A
_: ﬂ, ‘.'.'f . o } ‘\}
‘e ‘ B S T S

= ZRT/PRES B L o ,r_;ﬁ;fg
NATURAL LOG OF 2 ' - S
A * PRES * ORT:* ORT _ Lo SRS T e
B * PRES™* ORT . . =~ T e
C * PRES * ORT. L : ce

LNZ

n o

BCAP
CCAP

TOTAL NUMBER OF. DISCRETE COMPONENTS 1? L
NUMBER OF TRUE COMPONENTS : /.>v‘_f¢, ;

INDICATES WHICH EOS' IS IN- USE : o
1 ==> SOAVE REDLICH KWONG T
2 => PENG ROBINSON : f :

3 ==> PATEL TEJA' R

INDICATES THE SIZE OF EACH- PARTITION IN GLOBL1
SIZE OF PARTITION OF GLOBL2 (=3) S
USED TO PQINT TO STARTING POSITION IN GLOBle . o
USED TO ‘POINT TO STARTING POSITION IN GLOBL2 :

LOGICAL +++++++++

" TRUE ===> A LIQUID STREAM_ IS BEING.
EVALUATED ( 2, ENTHALPY )
FALSE ==> A VAPOUR STREAM R .
PATH FOLLOWING WITH HEATER COOLERS Pl
PATH FOLLOWING WITH KVALUES ‘ x
PATH FOLLOWING IN STRUCTURE
PATH FOLLOWING IN PRODUCT PURITY
HOMOTP = 0.0 (STARTING THE PATH)
HOMOTP = 1.0 (ENDING THE PATH)
" USE IDEAL KVALUES IN THE CALCULATION
THIS ISR USED FOR THE INITIAL PROBLEM.
=> EULER STEP, DO NOT CALCULATE RHS.
TRUE ==> SUB INBIXX INTERCEPTS VALUES AND ADDS THEM
TO RHSSTG(). THIS PERMITS THE. JACOBIAN WITHOUT -
THE RHS TO BE SAVED AND USED IN THE EULER ' L
CALCULATION." ‘ - '

wonoiat n
[ L N | T
V.V \%

Y

v



h 2
n’

.-OIICICI VARIABLES IN INCLA FOR !.'.II..!..‘..
++++++++ REALS +++++++

LIQU()-
VAPOUR( )
OHDPUR
BOTPUR-
OHDPUI
BOTPUI
REFRAT

'RFRATI

OHDPRI

'BOTPR!

BOTPRS
OHDPRS

- ‘FEEDT()
- -FEEDPR()
“FEEDRA()

FEEDML(, )

. FEEDMW()
~“FEEDEN()
~HTCLIM()
" HTCOOL()
" "SIDEDU().
. SIDERA()
. SSPRPU()
' USIDELI()
‘SIDRAI()

SSPECI()

.

SIDELL() . :

SIDELS()z

»PUMPDU(I
* PUMPRT( )
" -PUMPDT() *

PUMPRA( )

- PUMPRH()

LIQUID RATE MOLES/TIME FROM EACH TRAY
VAPOUR RATE MOLES/TIME FROM EACH TRAY
OVERHEAD PURITY SPEC

BOTTOMS. PURITY SPEC

PURITIES FROM INITLAL PROBLEM
PURITIES FROM INITIAL PROBLEM
_REFLUX RATIO

REFLUX RATIO FOR INITIAL PROBLEM
OVERHEAD RATE FOR INITIAL -PROBLEM °
BOTTOMS RATE FOR INTIAL PROBLEM

. BOTTOMS RATE SPECIFICATION
1?0VERHEAD RATE SPECIFICATION
+ - “FEED TEMPERATURE, KELVIN.

"FEED PRESSURE, PASCALS

FEED RATE; MOLES/TIME

MOLE FRACTION OF EACH FEED COMPONENT
MOLECULAR WEIGHT OF EACH FEED

FEED ENTHALPY

DUTY OF IMAGINARY HEATER / COOLERS

DUTY OF REAL HEATER / COOLERS

DUTY OF SIDESTRIPPER REBOILER

RATE OF SIDESTRIPPER PRODUCT
SIDESTRIPPER PRODUCT PURITY (MOLE PERCENT)

' RATE OF ‘SIDESTRIPPER DRAW FROM MAIN COLUMN.
_INITIAL PROBLEM SIDESTRIPPER PRODUCT RATES

PURITY SPEC ON SIDESTRIPPER FOR INITIAL PROBLEM

VALUE OF SIDESTRIPPER DRAW RATE FROM THE INITIAL PROBLEM

; SPECIFLCATION OF SIDESTRIPPER DRAW RATF

TRAYTK()- :

'DTDPMN.
DPMAX - -

- DPINI

MINSTP  ;

»

L

~ RHSSTO()’

. DUTY OF PUMPAROUND .
'Q[PUMPAROUND RETURN TEMPERATURE
. PUMPAROUND: TEMPERATURE DIFFERENCE

PUMPAROUND RATE

PUMPAROUND RETURN ENTHALPY

TRAY TEMPERATURES KELVIN
LOWER VALUE OF DTDPMN WHERE TURNING POIN! STARTS

'~ MAXIMUM VALUE OF DELTA P WITHIN PROPER RANGF
o w L. OF'T AS GIVEN BY DPMXRG
DPMXRG "~

RANGE OF ABS(T) SUCH THAT DELTA P IS CLAMPED

::-INITIAL VALUE QF DP ( MAKE D INI < O TO

DXDPST()

- PATH FOLLOW BABKWARDS) .
iulg;»_ VALUE ALLGWED .FOR DELTAP STEP.
SED “fO DETERMINE WHEN NEWTON*S EXTENDED
.SYSTEM HAS .FAILED -
STORAGE OF DXDP -AND DTDP. THIS 1S NEEDED SO
THAT IT CAN BE USED WHEN A NEW EULER STEP
"1S:TQ BE MADE SO THAT THE INITIAL.VALUES OF
DXDP AND ‘DTDP CAN BE “CLOSE" TORSPEED CONVEKGENCE.
' VECTOR TO STQRE THE VALUES FOR THE RIGHT HAND SIDE
TO ALLOW. THE ‘JACOBIAN TQ BE STORFD WITHOUT THE RIS
FOR THE EULER CALCULATION :

. . i - = B ) q .

141



HMIMAX, - .

TEXPHC -

TEXPKV <

TESPST:
TEXPPP
HOEXHC,
"HOEXKV
HOEXST
HOEXPP .
HODEHC
HODEKV.
HODEST
HODEPP
DELTAP:

NTRAYS
NTRCOL
NTRSSP()
TRYORD( )
TRAYTP()

JACSTR()
PUMPDR( )-

PUMPRE() -
PUMPTY ()

NPUMP

SIDEDR()
SIDERE( )
SSRBTY( ),

NSIDE
FEEDTP()

‘WHEN

ABS(HOMOTP) > HMTMAX STOP PATH FOLLONING.

EXPONENT FOR ' HEATERS/COOLERS-*
EXPONENT FOR KVALUES '

EXPONENT FOR STRUCTURE .
EXPONENT FOR PRODUCT PURITY
HOMOTP ** TEXPHC

HOMOTP ** . TEXPKV .

HOMOTP .~ ** TEXPST "'
HOMOTP ~ ** 'TEXPST =
TEXPHC- * HOMOTP ** (TEXPHC -. 1)

TEXPKV * HOMOTP ** (TEXPKV - .1
TEXPST -* HOMOTP ** (TEXPST - 1D
TEXPPP '* "HOMOTP ** (TEXPPP - 1)
THE CHANGE IN P USED TO TAKE F
4+t + 4+ INTEGERS +++4++++

TOTAL NUMBER OF TRAYS IN SYSTEM '

NUMBER OF TRAYS IN MAIN COL

NUMBER OF TRAYS .IN EACH: STDESTRIPPER

TRAY

U T TS |I

O G WN =

7
8
9

10

oo

TRAY
TRAY
TYPE

NO DS W=

{1 I T L B |

NUMB

~ "ORDER OF TRAYS IN JACOBIAN, !

TYPES = K , ‘ e

SIMPLE TRAY + S

TOTAL .CONDENSER
PARTIAL REBOILER , /
LIQUID DRAW o RN

"TOP OF SIDESTRIPPER ,

CRUDE FEED (VAPOUR FEED AT. BOTTOM OF COLUMN,
'NO REBOILER)

LIQUID FEED |

VAPOUR FEED TRAY: : :

LIQUID AND VAPOUR FEED TRAY

SUPERTRAY - '

"STARTING COLUMN OF EACH TRAY IN THE JACOBIAN

FOR' PUMPAROUND - DRAW 1
FOR - PUMPARGUND RETURN ; ,
OF PUMPAROUND SPECIFICATION

GIVE DT,. Q,"'FIND FLOW. % s
GIVE DT,” FLOW FIND Q o
GIVE FLOW, Q, -FIND DT

GIVEDT . . - - e
GIVE FLOW - . . .
GIVE Q ' S
SPECIFY NOTHING

ER. OF PUMPAROUNDS

TRAY FOR SIDESTRIPPER LIQUID DRAW
TRAY FOR SIDESTRIPPER VAPOUR RETURN

1=
e

3. SIDESTRIPPER REBQILER TYPE

PARTIAL REBOILER
TOTAL REBOILER

NUMBER OF SIDESTRIPPERS

TYPE
1

2
3
4

OF FEED .

SUBCOGLED LIQUID
LIQUID AT BUBBLE POINT
VAPOUR AT DEW POINT
SUPERHEATED VAPOUR
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FEEDTR( )" § :
NFEEDS %
FEEDPH() g
ovhryp
S 3
BOTTYP =~ TYﬁE ‘SF BOTTOMS PRODUCT
: 1 = MOLE / TIME
2 = KG / TIME
REBTYP :  REBOILER TYPE
o 1 = NO REBOILER
2 = PARTIAL REBOILER .
CONTYP :  CONDENSER TYPE . ff\\ti\\\;A
‘1 = TOTAL CONDENSER
NONSTD' . NUMBER OF NON-STANDARD EQUATIONS OR
' NUMBER OF DEGREES OF FREEDOM |
NONSTB ;" NUMBER OF .NONSTANDARD EQUATIONS ON. THE BORDER
'SSSPEC() : SPECIFICATION FOR THE TYPES OF SIDESTRIPPERS
‘ 1 ==> PRODUCT RATE KMOLES/TIME
. CEX. 1 50. -1 (-1 IS A DUMMY ARG) -
2 ==> PURITY SPEC
EX. 2 1 0.9
“ WHERE 2 IS OPTION 2 ,
1 IS. THE FIRST COMPONENT o .
0.9 IS THE MOLE FRACTION
3 ==> BOILING POINT SPEC .
EX 3 95. 280. !
v WHERE 3 IS THE OPTION
- 95. IS 95 WT%
280. IS THE NBP (DEG C)
4 ===> DUTY
5 ===> NOTHING
SSPEC2() : FOR SPECIFICATIONS OF SIDESTRIPPERS WHICH
GO ON THE BORDERS OF THE MATRIX
1===> REFLUX RATIO
2===> LIQUID DRAW RATE FROM SIDESTRIPPER
SSPUCO() : - COMPONENT THAT SIDESTRIPPER PURITY APPLIES TO
TPTRSS() : TOP TRAY QF SIDESTRIPPER()
BOTRSS() - : BOTTOM TRAY OF SIDESTRIPPER()
OHDTYP ~ : OVERHEAD SPECIFICATION TYPE (CONDENSER)
==> PRODUCT RATE, MOLES/TIME
==> PRODUCT PURITY
==> - DUTY OF CONDENSER
4==> REFLUX RATIO -
S==> BOILING POINT SPEC
==> NONE
-BOTTYP :  BOTTOM SPECIFICATION TYPE (REBOILER)
1==> PRODUCT RATE, MOLES/TIME }
2==> PRODUCT PURITY - : c
3==> DUTY OF CONDENSER

==> BOILING POINT SPEC oo
S==> NONE.



OHPUCO
BOPUCO.
CYCLE

MXFLLMB
TOTVAR
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Lo

COMPONENT THAT OVERHEAD PURITY APPLIES TO
COMPONENT THAT BOTTOMS PURITY.APPLIES TO
CYCLE LENGTH FOR WEGSTEIN'S ACCELERATION IN WEGACC
MAXIMUM NUMBER OF ALLOWED FAILS FOR MASBAL -
"TOTAL-NUMBER OF VARIABLES ( INCLUDING HOMOTP ).

-—-- END OF INCLA.FOR = ================

<

CODES USED IN SUBROUTINE JACGEN()

*** LOGICA

PATHST =

~1= RETURN SIZE OF SUBMATRIX
2= INITIALIZE JACOBIAN STRUCTURE
3= ENTER MAS$- BALANCE COEFFICIENTS
4= CALCULATE IMAGINARY HEATER/COOLERS
S= ENTER PATH FOLLOWING COEFFICIENTS
6= SAVE THE CURRENT POINT ON THE PATH
7= RESTORE THE PREVIOUS POINT ON THE PATH
‘8= TAKE THE EULER STEP .
9= TAKE THE NEWTON STEP
10= EVALUATE CONSTRAINT EQUATION FOR

" THE EXTENDED SYSTEM

L '.‘.

=>- TRUE, PATH FOLLOWING IN STRUCTURE IS DESIRED
FALSE PATH FOLLOWING IN STRUCTURE IS NOT DESIRED

PFS1 £=> TRUE : SOLVE THE INITIAL (VANG HENKE) PROBLEM

- PFS2

PFS3 ==>

WITHOUT THE VAPOUR RETURN FROM THE

SIDESTRIPPER TO THE MAIN COLUMN ) . V
FALSE: SOLVE THE INITIAL (WANG. HENKE) PROBLEM ’

WITH THE VAPOUR RETURN FROM.THE

' SIDESTRIPPER TO THE MAIN COLUMN

ONLY USED WHEN PFS1 = TRUE

TRUE ==> PATH.FOLLOW FORWARDS IN ORDER TO GET
- ON THE RIGOROUS PATH
FALSE ==> PATH FOLLOW BACKWARDS IN ORDER TO GET
ON THE RIGOROUS PATH
TRUE : FROM THE FIRST POINT ON THE RIGOROUS
PATH, PATH FOLLOW FORWARDS TO TRY TO
, GENERATE MULTIPLE SOLUTIONS
FALSE : FROM THE FIRST POINT ON THE RIGOROUS PATH,
PATH FOLLOW BACKWARDS TO .TRY TO GENERATE
MULTIPLE SOLUTIONS
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SUBRO
IMPLI

TAKES
" FARF

LOOPN

CONDIV

MAXDIV :

OLDERR :

INCR

Gr;
Yy

FAIL

TURN

o
m
o]
—
<

EULTOL
NOFAIL

LOOPE :
LOOPET: TOTAL NUMBER OF EULER ITERATIONS

MNFAIL :

SOLU

~ Homotopy Continuation Subroutine

UTINE HTPYO1(KO)
CIT REAL®*8 (A-2)

- HO%9ZUPY CONTINUATION SUBROUTINE ---

EULER STEP AND CORRECTS WITH NEWTONS METHOD.
ROM A TURNING POINT THE HOMOTOPY PARAMETER 1S

NOT SOLVED FOR.
LOOPS :
LOOPN :

TOTAL NUMBER OF STEPS

NUMBER OF NEWTON ITERATIONS FOR ONE TRY
T: TOTAL NUMBER OF NEWTON ITERATIONS
'NUMBER OF EULER ITERATIONS FOR ONE TRY

NUMBER OF CONSECUTIVE DIVERGENCES '

MAXIMUM NUMBER OF ALLOWED CONSECUTI@!*(TPRATIONS

WHERE THE ALGORITHM IS DIVERGING ( I.E. THE RESIDUAL

IS INCREASING )

NOTE THAT DIFFERENT VALUES ARE USED FOR 1HF SIMPLE SYSTIM
AND THE EXTENDED SYSTEM

VARIABLE TO HOLD THE ERROR FROM THE PREVIOUS ITERATION

MAK}MUM NUMBER OF NEWION CORRECTOR FAILURES
TRUE = THE PATH -WILL CROSS t=1 BY INCREASING
THIS IS USED TO DETERMINE WHEN t=1 SHOULD BE
SET SO THAT" A SOLUTION CAN BE CALCULATED.

WHEN MULTIPLE SOLUTIONS ARE PRESENT, AFTER THE
FIRST SOLUTION, THE PATH MUST TURN AROUND AND
CROSSOVER t=1 WHEN t IS DECREASING .{INCR=.FALSE. ).

TRUE == t=1 AND SO THIS IS A SOLUTION TO THE
DESIRED SET OF EQUATIONS.

TRUE ==> NEWTON'S METHOD FAILED
’ (SIMPLE OR EXTENDED)
AND SO THE STEP LENGTH (DP) IS HALVED.

TRUE==> DTDP < DTDPMN AND SO THIS IS ASSUMKD TO
 BE A TURNING POINT.

ECONV :  TRUE ==> EULERS METHOD‘CONVERGED,

SAVE DXDP AND DTDP.
.TRUE. ==> UPDATE DERIVATIVES IN GTHERM

Wi, W2: WEIGHTS ON DXDP AND DTDP, THIS HELPS TO SCALE DTDHP

TOLERANCE FOR EULERS METHOD .
THIS IS TRUE WHEN THE CORRECTIONS DONE AFTER THE
FIRST EULER PREDICTOR STEP CONVERGE

IF THE FIRST CORRECTION STEPS DO NOT CONERGE, THEN
THE DELTAP USED TO PREDICT THE NEXT POINT OH THE PATH
.WAS TOO LARGE (I.E. THE CURVE 1S STEEP HERE)
THEREFORE .DO NOT DOUBLE THE STEP LENGTH WHEN THE
SOLUTION DOES CONVERGE.

RETH
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REAL®*8 OLDERR o
INTEGER END, I, CODE, KO, LOOPS, LOOPN, ‘ |

A LOOPNT, LOOPE, LOOPET, MNFAIL,
‘A MAXS, MSGLVL, IERR, NEQNS, FUGERR,
A CONDIV, MAXDIV, J, K, VATYPE,
A . VACOMP, VATRAY, SIDE, BOT, TOP
C""
CCQ.
c
LOGICAL INCR, SOLU 'FAIL, TURN, ECONV, DERIV,
A DECOMP, NOFAIL -
" INCLUDE ' [RONB: THESIS. SOURCE] INCL1. VAR’ _
. INCLUDE ' [RONB. THESIS. SOURCE]INCLA.VAR' o
c NOW INSERT COMMONS ' : ‘
o ; 3 .
COMMON /SPKUSR/ MSGLVL, 1ERR, MAXS, NEQNS
INCLUDE ' [RONB. THESIS. SOURCE] INCL1.COM’
INCLUDE -* { RONB. THESTS. SOURCE] INCLA. COM’
: COMMON /MA28LL/ DECOMP =~ - -
C } . e
o NOW INSERT ‘DATA STATEMENTS
C S S - o '
INCLUDE ' [RONB. THESIS. SOURCE] INCL1. DAT’ : =
C ‘ . . Q\ : .
INCR = . TRUE.
SOLU = .FALSE.
FAIL = .FALSE. ;
TURN = .FALSE.
SVRHS= .FALSE.
DEBUG = .FALSE.
NOFAIL = .TRUE. ,
C
C - TURN OFF PATH FOLLOWING IN KVALUES. o ' ‘
c HOPEFULLY ANY HYDROCARBON SYSTEM WILL BE ABLE TO BE -
C SOLVED FOR KVALUES BY INTRODUCING K INCREMENTALLY
PATHFK = .FALSE. =
C : , ?
Wl = EXTWT1
W2 = EXTWT2 : .
EULTOL "= 1.D-04 ' “ .
RN = DFLOAT(TOTVAR)
C : : Co
C TOLCON IS THE CONVERGENCE TOLERANCE USED AT T=1.0 SR
C TOLPAT IS THE CONVERGENCE TOLERANCE USED ALONG THE PATH o
TOLCON‘= 1.D-05 . ' ‘
TOLPAT = 2.5D-04
DTDP = ZERO
o , 4
C MINSTP IS THE MINIMUM ALLOWED STEPLENGTH
MINSTP = 1.D-6 - . o T
DPMXRG = THWO :
TMAX = 15.DO

OLDERR = 1.DO6 ,
'DPMAX = DABS(DPINI)

‘.



. DTDPMN =

DELTAP

= DPINI . '
DELTAT = DELTAP . ‘ ' ' :
CONDIV =0

SAVE THE INITIAL POINT ON THE PATH
CALL JACGEN(6) .

