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Etypé problems-, is particularly effectiv

ABSTRACT
a SASAANAS . ‘
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A new calculatiapal method for multistage; multicofiponent
separalion processes is presentled ! -~ Laiuvated in this thesis, AT

modified Newton-Raphson procedure is usetl to solve all the model

equations simul tancously for corrections to temperaturds, flow rates
"

and compositions,

: ' , &
A detailed descriptlion of the méthod proposco by Tomich 1s

'

given and the new method is compared with Tomich's method and with

- + 5 L i A - Y ~
Bubb'le Point and Sum Rates_procedures. These comparisons indicate
that the new method is a significant improvement on CufréﬁfAPfOCédyrES;

The method is reliable for both distillation and absorber ‘

for reboiled absorber -

0

]

x column configurations and

Vi
4]

el

calculations and ﬁeadiif handles com

the direct calculation of composition dependent equilibrium and

5

enthalpy data
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INTRO DU.CT’I ON
. o N ’ !

n - -
Multlcompﬂnen(! mu]llatage separal ton processes are commonly
.

used in the chemical, natural gas, petrolfeum and related industries

and the simulation and the desigh of these processes are often baaed
, L
on the steady state solution of the equations describing an equilibrium

stage model, The model equalions can be numerous and are oon'lineas ~

-

”~ - »
so that solution rocedures are complex and numerical methods, must be
Py P

employed, As a consequence, many calculational nethods have been

-

proposed, . A
The Tﬁéditié%él agproach to designing a precedure for the

rigorous ;oluticﬁ of the model equations has been to avoid the larger
problem of attempting to solve all equations simultaneously by \
partitidning ‘the problem into smaller §é§*9§¢b!¢m§§ This s

cecomplished by decoupling the effects Bf certain variables and
solving ;electedhgroups of equations iY a particular order for
compositions, temperatures and flow rates. ., The eqpations*are grouped |
in ;Lch a way that solutions: of the subsets are readily obtained after
assuming cetrtaip variables. A cqnvergence technique is used to link the
iubsets SO that over- all consistency is obtained. Well\knqwn procedufes

such as those proposed by Lewis ﬁﬂg Matheson (1), Holland (2), Thiele

and Geddes (3), Wang and Henke (4) and Sujata (5) are in this category.

Such methods, based on. decoupling, have"inherent_diff]éu]ties in that

,the ability to converge will varY widely from application to

’apphcatlon and there is no‘sSurance that such methods' wnll converge

except experlence with particular classes of problems, N

4
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* v A general algorithm that would be reliable for a broad range

of feed components or column Lun{iquxd(ion involved, has been "desired
bng it has been recognized that a nmtnud based on solving all equatjons
simultaneously would probably provide the ultimate solution procedure.
However this is a formidable problem because of the computational
effort involved.l

- ’ The Newton-Raphson IeehnBQue is an effective method for

solving complicated sets of non-linear algebraic equations and several
)

-y
authors have recently reported om the use of Newton-Raphson procedures

]
in iterative methods designed to solve the equilibrium stage model
»

equations for several or all va;iables Simultaneously, Examples are
the metnods propoged. by Tomich (6), Gentry (7), Naphta{i and
Sandholm (3),(9),Gol&stein and Stahfield (]O)i Billingsley, and
Boynton (11), and Tienne; and coworkers (lﬂ;(l}), These methods
g;nerally require fewer iterations for solution than do the

tradi tional methods 'and exhlibit gcéaicanvergence:iharacteris{ics for
a wide'ranée of,proéigms. However thef have:thefdisadvantage that

the large number of partial derivatives ahat must be eva}uated and
%
‘

the methods used for solving the lineariZed sets of equatlons

generally result in large computer storage requirements and ltong,

,

computatfona1 time. - The methods may become par;icularly unwieldy

“when qomposntcon dependent enthalpy and equilibrlé# data are employed

In addltlon several of théiE methods stlll degouple the effect of

°

composition in that the componen; mamertal balance equatlons are

salved separately; Thus, there ‘i's sttll plenty of scope for devising

f'more eff!cient wmthods for. solvvng the equilabrtum stage model equations.

/ While working at{thiyoda Chemth] Engnneerrng "and Construction Co. Ltd

o . ,
’ ' . i

—

I 4



. }iddué;rics.'

the author developed the bsic theory fof a new calculational proceduni

that showed promise of being an ﬁmpr0vemen[ on the procedures presently

1 .
1 : ‘ :

available.

The objectives of this invegtigation are:

’

. (1) to elaborate the basic theory for practidal use.