CALL NONSTE(6)

XVECST(TOTVAR) = ZERO

" HAVE THE" HARWELL ROUTINES DO THE DECOMPOSITION FIRST
DECOMP = .TRUE.

SET THE SWITCH FOR THE. FIRST POINT ON THE PATH
FIRSTP = .TRUE. &
SET THE NUMBER OF ITERATIONS BEFORE ‘A METHOD FAILS
"MNFAIL = 25

MNFLSV = MNFAIL

INITIALIZE Th DR THE NUMBER OF SOLUTI1ONS
NSOLNS = 0

A

'UE THEN. INVOKE THE EXTENDED
POINT IS PROBABLY COMING up

w

IF DT/DP 1S Bk:
SYSTEM -

0. 10D0™S

HODEHC = ONE _ e
HODEKV. = ONE

 HODEST = ONE '
HODEPP = ONE

HOMOTP = ZERO - ‘i
HOEXHC = HOMOTP : - ‘
HOEXKV = HOMOTP ’ o8
HOEXST = HOMOTP

_ HOEXPP = HOMOTP e

PATHLN

SET PATHFS TO GET ON THE RIGOROUS PATH.
TEST = DPINI

PATHFS = .FALSE.

IF(PFS1) PATHFS = . TRUE.

DPINI =.- DABS(DPINI)

IF(PFS2) DPINI = DABS(DPINI)

IF(.NOT. PATHST) DPINI = DSIGN(DPINI, TEST)

INTITIALIZE THE® DERIVATIVES
DERIV = . TRUE.
CALL GTHERM(DERIV, FUGERR)

CALCULATE THE IMAGINARY HEATER/COOLFRS WHEN USE)
IF(PATHFH) THEN

CALL JACGEN(4) S

CALL NONSTE(4) “

ZERO - At

v
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6.0 'D_iscussi'on of Results

6.1 Case Study 1: Sphtter

Case study 1 used a simple 4 stage distillation column with an
equimolar feed of the normal paraffins propane thr ough hexam. Tho
first ‘test done with this eolumn was to examine the behaviour whcn too |
high a product purity was specified Figures 5. i through 5."4 show howl
the reflux rati-o, condenser temperature pr.opane mole fraotion' in‘ tho
‘—distillate and dt/dp change as the homotopy path is fo.l'lowed.’ '{"l‘h‘e
.reflux ratio plot and the prOpane mole,fraction piot give the . best
'information that something is wro_ng w_ith the” specification. ,Even though

. ' ' : ' ‘ ‘
‘th_e_ref‘lu'x_rat_io is changing'very'rapidly, the' conCentration oi‘ propane
is barely ch.angin:g‘ at all. The se-cond;'indica\tion that something is™
wr‘ong:vi_s ‘itha’t the value of dtsdp is 4approaching_ z'er'o-.v‘ | The val'ue“‘oi"
dt/dp is an indicator of the 'stiffness.’ of the ‘system vbeing‘ 's_ollv_ved.
' .Classi-cally. sti_ffness',' is | i'ndicated vby | the ratio of[ the' .' .largéstl to
smailest 'eigenvalue This first case study is an example of a proble
where a  limiting specification is indicated by vthe reflux - ratio
approachiing inf‘inity. 'Physic'ally,"th:is type of homotopy-‘path can be
expected for other types of specifications which require purities beyond
the physically limiting purity which. is obtained from minimum reflux
calc_ulations. For example a true boiling point a compon'ent molar‘
_.f‘lowra'te or a tray temperature specification may be infeasible bif‘. the
‘purity requ1red to satisfy the specification is greater than\thc pur ity
obtalned at total reflux conditions |

'Figure 5.2 s’hows how the moie fraction of p:ropane" in the distillate
changes gs the homot'opy path is followed. This path is linear because
:: the -mo'ie ‘f‘raction spec_ific‘ation equation changes ,linearl,ybyas th’e*palth is |

~ - -
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' ' : ‘ . s . . '
followed. It is lnterestlng to note that the condenser temperature also
.'changes llnearly as the homotopy path lsvfollowed (flgure«S;é). This is
because.the bubble-polnthtemperature is:a functl;n of the composition.
lhls ‘system- is lobviously very .stlff becausé although ‘the COndenser"'
.tcmperature and propane mole fraction change approxlmately one percent.
and ' one degree Celslus. the reflux ratlo changes by .an order "of
magnltudevlflgure>5;1l.v - e
This simple example' points 'out’ uery 'uell’~the' main advantage of
. econtJ'Latlon methods over Newton S method for sogvlng physxcal problems
of.thls‘nature; When this problem is solved by Newton s method, ald of’
‘ the‘correctlons are very_large,l Th1s 1s because an 1nfin1te amount of
reflux is needed»to satisfy the‘Speclflcations,.and Newton's method -is
ltrylng to get there 1n-one large step.

On the other hand, the continuation method'is able to make a large

'*correctlon in reflux rate and small corrections in the mole fractions so_

that the'homdfbaé.path-ls c108ely”followed. ThiS”abllity to closely
.lfollow‘ the‘ homotopy path is what makes path following‘-a‘ stable
irobust solution method
Since this work focused on problems with physically impossible
speclficatlons.'lt was necessary to come up with a criterion-whichvcould
' be'USed to check'for thls condltion. vThe-method usedfhere-was simply to;
check the value.of dt/ﬁp;h If dt/dp was.less than arcertaln value, then
the algorithm ‘was stopped with the approprlate warnxng messages bl A
mlnlmum value of 0.001 was used here. “This approach wlll fall 1n_the
nelghborhood of a very sharp turnlng polnt because it is possible that
_dt/dp could get very small as the homotopy path goes around the turn1ng

polnt, The turnlng points encountered in this_work were not sharp;_and

N
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-

' thereforelthey could_bevtraversed with large.steps.v ﬁue to the lurgcvﬂf
stepsvthé'absolutelvalue of dt/dp was  less than_0.001hfor at most anv
Step.“ |

‘The results of Case\study 1B are shown in figures SlS.through SrB;
Case study 1B examines the effect of 'specifying a “mole fraction ofi

_ propane too small‘in the distillatefi Hhen Newton s method 1s used to ..

«

. ; r
’ solve this: problem the flows become negative and must be reset to small

positive values Newton s method makes these corrections because it is
trying to decrease the amount of propane in the distillate to meet the_

-

pug}ty specification However the thermodynamic equilibrium constraints
c:;not also be met and so Newton s method diverges
L& :
When path follow1ng 1n artificial heater/coolers. the pathv fs

,lfollowed smoothly'until the liquid on tray 1 drieslup. The path. stops
“here because the 1liquid and vapour traffie .is- constrained' to be

positive. Hhen the liquid and vapour traffic are not_constraine%,thc
:liquid“and'vapourhrates become negative. This is because.thc‘model
equations in'this’form make no difference between positive or negative
flows, and so if the liquid and vapour rates are not constrained Lo be
lpositive. then they may become negative yielding non- physical solutions.

‘ The fact that dt/dp was not close to zero when the path stopped is
another indicator that the model equations in this form do not reflect 8 -
the physical reality that flows cannot be negative | The equations are
still mathematically.correct because a change tn.sign correspOnds to.a:
change in direction. Although they did not address this problcm Lin
and Seader> (1987) have cast the equations in a new form vhich' will

alleviate this problem o Very simply, they used a square mapping

substitution such that the _variables ‘are written ‘ih terms of ncw'l

S}; :



variables x, .y, L, V; T where :

X = x . ' o (7.1)

y =y . (7.2)

.L’=-L2‘-‘ | | SR (7.3)

V=2 | SRR _‘fj“* (7.4)

N T = rz | o sy

‘The MESH equations are'written in terms of the new. variables thereby

preventing the physical quantities from becoming negative Lin et al.

rd

‘used %his in their mathematical homotopy to find'multiple-solutions by

\
tracking a single homotopy path If -this square mapping function was

_used with path following in artificial heater coolers it is possible'

that the_path would naturally stop when the liquid rates are: zero, or it

‘may turn around. - This is an interesting idea for future research. The

-

equations and the fact that 2 moPe»solutions are introduced by the

square mapping function _ However the- results of - Lin et al. are

14

encouraging because they were able to find all known solutions on the

‘§ame homotopy path to the problems they studied.

~Case study 1B has shown one example of 'the second type of limiting.

’ : ‘ o : - + T S
cas¢ for physically impossible specifications, one of the tray -liguid
rates drying up. . As before, it should be remembered that‘this caquld
~" Ok , Rt | »
happpen-for a wide range of specification types which were not presented

.. «
here. :

6.2 Case Study 2'£'Depentanizen

Case studies'ZA:and 2B with ‘the depentanizer vere dope to“see if

L

'fpath following would give the same type of results as with the splitter

in case study 1 when physically impossible high distillate purities were

only drawbacks to this approach are the added non linearlty to the
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specified. Case study 2C was done to compare Newton's method with path

following. .
Thedspecifications for Case study 2A were: )_
1) Octane'Purity in Bottoms=‘0.200'

A . ) -
‘ 2) Bottom Product Rate = 600 kgmole/hr
\. 3) Sidestripper Produot Rate 200 kgmole/hrv

, : 4) Liquid Draw From Main Column'= 300 kgmole/hr

.The purity specified can only be reached ift all of the octane’ that

enters in the 3feed exits _out the bottoms. This uould require an

infinite.amount of‘reflé;. and-as-in Case 1A this Léfjmat‘is bcing.b

approached as the path is followed vFigures‘§;9'through.SQIZ-Show how
°dt/dp, reflux ratio octane mole fraction in the bottoms and the bottoms
temperature,-change as the path fis ‘followed. . Path following was
discOntinued when the reflux ratio reached approximately’BO.‘ Notelthat
the data points on .the figures give an indication of how thc stcp size

decreases as the ‘path- becomes steeper

Case study 2A has shown that paths approaching infinite reflux can

‘be generated for single columns and columns with attached sidestrippers

TherefOre path foilowing provides a method of detecting phySicallyv

ihpdssible,specifica on for,both Of’these.types of'columns.

‘Case study 2B wasvvery similiar to casewstudy 2A.v This case.study
changéd"the liquid drau rate sPecification to ‘a reflu§b~ratio
‘specification{ The specifications for this case study were:;_

o Octane”?uritylin Bottoms= 0.200
2) Botton:ProdUCt'Ratev=1606 kgmole/hr
3) Sidestripper Product Rate = 200 kgmole/hr

/4) Reflux Ratio = 3.0

1
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The reflux ratio specification was introduced to' see the 'effeot .of

limiting the . reflux and hence the amount of liquid and vapour traffic in -

the coJumn.
. : ~ | ‘
Fijgures 5.13 through 5. 16 shoy the results of case study 2B. ' When

"the heflUx ratio_was constrained, the liquid rate on tray'3.became‘zero

as the}path was followed; Also, dt/dp changed linearly w1th t in thxsf3

-

'~case.' The octane mole: fraction changes linearly with t, ‘as shown in

;figure 5.14.

?

These two case studles demonstrate that even with' sidestrippers

path followingl provides 'a  method ofk' detectlng non—physical~

"specifioations. Wwhen Newton's method was used on these ppoolems‘it‘made
very large’oorrections-to the liquid-ahd vapour traffic; ahd'would have
offereo no information.as to whyfthe‘simulation failed tO‘convehée{
{Case study 2C was - done‘ with the following specificatiohs:.r/
1) Propane Purity in Distillate ‘
2) Bottoms Product Rate = 600 kgmole/hr
| 3):-’L\Sidestr‘.ipper‘ Product Rate = 200 kgmole/hr -

4) Reflux Ratio = 3.0-

Table 5.1 shows the number of iterations used by Newton s method, path'

following in- heater/Coolers and path follow1ng in structure and.

heater/coolers.  Fer 'path’ following the number of iterations vas

~L

determined.by the number. of Newton corrector Steps-that-were done.: As

the - table shQWS.'Path=following iniheater/coolers took twice as many
iterations as Newton’s. method, and path following in structure -and

heater/Coolers took three -times as many iterations as Newton's method.



_— o TablesB, 1T o
- Solution and Initial Liquid Proflles for Case 2C - '

| j-,‘ffiq‘- f"‘ Liquid Rate (kgmole/hr) G T
‘_;Tfay'f:' Initial Point for | . Initial Point far Final.

o ’ . Heater/Coolers‘ | . Heatér/Coolers. | Solution
S ‘Structure e o o

'méiﬁ . S . ) ) 1
.08 600 | eo0
V-sdg, o ,~""/2 600 T s3n
.30 | 300 235
1300 ] 1300 1270
1300 | T30 1308

1300 " - o  v, u7.fl?f;ﬂégon;f  ﬁf‘;_;'?_ :1376'
amoo” L g0 | Ciass
" 1300 ’ . 13-0'0 o N - '1417‘

500 . e | eo0 |

300 - ‘. . . 7.300,,. ., ' f'_ gj262ffﬁ;'

RN R C NN

© o N U AW N e

—
o

side1

T

Path following in heatef/coolebs and. struciubé”took a longer path

to reach the solution because the inxtial point on the path is fdrthcr5:
* from, the solutlon compared to path following in heater/coolers alonn_

fTable 6.1 shows . the: solution liquid rate profile for a distillate

propane purity of 0 2250 and the starting profiles for ‘both of Lhe path

followlng schemes.' Note \that Newton s ‘method 'uses the‘same'stahbing

point as path following in/ heater/coolers.
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. a ~ Table 6.2 . '
Solution and Initial Propane Mole Fraction Profiles for Case -2C
v 5 ‘Propane Mole Fraction -
- Tray « | Initial-Point for -InitialfPoint for Final
Heater/Coolers - .~ Heater/Coolers = |  Solution
Structure ’ oo
main : .
1 0.1962 - 0.2327 0.2250
2 0.0768 0.0984 0.0934
3 0.0361 -.0.0473 | _~0.0457
B 4 0.0231 £ '0.0288 ~ 0.0300
5 - 0.0115 0.0164 0.0175 .
6 '0.0055 - ..0.0091 © 0.0098
7 - 0.0026 1+ '+ 0.0050 '0.0052
8 0.0012 = : 0.0026 © 0.0026 .
g 0.0005 =~ ¥+ .0.0013 10.0012
10 0.0002 . 0.0005 0.0005
sidgg 0.0284 ~ 0.0384 0.0416
2 0.0203 - 0.0283 0.0348
3 0.0118 . 0.0169 . 0.0235

' Table 6.2 shows the propane-mole fraction at the solution and also

at the starting points'for each of the continuation methods;: The table

Q_Shows that path follow1ng in heater/coolers and structure results in a

¢

: starting point which is. farther from the solution than path following in’

¢

heater/coolers alone.

The reason that path following in heater/coolers and %structure‘

. results 'in a starting point farther from the solution:is b¢03U§¢‘£E§

traffic in. the “column’ at'. the start of the path is ,Significantly
dii‘i‘erent tharb at the solution “While the goal is that this different
"vgroblem is easier to solve it will of nece531ty result in a homotopy

path which is longer than path following in heater/coolers alone

Case study 2C is an .example of where a turning point indicates what

the limiting value of a specification is It is expected that this sort. .
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A of path is atypical, and ﬁesults due to “the Aspcciflcutloné' and the

location of ‘the feed and draw trays in the column Since the reflux

ratio is a specification it obviously cannot go to inflnity Since the_"

feed to the main column is on tray 3, this helps‘avold having tray '3 dby
up. Also, as’shown by figure 5.17, the liquid drah ]&te from the 'main

column to the sidestripper decreases as the homotopy path ls followed.

~If the- draw rate had increased then one of the trays gnght have dlitd-

up. .
Case. study 2D was done with the following spccifications
1) Propane Distillate Purity 0.1234
g 2) Qctane Bottoms Purity: 0.2192
3) Hexane Sidestripper Purity: Q.4OOS

.4) Various Reflux Ratios

Figure 5.21 showS'how‘path following in heater/coolers, structure ?ndﬂ

specificotions solved thie problem. ‘Moltlple solutione are not found,
“and the. solutioo thet is found s ‘the_'ooe ﬁolosest to ahé initial
estimate. AS figure 5{21 éhOws,’tﬁe path stdbs‘when the tray 3 liquid
rete'oecomeé,zero. vNegativeﬂrates and mole fraotioﬁsyarc not.aIIOWCd by
reducing the Newton'correctioﬁ,'so'tﬁe‘peth 1s.forced to stOp uoen the
: liquid’rate‘becomes zero.

| This ,example tllustrates ,one- of ‘the ootential probﬂeme of path
followiogn ethods.v'There'is no guarantee that the path will'pcmain in a
.regionvwhége all of toe‘independent variables are physicall& oeanjngfuh
T It is'possiple‘that the tray'ﬁ liquid could have dried up before the
eolution‘wee reached. Althoogh this was hot obsetved in‘this work,
there-may be othenfd\:tillation problems in which the rath strikes the

- . : o - .
edd® of the the region where the independent variables -are defined

‘,
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bcforc reachiné.the solution to thevdesir d problemi However;”it is
,encouraging that' all of »the. path followin method; puéed here always
foundvat_least one solution to the problem.‘ As mentloned before, this
isvwhere the-square mapping function of Lin et'al. could ‘be used to

\\\ensure that the physical quantities are always positive |
Figure 5.22 shows results obtained by path following in structurel

-and Specifications only. Multiple solutions were obtained when this was
.done,.asmshown by the plots'of‘liquid sidedraw as a‘function of'the

homotopy parameter (figure 5.22). 'The'hqmotopy Yaths all start at-
t=0.1. : :‘ . R . :

The homotopy path for a reflux ratio of 2 75 is included to show
that although there is no solution at this reflux ratlo the homotopy'
path has the same characteristlc shape as the other paths.‘ The homotopy'
path‘at‘aureflux ratio -of 5.0 shows.that there is an upper limiting
reflux ratio for“which there ,exists only a ‘single solution.: This'
homotopybpath at_a reflux ratio of S.Q'stops because the tray 3 liquid
became»zero. | U |

Ihe'initial value'of-the»liqUid sidedraw'is,the same fOrteach
reflux'ratio becaUSehof the way in which the liquid sidedraw rate ié'

l‘initialized; ‘The 11quid s.iidedrawbrate'.is initialized based on the
amount of the lnitial-(assumed)'sioestripper productf. For each‘of.these

problems the product rates are initialized to a third of the feed to the

column. This was done to represent the worst case where estimates of

theyproduct rates are not auailable.' The refluX'ratio'was'initiali ed
to the specified value, so that in effect path followlng,was not' don ,ln
‘reflux ratio. |

When formulating mathematical models using physical homotopies:-

ps



where lt is desired to path follow baét t=1, itils“mportunt to define
the homotopy equations such that thevphyslcal system still has meaning

S

i : : , . ' - ’
\\S:en t iIs greater than 1. This” was taken into account when the model
uations were developed for this work. For the models develOpcd'hcrc,

" the homotopy parameter is only included in the heat balances (when path
following 1n artificiai heater/coolers). the - mass ';nd' heat< balance
equations fqr'the‘tbay which thevvep9uf return frem the sldesprlpper
retufnsvto, and the specifipatldn equations.

.The term in the heat balaﬁces eonﬁaieing.the hohotbpy éafameter Is
(let)QaK" When t.is greater then 1} the ferm (1-t’ beceme§ negap1vc,
and this has the effect of.chapgingethe'sign of ‘the artificial heater /
Cooler. Since the oely difference between the patﬁs 1n'figureé 5.21 end

»vé.22 is that in thellatper pétﬁ following in artificial heater / coolerﬁ
V'*isAnot done, there'mﬁgt be some cgnflict in eélng {hé same homotopy

'.parameter in the stage heat balances, mass balance fer;the vapour Eeturp
from the‘éideetripper ahd. the'-;peciflcation ‘equations.y

.The .term vin. the mass ene heat“ balances for the tray ‘thch the
Yapouf from the sidestripper returns’to 15 £V;s. (aﬁd tHvYB; in the/hcat
Ealance)bﬁhere Vss is ﬁhe'eepour'from'the top of tﬂe sidestripper; whqn
t ie;greatef then 1 this indicates that the feed to the main eolumn s
now éfeater then‘the vepeur produet from fhe top‘ef}the‘sldestﬁipper.
Note that‘only the rate of the vapour return stream<is'changed by the

hd homotop&‘barameter, ﬁoththe compeéitfon.. Phyéicalky @hls is equivalent

‘to'haying»an eXtanal feed to the main column‘the same_compositioﬁ as
tﬁe vapour‘stream from_the‘top of the sidestripper. - Note also_thuL as
the homotopy path‘is folleued péétvt=1, that ihe eomp051tiOh of Lhe

. A
vapour p:oduct stream 1is . changing, and so the composition of the



ekternal feed stream is also changing. While this could not be built,

it is still physically ‘meaningfr‘ul.