- -

i (ii) to prepare a computer program based on the new method
i and evaluate its performqpce for disti}latil& and
absorption type problems. |
(iii) to prepa;e a computer program based on the algorithm
o ,
suggested by Tomich (6), which appears to be one of
) . Jthe mos; promi;ing.of the }ecenf me thods, and tor
compare its performance witk the new algééithmﬂ
The new method makes use of a lineariza;ion technique which
iz actually a multivarfiate Newton~-Baphson procedgfgﬁr The method .
solves all Eﬁe lineariieé equilibrium stage model éédations
simul taneously, Convenient matrix structures are formulated by theg
use of prudent assumptions when selecting th; lineariiedigquatfons
andkfhase matrices are sofved.using a pr0cedqreifor invertfng t}i—

=

diagonal matrices that had previously beepn developedrby the author, .
f
The method is characterized by, the simultaneous solution of the \!
g _ )
linearized equations and :by the use of new matrix manipulation pro-

cedures. In addition the new algorithm takes into account the com-

. "‘ .

position dependency of enthalpy and equilibrium data.

In the computer programs the Chao-Seader correlation was uS?d

exclusively. 1t is representative of generalized corrélation procedures

and 1t has beén”widéty aécebted for use in;the hyqroéarboq,prdqessing

A ”
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CHAPTER 2
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/ LITERATURE REVIEW ™ A
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2.} Equilibrium Stage Model

A generalized equilibrium stage model is shown as Figure I,
This model may be used to represent a wide range of separation devicgs TS.
includiqg ;omplex célumn configurations where multiple feeds, side .

streams and/or side heaters and coolers may be employed. Each stage

in the model is assumed to be an equjlibrfium stage, that is, the streahs"
leaving a stage are assumed to be in thermodynamic f:gu“ibrium,
The steady state model equations for any sgagé” j - and any
component | may be represented as follows,
‘, o i ‘ : i
i& (1) Equilibrium Relations; . . &
- UNR NG WN 2=1)
(2) Compéﬂeht Material BR3lances: o
A o v v . ’
_ . ‘s { ” . .
P T = T Ve e T (st " .
' v ‘ ‘ . -
- ' = (V.4SV.)y. . =C, 2-2 *
[4 ' i . ( J J)Y"J N ;,i,J ( ) ) - EY
3 B
. , '\
- (3) 7 Energy Balante: ’ ‘
. i ":. B » L..
fH .+ Q +L. h' 4V H LASL. )b, - s .
SR QJ, Jojel - T jrl el ( J J) J :
¢ ‘ L :
| - (vHSVOH. = E. 2-
sVl = 5 (2:3)
. (4) Summation Equation; N “ _ - ‘ » .*".
NCP A NP K
Xie: = 1028, or .- 1.0 =25 (2-4)



' FIGURE 1: Generali sed Equilibri um S tage Model
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(%) Over-all Material Balance:

Fotb e v - (L#SL) = (V. #SV.) - M. 2t
j j-1 jtl j J), (Vs i j y (279)

The component material balance cquations are often combined
with thh equilibrium relations as,

,‘ - !
FZ, .+ L. x . 4V N P T (T I
S B NS R B T L D PY L PA B G A VA
y L)
= (Vv 45y ) : -
WYKL R T S (2-6)

There are N »' (2 x NCP+3) ipdependent equations and
[ ) .
N~ (2 = NCP+3)  unknowns pr(>VT(1<?(1'ffial' the Vf(f”ﬁw"iqﬁ quantities are
' V L i ‘ 1 3
specified, S ’ "

| ﬁ(fii) the rates, compositions and conditions of all feed

% ’
s traams
(iv) the
ﬂy) the s'tage
inc
The solutfon of the mode] equation ‘then requires finding values for
the temperatures, Tj‘ﬁg the liquid and yapor flow rates, iLifs and
Vjiig and the phaéé Cémﬁéﬁitiéﬂi,‘ ts and yi’j?s, at eth
Stagezsgch that Mj’ Ci,J’ Ej and Sj aTeﬁa!l equal to Zero.

« The specifications listed above are those Hbrmally made for
an absorber type problem, 1t is permissible and often desirable to

interchange some of the specifigd variables with the unknown variables.
; :

For disti{?aticn problems it is ‘usual to specify the amount of top

iproduct and ‘the reflux ratio and to treat ‘the rebolj ber and cohdenser

/



loads as unknowns.  Similarly, the top vapor flow pate, VI, is -
- i
usually specified for reboiled absorber problems and the reboilep: . .

N N " I
load is treated as an unknown.

El
- )

2.2 Sulht{yn_ﬂethoqi

fn general, the equilibrium stage model equations form a

quite complicated and nonlinear system so that numerical techniques. are
y

required in order to obtaln solutions. One approach, and perhaps the

A

mos U mathematically desirable approach, to solving the equations is to

linearize all of the model equations and to solve them simulfaneouslyl

~ I3 i z ’}\ & V » i x ~

Successive solutions would beyﬁbtalﬂéd.uﬂtll é\satAsfactDry convergence
i5 achleved. This is referred to as a Newton*Raﬁﬂ?p$ protedure. How-

R 2 S N
ever, the general Newton-Raphson procedured requires the evaluation of
i i' ;
a large number of partia];derfvétives aﬁd'a'prohibitIVely large amount
of computer storage and calculation time, Consequent ly considerable

5

Fri&é; and Smith glh) do an &xcellent job - of aﬁaiyz?ng and

{

categorizing traditional éaltu!%fiorn methods that are ba{éd on
decoup ling téé mﬂdéi‘équafiéﬁﬁiaﬁdféiéérly outline ﬁix decisions that
mugt be madé to formulate a splution ?fpcedure. rbug]ished methods |
differ because of thezdgfféreht apProachesrtaken in makingzéhese
decisions. :

i

The first decision 'is to choose'one of two formulation

procedures which concernithe g}ouping of the model equations, namely

- grouping by stagé or by type, Greenstadt et all (15) and Bgfgamiqi (16)

7 \ ‘ : S .
group the equations by %ﬁageg However most methods droup the equations
by type. 6enprally grouping by . type is preferable because grouping‘ﬁ

‘S.\

i



w

by stage essentially makgs the method susceptible to bqbld up of
A

truncation error. .

”

e e e

The second decision involves the order of satisfaction of the
"’ ’!‘
equations. The order (1-2)28-3 is most common. Equations (2-1) and
(2-2) are always combined dnd°satisfied simgltanecusly. Also
F o«

° ot

- » L, - ’
equation (2-5) is used to e!ﬂmnh@(? one set of the phase rates, QS'S

; o .
cor L.'s. g e
J 7 l‘)“"': o
N i .o )
The third decisian concerns the selection of the appropriate
r ) . g :
type of ygquation to provide a given variable. Any set of compositions, "

ghich are obtained by simultaneous solution of the material balance
. equaticAs and equiiﬁbrium relationships, can be used to estimate the
néw flow rafeé through the summation of the unnormalized compositions,
or they can be used.to supply the new temperatures, The former
prccedure is called the43uﬁ Rates ﬁ@th§d and It has been applied to‘

absorpber problems. The latter is called the Bubble Point method.

n

Most methods use the latter procedure to obtain the new temperatures .

the new flow rates,

o]

and then energy balances to generat

% The fourth decision is the selection of a method to solve

e material balance equations for the new stage compositions, One

" is the st§95*t0ﬁsfage method which usually calculates fromgboth ends
of a columh toward the middle., The second makes use of a matrix

which describes all materjal balance equations simul taneously for each

] compon¢ht. Stage-~to-stage methods are often numerically unstable because

-of the build up of truncation error. This is especially serious for a’

A

E

system"which contains components whose relative volatilities differ .
widefy in magnitude. .

The Lewis-Matheson (1) and the Thiele-Geddes k3) metﬁod are



=1

oy v

representative of Stage-to-stage procedures. JIn the former method the
feed, reflux and the separation of two key components .are specified
and ‘the number of .theoretical Stages required for a desired separation

is Cdllulated.‘ The feed plate is determined by comparing the

”

(ommwltaon obtained by calu:ld(lng from both the top and the bottom
of the column. The mismatch at the feed stage Is used to Correct the
assumed end compositions. The Lewis-Matheson method is advantageous

for design work since it computes directly the required number of

¢

stages for a specified separation and alsé determines the optimum

[

point for feed introduction, However it is difficult to obtain the
solution for a complex column where multiple feeds or side rstreams

are involved. {in the Thiele~Geddes method fhéinumber of the

theoretical stages in each section of the column, feed Tlow rate,

reflux rate and the quantity of the distillate must be specified,

=

he two methods differ in that the Thiele~Geddes method initially
calculates the ratio of the stage Coﬁgc;itioﬁ to end composition
rather than s'ag iémpéﬁltiﬁﬁgr Then using the matefial halance
equation, the ratio of con mposition at the top plate to that at the
bottom for each compéhent is calculated. The flow rate of top product
whlch can be calculated from the above ratios, is compared with the

. . L ) [
specified one. |If matchlngils not obtained, the same procedure is

performed succéssively. Holland and coworkers (#%) 0(2) have developed

_€>convergence technique called "'the Theta method" which they have ysed

’
-wlth the Thiele-~ ~Geddes method to improve the performance of  the

Thfele -Geddes method and to extendﬁlts range of application.