The previous heat'ta.n‘d mass balance eqnat‘ions do not place any -

restriction -on how much larger than one the homotopy parameter may
become. However, for the specification equatlons,' there _'wiil be a
limitlng upper value of the‘ homotopy pa’.rameter.v :For example, for a

purity specification the equation has the form

NS = x - (xlnltlal _ t’(xspec lnltlal))_
or
NS = x - xlnlt‘lal + t('stec = xlnitlal') = 0
: : lnitial . P T
Here x 1is some liquid mole fraction X is the 1liquid mole
" fractlon from the. solution of the initial problem and x°P°° {5 the
specified (desired) value. "
, '.If‘"xspec is greater than xlm“ill then in' order to satisfy the

constraint equation x will have to. increase past the-'specified value.

However, there is obviously an upper limit of ?<=1. This upper limit is
' ' & . s

what causes the homotopy path to turn around. Similarly, for a rate’

specif‘ication there 1is an'upper limit of all of the feed entering th"e"

. column. For a te'mpevratnre speci‘fication "there is an upper limiting

condition of - the bubble point of the heaviest component

spec initiatl

A simillar argument holds if x 1s less ‘than x . 'Ther-‘e is

obviously a lower 1imit of  x=0. Rate .specifications. can‘ also not be

less than zero, and temperature specifications will be limited by the

bubble point of the lightest component. There are also lnteractions
between the speciflcation ,equations,_- and 1t ls possible that some

combination of llmiting conditions could prevent t from becommg any

1 arger.
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7.0 Conclusions and Recommendations
: : : .

1. It has been. shown that for certain type° of distillation

specifications homotopy continuation can indicate the iimiting values of”

non physical specifications Three different and caslly, ldentliflable

characteristics of paths were determined to;indicate'that theiiimiting
'.vaide of a specification may haye been reached. These”characteristics
are the path stopping abruptly, the path turning around,ﬂand the path
approaching a limiting vaIUe'asymptoticaily. Howeverl‘although thc_path

may exhibit one of these ‘three 4characteristics, that - does - .not

necessarily mean that the path.-has reached the limiting value of a-

specificationi The path may have a valid turning point or the path may

. strike the edge of the_vdomain of ‘definition of the independent

variables The'square mapping function of»Lin et al. wouid appear to be .

‘a good way to avoid problems of striking the edge of ‘the domain of

definitlon

2. This - study has investigated two new physical homotopies It.

'has shown that these physical homotopies have computation tlmes two to'

three times greater than Newton's method.

- 3. This work'confirms‘the work of Vickery and Taylor that-physicai'
' homotopies_resuit in simpie;-smOOth paths: This’removes the requirement

for‘sophisticated step iength'predictors,iand the manual tuning that.

.these predictors require.

4. This work< has shown that path following .in the physical

structure of a problem is feasible. This is a general concept which may‘

- o , e o
be used to enhance convergence of physical problems which 1include

recycles. ' . ‘—\\J/
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. 5, This wébk hés, shown how path followiné 'usihg physical
7'»ﬁom6£obies ‘can be extehded‘vto other typés of specifications 'besideé
‘.;LhOSe‘Qséd.by Vlckery and Taylor. Other types of specifications are
émpioyed by solving the simple pﬁoblém with éh afférhate (simpler) set
ofvspeclflcations. Usualiyyproduct.ratés and reflﬁx ratio..' Once the
ip}tlalfproblém is'solved; then new homotopy ng#tiéns are formulated‘

for the non standard specifications.

e

equations such that at the start of .the hohotopy:path the specificationb

s at the valus from the solution‘td'the_initial problem, and at the end

‘specifications.

s

.6 While ﬁhis work  has conslidered - hydrocarbon  distillatidn,_

problemé,vno-pnoblems"were considered in which w?tér-fprmed a separate-
liquid phase. This will typically happen at the condenser of a crude

‘column. This poses a new proSlém which was not dealt‘with in this work,

_ namely the appearance'and disappearénce of theAwatef phase introduces a

discontinuity along‘the'homotopy‘pafh. This would be ‘an interesﬁing
area for futﬁre re;earch.’

7. Whenf path fdllbwing in “more ‘than one: physical quantity

(structhre; artificigl heatér/coolers,',speCifications) 1t.'maybvbe

hY

beneficial td use multiple homotopy parameters. .This would allow the

» o N ; v _ : . at
different physical quantities to have different values of EBE_as the

n

':homotOPY,path:is followed.- A'further modification of t.k-k would allow

the different‘homotqpy parameters to be 1ntfoducéd at.diffebent ratés_by

. using diffgr?nt_vélues bf the exponents nk.: Perhaps the exponents nk,'

could be changéd adaptively - to ,maké ’thé]-path smbéth “and avoid

unnéceSsary turning points.

This work used simple linear

of the homotopy path the equations.vhavev the deSired' valQes of ‘the -
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8.. It must be 'un“derstood that one piece of Information that the

path following techniques presented in this thesis do not provide- s

3
~

which specification has a value that is limiting If there are multiplc
R . v .
. specifications, only some of the specifications may be limiting. For
example, 1if there were_S specifications made, and one,ofjthem was a

. purity specification vhich was greater than the ‘purity achieved at

infinite reflux then only this - specifiCation ‘would be 'consideredl:

AY

limiting. Unfortunately, ‘when the path. stops at some intermediate value
of .the‘ homotopy--parameter there"is nothing_.to indicate which
specificationl is limiting. | Perhaps ‘if different homotopy parameters
were.v used for each specification equation then thc;- limiting
specification would reach a maximum value. of its homotopy parameter and

the homotopy parameters for the other specifications would proceed to

thelr‘terminal values;

P

8. It has been shown that physical homotoples can be used'to find

multipie solutions along a single homotopy path. This confirms the work

of Lin et al. that.’muitiple solutions do exist for a .column ‘and

sidestripper specified-ﬁith three product purities and a reflux ratio.

For ' future research ~this work could be extended to multiple

. . a4 .
'sidestrippers ‘to investigate if the two solutions per ltiquid/vapour
interlink predicted by Chavez et al. can be reproduced with'physical

homotopies.
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Appendii ii -
Sample Calcula@ion of Degréeé of Ffeedom for a Total}Condense&
The numbeb.of deérees of freedom-for any sysﬁem of equatlions is the.
number ;of variabies minus Fhe  number‘ of equations.  For a £o£ai
condenser, thebe‘are 2 streéms ( 1n1et.gnd.quti;t stbeams ) aﬁd a‘ﬂeat
dutyp’ Each stream haélc;z variables (C component raﬁes,‘temperéture and ,
’prgssure), so the éotallnumberfof varigbles-is 2C+S, For équatloné,
there are C'cdmboneﬁt mass‘balénées and_an enthalpy balance for,ayiqtal

-

of C+1-equations.. The number of'degrees of freédom is given by C+4.»

-

>
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Appendix 11

Derivation of Custom Homotopy'
for Example 2 of Vasquez et al.

The functions to be solved are -

y> + y? -2x® ~10x% -2x*% - s0x + 200 = 0 BNV

[
]

fl(x.y)

y> + y% x> -40x® -2x™? + 230x - 660.

f‘z.(x.y)_

1}

0 (2)
At thie peint it’helps to know Qhat kind of answer yoefare ioeking for
before you start. It is desired to find a homotopy‘suchithat 5£ t=0 the
: solution can’beeeasily fOundr, A‘good‘cendidate then.for‘the Lnitiai
.hoﬁqtopy ~would be to include enly linear terms frOE_ the br;ginal 

equatiohs\so that a'liﬁearksystemecoule be solved. - Whistgoule avoid any

difficulty in .‘g‘eft.l.hg‘ on, the homotopy pat':h. Such a homotopy would

take the general form:

0
O .

| hi(x,y,t)'= ax+ay+ a3+ t{a y +asx ™) (3)
hz.(x,y..t):=b>g+by+b+t(by+bx)=0 (4)
Here dl;bl, n, m, p and q are constants. ’ o \

. ot ’ : ’
Examination of the equations f and f reveals that there is no linear

“term in y- Hq@pver as long as the.same term. (y or y ) appears in both
equetions the value of y or’ y can ‘be solved for directly Ch0051ng

‘the y term the homotopy equations at t 0. become

4

“h (x,y,t=0) = -50x + y2+ 200 = 0 o S (5)
hé(x.y.'t=0) = 230x +.y2— 660 = ,0‘ :  (»6)>
" (3) - (4) .glves | "
| ' -280x + 860 = 0 . ' (7)
Therefore i—igg % 3.0714. _Substituting the valie of x back into
" equation 3 reeullvts in y° = -46.43 and so it womd'-‘appeg'r that this

. approach w11136nij wo}k with cemplex numBers...However, remembering that

3 : : . 2 ' .
¥ could have been chosen instead of yg. it is apparent that y3 is a
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better choice.

have been necessary Now equations 3 and 4 can be rewrltten with y:

h (x y,t 0) = —50x + y + 200 =0 . ' o (8)
Ahz(x,y,t=0) = 230x + y°- 660 = 0 ~(9)
-Once again x=3.0714.  Now - y3=—48,43 and ‘therefore y=-3.5908.. The
homotopy equations are given by:
h(x,y,t) = 50x + y7 4 200+ £(y® - 26" - 10 - 2x¥) =0 (10)
h(x, y.t) 230 + y - 660 + t(y® = —40x® - 2x¥%) =0 (11)
The Jecobian elements are glven by:
. 6h17 2 - 1/2 '
= = =50 + t( -6x° - 20x - 3x %) o 12)
Ox S v '
’ 6h1 ' 5 _ _ ; : :
/. 3y = 3y° + 2ty" ‘ ; (13)

- at
oh, a2 L 1/2 o o
3z =230 + t( -3x° - 80x - 3x?) - . (18)
an, , o
oh, 2 3 - 2 a2 - :
58 ~Y "X - 40x - 2% : ' - 17y

At th1s p01nt the methods outlined in section 5.1 can be used t6 solvc

the homotopy equations : The main‘ difference between this custom

homotopy and the Newton homotopy is that the starting point for this .

'homotopy is fixed whereas for the Newton homotopy the starting point ig

.an arbitrary choice.

If there was no y3 term avallable another appronch'wouid R

6h1 2' 3 <it>2 'vsée
- N PR - SR )
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Appendix III
Example Calculation Showlng that Normalization Results in
Euler Solution After One Iteration' )

T A simple 2X2 system will be solved to show that the Euler calculation is

not an lterative process.. Consider,the systemvof equations

ax_+bx =0 . R (1)
oo ' o Iy

x° + %2 =1 - (2)
1 .2 R )

“‘Ihls is the same form aslthe system of equatlions 4.16,_‘In:matf1x form:

v

N While - this appears to be a ‘system' of equations ‘requiring an

iterative solutlon‘procedure the nature of equation 2 can be exploited

to normalize the solution after. one iteratlon such that the resultlng

normalized values” are the correct solutlon to the system of equations. .

While this 1s belng done ‘here for a 2X2 system of equatlons, the»math.ls
general and so it also applies to any- NXN system of equations.
Let ¢ and. d be the initial estimates of X, and X, respectively.

Also let w and W, be the 1nitial»solutlon for x, .and x_.. In matrix

form .this ls-given:byiv - : : FLVIUEN

L o a’ b w ] [0 ' '

N s > I R Pl .
N : c .d W ?g‘ é’ ‘ ‘ (3)
b 2 y

-

. ) lﬁm‘?" T
Solving f‘or“w1 and w2 using determinants:
o . "2 R . .. N
! uD = 53 - b¢i¢1D1=*b ; D2=a
. - | e . ) |
This results in . ' y@kh . ’ |

e

Tz
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a ‘ ,
=2 . : - : 13
Y1i7 8 e : S B
Sincé'atwthe sblutloﬁfequation 2 must. be tfge, at this point tt,is
'suggesyéd to solve for x and xé with,thé‘fqlldwlng.normufizutiohs:
. B o
T = (6) -
. /[ 2 . 2 ,
WO+ W
( 1 2
B w ‘ - " ) . B )
% = 2 P '8 (7)
2 : : o .
. 2 > , ,
VoWt o+
. L ‘ _ B _ .
Substituting in values for W and wzlfrom (4) and (5) into (6) and (7)
gives X, and X, aé'functions;of'é'and b only. These sUbstnxnlbﬁs
result in the following:
A <
- -b - =
X = - : o (8)
t 2 2 i
: a~ +.b
a S . S
K = S ()
' . a +b
If these are the correct values ,f‘of"x1 and xz'théh substitution of these’
~quantities back into (3) ahd resolving for X, and x, should give exactly
the same result. Substituting (8) and (9) into (3) gives
‘ a b X ‘ 0 '
1
b’ a - < (10)
X 1
. 2 2.
a2 + b2 a2 + b

»

golving once again by determinants:
4



D=—————-——-— T ‘ _ (11)

D =-b | - D =a - (2)

g 2 2 . : T
X, = b -2a *zb S Lo (13)
1 a2 4+ b2 o , _
_ 2 2 L o :
e C(14)
a +b - :
Y oop e . , :
: X] = : . ’ (15)
, a2 + b2 : .
Sa o
2 , )
2 2

a + b

, ’ S N
Therefor since x and x, are . the same from equations. (8),(8) and

(14), (168) it has been shown that a system of_equatidnsfof'the_form in
equation (1) can be soived in one iteration by normalizing the sum of

the squaresﬂéfter thé'calédlation.‘_
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Appendix IV

In order to eétabliéh limits for the operation of thevd\sﬁlllALXOnw

columnsg 1n case studies 1 and 2, ‘minimum reflux‘calculations were done

‘dsing Underwoods method and Fenske calénlations were done'to determkne

~

the minimum number of stages for which the separations could be done

The ca]culations were done using PROCESS

The calculations show that 18 Fenske stages are needed to: por!orm

* the separation specified in case study 1A. This shoys that the solut!on

LN ?

with 4 stages is infeasible. Following is are the results from PROCESS.

" PROCESS INPUT FILE

02, VAX 7. - . M

VERSION 3. , L .
SIMULATION SCIENCES INC. . - PROCESS. INPUT LISTING PAGE 1
TITLE PROJ=THESIS, PROB=THESIS, DATE=JUNE 88, USER=RON
DIME SI TEMP=C ENER=KJ TIME=HR PRES=KPA
PRINT STREAM=PART INPUT=NONE
COMP ' :
LIBI 1 PROPANE / 2 NC4 / 3 NCS / 4 NCB
THERMO
METHODS SYSTEM=PR
- STREAM
'PROP_ STRM=FEED PRES= 2048 LFRAC=1.0 COMP= 250 / 250 / 250 / 250
"UNIT- OPS
SHORTC
FEED -FEED
PROD STRM=OVHD PHASE=L RATE—SOO PRES=2048.
PROD  STRM=BTTM PHASE=L RATE=500 PRES=2048.
COND TYPE=3 $ TOTAL CONDENSER
. CALC MODEL=1 TRIAL=100 KEYL=2 KEYH=3 MMMIN=1.01
SPEC STRM=OVHD . RATE=500 ATOL=0.0001
SPEC STRM=OVHD COMP=1 RATE=250 ATOL=0.0001
END :

R



PROCESS SOLUTION

S sswe PROBLEM SOLUTION REACHED ****
" VERSION 3.02, VAX = 77 ' M

SIMULATION SCIENCES INC. PROCESS
PROJECT THESIS. ) UNIT 1 -
PROBLEM  THESIS - ‘ SOLUTION

' SHORTCUT DISTILLATION UNIT ,'1' ,
1 FEED STREAMS - Y ’

' FEED FEED IS LIQUID STREAM

- 2 PRODUCTS AND NOS OF TRAYS' AT TOTAL REFLUX

RECYCLE CONVERGENCE © 0.0000 ~ 0.0000 0

-

PAGE

SECTION NO OF

X
RON

- ~JUNE .88

PRODUCT - MATERIAL BALANCES - }
KG MOLS/JHR = M KGS/HR M3/HR - TRAYS
QVHD . 500.000 '25.590 46.712 18.30
BTTM ‘500. 000 : 39.547 °  61.170 I
.. TOTAL . 1000. 000 . 65.137 107.882 - 18.30
" 3 SPECIFICATIONS S . : - BRI
" PARAMETER ' SPECIFICATION - SPEC CURRENT ERROR
TYPE - ' TYPE " VALUE - VALUE
_STRM OVHD ML RATE . 0.5000E+03 0.S5000E+03- 0.000E+00
STRM OVHD COMP ML RATE - 0.2500E+03 0.2500E+03 -0.30SE-04
SUMMARY. OF UNDERWOOD CALCULATIONS
MINIMUM REFLUX RATIO  ~1.72896
' FEED CONDITION Q . = .1.00002
FENSKE MINIMUM TRAYS  18.29815 )
VERSION 3.02, VAX = 77 .- - ..~ M - :
SIMULATION SCIENCES INC. S IPROCESS- PAGE 3
PROJECT THESIS - - ' - _ RON
PROBLEM . THESIS : SOLUTION T e JUNE 88
SRR ' LSTREAM COMPONENT FLOW RATES - KG MOLS/HR
STREAM ID ' . BITM - FEED . OVHD"
NAME .~ o L
PHASE ' ' LIQUID ~ LIQUID LIQUID
. O ‘\_ oL . .
1 PROPANE . .0.0002° ° 250.0000 . 250.0000
2 NC4 L. 2.4827 250.0000 - 247.5074
3 NCS : -~ 247.5078 250.0000 - -2.4823
4 NC6 ' | 249.9996 250.0000 0. 0003
TOTALS, KG MOLS/HR - 500.0000  1000.0000 - 500.0000
TEMPERATURE, DEG C 184. 7341 122.5275 82. 7791
PRESSURE, KPA . = 2048.0000  2048.0000 2048. 0000
H, MM KJ /HR . 19.9148 - 20.9624 - 5.8601
MOLECULAR WEIGHT . . 79.0945 . 65.N375 ~ 51.1804
' 'MOL FRAC LIQUID ° ‘ 1.0000": °© . '1.0D00 = - 1.0000
0000
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~ END

Appendix V
Inlorder”to verify the results that the simulation of Case Sﬂudy 1B

aré infeasible, the column,was rtm:wit.h a"fixed overhead ratec of xxx vand

a reflux ratio of 0.001." WIth this low reflux .ratlio therc ds still

-about 200 kgmole/hr of propane in the overhead of the column. This

shows that it: is infeasible to obtain 125 kgmole/hr‘ of propan¢ in the

/

overhead and,'bottoms of the column. . Following are the r*esults of the
simulation Using PROCESS.

, PROCESS INPUT FILE -
VERSION 3.02, VAX 77 . TIM

v"SIﬁULATION SCIENCES INC. PROCESS .= INPUT. LISTING PAGE 1

TITLE PROJ=THESIS, PROB=EXAMPLE, DATE~APRIL 88, USER=RON
DIME SI TEMP=C ENERGY=KJ TIME=HR PRES=KPA
/PRINT INPUT= NONE STREAM=PART

" COMP . .
LIBI 1 PROPANE 7 2 NC4 / 3 NCS /4 Ncs
 THERMO
METHODS SYSTEM=PR
. STREAM -

PROP STRM=FEED PRES=2048 LFRAC=1.0 COMP= 250 / 250 / 250 / 250
UNIT OPS -
COLUMN
FEED FEED, 2
PARA . TRAY=4 ‘ ‘
PROD OVHD=OVHD, 500 BTMS=BTMS, 500
. PSPEC DPCOL=0 TOP=2048 -
. COND. TYPE=3
HEAT 1.1/ 2 4
VARY HEAT=1 2
SPEC RRATI0=0.001 4
SPEGC STRM=OVHD RATE=500
ESTI  MODEL=1

BRET
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.
T .
L - **** PROBLEM SOLUTION REACHED **** .