Matrlx me thods have been used widely. They are not

 susceptibIe to truncation error and they work equally well for any

~+
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number of feeds and side streams, and handle nondistributed components
44

A
in the same jpanner as distributed ones. 1In these methods specifications

aré the same as those in the [hiele-Geddes method, The first rigorous
LN} '

computational procedure for the simul tapeous solution ot the material
balance equations was proposed by Amundson and PontineQ (18). tLater
the tridiagonal matrix method incorporating Thomas' algorithm was
sk r a1 F

proposed by Wang and Henke (4),

The fifth decision concerps the stage tcmperarg/es, They
A
are usually determined by bubble point or dew goint calculations. |In

these calcula&ionﬁ, the Regula-Falsi method or the NleOn*RaphSon

A

ey

method have been often used. Wang and Henke (4)- recommend the Maller
' ) - S
method for bubble point or dew point calcualtions, However It is quite

&

time-consuming to do those iterative calcualtions, To avoid bubble
or dew pojnt calcualtions, Holland and coworkers (19)7developed the
Kb method which uses relative volatilities to a referenéefccmponent”

Newman (20) has proposed the use of the Newton~Raphson method for

satisfy all material balance

olving the stage temperatures so t

V]
Qo
Vi
<
Wi

and equilibrium relationships, In this case Thomas' tridiagonal

matrix algorithm can be used, A similar concept has been exclusively

3

used in the Sum Rates procedures: (5), (21), (22) to calculate

temperatures so as to satisfy the energy balance equations.

The sixth decision is the method'ofiobtaining the new flow

rates. In the Sum Rates method the new flow rates are immediately

h A

determined from the calculated compositions. In the Bubble Point -
. { : ’

£

method the flow rates are determined so as to satisfy the energy balance .

equations.

The above six décisions deal with the calculation at each

o . - | ! }F;i?—
[4 . &, &
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tteration. Solutions are attained by successive approximation until

a certain convergence criterion is satisfied. The following sequence
.
is usually employed.
(1) Assume a set of temperatures and flow rates.
(2) Calculate phase compositions.
(3) Correct flow rates and temperatures,
(4) Return to step (2).

However, there is no assurance that these decoupled methods
will converge, For example, computational procedures which are very ’
efféctive for a cjose bofiigg point distillation may have difficulty
Coavarging for a wide boiling point feed and procedures that work

well for absorber and extration problems ofien fail on ordinary close
! \

boiling point distillation problems.

For a mixture which consists of extremely volatile and
’ﬁxtrefeiy ncnvolati]ejcomponents phase flow rates may be completely
dominated by the ralatlve volatilities and may not be affected
relatively by temperatures, |f the temperatures are determiped bY the
Bubble Point method In this case, a slight:change in compositions will

lead to much temperature fluctuation. . Then the ordinary Bubble Point

i )

metgpd is not suitable for solving thisltypé Of!probiem. This is
often the case fof absorber problemﬁ.

| Sum Rates procedures have been proposed for such:;roblems.
. McNeese (21), Sujata (5), Burninghah and Otto (22), and é?i&gy and
Smith (14) presented metﬁg;s whlch successfully soLve abso;ber type
problems. These methods are based on the Sum Rates procedure as

iy
~described .in the third decision. However the methods usually cannot

e : "

solve problems dealing with close boiling point mlxtures., In addition

11
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the Sum Rate methods do not appear to work well for reboiled absorber

1

problems (22), (23). y

. i :
HolTand and coworkecs (2), (17) have utilized exclusively the
/

Thiele~Geddes method in conjunction with the theta convergyence
. ]
procedure to solve absorber and reboiled absorber problems. However,

in order to obtain convergent solutions of these probrlems | they found

it is necessary to employ special techniques to handle the enerqgy

balances. These are the Q-method and the constant composition method.

The Q-method .introduces side heaters or coglers on each stage so as
x \X s . e - a =
to maintain spelified flow rates, However, it does not necessarily
”ﬁ \ .
e ’ :

~ . r P
give a practical solutiod, The constant composition method of
calculating stream enthalp§ is introduiid to avoid round-off errors
associated with conventional enthalpy balances. This method cannot

I

~ -
be Applied corgectly for.systems utilizing composition dependent C,

enthalpy’data. However, their method has been one of the successful

' procedures for solving reboiled absorber problems, Another possibility !

to solve reboiled absorber problems may be to make use of relagation n
methods (24), (25), (26). Prowse and Johnson (27) have’succe§sfuliy i
employed a relaxation procedure to 5olve a reboiled absorber problem,

The _characteristics of these methods will be described latep.
e .

‘Friday and Smith in their analysis pointed out. that an

i —

improvement in reliability could probably be_obtﬂéned by solving the Q
C-matrix equations (2-6) for phase céhﬁositions and then solving the {

E} and* S. equations, (2-3) and (2-4), simultaneously ‘for corrections
to temperatures and flow rates. Algqrithms based on this approach

i

have been presented by Tierney and Bruno (12), Tierney and Yanoski (13),
and Tomich (6). Their methods make use of th;\Newfon—Raphgpn procedure.

*



Name ly, functions which show material inbalance or energy imbalance
»

are approximated by exponding as functions of flow rates and temperatures
¢

Khusing a Tay]or series expansion truncating after the first order

derivatives., These functions are thcnﬁsc( equal to s¢ro and solved

to obtain corrections -to temperatures and flow rates simultaneously.

In this case the Ja§0bian matrix must be evaluated numerically rather

than analytically.

Tomich (6) applied Broyden's procedure (28), which is actually
. » LY

an improved Newton-Raphson method, to obtain corrections for temperatures

and flow rares simultéeous]y. Broyden's procedure updates the inverse

of the appfbximate Jacobian matrix using residuals calculated at the (
preceding literation leve] instead of evaluating a large number of
partial derivatives numerically and inverting the rigorous Jacobian
matrfPx at éach itéra(iﬁﬁ; Tomich's method reduces the amount of

computation required significantly in that only one matrix inversion

<

lution,

is required per problem s

Billingsley and Boynton (11) suggest another method to
reduce the amount of computational effort in the Newton-Raphson

procedure. They assume temporarily that the material imbalance

e : : s &
equations are functions of only temperatures and then solve for

temperatures by the NewtonQRéphson me thod as proposed by Newman (20).
These temperatures are then substituted into the original equations
which are generated from the material imbélanées and energy imbalances
by the'Newtbn-Raphson procedure, However  this decoupling assumption

seems to be oftéh serious, especially for a wide boiling point range

e

mixture..

e

"' Friday and Smith also suggested that the ultimate method

-

i
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ki

could be to linearize all the model equations first and then solve
o ¥

simul tancous B for all variables, fven though this concept has been

recognized as desirable, it has been difficult to find a practical

algorithm because of the inherent computational effort. Naphtali and

sandholm (8)

linearization and solving all variables simultaneously. |In their

method all equations are grouped according to stage rather than type.

The method may take composition dependent data into account. A

(9) have proposed a method based on this concept of

\

similar method has been proposed by Gentry (7). However these new
oo

methods are still accompanied by several difficulties, Namely, a

large amount of computer storage and a tremendous amount of calcula-

tional effort for the evaluation of partial derivatives are required,

These problems have restricted the exact application of the methods,

)

,l k23 b A
For example Gentry (7) solved only problems with composition indepen~

A

dent data, To avoid such restriction of computer storage GBidﬁtein‘

and Stanfield (10) present & new algorithm, In their method enthalpy

¥

and equilibrium ralatlonsalps are assumed tg be functions éf te

T

*involvai/:‘relatively large number'of theoretical

o

i
r,-

N

i

4
B
g

stages the method makes use of a special technique to cope with thé

. R W K .t LR
limitation of cmmﬂher storage. For such a problem, a séétconingz

] 1

LI

b

of variables in the group, is applied.

. procedure, which calculates for a group of stages assuming linearity

Other representative solution procedures are the so called

relaxation methods' and the methods based on an analytical.approach.

""Relaxation methods', in principle, calcutate the transient
Ll S

behavior of the stage variables until steady state operation is

all equatlQﬁS are grouped by type and then lnneéqued

v

!

v

2

5



. it does not 'seem to be practical

approached. "Flow rates, stage compositions and tenperatures are

first assumed and then the variables COrreSp(’)nding to each stage are

calculated so as to compensate imbalances in enthalpy and material

balance at each stage. These procedures gre continued until all

equations are satisfied. Rose, Swe€eny and Schrodt (24) have
»

successfully developed this approach., Appplications and improvements

have been proposed by Hanson, Duffin and Somerville (25), Béll (25),
Ishikawa and Hirata (26), and Prowse and jyohnson (27), Rel%xation

nmthQGs are highly stable numerically, Their high stabi hity can be
.hélpful when the éystem coftains a wide boiling point r;nge mi xture
or a highly non-ideal mixture. Mowever, the rate of convergénce of

relaxation methods is quite slow, especially as the solution is

approached, "
&y

Acrivos and Amundson (30) present the analytical solution
of an ideal distillation problem for the case when constant molar

overflow and constant relative volatility can be assumed. Acrivos

b

and Amundson (31) utilized perturbation techniques to extend the method
to non~ideal systems. This idea has been fusrther extended by combining

the concept o% the theta convergence procedure by Yamaqa-and Sugie (32))

-

However the methods for a non-ideal 'systemare'quite éohplicated and

H ] .
. Furthermore it is not easy to take C

account of enpergy calculations to generate new flow rates

“ #

ST



/ CHAPTER 3

‘! THE TOMICH METHOD .

The procedure proposed by Tomich (6) for solving the -
. 1y
equilibrium stage mbde appears to be one of the most promising of
f
the recent methods, Thus it was selected as an appropriate method

B

to use as a basis/ of comparison when eval%ating the performance of

1
i

the calculational procedure proposed by the author. In Tomich's
— -~ b
method the effect of composition is decoupled in that the component

material balances are solved separately, Corrections to temperatures
and flow rates are then determined simultaneously using a multivariate
Newton scheme. “Broyden’s procedure js effectively applied to reduce

the computational effort required for the evaluation of partial
-‘l J“,‘ '
derivatives. Details of this method follow,
i A : 1
The component mgférial balance equations combined with the

equilibrium relationships, that is equations (2-6) with Ci =0,

, ‘ . 2

emay.be expressed' in a tridiagonal matrix form.