. VERSION 3.02, VAX . 77 ™ , o .
'SIMULATION SCIENCES INC. - . PROCESS. PAGE . 2.
PROJECT = THESIS . . CUNIT 1 - T - " RON
PROBLEM EXAMPLE _ - SOLUTION APRIL 88

I SUMMARY FOR COLUMN = UNIT 1 - : : :
1 TOTAL NUMBER OF ITERATIONS ; , o
' FAST. METHOD - o 0.
SURE METHOD ' _ , R . 3

-~ 2 COLUMN SUMMARY ' : S

TRAY- -TEMP PRESSURE NET FLOW RATES, KG MOLS/HR. ' HEAT(COOL)ER
IR 'LIQUID . VAPOR ‘ , DUTIES

;//DECjC KPA PHASE(L)' PHASE(V)  FEED ~ PRODUCT MM KJ _/HR

98.5 2048.00 O

1 5 ‘ 1 500.0L  -8.0731
2 128.9 2048.00 1o§4J7 500.5 . 1000.0L ‘ -
3 138.9 2048.00 1037.3 514.7 ' : < :
4 153.5 2048.00 " 837.3 - . ' 500.0L . 10.4558
3 FEED AND PRODUCT STREAMS - . FLOW RATES  HEAT RATES
, S ‘ , KG MOLS/HR . MM KJ /HR
* FEED STREAMS: . (FROM UNIT, UID) o
FEED IS LIQUID TO TRAY 2 ' 1000. 000 20.9624
* PRODUCT STREAMS: - o : ' ’
BTMS IS LIQUID FROM TRAY 4 500. 000 ~14.7984
OVHD IS LIQUID FROM TRAY 1 n © . 500:000 - - 7.5471
. OVERALL MASS BALANCE, (FEEDS - PRODUCTS). 0. 00000E+00 ’ '
- OVERALL HEAT BALANCE, (HIN - HOUT) S -0. 43488E-03

4 SPECIFICATION VALUES - ‘ oL
'~ PARAMETER TRAY COMP. SPECIFICATION SPECIFIED CALCULATED

~ TYPE NO NO. TYPE VALUE - VALUE.
TRAY LIQD 1 - MOL RATE RATIO '0.1000E-02 . 0.1000E-02
'STRM QVHD 1 . MOL RATE =~ 0.500QE+03 0.5000E+03

‘5 REFLUX RATIOS A
; ‘ REFLUX RATIOS _
o : K . MOLAR  'WEIGHT  STD L VOL
REFLUX / FEED STREAM FEED 1 .0.0005 -~ 0.0004 - 0.0005
REFLUX / LIQUID DISTILLATE - 0.0010 . - 8.0010 0.0010



| VERSION 3.02, VAX 77 ™ L
* SIMULATION SCIENCES INC. . PROCESS © PAGE '3

PROJECT THESIS ' UNIT 1 = ~ RON
PROBLEM EXAMPLE o . SOLUTION = . APRIL 88
S IIB TRAY VAPOR RATES AND DENSITIES -
TRAY M KGS/HR MW M STD 2 M ACTUAL ACTUAL.
o ' ' : 'M3/HR 'M3/HR.  KGS/M M3
2 28.986  57.915° 11.218 0.70888  0.579 50051. 262
3. . . 31.356 60.918 11.536 0.69861 .~ 0.601  52131.707
-4 . 35,245  65.595 '12.043 0. 63112 , 0.634 55602. 004
- ’ SIS § (of TRAY LIQUID - RATES AND 'DENSITIES
TRAY M KGS/HR . MW STD DRY:LV ", .STD DRY ACTUAL ACTUAL
RTINS . - M3/HR KGS/M3 'M3/HR KGS/M3
1 0.029 57.915 0.050  576.454 .. 0.063  457.671
2 © 67.534 = 66.556 110.903 - 608.945 -  147.463 457.970 .
3 71.424 68.856 115.808  616.747 157.045 454.801
4 . 36.180. 72.360 57.648 627.601  80.397 450.017
' VERSION 3.02, VAX - - 77 - | L ™ C
SIMULATION SCIENCES INC. . PROCESS . PAGE 4 .
PROJECT THESIS . RON
PROBLEM EXAMPLE C 4 SOLUTION "~ APRIL 88
‘ ' STREAM COMPONENT FLOW RATES - KG MOLS/HR
STREAM ID - : - BIMS T FEED . . OVHD
NAME - .
PHASE ~'LIQUID. LIQUID . LIQUID
1 PROPANE ' . 44.0360 250. 0000 205. 9629 : '
2 NC4 o ©101.1999 - 250. 0000. 148. 7937 1
3 NCS. . © . 158.0482 250.0000 91.9522 \\\ o
-4 NC6. © 196.7158 250. 0000 53.2852 /
TOTALS, KG' MOLS/HR - 500. 0000 1000.0000 = 500.0000
TEMPERATURE, DEG C. _  153.5054 - 122.5275 , 98.8225 /
PRESSURE, KPA ~2048.0000 2048.0000 = 2048.0000 .
H, MM KJ /HR 14.7984¢ | 20.9824 7.5471 .
MOLECULAR WEIGHT 72.3598 65. 1375 57.9153
MOL FRAC LIQUID . = . -.-1.0000 . 1.0000 ~ 1.0000

RECYCLE CONVERGENCE ' 0.0000 - 0. 0000 0.-0000
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Appendix VI

Verification of Program
_An. example 1is presented to vgrify‘ that the rgsurts produced by the
reééarch code. Thébresults were ;omparéd to'the commercial simhiapor
PRO/II, from Siﬁula@ioh Sciences. Tpe‘égfeéﬁeﬁt.betﬁeeh the two ié very
'goodf .Both'édnS-wére done using thé Peng—Robinson_equégioﬁ of stdte;'
. The problem presented;is the distillatiop column with siaeétrippgr froh
'case s@udy two. Ideal gas enthalpy coeffiéiehts fr§m_this work are from
' iRéid ¢t a1;,(i9771. aﬁdAPRO/II:gggs proprietary cérfelat;oné. ‘However,‘
fo%(the alkané_mixtﬁre 1n‘tﬁe.feed the 1dea1 gas erithlapy COefficieﬁté‘
v~ #re reliébe.viFirst the PRO)II results are_presentéd,:then the input

L

fiie for the'thesis code, ard then the results_for the thesis codé.
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PRO/IT Input File

TITLE PROJ=THESIS, PROB=EXAMPLE, DATE=APRIL 88, USER=RON
DIME SI TEMP=C'DUTY=KJ/HR PRES=KPA
PRINT FRACTIONS, EXTEN

4 =

COMP ' ‘ :
LIBI 1 PROPANE v 2 NC4 / 3 NCS / 4 NCE 7 5 NC7 / 6 NC8

THERMO - .
METHODS SYSTEM=PR

STREAM . ‘ '
'PROP STRM=FEED PRES=1600 LFRAC-I O COMP=5 / 15 / 20 / 25 / 20 /10 *

RATE=1000 ,
UNIT OPS ‘

COLUMN UID=C1 NAME-MAIN
'PARA TRAY=10"
" FEED FEED 4 / SVAP 3
"PROD OVHD=DIST 400 BTMS=BOTT 400 LDRAW=SLIQ 3 400
' COND TYPE=3 PRES=1600 -
.PSPEC TOP=1600 DPCOL=0
HEAT 1 1/ 2 10
* VARI HEAT=1,2 , o S -
SPEC RRATIO VALUE=3 _ :
SPEC STRM=DIST RATE VALUE=400. . '
ESTI MODEL=1 CTEMP=120 RTEMP=150
PRINT ITER=1 PROP=NONE
SIDESFRIPPER ' .~
- PARA TRAY=3 ¢
FEED SLIQ 1 Yo
PROD OVHD=SVAP, 200 BTMS=SPRD, 300
PSPEC TOP=1600 DPCOL=0
HEAT 1 3
VARI HEAT=1
. SPEC STRM=SPRD RATE VALUE=200 R o
PRINT PROP=NONE - 3 . R
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" 'PRO/I11 RESULTS

SIMULATION SCIENCES INC. = ™

PROJECT THESIS : ' PRO/II  VERSION 1.01
PROBLEM EXAMPLE . _ . OUTPUT
PLANT/CASE - "COLUMN. SUMMARY

| © UNIT 1, 'C1’, 'MAIN'
COLUMN SUMMARY |

-

———--——==Z- NET FLOW RATES -------- HEATER -

TRAY ~ TEMP = PRESSURE LIQUID  VAPOR -  FEED PRODUCT  DUTIES
DEG C  KPA " KG-MOL/HR L M*KJ/HR
1 118.5 1600.00  1200.0 | 400.0L"-33. 1602 -
2 145.0 1600.00  1154.2  1600.0 N
- 3 163.3 1600.00 . 731.8  1554.2  200.0V 400.0L
4  177.4 1600.00  1843.6 ° 1331.8 ° 1000.0L
5  187.6 1600.00  1828.7  1443.6
'6  195.5 1600.00. . 1891.9  1529.7
7 ° 202.3 1600.00  2034.8°  1591.9
8  208.6 1600.00  2063.4  1634.9° ‘
9  214.9 1600.00  2082.4 . 1663.4 ST
10 " 221.5 1600.00 1682. 4 400.0L 33.2251
SIDESTRIPPER
1/ 11 168.2 1600.00 .. 408.0 ~400.0L 200.0V.
2/ 12 174.5 1600.00 = 414.2  208.0 . |
3/ 13 183.8 1600.00 ~  214.2 . 200.0L° -4.5428
| ) Etaes |
FEED AND PRODUCT STREAMS
TYPE ~ 'STREAM = PHASE FROM TO  FLOW RATES  HEAT RATES
: TRAY TRAY'  KG-MOL/HR . M*KJ/HR
FEED  SVAP  VAPOR 3 200. 00 9.8987
'FEED FEED. ~ LIQUID - 4  .1000.00 ' 35.3436
PRODUCT ~ DIST  LIQUID 1 | 400.00 ©  8.1904
PRODUCT ~ SLIQ  LIQUID 3 400.01 13.7019
PRODUCT ~ BOTT -~ LIQUID 10 . . 400.00 . 23.4150
SIDESTRIPPER
FEED 'SL1Q  LIQUID 11 A 400.01  13.7018- . B oo
PRODUCT ~ SVAP-  VAPOR 11 | 200.00  9.898T ;
PRODUCT ~  SPRD - LIQUID 13 200.01 8.3459
'OVERALL MASS BALANCE, (FEEDS - PRODUCTS) = 0.000

OVERALL HEAT BALANCE, (H(IN) - H(OUT) )

’



»

1.0000

0000 1.

0000 1.

SPECIFICATIONS .
PARAMETER TRAY COMP. SPECIFICATION SPECIFIED. CALCULATED
TYPE  NO ' NO TYPE VALUE VALUE
UNIT C1 -1 RRATIO .3.000E+00  3.000E+00
STRM DIST 1 MOL RATE 4.000E+02  4.000E+02
STRM SPRD 13 MOL RATE 2.000E+02 2.000E+02 -
"STRM'SLIQ 3 . 1 . 6 MOL RATE 4.000E+02  4.000E+02
STREAM ID BOTT DIST FEED SLIQ
NAME N : ST
PHASE _LIQUID LIQUID. . LIQUID LIQUID -
1 PROPANE 0.0120 49.3743 50.0000°  8.4165
2 NCa 0.7117 . 138.6017 150. 0000 53.7646
.3 NC5 - 14.2989 136.8927 200. 0000 123.8684 -
4  NCe . ©108.3501 _ - 61.5425 = -250.0000 134.7431
5 NC7 o 188. 9555 12.5309 250.0000 . - '65.6934
6 NC8 ' 87.6687" 1.0530 100. 0000 13.5253
TOTAL RATE, KG-MOL/HR. 389. 9969 399.9951  1000.0001 . 400.0113
TEMPERATURE, C 221, 4982 118. 4668 164.0412°  163.3220
PRESSURE, KPA 1600.0000 1600.0000  1600.0Q00 1600.0000
ENTHALPY, M*KJ/HR 23. 4150 "'8. 1904 35.3436 - 13.7019 -
MOLECULAR WEIGHT = . .98.4010 66.9755 83.3730 80. 4307
MOLE FRACTION LIQUID  1.0000 ° 1.0000 1. 0000 1.0000
STREAM MOLAR COMPOSITIONS - FRACTIONS
- STREAM ID BOTT DIST FEED SLIQ
NAME ‘ - "
PHASE . LIQUID LIQUID LIQUID LIQUID
-1 PROPANE . 2.9911E-05 '0.1234 . . 0.0500 0.0210
2 NC4 t.7792E-03 0.3465 .. 0.1500 0.1344
3 -NCS . 0.0357"° 0.3422 0.2000 0.3097
4 NC6 0.2709 0. 1539 0.2500 0.3368
5 NC7 0.4724 0.0313 0.2500 0. 1642
6 NC8 0.2192 2.6326E-03 0. 1000. 0.0338
TOTAL RATE, KG-MOL/HR 399. 9969 399.9951  1000.0001 . 400.0113
TEMPERATURE, C 221.4982 118.4668 .  164.0412 ,4163.3220
PRESSURE, KPA 1600.0000 = 1600.0000  1600.0000  1600. 0000
ENTHALPY; M*KJ/HR . 23.4150 8. 1904 35.3436 13..7019
MOLECULAR WEIGHT . 98.4010 = 66.9755 83.3730 80.4307
MOLE. FRACTION LIQUID 1. 0000
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Input File for Continuation Method

SIMPLE SIDESTRIPPER FOR USE IN THESIS
RWB>THESIS>SIDEO1. DAT )
THERMO TYPE ~ 1=SRK  2=PR 3=PT"
! ! l PR ¥
4TRAYS IN MAIN COLUMN ,
10 -
NUMBER OF FEEDS
L
FEEDSTAGE
a
FEEDTYPE , éw | .
1=SUBCOOLED LIQ 2=L1Q AT BUBBLE '3=VAP AT DEW 4=SUP HT VAP
2 B . L
. FEED TEMP AND PRES  DEG C  KPA .
173.00  1600.D0
FEED FLOW RATE.  KG / HR I S
1000. 0DO - :
- #DISCRETE COMPONENTS AND LIBID'S
132 0.05
181 0.15 -
223 0.20
271 0.25
308 0.25
354 0.10
'CRUDE TBP CURVE 1=NO- 2=YES » .
SR |
OVERHEAD SPEC 1=RATE 2=PURITY 3=DUTY 4=REFRAT «5=BP 6=NONE
. EX 1 100. - | - o
2 2 0.95 N ’
3 1.D06 -1 o | &
4 1. -1 ) e _ v S
5 495.. 95. - s - -
P T : | o
.2 1 0.1234D0 -1: - -1. .
CONDENSER TYPE . 1=TOTAL

1. . _ ‘
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e BOTTOM SPEC * 1=RATE 2=PURITY 3=DUTY 4=BP 5=NONE B

C EX 1 100. -1
c 2 2.. 0.95
3 1.p06 -1
//(/g ‘ S 4 . 495, g5,
e 5 -1. - -1.
: v 1.400.D0 -1 -1
e o . T, .
C REBOILER TYPE  1=NO REBOILER 2=PARTIAL o,
L2 ‘ .
C ~ NUMBER.OF PUMPAROUNDS ,
o- - - \
C . o
- C NUMBER OF SIDESTRIPPERS
1 , o
. C . _
. C SIDE~TRIPPER #1
C° - 1=PRODUCT RATE 2=PURITY 3=BOILING PT 4=DUTY
C EX 1 100. -1. 5=LI1Q DRAW
o 2 2. . 0.95 ~ 6=REFLUX RATIO
C 3 495. gs. ’
G : 4 1.0E6 -1.
C 5 -1. -1. : , :
1 200.D0 -1. ~-1. 1 <= N <=4
6 ~3.D0 -1.7y1 § <= N <= 6, OR 1
c
C LIQUID DRAW AND VAPOUR/RETURN TRAY
- 3 3 : .
.+ C - NUMBER OF TRAYS IN SIDESTRIPPER ( INCLUDING REBOILER ) , S
B 33{, . .

-y
250. DO | |

-~

: ’ R
TYPE OF SOLUTION THAT ‘SPARSPAK USES 1<= N <= 3 -

.

C ‘ « _
C CYCLE ( FOR WEGS ACC ) AND MXFLMB ( MX ITERS IN INIT PROB)
B 20 ' - S
C : Co . .
C PATH FOLLOWING SWITCHES HC ST . : N
T T S )
C : 4 .
C EXPONENTS FOR PATH ¥OLLOWING XV HC PP ST .
" 1.0D0 - 1.0D0 1.0PNC  1.0DO - .
C . ,
- C INITIAL VALUE OF DP (DP < O TO PATH FOLLOW BACKWARDS)
0.25D0 1‘5 , : . _
C ~ , .3 . ' , '
C . WEIGHTING FOR EXTENDED SYSTEM .

0. 10D0 0..90D0

»



Output From Continuation Method

~~ Note that part of the -1rip|1t f‘ilé is echoed in the output along with.

- additional feed information.

SIMPLE SIDESTRIPPER FOR USE IN THESISC -

C
C RWB>THESIS>SIDEC1. DAT’
C , .
C - ' B
W C THERMO TYPE 1=SRK 2=PR 3=PT
’ 2 N -
C _ . _
c. #TRAYS IN MAIN COLUMN
: 10: .
c -
C 'NUMBER OF FEEDS }
) ’ . 1 ' ;
c . :
"C . FEEDSTAGE .
.- 4
C
‘¢ - FEEDTYPE o e - 3
C 1=SUBCOOLED LIQ 2=LIQ AT BUBBLE 3=VAP. AT DEW 4=SUP HT VAP
. 2 : ' . . .
c. .
C ~ FEED TEMP AND PRES DEG C KPA
173, 0000 1600. 000
c | : . o .
o FEED FLOW RATE KG / HR
' 1000.000 -
' C ¢ L. 3
C #DISCRETE COMPONENTS AND LIBID'S,
132 " 0.5000000E-01 )
181 - - 0.1500000 . ’
223 . 0.2000000
. =271 0. 2500000
_ 308 ~0.2s00000 & *
: 354 0. 1000000
C .
C CRUDE TBP CURVE 1=NO  °=YES
o ' 1 S ss+ . CEED 1 wesss ’
D1SCRETE COMPONENTS
NAME FORMULA * LIBID -  MWT NBP K MOLE FRAC
" Propane C3H8 132 44.097 231.10 0:0500 . 3.
n-Butane C4H10 181 58.124 272.70 . 0.4500 3.
n-Pentane CSH12 223 _72.151 308.20 . 0.2000 4.
" n-Hexane. & C6H14 271 86.178 341.90 0.2500 - 5.
n-Heptane C7H16 = 308 100. 205 371.60 0.2500 . 6.
n-Octane C8H18 354 114.232 1 398.80 0.1000 7.

AVERAGE MOLECULAR WEIGHT 83.373 -

4 . .
N .

00w wOwYwo

*,

R
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1141

, s** PENG ROBINSON EOS *** .
THE FEED IS LIQUID AT THE BUBBLE POINT :
THE BUBBLE POINT TEMPERATURE IS  163.89 C AT 1600. KPa -

THE ENTHALPY OF THE BUBBLE POINT LIQUID IS  21768. J '/ MOLE
THE ENTHALPY OF THE BUBBLE POINT VAPOUR IS  34968. J / MOLE

o0 A Aon0O0o0Aa0 00 O000aaaon

'sloReNeReRe ke Re ke

a0

BOTTOM SPEC 1=RATE 2zPURITY 3=DUTY 4=BP 5=NONE :

" LIQUID DRAW ARD VAPOUR RETURN TRAY

.2 LIQUID : 0.0777 2 VAPOUR : 0.7465 .
OVERHEAD SPEC- 1=RATE 2=PURITY 3=DUTY 4=REPRAT 5=BP 6=NONE
EX 1. 100. -1
2 2 0.95
.3 1.D06 -1
4 1., -1
5 495. 95,
6 -1. -1, T
2 1.000 . 0.1234 - -1.000

CONDENSER TYPE, 1=TOTAL ‘ ' o \ ,

1

».