Eh -
‘v

L - 1T o] i 1 .
bl,l ci,lfi { ’ SR i,
2 P2 i *i 2 IV
.= “(3-1)
R biwj .2 “i,j M
0 ' 0’ :
ST R LIS BECT I RY B L PR, P N-1,
CorAiN PN J LN M »
b
el .
T ,
pot ‘
- Lo '




= - S -
bl‘l (L|+ Ll) v K N
< = VK 2 R
m"I = —FIZ"l
4
a, , = L,
iy J~t

b, = ~(L.#SL.) - (v +3SV )K, |
i, AU I ST |
i, " Vet e |

b ~ ~L, ~ (Vv.+
, L ( N,st)rKi

i, N N N

»

)

For given liquid and vapor prof%ﬁgs and equilibrium ratios

these equations are a linear set which may readily be solved by using.

the Thomas algorithm for a tridiagonal matrix as described by Wang

and Henke (ﬁ):F

at each stage are given by,

kd g

and

”

”

Imbalances for energy and the summations ofcﬁfpositiOns
f

E, =

F.H, + Q. + L; h. +
3Tt Y

=1 j=1 Vj+l”jf1

s (Lling)hj - (Vj+$vj)ﬂj1[ ' (3-2)

. Nep NCP |
h izl‘yi'j ] izl g / (BQ%)

\

In the \QTOfnf'ch method ‘the ‘témp,erégyres, Tf*s‘; the"_f'l'ow« rates,

17
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-

()

s are calculated

V.'s, L.'s, and the compositions, x 's,. y

[]
J J i,) i J

by using the Newton-Raphson nethod so as to satisfy the following

»

conditions:

£ =0, (3-4)
N Sj =0 . . (3”5)

L ! i
A®ultivariable nonlinear function may be approximated in a

linearized form by expanding the function as a Taylor series truncated

after the first order derivatives, That is,

£
) k+1 y k af af
f flxlnxz;*" ﬁxn-) Rf (x' !xzr"‘ )xn) + 2 ’Kx Axi (3 6)

i=1
where k is the iteration number and the x.'s are variables,
E and Sj are assumed to ba/?unctions of the temperatures

o

and the vapor flow rates only, and are approximéted as follows:

kel kN P Y U]
By m gy igl (avi)Avi +ii§l {ari)AT@! . (3-7)
o N s E N a5
k+1 K YA ' '
e L (_avli_)avi + igl gngoATi (3-8

Since the Sj and Ej are errors or residuals, jn the
summation. and heat balance, equations. and are equal to zero when a
solution is reached, thes§ relations are set equal to zero at the

' 7
new iteration level. The equation set (3-7) and (3-8) with E;+' =0
kel o

. and ‘Sj =0 can'be‘written in a matrix form,

P

4

=

=g
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The strjct aﬁp]ica(ion of equation'(379-a) is.to an absorber
. s . . o B L bl — . \ ,
type problem where all the Tlow rates, yj.ﬁ are unknowns. For
normal reboiled absorber and distillation type problems slight

modifications are required, Matrix expressions for these problems

e

are as follows, [ / :

i
W
hel
]
el
y
[+
[

For a rebolled absorber where V. s

rao
<
D
<
(S
-]
D
—

(3-9-b)

" saENﬂ] 07 BBy 9By ?E

TV,




For a distil

pr——

where t s a

. t
shown later,

)
r

':][
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are specified,

ion problem where V’ and V2
a5 |
e AV ~S
B
TN 3 N
Ay
' AT -5
d[N 1 i N
ok
2
S AT, -t
JTN 2 2
ot
N-1 . _
ST Ay "IN
N J L. J —
~¢)  the corrections, AVJ’ﬁ

=

33| JSI
Y =
Wy ﬂ
- A%
S
Wy 0Ty
) N ’Tl
oE nE
‘)VN 4)Tl
aE Ak )
Paer e
JVN JT!
n {3-J-ach-
ilated.  Then
k1
]
k+ 1
.
J
ighting factor

- and

(3~11)

In equatjons Z;-Q~a-b~c) Ej and . Sj are Cafculated from

the definitions (3-2) and (3-3). The partial derivatives in the
, ,

Jacobjan matrix must be e?aluated by a finite difference method.

The .equation sets (3~1) and (3-9~a~b-c) are then solved andathe same

calculations are performed‘iteraiively; The basic procedure may

be - as follows,



- N - ﬂl l‘“ l‘ - ’
(1) Some initial set of V.'s »and T.'s is assumed.