EX 1  100. -1 \
2 2 0.95
3 1.D06 -1 .
4 495. 95.° )
5 -1. - -1. ¥

1 . 400.0 -1.000 ~1.000 -

REBOILER TYPE ' 1=NO REBOILER 2=PARTIAL

NUMBER OF PUMPAROUNDS
0]

o ‘
NUMBER OF SIDESTRIPPERS . | B
. ) 1

SIDESTRIPPER #1

I

1=PRODUCT RATE - 2=PURITY 3=BOILING PT 4=DUTY

EX 1 .100. ° -1: 5=L1Q DRAW : ~
2 2. 0.95 © B=REFLUX RATIO -
3 495. . g5. : g
: 4 1.0E6 -1. : .
5 -1. -1. S .
1 : 200. 0000 ' ~1.000000 '
6 .  3.000000 -1.000000

3 5 3

NUMBER OF TRAYS IN SIDESTRIPPER ( INCLUDING REBOILER )
. 3 ' )
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TOP AND BOTTOM TRAY TEMP ESTIMATES (MAIN COLUMN)

75. 00000 - 250.0000 . - ' .
'SPRTYP : TYPE OF SOLUTION THAT SPARSPAK USES 1<= N <='3 "
’ 1 ' : L
'CYCLE ( FOR WEGS ACC ) AND MXFLMB ( MX ITERS IN INIT PROB)
6 20 ' |
PATH FOLLOWING SWITCHES, HC . ST |
T, 1 ‘
. EXPONENTS FOR PATH FOLLOWING KV HC PP ST
1.0000  1.0000 ¢ 1.0000 .  1.0000
INITIAL VALUE OF DP  (DP < O TO PATH FOLLOW BACKWARDS)

0.2500000 *

WEIGHTING FOR EXTENDED SYSTEM
0.1000000 0.8000000

>

»es CONVERGED.***

} T= 0. 1000 .
- T(1) = 398.05 T(10) = 501.89 K
‘ : ! . b
S ~ =e* CONVERGED ***
S T= 0.2713 , ‘
T(1) =, 396.71 T(10).= 500.32 K
" NS . .,‘-"”.»
_#*% CONVERGED *** .
T= 0.4662 (X
CT(1) =N\395.50  T{10) = 498.93 K =~ ,
. . ‘f/j':;;'b . )
% e+ CONVERGED *** .
o T= 0.6605 - ‘
", T(1) = 394,28.  T(10) = 497.54 K
! N ‘: m\:c;‘/' . ) .
S
st 4, ,
R **s CONVERGED *** .
sd ©T= 0.8527 ,
T(}oﬁé 393.00 T(10) = 496.13 K ' :
e s ess CONVERGED ***
= 1.0000

T(1) = 391.57 ' T(10) = 494.52 K
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DISTILLATIQN BY ‘ARCLENGTH- CONTINUATJON . L
- . ' PENG-ROBINSON EOS ~ " .., . . i
: : R ) : ' . ' ?
» IECEE SOLUTION;—jfﬂ_A L, SR
MAIN COLUMN - N .
* STACE. LIQUID VAPOUR - TEMP :
v - kmdl/hr deg c &
1 1200, - . 400 118 4-
2 - 1154. 1600. 145.Q) ;" S o
3. 73§ 1554. 163.2 . . S -
a" 1848. 1338, f77.2 o e ~ : i
5 1931. 1448. 187.3 -~ . L B
6. 1991.  1531. 195.2 D - u R
7' '2032. . 1591. 202.0 - : . . A L
© 8 2080. 1632. " 208:3 | , oo : -
'8 2080.. 1660, 2147 o
10 . 400. . .1680.- 221.4 v ;
CONDEN%ERbDUTYf -33180. 39 'ﬂJ/HR LT -
REBOILER DUTY °; , 33388.30 "MI/HR: ‘
--- SIDESTRIPPER 1--- -~ &
oo T . S S ’ : . Do
\\\‘ TRAY  LIQUID  VAPOUR ' TEMP T
‘ kmol/hr . deg C (‘_, _ '
.
11 398.7 192.2  _ 167.8 .
12 405.4 199.7.  173.9 ' , \
13 200.0  .205.4.,  183.1 L
SIDESTRIPPERS : S o A
SSTRP DRAW ~RET TYPE ., ° 'COL DRAW PRODUCT RATE
1 . 3 3 1 392.2 2000
SIDE° TOP TRAY BOTTOM TRAY : - o S\
1 1 13
| "



TRAY 1
0. 1234
0.0026,

TRAY 2
0.0441
0.0125

TRAY 3
0.0209
0.0337 -

TRAY -~ 4
0.0148
0.0746

TRAY 5
0. 0056
0.0795

TRAY 6
0.0021
0.0877

CTRAY . T

0.0007
. 0.1016
TRAY 8

.0.0003

0.1249
TRAY 9
© 0.0001
0.1625
TRAY 10
0.0000
0.2197

TRAY 11
0.0125
0.0346

TRAY ‘12

0.0068
0.0383
TRAY 13
0. 0031
0.0554

0.

0.

3458
2158
.1340
.0903
.0529
0294
0157
0080
.0039

.0018

. 1128
. 0857

0548

» LIQUID MOLE FRACTIONS.

4

MAIN COLUMN -
0.3410 0.1564
0.3611 0.2765
0.3080 0.3395
0.2350 0.3445

L
0.2030 0.3842
0.1628 0.4029
0.1228 - 0.3990
0.0873  0.3732
0.0582 '0.3279
0.0357 0.2678

SIDESTRIPPER
0.3105 0.3588
0.2939  0.3835
0.2465  0.4015

0.
>

0.

- 0.
0.

0.

.0308
.0833
. 1628
.2405
.2749

3151

3601

. 4063
.4474

.4750

1708
1812

2385
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Y, 1

w3160

P . 1176
TRAY 2

2.7969 .

1.2237

2

1.6023

0.2099 ﬁg

. TRAY '3
3.0884

0.2946

TRAY 4
3.2949
0. 3705

TRAY ' 5
3. 3809
0.4351:

TRAY 6
3.4371
0.4889 .

TRAY -7
3.4798 "
0.5364

TRAY . 8
3.5163

- 0.5818
TRAY S

3.5492
0.6282

TRAY 10
3.5779°

1.8599

2.0536

'2.1683

2.2516

2.3188

2.3785

2.4353

2. 43807

1.9183

1.9953

2.1098

0

K VALUES

MAIN COLUMN
6648 0.3689
.9442 0.5557
1519 0.7234
.3160 - 0.8536
.4289  0.9518
.5147  '1.0290
.5861  1.0947
6509 1.1554
.7138  1.2156
7776 1.2778
'SIDESTRIPPER
2046 0.7665
.2743 q.szég
.3790 0.9115

2082
.3419
. 4587
5594
isdos
. 7063
7634
.8171
i8711'

. 9281

. 4925
. 5380

. 6086
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Appendix VII

- This appendix bresents the nesﬁ&ts'fdr the multiple solution case
at a reflux ratio’ of 4.0. 'Firéi-the anut echo is given (some of the
feed data is Included) then the solution to the initial problenm (t=0),

5 : - o ' » .

then the two soiutions'are glven;

N

1]

Input File

o THERMO TYPE ' 1=SRK 2=PR - 3=PT

2 . ¥
o . ~
C - #TRAYS IN MAIN COLUMN

10
c . .
C - NUMBER ‘OF FEEDS S

) 1
C o . ‘ .
C-  FEEDSTAGE . R o %
4 S
C' . FEEDTYPE : :
o 1=SUBCOOLED LIQ 2=LIQ AT BUBBLE 3=VAP AT DEW 4=SUP HT VAP
. o , :
c | _ S . .
C ~ FEED TEMP AND PRES DEG C KPA
173.0000 .~ 1800.000
c o
o FEED FLOW RATE . KG / HR
1000. 000 ' <

C . :
o #DISCRETE COMPONENTS AND LIBID'S

132 0. 5000000E-01

181 0. 1500000 , ,

223 0. 2000000 . .

271 0. 2500000 '

308 0. 2500000

354 0. 1000000
C :

C CRUDE TBP CURVE ~ 1=ND  2=YES .
. ’ 1



oNoNeNeNONO NS NG

NeXe)

a0

oNoNeNeNeNONS

- NAME
Propane-
n-Butane

n-Pentane

n-Hexane
n-Heptane
n-Octane

FORMULA
C3H8
C4H10

C6H14

C7H16

C8H18

CSHi1z2.

(L RN X ] FEED

o

' 1 l‘.“l

DISCRETE COMPONENTS

LIBID

132

181
223
271
308

354

44
58
72
86
- 100
114

MWT NBP K
087 . 231.10
.12 S 272.70
. 151 308. 20
178 341.90
.205 °  371.60
.23 . 398.80

AVERAGE MOLECULAR WEIGHT 83.373 - }

]

*** PENG ROBINSON EOS ***

THE ENTHALPY OF THE BUBBLE POINT . ID 1S = 21768. J / MOLE
THE ENTHALPY OF' THE BUBBLE POINT. VM R IS 34968. J / MOLE

Z LIQUID : 0.0777.

'

“THE FEED IS LIQUID AT THE BUBBLE POINT
THE 'BUBBLE:POINT TEMPERATURE IS

Z VAPOUR : 0.7465

147

MOLE FRAC
. 0500
. 1500
. 2000
.25q97¥
. 2500

1

0

3.
3.
4.
5.
6.
7.

coocooo
© X WOWOeS

;0 163.88 C AT  1600. KPa

1=RATE 2=PURITY 3=DUTYV4=REFRAT 5=BP 6=NONE

-1.000 -

%

-1.000

c

OVERHEAD SPEC
EX 1 100. -
2 2 0.85
3 1.D06 =1.
4 1. -1
5 4385. 95
6 -1, -1
2 1.000 0.1234
CONDENSER: TYPE 1=TOTAL
1 ,
BOTTOM SPEC 1=RATE 2=PURITY 3=DUTY 4=BP S5=NONE
EX 1. 100: -1 '
2 2 0.95
3 1.D06 -1
4 495. 95.
5  -1. T -1,
2 6.000 0.2192

REBOILER TYPE

2

1=NO REBOILER 2=PARTIAL

NUMBER OF PUMPAROUNDS

0

0



Q

aooooocaooa

Qo

a0

NUMBER OF sio;ﬁrpgzas.. - :(

'.OIOESTRIPPEE} #1- )@’ @ " &

148

1= PRODUCT RATE 2= PURITY 3= BOLL TN '»i: ov S '
EX “*’100 S=1.  5=LTQupRRW., T . : @ _
2 2. o#y 6=REFLUX’ RATIO v .,
3 485., 95. . S Pt 9
4 1.086 -1. . & . SRR
5 -1. -1. S
2 - 4.000000 , - 0.4005000.
N =1
6. 4.000000 e 1. oqoooo o )

LIQUID DRAW AND VAPOUR RETURN TRAY , ' >
- 3 3 : o
. 4 .
NUMBER OF TRAYS IN SIDESTRIPPER ( INCLUgING‘REBOILER )

. 5 : | .

TOP AND BOTTOM TRAY TEMP ESTIYMJES (MAIN COLUMN)
75. OOOOO ) . '250.0000

SPRTYP : TYPE OF SOLUTION THAT SPARSPAK USES 1<= N <= 3.
1.

CYCLE. ( FOR WEGS ACC.) AND MXFLMB ( MX ITERS IN INIT PROB)
6 20 -

PATH FOLLOWING SWITCHES HC ST
F . T

EXPONENTS FOR PATH FOLLOWING KV. HC PP ST
-1.0000 1.0000 1.0000 - - 1.0000

INITIAL VALUE OF DP {(BP < O TO PATH FOLLOW BACKWARDS)
0. 1000000 o ‘
WEIGHTING FOR EXTENDED SYSTEM
0. 1000000 0. 9000000



SOLUTION OF THE INITIAL PROBLEM - .
(T=0) . o ' -

DISTILLATION BY ARCLENGTH-CONTINUATION

[

‘ v
PENG-ROBINSON EOS

o, v
: --- SOLUTION ---
MAIN COLUMN
STAGE LIQUID VAPOUR TEMP SIDE LI SIDE VA
kmol/hr deg C ~  kmol/hr
1 1333. © 333. 123.5 , O. 0 -
2  1333. 1667. 1§56.0 - O. 0
3 833. 1667. 147.8 0. 0
4 1833.° 1667. 191.8 0. 0
5 1833. 1667. 205.8 0. 0
6 1833. 1667. 215.4  O. 0
7 1833.  1667. 222.6 0. 0
8  1833. 1667. 228.4  O. 0
9. 1833. 1667. 233.5 0. o
10 1 0. 0

167.  1667.  238.

-—— SIDESTRIPPER 1---~

TRAY  LIQUID  VAPOUR  TEMP

kmol/hr deg C
11 500.0 166.7 - 180.3
12° -500.0 166.7 184.2

13 333.3 166.7 191.4

_q'dé



SSTRP .

1

SIDE

3 - 3

DRAW RET TYPE

2

TOP TRAY BOTTOM TRAY

11

§

TRAY 1

0.1237 0.3049
-0.0087
TRAY 2

0.0411 0.1725

0.0262

TRAY 3

0.0174 0.0964
0.0598

TRAY .4 _
0.0112 0.0617
0. 1066

TRAY = S

0.0035 '0.0286

0.1365

" YRAY 6

0.0011 0.0128
0.1731

TRAY 7

0.0003 0.0056
0.2178

TRAY 8
0.0001 ' 0.002%
0.2721

TRAY S

0.0000 0.0010

0.3358
TRAY 10
0.0000 ~0.0004

_0.4080
TRAY 11

0.0128 0.0878
8.0607 7
TRAY 12

0.0086 0.0740
0.0639 -
TRAY 13

0.0048 .0.0526
0.0778" ’

SIDESTRIPPERS

COL DRAW PRODUCT RATE

500.0

LIQUID MOLE FRACTIONS

- 0.2874
\ ,
0.2687

0.2058.

2

0.1496
0. 1004
0.0636
0.0387
0.0227
0.0129

0.0070

0. 2051

0.1971

A

0.1701

0.

2027

. 3086
.3346
. 3096
2926
. 2557
.2111
-1864
.125g:f
.0907-
. 3415
.3500°

. 3509

>

1 0.0745
0.1828
. 0.2860

+0.3613

0.4385

0.4938
'0.5264
0.5363

0.5246

0.4938

10.2920
0.3064

L
. 043438

“333.3" .

150



A

: T151
K VALUES

CTRAY 1 . .
2.4310 1.2977 - 0.7127 0.3896 0.2257

70.1301 PR

"TRAY 2 : » ‘
3.0079 1.7682 1.0695 0.6568 0.4072
0.2560 '

TRAY 3 ' .
3.3111 ~ 2.0647 - 1.3238 0.8591 0.5632
0.3732 ° ‘ - ’

TRAY 4 : ‘
3.4671 2.2383 1.4850 0.9955 0.6743 .
0. 4609 . ‘

TRAY S -
3.5457 2.3748 1.6328 1.1325 0.7938
.0.5604 ' -

TRAY . 6 -

3.5758 2.4526  1.7256 1.2235 0.8766 ’

© 0.8320 - C

TRAY 7 : .

3.5894 2.5036 1.7903 1.2892 0.9381
0.6864 ’ '

TRAY 8 o o .
3.5966. 2.5413°  1.8401 1.3411 0.9876 ~
0.7309 » :

" TRAY 9 o S
© 3.8001 - 2.5715 ‘1.8815 1.3851 1.0302

. 0.7698 - -

TRAY\ 10 . © o
3.6006 2.5965 1.9174 1.4241 - 1.0686

. 0.8082 . . B
- TRAY 14 " R . ’
fWt@3318  2.0936  1.3525 . .-0.8840 0.5837
0.3894 . :
TRAY 12 e - :
3.3653 2.1381°41.3962' 0.9220 0.6151
0.4144 t§$5<*
TRAY 137"
'3.4286 2.2198 1.4765 0.9923 0.6738
Q.4816 :
P
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- S SOLUTION #1
DISTILLATION BY ARCLENGTH-CONTINUATION
- PENG-ROBINSON EOS -
- —— sox_unoul—'_—— e -
MAIN COLUMN
" STAGE LIQUID VAPOUR TEMP SIDE LI SIDE VA !
- kmol/hr » deg C,. .kmol/hr
o 1 1580.  395. 118.8 0. 0.
2 1531.  1976. 145.2 0. 0. ;
3 1239.  1926. 163.9 0. 0. “
4 '2373. 1821. 178.0 0. 0. (-
§ 2471. 1954. 188.3 0. 0. ‘
6 2539.. 2053. .196.4 0 0. 3
7  2584.. 2121. 203.2 0 0. % .
8 2614. 2166. 209.6 0 0.
"9 2634. 2185. 215.8 0 0.
; 10 419. 2215." 222.3 0 0. %
'CONDENSER DUTY ¥  -40848.78 ~  MJ/HR
REBOILER DUTY :  '43675.42 = MJ/HR
--- SIDESTRIPPER 1---
a%ERAY  LIQUID ~ VAPOUR  TEMP
R ~ kmol/hr deg C
£70 2713, 83.1  165.4
w12 L 4727400 85.3 168.3.
SOUFIITTR 18601, vy, 87.9 174.9
. , - J h o, B
RN ..
s 7
- - SIDESTRIPPERS
- SSTRP DRAW .RET TYPE - COL DRAW PRODUCT RATE
1 3" . 3w o@h . 28901 1861
? e . ’

SIDE  TOP TRAY BOTTOM TRAY

1. ety a3 T



. 3 o
LIQUID MOLE FRACTIONS e
TRAY 1 _

0.1234  0.3396 - 0.3421 0.0285

0.0022
TRAY 2
- 0.0441 -
0.0104
TRAY 3
0.0195
0.0292
TRAY 4
10.0124 _
0.0644°
TRAY 5
- 0.0044
" 0.0703
TRAY 6.
0.0016
0.0799."
"TRAY ~ 7
0.0005
0.0959
TRAY 8
0.00028&,
0.1217
TRAY 9
0.0001
- 0.1616
TRAY 10
0.0000
0.2198
TRAY 11
0.0156
“0.0293
TRAY 12
0.0113
0.0304
TRAY 13
0.0066 -
0.0382

0.

2ut
1274
. 0820
0458
.0242
.0123
. 0061
.0023 .
.0013
.1216

.1083

0818

0.3615

0.3082

0.2363

0.1950

0.1500

0.1088

0.0747

‘0, 0484

)

0.0291

0.3108

0.3083

0.2824

0.1642

’

0:2833

053510
0;3739
p.qi50
0£4281
0.4141

073797

0.3277

0.2641

0.3664

"0.3789

0. 4003

. 0830
L1847

.2311

. 3684

.2717

.3182

L4177

. 1561

. 1628

. 1906



©BOT

ENDIF

PRINT OUT INITIAL DATA . - L r
TV1 = TRAYTK(1) - 273.15D0

TV2 = TRAYTK{NTRCOL) - 273.15D0

WRITE(S, 52) HOMOTP, MOLEST¢1,1), MOLEST(NTRCOL,NDISC),

A LIQuU(1), VAPOpR(l), LIQU(NTRCOL),'VAPOUR(NTBEQL),

A . TV1, TV2

A

PR

WRITE(11,52) HOMOTP, DTDP, MOLEST(1,1), MOLEST(1,6),

g  MOLESTY 10, 1) **MOLEST(10,6)
- |
SKIP IF THERE ARE NO SIDESTRIPPERS
IF(NSIDE. EQ.0) GOTO 8711 o |
SIDE = 1 ‘
= ‘BOTRSS(1) -
TOP = TPTRSS(a) o
‘TV1 = TRAYTK(YOP) - 273.15D0 | :
= ‘BBAYTK(BOT) - 273. 1500

LOOPE =0 B -

TVZ

SET UP“COUNTERS

/LOOPET = 0 oy
LOOPN =.0
LQOPNT = O

"ERRDR = 1.D0B ;

LOOPS

.ﬁgég': ; ‘ | d

CHECK' FOR NEWTON’S METHOD

IF(NEWTQN) WRITE(6,7) A \
IF (NEWTON) WRITE(*,7) ‘ L
FORMAT(//,* *,T10," *** NEWTON''S METHOD see 77)

IF(NEWTON). GOTO 208

! ’ -3
ESTIMATE DXDP

DTDP = 1.0D) ' S .
DXDPST(TOTVAR) = DTDP- .- ¥
TV1 = DSQRT((ONE - wg'BTDP'DTDP)‘RN/(Nl'(TOTVAR—I)))

D

'END = TOTVAR - 1- 'y
DO 10 I =-1, END o _
DXDPST(1) = IVl .,  ° 4

CONTINVE - = I

INITIALIZE DP, INITIAL STEP.LENGTH
CDP ="DPINI .

Ry

GENERATE THE JACOBIAN EXCEPT FOR THE LAST ROW
CODE
PREVENT THE RHS FROM BEING INPUT
INRHS = - FALSE. - .
’ -{ .. &

L4

2EROOUT THE B VECTOR WHICH HOLDS THE DH/DT COLUMN

N
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DO 201 =1, ASIZE
) BVEC(I) = ZERO
20 CONTINUE

C
: C‘l.ﬂ a . . )
C THIS DEBUG SHOULD PRODUCE RHSSTO() = 0 . X ’
C BECAUSE THIS POINT SHOULD BE ON THE PATH
C ¢ TO GET THINGS STARTED )

DEBUG = , FALSE. : &
IF(DEBUG) THEN- -
INRHS = .TRUE. ‘
‘SVRHS = .TRUE. A S
CALL DUMP(S9) a S e
DO774 I = 1, TOTVAR ‘

RHSSTO(1) = ZERO
774 CONTINUE ' -

. ENDIF
C“! .
cALL JAEGEN (CODE)
. CALL NONSTE(CODE) ;
CH*n o .
. C , . L
C RESET THE VALUE OF. INRHS '

INRHS =..TRUE. . - N

- GOTO 100 TO DO INITIAL EULER PREDICTION.
. GOTO 240 TO SKIP EULER PREDICTION AND JUST :
TRY TO~SOLVE FOR:.THE POINT ON THE RIGOROUS PATH AT T=0.1

GOTO 100 , - , L
GOTO 240 o : ;
.C L e * GO HERE WHEN.CONVERGED ----- ' '
c C e ‘ .
40 LOOPS'= LOOPS # 1 S ; e
~ WRITE(KO, . 50 YHOMOTP, TRAYTK(I) -
. A ' NTRCOL, TRAYTK(NTRCQL) L
C + WRITE(S , SO)HOMOTP, TRAYTK(1), o CL
C LA NTRCOL,” TRAYTK(NTRCOL) .. ‘ -
- ITE(*, 50) HOMOTP, TRAYTK(1), NTRCOL, ]RAY]K(NIR(OI) ' :
50 ° FORMAT(//, ' , T30, *** "CONVERGED. ***".,/," ', T20, ' T="[Fi. 4, ©, . .,
A7) TlO;’T(l)‘ﬁ",F7?2L5X,'T('? o T
A 12,') =,",E7.2,* K") . C
c Y o ’ .
.C "~ PRINT.OUT ¢ - , +%. -
. . TV1' = TRAYTK(1) .- 273. 15D0 ‘ .
IN2 = TRAYTK(NTRCOL) - 273.15D0 - . e :
.WRITE(10,2111) HOMOTP, DTDP, MOLEST(1,1), MOLEST(10,6), 3

A MOLEST(13,4), SIDELI(1)*1000.0, " L.IQUE3)*1000. 0
+2111 FQRMAT(1X,5F8.4,2F8.2) » .
WRITE(9, 52) "HOMOTP, MOLEST(I 1), MOLEST(NTRCOL, NDISC),
A_ LIQU(1), VAPOUR(I), LIQU(NTRCOL), VAPOUR(NTRCOL),
A TV, TV2 e N
WRITE(11,52) HOMOTP, DTDP, MOLEST(1,1),  MOLEST(1,86),

)



o

Chus

8712

oo

ﬁ‘ﬂﬁ‘hﬂlﬂﬂ(’)ﬂﬁﬁotﬁﬁﬁﬂﬂﬂ

(@}

A o  MOLEST{(10,1), MOLEST(10,6)
FORMAT(" 10(F8 4,2X)) -
IF THERE ARE NO SIDESTRIPPERS SKIP THE PRINT
IF(NSIDE EQ.0) GOTO 8712
- SIDE =
BOT = BOTRSS(l)
TOP = TPTRSS(1) :
TV1 = TRAYTK(TOP) - 273.15D0
TV2 = TRAYTK(BOT) - 273.15D0 ' ,
WRITE(9,52) HOMOTP, SIDELI(SIDE), LIQU(BOT), WAPOUR!TOP),
A MOLEST(TOP, 1), MOLEST(BOT, 1), MOLEST(TOP,2),
CA - MOLEST(BOT, 2), TV1, TV2
"WRITE(11,52) HOMOTP, MOLEST(13,1), MOLEST(13,6)
.CONTINUE '
1F USING NEWTON'S METHOD THEN RETURN' -
IF(NEWTON) RETURN R
CHECK TO SEE IF DELTAT IS BELOW MINSTP. = THIS MAY HAPPEN
IF THE CURVE IS GETTING STEEPER BUT SINCE THE PREDICTIONS
" ARE SHORTER THE NEWTON CORRECTORS ARE ALWAYS CONVERGING
SO’ THAT THE MINIMUM STEP CHECK IS NEVER DONE AT THE
'PLACE WHERE NEWTON'S METHOD FAILS. 'IT IS MORE. APPROPRIATE -
TO DO THE. CHECK HERE SO THAT THE' LAST KNOWN POINT ON THE
'PATH’ IS RECORDED. -
" NOTE ,THAT THE VALUE OF DTDP CAN’T BE INCLUDED IN THE GHECK
;*BECAUSE WHEN FLOWS GO NEGATIVE, DTDP MAY STILL BE IN THE . -
" NEIGHBOURHOOD OF 1 BUT THE PATH CANNOT ADVANCE BECAUSE THE .
LIQUID AND VAPOUR TRAFFIC ARE CONSTRAINED TO BE POSITIVE.
" THIS IS A PLACE WHERE THE SQUARE MAPPING FUNCTION WOULD
" . PERHAPS FORCE THE.FUNCTION TO TURN AROUND, IN WHICH CASE
DTDP. WOULD- APPROACH ZERO. - IF THE SQUARE MAPPING FUNCTION.
IS IMPLEMENTED THE CHECK FOR DTDP SHOULD NOT BE DONE EITHER.
IF(DABS(DELTAT) .LT. "MINSTP. . AND. 'ABS(DFDP) .LT. O. 1) GOTO 404 -
IF( ABS(DELTAT) .LT. MINSTP ') GOTO 404y , B
‘RESET COUNTERS . A L
LOOPE. = 0 ., - I ' e :
CCLOOPN'= 0 Y T T el e e T LIRS
CCONDIV =0 . . el e e
OLDERR = 1.D06 o o S
FIRSTP = .FAESE. ., - o
SAVE THE TpIAL PATH LENGTH , .
PATHLN = PATHLN + DABS(DELTAP) ' "y
. SAVE THE CURRENT’ CONVERGED POINT ON THE PATH

CODE = : .

CALL JACGEN(CODE) o | . [

CALL NONSTE(CODE) - | :
XVECST(TOTVAR) = HOMOTP '

'_DXDPST(TOTVAR) =. DTDP -

i
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.+ I1F(.NOT.SOLU) GOTO 100

ol -
C —-———-—,—'—————————————.——‘___._ ) »
C QUATIONS SOLVED WITH t=1 --- g
¢ gnim e Tl ,
C _ A
C "PRINT 'OUT THE SOLUTION TO' THE EGUATIONS

'CALL PRINT1(86) '

CALL PRINT1(7)

. CALL DUMP(86) .

C CALL DUMP(7)
. WRITE(S, 70) . . :
70 FORMAT(' *, T30, 25("') /.0 ',T30,25(° %), /," ', T30, SYSTEM',
, A’ SOLVED FOR t = 1',7," ",T30,25("*"),/," ', T30,25( *"))
C _ : , .
C WRITE OUT THE VALUES OF DX(I)/DP

' WRITE(S,"(1X,//,1X, T30, "' 'DXDP VALUES'’)")
DO 71 I = 1, TOTVAR S -
WRITE(Q J171) I, DXDPST(PN, - -

. ‘&." .
, IS, DX(' ,') / DP =.',G15.7)

7TONFS METHOD WORKED
IF(NEWTON) WRITE(S 72)
72 FORMAT(® *,//,’ ',T10,
A TR NEWTON"S METHOD CONVERGED et/

'C . THAT’ S ALL FOLKS L e .
: . SOLU = 4FALSE.” ~ — v e E ¢
Y * NSOLNS. = NSOLNS + 1 A ‘ s
. IF(INCR) THEN -

G - INCR'=..FALSE.. " ., . - o

' ELSE 0 T .o T -
INCR = .TRUE. ' : . :

ENDLF"" , : . N

~IF (NSOLNS .GT. 1) RETURN- . . = o aw
’ﬁRETURN ," ) . " '{ N . . ? "., '.&

v

L 4

_ alt’un-mnﬁtngt-”bl’@ s e L ) T o
JEULER sTEP' - - e ST

ERE SRR
. N .

~

AN O00n

100 LOOPE = LOOPE + 1- ,
LOOPET = LOOPET + L . .. =

% DEBUG = .FALSE. - . P

-~ - IF(DEBUG) THEN - . co .

CALL, JACGEN(S) _ o -

2+ " CALLTNONSTE(S) - : s |

Nz DEBUG = .FALSE. L wE : -

i STOP §123 .

.. ENDIF

A



c .
C FILL IN CONSTRAINT ROW IN JACOBIAN.
TV = W1 / RN | '
DO 105 1 = 1, ASIZE
‘' CVEC(I) = DXDPST(I) * TVi
105 CONTINUE
C .
ALPHA = DXDPST(TOTVAR) s w2
C
C ENTER THE RHS FOR THE CONSTRAINT Row
‘RHO1 = ONE ' _ ¢
c ,
C " SOLVE -
~ IF(LOOPE.EQ. 1) GOTO 110
CALL BORBR2 ‘
GOTO‘IIN
C
110 CALL INBI(1,ZERO, SPRSTR)
GALL BORDER Th
111 CONTINUE .
c ;
IF(IERR.NE.O) THEN . o '
' WRITE(*,*) * HTPYO1 ’’STOP 123’' IERR = ', IERR
- © STOP 123 ' T
: ENDIF.
o ' .
C CONVERGED? R
SUM = ZERO . - FEREN
END, —'TOTVAR -1
DO 130 I - ASIZE
SUM - SUM + SPRSTR(I) * SPRSTR(I)
130 CONTINUE
" SUM = SUM *"W1 / RN + WZ‘EPSLON‘EPSLON ,
EULTST = DABS(SUM-ONE) ,
ECONV = . FALSE.
o LF(,(DABS(FJJLTST).LT.EU?OL) .OR.’ (LOOPE GE. 7))
A « '§,  ECONV.'= . TRUE!
C .
o NORM$LIZE THE: SOLUTION o \\; ’
Cn'-- v N R - e
’*2‘9c2? warragé 88) - e by T
a €88+ FORMAT(’ L T10,**® EULER”S TEST AL AT
- C A 77, g T}O L IE01 T30, 1, QO
v C <A - TS0,'REL DIFF“,/)_ " '. - x
"y .SUM = ONE / DSQRT(SUM) e
. DO 160 ‘T = 1, ASIZE = _ "
~ DXDPST(1) 3 SPRSTR(IJ * StM o
. Clll .
.c vIF(LOOPE EQ.1) GOTO 159"
C DENOM" =. SPRSTR(1) * ,
- C IF(DENOM.EQ.ZERO) DENOM = ONE ~  ~ *
- . C | 'TEST = (OLDEUL(I) --SPRSTR(I)) / DENOM ;
C . - ‘WRITE(9,88) I, OLDEUL(I), SPRSTR(I),«TEST ‘

]
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,.;55

C83  FORMAT(’ ', 13,TS, 3(G1s. 7 5X))

C OLDEUL(1) = SPRSTR(I)
C GOTO 160
c
Cis9 OLDEUL(I) SPRSTR(I)
Cl" .
160 CONTINUE
' C k‘ -

- DTDP = EPSLON * SUM
DXDPST(TOTVAR) = DTDP

~1s THIS A TURNING - POINT? S '
TURN = FALSE. - ‘

IF(DABS(DTDP) .LT. DTDPMN) TURN = . TRUE.

IF(ECONV) GATO 190 - : :

-~ EULER'S NQT convggggn YET?‘

WRITE(8,'180) LOOPET, LOOPE, EUL¥ST, DTDP
C WRITE(7, 180) LOOPET, LOOPE, EULTST, DTDP :
- € WRITE(S, 180) LOOPET, LOOPE, EULTST, DTDP S
180 FORMAT(1H ,TlO,' R.; TOTAL LOOPS’,
. A. - I3;3X,’'LOORR:, I3,/," TlO,.ERROR'
> Ae. E11.4,5X, DTDP -Ell 4) '

L8  CHECK TO SEE IF EULERS ‘METHOD IS CONVERGING
IF(LOOPE LT.10)- GOTO 100 o i

C ’ . - .
G, NOT CONVERGING L e e
¥ WRITE(S, 181)" LOOPE R .

181" FORMAT(’ ',//,’ *,40(’*');//,*-' T20," EULER’'S FAILED ',

‘A *TO CONVERGE AFTER'", 13, ITERS', //," *,400'*"),/)
RETURN : X

--- EULER’'S CONVERGED ---

« . 1 . B
N : - -y .
') . . F . * e
e o v i g+ G L . R J )
d . . ' . ' T et
. . .« s . o 3 . N ..
. i AR 3 . . o .
g , .
.
:

aoanoonan

190 dRITE(s 180) LOOPET LOOPE EUUEST 'DTDP
. - WRITE(*, 195) LOOPE, 'DTDP = ° -
. . . _WRITE(6,195) LOQPE, DTDP A
C WRITE(7, 180) LOOPET, LOOPE EULTST, DTDP C
+  ° DEBUG = .FALSE. . = ' -
. ~ " IF(DEBUG) WRITE(S 180) .LOOPET, LOOPE EULTST D1DP
195 FORMAT(" °,T5,’**® EULER’'S CONVERGED *** LOOP =

A 13, 5X, DTDP ',F8.4) -
Cow» . :11 R ) . e
C.~  DEBUG = .TRUE. . _ - &
C IF(DEBUG) THEN S
C . WRITE(9,196) (I, DXDPST(I) I=1,TOTVAR) x

C196  FORMAT(’*’,T10, "HTPYO1 : DX/DPU",12,") =',G15.7).

— . , ] S



]

DEBUG = . FALSE.

nonoo

fcoana

C ' '
C WRITE(S,*){ HTPYO1l : DT/DP = ',DTDP )
C ENDIF , o :
C.Ct . . . ,
C . .« ’ Y
(o SAVE DT/DP
DXDPST(TOTVAR) = DTDP
L] . .
"GET THE NEW VALUES OF DELTAP AND DELTAT . *
' DOUBLE THE VALUE OF® DELATP ONLY IF. NOFAIL=TRUE,
I.E. IF THE NEWTON CORRECTIONS CONVERGED AFTER
THE FIRST EULER PREDICTION
IF{NOFAIL) THEN :
DELTAP = DELTAP * TWO' ,
IF(ABS(DELTAP) .LT. 0.001) DELTAP= DSIGN(0. 001D0, DELTAP)
= DABS(DELTAP) .
IF((DP.GT.DPMAX) .AND. (DABS(HOMOTP).LT. DPMXRG))
A DELTAP = DSIGN(DPMAX ‘DELTAP)
ENDIF _
_ Ct####  THIS IS TO PREVENT T FROM BEING PROJECTED PAST
c “"T.= 1 AND GETTING A SOLUTION... IT LOOKS LIKE THE
C  PATH WANTS TO TURN AROUND o
DLTPSV - DELTAP ‘ .
IF(HOMOTP .GT. 0.99 .AND. HOMOTP -LT. 1.01) THEN .
‘ DELTAP = 0.01 : Lo ‘ SR
. ELSE- . . RS ) ‘
- DELTAP = DLTPSV g o ,
. ;] _ : .
> . ENDIF . e &
S CHiR . ) , e . . _ X
C - L . ¢ A h . . . C S s .
.C * GET NEW DELTAT USING NEW:DELTAP AND-NEW DT/DP =~  * . S
~ DELTAT =.DTDP * DELTAP ' '_ R
CHECK To, SEE IF THE PREDICTED VALUE OF T IS PAST T=1, g
IF SO, RESET DELTAT AND DELTAP SUCH THAT ‘THE ,PROJECTED
POINT WILL BE CLOSE TO THE SOLUTION. -
Bad S o ,
- IF(l GT.2) THEN N A S LT
_ TV1 = HOMOTP.+ DELTAT . S L R ,
C- IF((((TVl GT.0.95) .AND. (DTDP.GT.0.6)) #QR. - ST Lo
C... A ' " (TV1.GT.0.995)). AND. INE&R) THEN '
Carl avi .GT. .989999999D0 . AND. INCR\I THEN
. DELTAT = ONE - HOMOTP . )
- . DELTAP .= DELTAT / DTDP
© S0LU =+ TRUE. "
WRITE(*,713)TVL , - - , : » : ‘
WRITE(6; 713)TVY . _ e T f
713, FORMAT(' T PROJECTED TO : ’,F7.3,’:ATTEMPT TO SOLVE AT_T=\')

NDIF ‘ _
1F(.NOT. INCR .AND. TV1 .LE. 1.0DO) THEN
DELTAT = ONE - HOMOTP' : ' : -
. DELTAP = DELTAT ,/ DTDP L ' L
SOLU = .TRUE. , ' - S :



CWRITECS, T13)TVE » » 7
WRITE(SG, 713)TVI. : . -

'f‘ENDlF o

Chut

c
C.

C

DEBUG =

ENDIF . % ,A~'; N

’

RESET NOFAIL =~ | L
NOFAIL = .TRUE. i

.FALSE.
IF(DEBUG) THEN. ’ :
"WRITE(S, 1271) (1, DXDPST(I) I=1,

TOTVAR)

1271 “FORMAT(' .//," ', 120, EULER' 'S CONVERGED',/," ',
‘ A 500(/,” T10 15, sx F8.4)) :
P ENDIF“
GET‘THE INITIAL VALUE OF DT AND DP
~ =+ IFCt.NOT.- FIRSTP) GOTO 202
. FIRSTP = .FALSE.
o RIS g :
C '~ TURNING POINT?
' 'IF(TURN) GOTO 200
C .
C ., CURVE IS. FLAT
' DELTAP = DELTAT 4 Dgﬁp B
, GOTO 201. ,
' C - . " ™ . .
C TURNING A CORNER OR NEwTON'é FAILED
200 .DELTAT- = DELTAP . DTDP
® L ,
C NOW CHECK THE SIGNS . ‘ ' ,
C THE SIGN OF DPINI IN THE INPUT FILE IS GIVEN
C . DELTAT TO SOLVE ‘THE INITIAL PROBLEM
201 LTAT DSIGN(DELTAT, DPINI)
" TVl = DTDP * DELTAT : '
DELTAP = DSIGN(DELTAP TV1) o _
C -,
[PRINT our THE INITIAL VALUES. OF DELTAP "AND DELTAT
. WRITE(S, 9024) DELTAT, DELTAP ,
24 FORMAT(/,’ ', T10,’'®* HTPYO1l ** ', /'~ TIO INXIJAL’ ,
A 'VALUES OF" DELTAT AND DELTAP ARE RN !
7 A /0 TIO, 2(015 7,2X),/) v
C - L] -d\..
Cre» X ) . S . R L _
o "THIS DEBUG SKIPS THE  EULER UPDATE TO CHECK THE JACOBIAN
'C . - THIS DEBUG IS ONLY APPLICABLE FOR THE. FIRST POINT ALONG
C THE PATH.
C IF(1.LT.2) GOTO 24C
LCems e ‘ < ’
c - : "
C NOW PROCEED DIRECTLY TO THE EULER STEP:
202 . HOMOTP = HOMOTP + DELTAT :

&



O0O00

nnaooon

" UPDATE THE VALUE OF DELTAT USING THE NEJ

4312

LR R ]

- HOEXPP
. 1IF(SOLU} GOTO 205 '
" GOTO 235 o ‘

A

,‘A{.

. "!,‘ .
\. STl . R .

:WHFN T ICROSSES OVER i PRINT OUT THE SOLUTION BUT DON’T FORCE

T

A SOLUTION AT T=1.0

IF(INCR 4ND., HOMOTP .GT. 1.00D0) THEN 1

CALL PRINT1(7)

" CALL DUMP(YI

INCR: = FALSE : ' .
ELSEIF( .NOT. Imm .AND. HOMOTP" .LT. 1.0D0) THEN

CALL PRINT1(7)

"CALL DUMP(7)

n

" INCR = .TRUE. . o
ENDIF - . B %&
- HOEXHC ;

HOMOTP e
HOMOTP _ %”
HOMOTP Lo
HOMOTP , %

HOEXST
HOEXKV -

[ TR ]

WHEN 1T IS NECESSARY TO ADVANCE IN INC TS OF
DELTAP ALONG THE CURVE. - 5 e
IF((FAIL .OR. TURN) .AND. (/NOT. SOLU));

" DELTAT = DTDP * DELTAP -

UPDATE'THE VALUE OF DELTAP : WHEN THE CURVE'TS'FLAT
OR WHEN THE' ALGORITHM IS TRYING TO COMPUTE A’
SOLUTION POINT ’ ’

' ﬁ&ﬁﬁ%.'
TV1 = DECTAP o
IF( SOLU - OR.. (.NQT. (FAIL.OR.TURN)))
| DELTAP = DELTAT / DTDP

N

—

THIS IS DONE SO THAT DELTAP _DOES- NOT CHANGE SIGN
ONCE THE PATH IS BEING TRAVERSED IN A CERTAIN

, DIRECTION - ;

DELTAP = DSIGN(DELTAP TVl) SRR ' ?’