(2) The L.'s are ,‘ : e /d,/, /ot

J . " &ﬂ’ % Al f‘/‘i’/! W1k iy

" . g ; - 1\" , .,’r' & A

(3) The cqual’iiﬁg w9
wfp s

gquatjon (2-5) with Mj =0,

i il vegd by usxﬁ,'}\g. the tridiagonal

. “f" r‘;‘ "‘: ; . v
7"-2'.?7 lg% . ",’\ ‘Aﬁ

S ? € X, . 5.

TR 3 i IJ

/ %;5‘
i) ,‘_“ f";’,'"
‘cwfgfbd'from equation (2-41).

A 5 q
(5) The Ej‘s and Sj’s, and then partial derivalives are

.-

matrix aiﬁ“'l

e
1 b L o
(4) The Yi,j s 4

~ evaluated,
(6) Equation (3-9-a-b-c) is solved for AVj‘s and ATJ‘S.

(7) The Vj‘s and Tj‘s are calculated from equations (3-10)

and (3-~11). ’ ! ‘
(8) By using this pew set of Vj‘i and TJ'Si stépszxg)

through (7) are repeated until an appropriate Céﬁ;érgéﬁcé
criterion i; satisfied,
ﬁ@wever,‘thé procedure mentfoned requires the evaluation
of the Jacobian matrix numerically at each iteration, In this case
ié is qulite tipe~consuming”to compute all partial derivatives in
the Jacobian. Furthermore a large computer effort is required to
obtain the inversion of the JéCObi;ﬂ matrix. To cope with these
difficulties Tomich applied the Broyden procedure, (28). The
Broyden proced;re is armodified:version of the Newton ne}hod and
is designed to reduce thé‘numbef of funpction evaluat%ons required aﬁd
to update the inverse of the approximate Jacobianlmatrix. An outline

of thfs procedure follows.

Consider the set of n_  nonlinear equations,
. fj(xl’XZ""’xn) =0, j=1,2,...,n, (3-12)

These may be written more cbnqisé]y as,

21
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f(x) =0 - L (3-13)

4 ~

. th . ,
| f xk is the k' approximatioa of the solution %f

A

equation (3-13), then the next variables are defined ;? fol lows

according to Newton's method;

R ~1
“k+1 ~k -k =k
X =x - A f (3-14)
) 2k s Co
where A is the Jacobian matrix.,
~K .
Let p be defined as
% kT .
p =~ -B £, (3-15)
] sk L . . =K
where B is some approximation to the Jacobian matrix A .

Then a simple modification to Newton's algaorithm gives

~k+
xk ] by

~k+1 ~k ~k )
xk+ ~ XA tp (3-16)

tet A% and 7" be defined by
o ok ! -
R LI ' (3-17)
N LI | (3-18)
kbl o TS ~kt |
8 is chosen so that the chahge in f predicted by B

k

S in éidirectipn orthogonal to 5 is the same as would be predicted by

~k

B . Then the next relation is obtained by &ping Householder's formula.

T

. o imk-k -~k =k !
1 -k Hy +te)p H (3-19)
H = H - T

k' =k ~k :
poHy |

T ,
. s ~ ‘ ~k
where t s a weighting factor and pk is a transpose vector of p .

Hk is actually an approximafﬁ.iqﬂgrse form of‘the Jacobian

matrix Ak. Then the new x is calculated as,
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kAl - hn
x = xk + (kak . (3-20)

The determination of a weighting fac%br t, which goves the
solution toward convergence, is described by Broyden as follows,
L Co (1)
The first value of a weighting factor t at each
iteration is chosen to be unily since this is the vatue arising
|
natucally in Newton's method. The second value, if required, is
given by the semi-~empirical relation,
(2) _ (1#60)2 . a :
t - AR,

. (3-21)

where

and where ¢(t) is the square of the Euclidean norm of f(t),

N If further improvement to ¢ is required, it is approximated”
by a quadratic function whose ordinates are spécifled at t = 0,1
and t . I1f this function is convex, then ¢t is chosen to be

the value of t that minimize ¢, and a new quadrétic is formed

(3)

whose ordinates are specified at t and two of the previous trial

values of t. {f there is no value of t, (0 <t < 1), such that

¢(t) is smaller than $(0), then t will be searched for between

] ¢
0 and -~1.

Funcf?ons, f.'s, in the general equation (3-12) represent

,

the residuals in the model eqdatidns, namely, ij's and Sj's. The

vector, x, in the general equation corresponds to the temperatures,

Tj's,"and the vapor flow rates, Vj's, in the model equations.
Consequently the approximated inverse of the Jacobian matrix, which

islcglcualied from equation (3-19), is expressed in terms/&f Ej's,




S.'s, T.'s and V.'s  at present and previous iteration levels.
J J J

Now for succeeding iferations, Broyden's procedure is
cffectively used for updating the inverse of the Jacobian matrix

. " - ! -
using information at preceding iteration levels, Thus there Is no
nead for more than one evaluation of partial derivatives and matrix
o

inversion per problem solution and the computation time may be
greatly reduced.