RS

-MAKE SURE THE srcns OF: DTDP, DELTAP, AND DELTAP ARE
"CONSISTENT - . e e ‘

Tvi = DTDP * DELTAP L .
DELTAT DSIGN(DELTAT TVl)“ R

-

TEST TO SEE IF THIS WAS A SOLUTION POINT

“IF SO, DELTAT NEEDS TO BE RESET
- 15(.NOT." SOLU)’ GOTO 203

WRITE(6, 1110)

' FORMAT(’ CHECK1" )

- WRITE(6,7192)

URITE(B.IIIO)

2. FORMAT(* .’ ,/,T10, e JUST SOLVED SYSTEM AT.T.= 1.0")

:PATH FOILOHING PAST T=1 TO LOOK FOR MULTIPLE SDLUTIONS ’

.

-A. & ; B ' .. - »' ‘ o
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c SET THE SIGN OF DPINI LN
' PATHFS = .TRUE. H ' : o
DELTAP = DABS(DPINI) , ) R

DELTAT-= DTDP * DELTAP . =+ . ¢ A

4

o~ ® RN . L .
C LET'S GET THE SIGNS RIGHT. .. PFS3 = TRUE ==> DELTAT > 0 "
DELTAT = -DABS(DELTAT) o W T
IF(PFSS) DELTAT = DABS(DELTAT) ' . : )
TV1 = DELTAT * BTDP | : ' ' E
DELTAP DSIGN(DELTAP qrv1 )

leNe!

RESET SOLU, AND INCR
SOLU = . FALSE.

NOTE THAT INCR = TRUE ONLY WHEN THE HOMQJOPY PARAMETER .
IS ‘LESS THAN ZERO AND wILL BE APPROACHING FROM THAT 'SIDE’
OF T=1. . , "
INCR = . TRUE. > ‘
HOMOTP = ONE + DELTAT
' WRITE(6,5512) HOMOTP, ONE, DELTAT . : .
5512 FORMAT(’ ', /,T10,'HOMOTP, ONE, DELTAT',3(F7.4,2X))
, IF (HOMOTP. GT.ONE) INCR = - FALSE. ) :
C 2
. WRITE(6,7712)° HOMOTP, INCR; SOLU
7712 FORMAT(' *,/,”  ** HOMOTP, INCR, SOLU ...’',F7.4,L4,L4)
HOMOTP = ONE -

FeRoNsks

.

" GO HERE AFTER THE NENTON CORRECTOR STEP HAS FAILLD ANDL
A NEW SMALLER STEP ‘IS BEING. TRIER. AT THIS POINT HOMOTP
HAS THE VALUE FROM THE LAST POINT ON THE PATH.

onNnN0o00o

| UPDATE THE HOMOTOPY PARAMETER : ' o .
203 HOMOTP = HOMOTP + DELTAT = 5 e S : ,§
. HOEXHC = HOMOTP o e ; ‘ EEE 2
HOEXKV .= HOMOTP DR
HOEXST ‘= HOMOTP - o . ‘ :
HOEXPP = HOMOTP L : MR e e e
. WRITE(6,204) DELTAT, DELTAP, HOMOTP. S Lo T Y
c WRITE(9,204) DELTAT, DELTAP, HOMOTP = - ~ . = . TR
204 &FORMAT(' .3X;'** HIPYO1l ** DT, DP,.T’, K L o ST
A L IXENL g, 1x, El1.4, X, E11. 4) - - E
G . TN ' . ) Lo : . .. ‘."q
- C PATH cnossnwc OVER r 1?7 . R B Egg
. SOLU FALSE R - ST R P
CHu- : o ot ISR
o IF( NOT. DEBUG ) “GOTO 220 S . N KL
Ctssy ' e »
. IF( (INCR).. . AND. (HOMOTP LT.0.9999939D0)) GOTO 220~ T
IF((.NOT. INCR) . AND. (HOMOTP. GT 1. b0000000100)) coto- 220

: JUST CROSSED OVER T 1, TRY TO SOLVE

00O

uR;TE(f,sssx) HOMOTP -+



WRITE(6,8891) HOMOTP
8891 FORMAT ("’

¢ 'HODEST

*,T10,"** T = ',F7.5," JUST CROSSED ovsn o

A ,T10, 'SET T=1.0 AND TRY TO SOLVE', )_
C , :
o DELTAT = ONE - XVECST(TOTVAR) \
DELTAP = DELTAT / DTDP
DELTAP = DSIGN(DELTAP, DPINI)
o ' '
o GO HERE WHEN USING NEWTON’S METHOD
205 SOLU = . TRUE.
JHOMOTP = ONE
LASTP = .TRUE. ‘
c
HOEXHC = ONE o
HOEXKV' = ONE : ’
HOEXST = ONE .
HOEXPP = ONE »
C o
HODEHC = TEXPHC o - »
HODEKV = TEXPKV
HODEST = TEXPST ' . - ’
HODEPP = TEXPPP
c. )
o SKIP THE EULER PREDICTOR STEP FOR NEWTON’S METHOD
IF(NEWTON) GOTO 240
GOTO 230
C ' ) ’ \
C SET UP HOMOTOPY PARAMETERS
220 . IF(HOMOTP .EQ. ZERO) GOTO 229
TV1 = ONE
_ IF(HOMOTP. LT. ZERO) TV1 = —ONE
: HOMOTP = DABS(HOMOTP)
o : , ' ’
.~ HOEXHC = TV1.* HOMOTP ** TEXPHC
'HOEXKV = TV1 * HOMOTP ** TEXPKV
HOEXST = TV1 * HOMOTP **. TEXPST |
_ HOEXPP = TV1 * HOMOTP **. TEXPPP
C o , | o
" HODEHC = TEXPHG * HOMOTP ** (TEXPHC - ONE) .
»- HODEKV = - TEXPKV .* HOMOTP ** (TEXPKV - ONE)
~ HODEST =" TEXPST * HOMOTP ** (TEXPST - @ME)
" HODEPP y= - FEXPPP- # HOMOTP ** (TEXPPP' - ONE)_
HOMOTP. = TVl * HOMOTP = . = v
GOTO 230 '
229 HOEXHC = ZERO - o , ’
 HOEXKV = ZERO = , o (
HOEXST = 2ERO ‘
'HOEXPP = ZERO -
HODEHC = ONE.
HODEKV = ONE SRR :
= ONE:‘ ‘ o ‘ : S e



" HODEPP = ONE

230 . CONTINUE

444

C-II

235‘
'. }CALL JACGEN(CODE)
*>QSLL NONSTE(CODE)

LE X

BeXeXsNsXs}

445

W

(@]
*
*
*

NN NN NGO NONO NGNS

240

233

Cnnn

o NeNsReRe NS

ENDIF

—<- TAKE THE EULER STEP ---

'DEBUG = .FALSE.
IF(DEBUG) THEN
WRITE(S, 444)

FORMAT(1H ,T10,'** HIPYO1 **  BEFORE EULER STEP')
DEBUG = . FALSE.
ENDIF

é CODE -8

6FOTE ‘THAT THE HOMOTOPY PARAMETER WAS UPDATED BACK AT
STATEMENT 203. THIS IS NECESSARY TO CHECK IF THE

- NEW,VALUE CROSSED OVER T=1, THE SOLUTION POINT.

DEBUG = FALSE.. = 1
IF(DEBUG) THEN . S

WRITE(S, 445) , TN Y .
FORMAT ( 1H ,T10, %" . HTPYOI $* - AFTER EULER STEP")

4
e
Wy

T TI I 1.

NEWTON’S METHOD

HE

* ¥ <

GO HERE TO BEGIN ANOTHER ITERATION OF NEWTONS MEFHOD
SIMPLE OR EXTENDED SYTEM. THIS IS THE CORRECTION STEP.

ZERO OUT STORAGE OF RHS IN RHSSTO()

DO 233 I =1,° ASIZE

-RHSSTD(I) = ZERO

BVEC(1) = ZE RO

CVEC(1) = ZER .
CONTINUE

RHSSTO(TOTVAR). = ZERO

IF(ABS(HOMOTP) .GT. 0.SDO .AND. .NOT. SOLU ~AND.  DEBUG)
IF( ABS (HOMOTP) GT 0.5D0O .AND. .NOT. SOLU ) THEN

THIS WAS AN IDEA. THAT DIDN'T WORK TOO WELL BUT

IS BEING KEPT ON THE BACK BURNER

. FIND DELTAT TO SATISFY THE EXTENDED SYSTEM
CONSTRAINT EQUATION. THIS SHOULD REDUCE/PREVENT
THE HOMOTOPY PARAMETER FROM OSCILLATING
SUMEXS = ZERO

CALi/dﬁcgEN(IO)

¥
THEN

[T

W



i

NO0O00000n0n Q cOoO00QO000
" ) . z
k=4

CALL NONSTE(10)°
 DELTSV = DELTAT

" TV] = (DELTAP*DELTAP - W1/RN®*SUMEXS) / W2 - _

TF (TV1 .GT. ZERO .OR, “ABS(DTDP) .LT. 0.10DO .OR.
. A ERROR .LT. 1.D-03) THEN

C " “DELTAT = DSQRT(TV1).

GOTO 1235 ,
ELSE IF(ABS(TV1) ,GT. 0.01DO) THEN

w'

180

WRITE(®,” (A)’) * INITIAL DELTA T SQUARED WAS NEGATIVE...

SUM = ZERO
DO 1234 1 =1, ASIZE * . -
: 'SUM = SUM + (DXDPST(1)®DXDPST(I1)) / (DTDP*DTDP)
1234 - CONTINUE ~
' TV1 = DELTAP*DELTAP / (Wl'SUM/RN + W2)
- DELTAT = SQRT(TV1) . o -
WRITE(*,' (A,F8.4)" )’ DELTAT'CORRECTED TO ', DELTAT

: ENDIF
c AR : - (
c. NOW APPLY THE SIGN OF EPSLON TO THE NEW VALUE
cCo EPSLON 1S THE CALCULTATED VALUE OF DELTAT '
. -TV1 = DTDP. * BELTAP
g :
C PREVENT OSCILLATIONS..
o . IF(. ABS(DELTAT / TV1) .GT. 5.D0) DELTAT V1
' DELTAT = DSIGN(DELTAT, TV1)-
- HOMOSV. = HOMOTP
o HOMOTP = XVECST(TOTVAR) + DELTAT
c) HOMOTP = HOMOTP "+ DELTAT

WRITE(’.'(A,ZFB.Q)') * OLD AND NEW T :’, HOMOSV, HOMOTP

MAKE SURE T ISN'T BEING PROJECTED PAST THE SOLUTION
~IF(INCR .AND. HOMOTP .GT. ONE) -THEN
'HOMOTP. = - HOMOSV + DELTSV

ol IF¢HOMOTP .GT. ONE) HOMOTP =
IF(HOMOTP .GT. ONE) HOMOTP = (ONE+HOMOSV)/2.0
WRITE(*,' (A,F8.4)')’ NEW T FROM PROJECTION =
) GOTO . 1235 _
ENDIF - T

THIS IF HAS BEEN REMOVED EFFECTIVELY
IF(INCR .AND. HOMOTP .GT. ONE) THEN
HOMOTP = XVECST(TOTVAR) + DTDP * DELTAP
WRITE(*,' (A,F8.4)" )’ NEW T FROM PROJECTION
L ENDIF ' o

1

IF(.NOT. INCR .AND. HOMOTP .LT. ONE) THEN
HOMOTP = XVECST(TOTVAR) + DTDP * DELTAP
WRITE(®, '(A F8.4)')" NEW-T FROM PROJECTION

ENDIF
ENDIF ST - e
C vee . . ’ ' o T
1235 DEBUG = . FALSE.
C :
- C ' GENERATE TRE JACOBIAN (EXCEPT- FOR THE LAST ROW)

CODE = ; , 7

XVECST (TOTVAR) + DTDP*DELTAP

*, HOMOTP

' HOMOTP

¥ HOMOTP



" INRHS = . TRUE.

C y
C ‘GET THE THERMODYNAMIC "PROPERTIES AT THESE CONDX
"CALL GTHERM(DERIV, FUGERR)

C - . i ’ .

® CHECK TO SEE IF ANY OF THE TEMPERATURES ARE GOING
" C SUPERCRITICAL. IF SO, TRY AGAIN WITH A SMALLER

C “STEP LENGTH ALONG THE PATH.

IF(FUGERR. NE.0) WRITE(6,430) FUGERR
C ‘IF(FUGERR. NE, 0) WRITE(7,430) ' FUGERR .
o IF(FUGERB NE. o) WRITE(S 430) FUGERR »
430 FORMAT(’ ’,//, ,T10,’*** GTHERM. FOUND SUPERCRI1ILAL';
A TEMPERATURE(S) v/ ,T10,"ERR = ', 16, /) .

' “- IF((FUGERR. NE.O) ANE@ (. NOT. “ NEWTON) ) GOTO 411

Cl'i . » .

C DEBUG = .FALSE. .

C WRITE (9, 8877) - . o :

C8877 FORMAT(’ ’,//,' ',T20,'** GENERATE JACOBIAN **', /)
C - CALL DUMP2(9) - ‘ *

Ci!! .

c

Ctti . ,
" C THIS DEBUG IS USED TO SAVE THE RHS IN RHSSTO(),. 11
' C.  MAY BE PRINTED OUT LATER
%+ SVRHS = .TRUE.
";.‘C-"”'* .

- IF(.NOT.FIRSTP) DEBUG = .FALSE.
< _ IF(DEBUG) THEN
LT CALL DUMP(9) , : -

" ENDIF :
. CALL JACGEN(CODE) .
/’ . CALL NONSTE(CODE)
C .
\\\\IF( NOT. FIRSTP) DEBUG = .FALSE.

IF(DEBUG) THEN
WRITE(S, 8713) (I, RHSSTO(I_), I=1, ASIZE)

8713 FORMAT(’ ',//,’ ’,T20,’RHS VECTOR FOR A MATRIX',/
~ A : 500( v TlO 14,5X,G15.7)) -
C STOP 1212 : , -
IF(.NOT. FIRSTP) STOP 1212 e "
ENDIF '
C
C.ﬂ. c . "
C NOW PUT THE RHS BACK IN

SVRHS = CFALSE.
DO 234 1 = 1, ASIZE
CALL INBI(I RHSSTO(1), SPRSTR)
234 CONTINUE

C FLAT, SOLU . OR.. TURN, FAIL 2

c THXS,DEBUQKFORCES.THE EXTENDED SYSTEM TO BE INVOKEL



¢ (-NOTE THAT THE SIMPHE'SYSTEM WILL BE INVOKED ~ . - \\ ’
IN ORDER'TO SOLVE T EQUATIONS | AT T=1.0)
~ IF(.NOF. SOLU) GOTO 290
MODIFY- IF CHECR SO THAT WHEN SOLVING "FIRST POINT ON- PAIH
SIMPLE SYSTEM IS USED

(IFCCNOT, SOLU) . AND. (.NOT. FIRSTP)) égro 290 < .

DA 0@0 0.

onhn?fri\
_";_- ‘

LR R ]

' IF((FAIL 3R TURN) AND (. NOT SOLU)) pOTO 290

CURVE 1S FLAT OR THIS IS A. SOLUTION POINT
) »
- SOLVE THE SgMPLE SYSTEM } NO CONSTRAINT ROW). .
I = MSGLVL
MSGLVL .= MSGSOL
" o ~CALL SPRSOL(SPRSTR SPRTYP)
" MSGLVL = 1. - o
| IF@LERR NE 0) STOP 8181 '

=UPDATE. THE SOLUTION o T | S
CODE = 9. e S

CALL JACGEN(CODE). . -~ &

CALL NONSTE(CODE) e N

oo

. CONVERGED: ? N | - . S
SUM1 = ZERO - I '
SUM2 = ZERO | AR : \\\
MAXRSD = ZERO
MAXRS2 = ZERO , . ,
DO 237 I = 1, ASIZE: - o °
TEST2 = DABS(SPRSTR(I)) ‘ - .
.ZL - SUM1 = SUM1 + TEST2 =~ e,
.~ .TEST.= DABS(RHSI¥0(I)) '
",-*- SUM2 SUM2'+‘TEST e

Caa

]

onou

c - LOOK FO THE LARGEST RESIDUAL
. IF(TEST.LT. MAXRSD) GOTO! 236
=1 :
- MAXRSD, TEST _,; o
©.236 IF(TEsrzuLT,MAXRsz) GOTO 237
h ’ " K=1 :
. MAXRS2 = TEST2
237 CONTINUE :

WRITE(6,238) J, RHSSTO(J) . L e
.~ WRITE(®, 238) J, RHSSTO(J) L e
1238 FORMAT(’ *,TS, EQUATION ",14,' HAD THE LARGEST',
A ' RESIDUAL ’,G15.7)

C FIND THE VARIABLE WITH THE LARGEST DELTA | ‘ ¢
CALL FINDVA(K] VATYPE, VACOMP, VATRAY, VALUE) ‘ :
IF(VATYPE EQ. 1) WRITE(6,1111) SPRSTR(K) VATRAY, VACOMP,:

A VALUE v

Lo . . . ' ~ LY



e o183

IF(VATYPE\EQ 2) WRITE(S, 1112) SPRSTR(K) VATRAY, §
A . VALUE - "
IF(VATYPE, EQ.3) WRITE(G 1113) SPRSTR( ). VATRAY.
A " WALUE | . '
IF(VATYPE!EQ.4). WRITE(S 4114) SPRSTR(K) VATRAY,
A.. . VALUE
IF(VATYPE. EQ.5) wRITE(s 1115) VALUE, VATRAY HTCOO[(VATRAY)
C . ; o
1111 FORMAT( LARGEST DELTA OF ',E11.4,' FOR X(’,13,',’,13, .~ g
A . ') = E11.4) o o ' o : f‘
1112 FORMAT(' LARGEST DELTA OF ',E11.4," FOR LIQUID('.IB,?) = “
A ENL4 E
1113 'FORMAT(’ LARGEST DELTA OF ' ,E11.4,". FOR\yAPOUR( ).;,'L
A E11.4) ¢ - B R
1114 FORMAT(' LARGEST DELTA OF ',E11.4," FO TEMP(® , 13 o=, ‘
A Fg.2,' «(C)") : . R o o
" 1115 FORMAT(’ LARGEST DELTA OF '_E11v4,\'FOR HTCOQL('.I?, ) =",
A - E11.4) — . 40 .

e CHECK TO SEE HOW LARGE THE LARGES? DELTA WhAS.
. C IF'IT WAS TOO BIG, FAIL AND INVOKE THE EXTENDED SYSTEM.
T TV DABS(SPRSTR(K))

) -IF((TVl .GT. 1000.D0) . AND. (.NOT.vNEWTON))GOTO 411
c.! S . ' # : - ' S

SUM1 / RN

SUM2. / RN : o
(SUM1 + SUMZ) . o 5D0
- SUM2

SUM1
SuM2
'ERROR
" ERROR |

&

on

CHECK TO SEE IF THE ﬂESIDUAL ISiaéCREASING AND' IF S0,
HOW MANY CONSECUTINVE TIMES HAS THIS HAPPENED
IF TOO MANY, FAIL AND INVOKE THE EXTENDED SYSTEM
DG NOT DO THIS CHECK FOR THE. FIRST ?OINT ON THE PATH ‘
- MAXDIV.= 4 . b
' IF( NOT. FIRSTP) THEN ) ‘

FeleReReNe!

a0

THIS ALLOWS A 25% INCREASE IN- THE ERROR
. TV1 = ERROR / (OLDERR®1. 2500) ‘ AR :
-,‘OLDERR 'ERROR =~ 3 . ¢
IF(TV1 . GE. ONE ) CONDIV CONDIV + 1 . S -
IF(TV1" .LT. ONE ) CONDIV = O
1F(CONDIV. GE. MAXDIV) WRITE(S, 7129) MAXDIV'
. IF(CONDIV. GE. MAXDIV) WRITE(*,7129) MAXDIV
7129 FORMAT(/,” ',T10; MAXIMUM NUMBER OF GONSECUTIVE ', -~
A ' RESIDUAC™7: U, INCREASES' (’,13,') REACHED :’
A /,' ', T10,’FAIL AND INVOKE EXTENDED SYSTEM',/)

i

S

IR MAXIMUM NUMBER OF INCREASES. 1S+ GREATER "THAN THAT >
- ALLOWED, NEWTON'S METHOD FAILS. ‘

o IF( (CONDIV - .GE. MAXDIV)-.AND. (. NOT. NEWTON)) GOTO 411

-C IF((CONDIV .GE. MAXDIV) . AND. NEWTON) RETURN

AO0

CENDIF . 4§



C

‘241

aOaooOan

ZNEWTON'S METHOD FAILED.

_PRINT S C

‘LOOPN = LOOPN + 1 . ;-
"LOOPNT = LOOPNT + 1 -
WRITE(*,241) ERROR, LOOPN, HOMOTP-

 WRITE(6,241) ERROR, LOOPN, HOMOTP "q - e ,
FORMAT(' Y 2X,’**NEWTON’ 'S SIMPLE SYSTEM ERROR = ', E11.4,
A /.’ ",T10,’LOOP=',13, ' FOR T= ', F7.4,/) |
. CONVERGED ? |

"f
'SET THE TOLERANCE SO THAT ALONG THE .CURVE THE TOLfRAN(l

IS- LOOSER. AND AT THE SOLUTION THE TOLERANCE IS TIGHT
TOL = TOLPAT

. IF(SOLU) ‘TOL = TOLCON. . - - g S
IF(.NOT. SOLU :AND. ABS(DELTAP) .LT. 0.01) TOL .= TOL * 2.0D0

IF(ERROR.LT{GOL) GOTO 40

NEWTON'S METHOD FAILED ? - |
IF(SOLU) THEN . | -

_ MNFAIL =25

"~ ELSE , o , _ S '

- . MNFAIL.= 10" ? R DU A
ENDIF ‘ e : o
IF(LOOPN. LE. MNFAIL) GOTO 240
MNFAIL 10 -

FAIL = .TRUE.

CONDIV = 0 .

OLDERR = 1.D06 ”

DELTAP = DELTAP * 0.5D0 o

DELTAT = DELTAT * 0.5D0 R T e
B3

'IF(. NOT., NEWTON) THEN | o P

WRITE(6,243) =~ DR 7

 WRITE(*,243)

FORMAT(" ',T10,’** NEWTON'”'S METHOD : '

AT 'SIMPLE SYSTEM * FAILED *') * = ST

ENDIF -‘ B T oo
LOOPN = O - " I ,

IF NE&TONS.METHOD THEN DOUBLE THE NUMBER OF ITERATIONS
THAT IT GETS TO TRY AND CONVERGE . P &

ALSO DO THIS WHEN PATH FOLLOWINC AND A FEW MORF 1 HATIOHS

ARE NEEDED TO CONVERGE

IF( (NEWTON .OR. SOLU) . AND. (MNFALL,EQ.MNFLSV)) THEN
" * » MNFAIL = 2 * MNFLSV R :
GOTO 240 .

. ELSE IF(NEWTON) THEN
WRITE(7,*)’ NEWION''S METHOD FAILED’ S
CALL DUMP(7) - . ' T
'STOP 1234 ' ‘ '

AR RIE]



an

C

D c

ENDIF \
' ) ' ~ S T IR :
. RESTORE THE FOINT ON THE PATH » - . . ‘ o o
- CODE = , S - o :
CALL JACGEN(CQDE), ; SR ..
_ CALL NONSTE(CODE). \ B
" HOMOTP = XVECST(TOTVAR) .
.. - DIDP = DXDPST(TOTVAR)
.C . !
C . TRY IT AGAIN _ A
. GOTO 203 oS 5
c. - R o v
C . -==--- EXTENDED SO ION ----- :
C .. S . |
290" IDOPN =.LOOPN + 1.
. LOOPNT = LOOPNT + 1... .
- IF(LOOPN.EQ.1) wRITE(s 291)
291 FORMAT("' /7, TlO EXTENDED SYSTEM REQUIRED )
C- ENTER Row IN JACOBIAN FOR EXTENDED SYSTEM
FACTR1 = W1 / RN * TWO
SUMEXS = ZERO
CALL JACGEN(10) "
CALL NONSTE(lO) o o _
(o ) . S . /
~C ' "ADD COEF IN LAST ROW FOR THE HDMDTOPY PARAMETER ‘ o
‘ ALPHA = W2 * TWO * DELTAT ' '
c : .
C - FINISH OFF THE RHS OF THE CONSTRAINT EQDATIDN
 TEST1 = W2 * DELTAT * DELTAT !
~RHO1 = SUMEXS *.W1 / RN + TESTI - DELTAP - DELTAP
2l .
C'  CHANGE THE SIGN OF RHO1 TO DRIVE NENTON s METHOD
REM1 = - RHO1
c .- ~ . N
c SOLVE. ‘ B : &
CALL BORDER o L .
IF(IERR: NE.0) STOP 8282
C-pu_ﬁ, . g""
wRITE(Q 8712) . o A : S
c8712 FORMAT(" 7, Tzo'f'- NEWTON EXTENDED SYSTEM **', .
o A /). : : : :
C ."wRITE(g %82) (1, SPRSTR(I) I=1, ASIZE)
C782 FORMAT('. ','** HTPYOI ** DELTA X(’ 12,')'=",G15.7)
CI.l . : .
NEHTON UPDATE , a'f B P
, CODE = - . PR SN
" CALL: JACGEN(CODE) L ' SRR . L
. - CALL. NONSTE(CODE) P o ~ - ‘
‘C'... - : - N
c . 'THIS wAs AN IDEA THAT DIDN’ T WORK TOO wELL BUT
C . 1S BEING KEPT ON THE BACK BURNER
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FIND DELTAT TO SATIS?Y THE EXTENDED qYSTEM/ o iﬁy -
“.CONSTRAINT EQUATION. ' THIS SHOULD REDUCE/PREVENT - .
THE ‘HOMOTOPY PARAMETER FROM OSCILLATING. = /
-~ SUMEXS = ZERO. . , _ , R .
""" CALL JACGEN(10) ' T ’ PR
CALL NONSTE(TO) P S
o Tve = (DELTAP'DELTAP - w1/RN'SUMEXS) / wz
DELTAT = 0.1D0
CIF(TVD LT. 1.D-20) GOTO 292 , e . i Co
*.BELTAT = DSQRT(TV1) , S - S s

NOWAPPLY. THE SIGN OF EPSLON TO THE NEW VALUE s :
EPSLON IS  THE CALCULTATED VALUE OF DELTAT , . SOOEEE
DELTAT = DSIGN(DELTAT EPSLON) - AT )
292 CONTINUE S D S SR o ‘}7; Loy
-<~ WELL: THIS UPDATE "OF DELTAT. MI HT STILL COME . IN T
HANDY, ... IT-SEEMS TO OSCILLATE A LOT, BUT . =~ o -~
PERHAPS IT SHOULD BE *INVOKED WHEN THE PRdBLEM } R
- IS NOT CONVERGING. --- ' T A L
- EPSLON' = DELTAT - R ' s L T e
. CLAMP THE VALUE OF EPSLON, THE CORRECTION TO THE , L
- HOMOTPY PARAMETER. 1F HOMOTPY = ZERO THEN SKIP TR
THE TEST. ‘

IF(DABS(HOMOTP) LLT. 0.1D0) GOTO 297

TEST" 0.5D0 -* DABS(HOMOTP) . o -
IF(DABS(EPSLON). GT. TEST) EPSLON " DSIGN(TEST, EPSLON) - . oo T e
297 CONTINUE . e _

nonhhnohooonnnnhnninnh_‘nnq.nnm‘nn'_onrn‘

HOMOLD = HOMOTP
- HOMOTP' =. HOMOTP + EPSLON * TMAX ‘

DON' T LET T DIGRESS

(SN RSN

:CHECK TO SEE IF T HAS GONE LESS THAN WHERE IT WAS.
‘ IF(INCR . AND.. DTDP.GT.0. 1DO . AND. HOMOTP .LT. XVECST(TOTVAR))
A . HOMOTP XVECST(TOTVAR) + DTDP * DELTAP * TMAX

IF(.NOT. INCR .AND. DTDP .LT. ZERO ~AND." ABS(DTDP) CT 001100
A N o .AND. HOMOTP .GT: XVECST(TOTVAH)J
A A HOMOTP‘= XVECST(TOTVAH) + DTDP * DELTAP * TMAX

NOTE THAT ALTHOUGH IT NOULD BE NICE TO CLAMP
_THE VALUE OF T AT ‘1.0 AT THIS POINT IF THE SOLUTION
): POINT 1S APPARENTLY BEING SKIPPED OVER, THIS CANNOT
'BE DONE BECAUSE THE EXTENDED SYSTEM EQUATION
DICTATES HOW FAR ALONG THE PATH THE NEXT SOLUTION
WILL BE ACCORDING TO THE VALUE: OF DELTAP, AND SO
" DELTAT MUST BE ALLOUED TO FLOAT TO MEET THIS .
CONDITION :

NN 0000c00o0




3 j
:. @ s N
o ’ - a > ‘
i A4~: SUia 0T R _ o .eT
5 AR N i . : ST : ) . S
fcf PR " R v
s DELTAT . HOMOTP » XVECST(TOTVAR) SR n
e ; A ‘
:Co UPDATE HOMOTP ETC ANp APPLY CORRECT SIGN -x} o
. TVl = ONE SN o AT PR S
IF&HOMOTP LT.ZERO) TV1 ﬁ:—ONE_» A oy
. '“HOMOTP = DAB§(HOMOTP) S o A
coo S ) | ;
. HOEXHC = TV1 * HOMOTP' T ~ . T
HOEXKV = PVl * HOMOTP™ ~ , '~ S : |
HOEXST =:Tvi' * HOMQIP  * =
HOEXPP = TVl .® HOMOTP .’ | . RN
,C ' CEe Lo T .
Lo HODEHC = TEXPHC * HOMOTP. ** (TEXPHC - ONE) . . -, ——
;4;. HODEKV =i TEXPKV * HOMOTP»** (TEXPKV ; ONE), . _ - - ‘ .
*7 - HODEST % . TEXPST * HOMOTP ** (TEXPST '~ ONE)
. HODEBP = TEXPPP * HOMOTP ** (TEXPPP - ONE) .
o HOMOTP = TV1.* HOMOTP e L ‘ Coe
c A — '_5.:' : ‘ E S :
C CHECK TO SEE IF T > M, IF SO, 'SET SOLU=TRUE.
C 'THIS IS NECESSARY IN CASE THE EULER’ PROJECTION
e "PUTS T CLOSE TO 1. (1.E. T=0.97 OR/SO) AND THEN .
c WHEN - SOLVING. THE EXTENDED SYSTEM THE FINAL POINT S .
.C -+ ON THE PATH.IS PAST T,= 1. . - , o - ST
ol IF(HOMOTP GE.ONE) SOLU = . TRUE. ST ' .
C s ¥ s
C CONVERGED ? SRR
©8WML = ZERO ' '
UM = ZERO IR N
XRSD = ZERO s T
- MAXRS2 = ZERO SRR Cee® o
' DO-300 1 =1, ASFZE . . - . 0o . S :
TEST2 = DABS(SPRSTR(%)) J R S AR
_ . SUM1 = SUM1 + TEST2 . ;J-‘, L PN '@-\f .
TEST = DABS(RHSSTO(I)) e A
o 'SUMZ = SUM2 + TEST - ST e '
c ‘ :
C ~LOOK | FOR THE- LARGEST RESIDUAL
| . IF(TEST. LT. MAXRSD) GOTO’ 361 T
MAXRSD TEqT o v
C = ' .
. 301 IF(TESTZ 1T, MAXRSZ) GoTO 300 '
c  MAXRS2 = TESTZ RS o . .
. 300 CONTINUE : o :
L HRITE(S 238) J RHSSTO(J)
C’ .
C . FIND THE VARTABLE. WITH THE LARGEST DELTA .
CALL FINDVA(K, VATYPE, VACOMP, VATRAY, VALUE) ..

IF(VATYPE EQ. 1) WRITE(B, 1111)" SPRSTR(K) 'VATRAY, VACOMP,
A . . VALUE_ - S o



2 a o i : * _ L'*_ . - >
',;‘ N .’3 N ) ‘ - 'A . “
; ."“_} . S e o - ‘“7 ;
e ? ’ > :
g . S St e [T
IF(VATYPE EQ. 2) wRITECs 1142) RSTRTK) VATRAYV,. T f
A_ ’ VALL}E" - - '  .. . ’ s ‘ - B ”.7"' _-%
IF(VATYPE. EQ.3) wRITE(s 1113) SPRSTR(K) VATRAY} ST e
A, . VALUE . S
IF(VATYPE. EQ. 4) URITE(B 1114) SPRSTR(K) VATRpY f7v"_;f,ﬁ L
“A- . ' VALUE e ' '
- IF(VATYPE EQ. 5) NRITE(S 1115) VAbUE VATRAY HICOOL(VA1RAY) Lo
‘- 'SUMI = (SUMI + DABS(EPSLON)) / BN =~ . ~. =~ =il D2 o o 8
.~ suM2 ="(SUM2 + DABS(RHQ1)) = / RN. e lige e e e Ty
C - (ERROR = (SUM1 + SuM2) % ‘0. SDO R TR ST S
‘. ERROR ;‘SUME o T f;:if‘b-»_}L'_ﬁ”" o
. ~';WR1TELQ,401) LOOPN,. ERROR,. HOMOTP DELTAP, DELT&T T
C.. . WRITE(S,401) LOOPN, ERROR, :HOMOTP, DELTAP, DELTAT ;_-J T o
\ WRITE(*,401) LOOPN, ERROR, 'HOMOTP, DELTAP;: DELTAT e
__FORMAT(*® ., T30’ ** 'NEWTON"'S EXTENDED SYSTEM '~';',',‘;a._-;u._ R B
A 5,'LOOPN ,13,3X,"ERROR-: . ' ,E11. 4 3X, F9.4, TR
A /)N TS, DEL P :Hf,FB.S,SX;'DEL T.: ', F8. 5 /) ot -zp? oy
- FAIL. ¥ .FALSE. - '~ = SR S I
C ) . ) ) v ) . .
o} ”'-CHECK TO SEE IF THE RESIDUAL Ts INCREASING AND; IF sow ; s
C. ~ HOW MANY CONSECUTINVE TIMES HAS THIS HAPPENED - :
C 1F TOO MANY “THE EXTENDED SYSTEM FAILS FOR THIS S?EP s '
. MAXDIV = ‘ o o o e
¢ THIS ALLOWS A 25Y% INCREASE IN ERROR iﬁ“‘ , e ’ o
TV1 = ERROR / (OLDERR*1.2500) - e s o
<OLDERR ERROR ; gf;' e g
. IF(TV1 .GE. ONE ) CONDIV = CONDIV~+ 1j“ L R
" IF(TV1 .LT..ONE ) CONDIV =0 L
- IF(CONDIV.GE.MAXDIV) WRETE(S, 7129) MAXDIY - o :
~ IF(CONDIV.GE.MAXDIV) WRITE(*,7123) MAXDIV
o aIF(CONDIV .GE. MAXDIV) GOTO 408 .
& ) . . o
C  SET THE TOLERANCE SO THAT ALONG THE CURVE THE TOLERAN(L v
C - IS LOOSER" _j]
+ TOL = TOLPAT - ' ‘ ‘ et
. IF(.NOT. SOLU .AND. ABS(DELTAP) (LT. 0. 01) TO[ 101 .2, ono - o
- IF(SOLU) TOL = TOLCON U . . : L
C . T = !
'C - CHECK TO. SEE 1IF THE VALUE OF T HAS GONE_PAST 1. 0. ,
'C - IF IT HAS, THEN SET THE® HOMOTOPY PARAMETER AT 1.0 AND
C. ' SOLVE THE SIMPLE SYSTEM
’ 'IF(HOMOTP GT.ONE . AND: ABS(DEITAT) LT.2.D-06
A ~ .’AND. HOMOTP . LT. '1.01D0) THEN-:
c - SOLU;=..TRUE. ‘
HOMOTP = ONE s
"HOEXST = ONE Rk
HOEXHC = ONE B



e

HOEXKV-
_ HOEXPP
HODEST -
\MonEHc
'HODEKV'
“HODEPP. -

ONE :

. ONE o
" ONE . g
ONE - :

ONE = = /
ONE :

u\n.u%u n u

'wRITE‘Z *)*T CROSSED @WER 1, _swrrcyINd TO SIMPLE SYSTEM AT T=1'

WRITE(*, -) o
’.GOTO 240 '
CENDIF . 4% )
. IF(ERROR.LT.TOL) GOTO, 40
FAIL = TRUE, o .

S,

| NEWTON 'S METHOD FATLED ? e
IF(LOOPH . LE. - MNFALL) GOTO 240 S

'SET NOFAIL = FALSE, A SHORTER EULER PREDICTION IS NEEDED -
“ NOFAIL .FALSE. = S e
C.' B «. R .-
c o 1s THE' MINIMUM STEP LENGTH TOO SMALL? ‘

'TV1 ‘= DABS(DELTAT).

TV2 DABS(DELTAPJ
¢ : '
C . SEE THE NOTE N THE START OF THE CODE WHICH DOES THIS
.cﬂ-f- 'CHECK 'AS TO. WHY THE-VALUE OF DTDP. SHOULD NOT .BE -CHSKED.
C. - IF(TV1 .GT..MINSTP .AND. ABS(DTDP) .GT. §.1) GOTO 4
" TF(TV1 .GT, MINSTP .OR. V2 .GT. O. 001D0) 'GOTO 408 . |

C
c - WRITE out THE VALUES OF DX/DP TO SEE IF THEY CAN
.C -~ - ‘OFFER ANY .INSIGHT
404 WRITE(6,402) (1, DXDPST(1), =1, ASIZE)
C’¢  WRITE(7,402) (I,DXDPST(1), I<{,ASIZE)
'*cA _“WRITE(S,402) -(1,DXDPST(1), I=1,ASIZE). |
402 FORMATI" ", //," NEWTON' 'S EXTENDED SYSTEM. EAILED g

' " BECAUSE" , : o

- THE STEP SIZE IS TOO. SMALL A T10 ' ARC-LENGTH.

" CONTINUATION FAILED',/,’ LT10,

do

‘MAKE MINSTP SMALLER AND' RECOMPILE',
RV TlD " THE DX/DP VALUES ARE" B
b / 255(/ TIO S —; ,14,4X,G15.7)) "~ '=,j,~,'
ol - . L . FRENES
._:3NRITE(6 SDi) DTDP A 1,'J-QJ ”5.L7"ﬁ R
"vNRITE(Z,SGI) DTDP .' T
* WRITE(9,501) DTDP PRRE
501 FORMAT(' **, /7, ° ,T10, DTDP ',G1S:7,/74) ,
- RETURN ; '; C ___( A AL

0.0

~.ffN5wr0N s METHOD EXTENDED SYSTEM' FAILED
'-vf)HALVE THE STEP SIZE AND TRY 11 AGAIN

R

ao0a

‘--~ NOT CONVERGED YET ——— L '; T

A

S

"B |

G- IF YOU WANT' TO SPEND SOME MORE MONEY’ /0t UITI0,
D, T
A

. C

I

189



C
C

411,

NelsR

409

o

WRITE(", 410). HOMOTP
' WRITE(6,410) HOMOTP,

- WRITE(7,410) HOMOTP,

410

WRITE(S, 410) HOMOTP,
FORMAT(". *, //;

A "SYSTEM FAILED *°*

s ¥sXsXsKeXe!

B 3X,'DP =

A/,

LOOPN
LOOPE
CONDIV :
OLD RR

0
.0

0
1. D06
R

~‘F‘AIL‘ .T UE

DELTAP, DELTAT

DELTAP, DELTAT
DELTAF, “DELTAT

DELTAP, - DELTAT

W, T, T10, T

', T10," *** NEWTON'!'S EXTENDED .

= ',F8.4,

’,F8.5.3X,'DTf= 7.£8.5)

IS THE MINIMUM STEP LENGTH TOO SMALL?

I KNOW THIS IS REDUNDANT, BUT WE HAVE TO CHECK

DELTAT WHEN THE STEP CRASHES DUE TO SUPERCRITICAL:

TEMPERATURES . AND EXCEEDING THE MAXIMUM NUMBER o
CONSECUTIVE DIVERGENCES

TV1 = DABS(DELTAT)

s

.IF(TVI..LT. MINSTP) GOTO 404 .

DELTAP

WRITE(6, 420) DELTAP,
WRITE(7, 420) DELTAP,

= DELTAP * 0.5DO
* DELTAT = .DELTAP * DTDP .

DEINTAT, DTDP
DELTAT, DIDP

. FORMAT(/,’ ’,T10,"NEW VALUES ARE :

',T10,3(G12.5

,2X),/)

v

DP DT DT/DP :

L

RESTORE THE PREVIOUS POINT ON THE PATH

CALL’ JACGEN(7)
CALL NONSTE(7) -
HOMOTP =

XVECST (TOTVAR)

DTDP = DXDPST(TOTVAR)

"GOTO 203

END

4

| }MTAKE SHORTER EULER STEP FROM. PREVIOUS POINT ON THE PATH

7L
a0

D
e

T1o0.