The improved calculation procedure may be summarized as

(1) Some ipitial set of Vj'

s and Tj‘s is a§§uméd.
(2) The Lj‘s are computed from equation (2-5) with Mj = 0.
(3) The equation set (3-1) is solved by using the tridiagonal

matrix algorithm to give,the X -

J

] »

“(4) Theg Y, j'ﬁ are calculated from equation (2-1),

(5)" The EJIS and Sjis are calculated by substjtuting the

above information into equations (3-~4) and (3-5),

(6) The.approximate inverse of the Jacobian matrix‘ls calculated

based on the Broyden procedure and the new variables are
calculated from equation (3-20),
(7) By using this new set(ofc;vj's and Tj's, steps (2)
" through (6) are repeated until an(fgfropriaté convergence‘
criterion is satisfjed. o ; '
However, at the first igeration only, all the eartial
derivatives must be evajuated and the inversion of the Japébian matrix
mus t be obtained. The procedure for doing this is the same asagﬁe

' ’ ‘ J |
general Newton-Raphson method. The evaluations of the partial [

.

derivatives are berformed humericajly,!because:fhe Ej's in

24
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equation (3-2) and the Sj's in equation (3-3), which show the

25

residuals in the energy balance equations and the componen t materijal

®

balance equations, cannot be expressed analytically, If K-values

and enthalpies which are dependent on compositions are emp loyed

N

initial phase compositions must be assumed at step (1), The initial

assumplions are often provided by substituting ideal K-values into

equation (2-6) and solving the C-matrix equations with C, I 0 by

» .

the Thomas algorithm. \
A

In the computer program developed calcualtions are
4

continuied until a convergence criterion such as the following is

w3

satisfied, J

(CRIT] -6
N < 10
where [CRIT) is defined as follows a according to Tomich (6),
N,
" (CRIT) = ] (s +€)
h c el J
and where
' 7 EJ
? E. = - R )
J FH. - +Q + L, h. &V H. b
. JF,j QJ, FJ“]'J"] JEI R 1

(3-23)

(3024)

L B

(3-25)

In equation (3—25),"’£j “is normalized by dividing by the

total heat input to any stage J = so that it.iS'Of the order of
magnf;ude 1. ¢, . the square of the Euclidean eerm—of ?, i?
equation (3- 22) corresponds to [CRIT] in the proglram Then a
welghting, factor, t, is searched for to satnsfy Ahe foIIOWEng

relation accordlng to Broyden (28) as stated before

k+1

' {CRiT] [CRIT]k .

(3-26)



CHAPTER 4

EQUILIBRIUM AND ENTHALPY DATA

In the range of low or moderate pressures remote from the
critical conditions, equilibrium K-ratios can be closely approximated
by using the vapor pressure of each component and the system pressure.
For a non-ideal syS}em~K~rariés are often modified by liquid phase
activity coefficients.r Tﬁe Wilson correlation (33) is typical of
such a modification,

Phase equilibria at high pressures such as encountered in
petroleum or patural gas processing industries are moré complicated,
The convergence %ressurg concept has been used commonly to correlate
K”Eatibs in a multicomponent hydrocarbon system gt hfgh pressure,

The NiG.P.S.A. charts (34) are the most Cgﬁmon source for the

pfédittié% of K-ratjos, The B.W,R, equation (35), (36), which is one

of the fifSt analytical methods to correlate composition dependency,
has been often used to predict equilibrium K-ratios. A general cor;
relation for ca!culatfﬁé equilibria in hydrocarbon mixtures was
first préposed by Chao and Seader (37) and has been widely accepted

in the hydrocarbon.processing and related industries. Attempts to

elaborate a-deneral correlation are continuing. The Prausnitz and

Chueh method (38), (39), and the Lee and Edmister method (40) are

_typical of those. -

_ The enthalpy of a pure ;omponentris often expresséd as a
funct}pn of the tém?erature and pre;sure of the‘sys;em and the‘
enthalpy of a mixture ;aﬁ be evaluéted f}om,these pure component
enthalpies. 'Yén énd Alexander (hl) have §f0p05gd general eﬁtﬁélpy

!
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correlations based on the theory of corresponding state. Edmister et
al (42) bave developed procedures for enthalpy calculations based on

thermodynamic relationships and the Chao-Seader correlation,

L. 1 Chao-Seader K-ratio Correlation

The Chao-Seader correlation has been widely accepted in
hydrocarbon processing industries. In this thesis the correlation
is exclusively-employed to generate gquilibrium and enthaipy data.

Physical properties used with the Chao-Seader correlation
to calculate equilibrium and enthalpy data are shown LB'Appendix 1.

‘ This correlation utilizes vapor fugacity coefficients,
liquid fagacity céefficients and liquid activity coefficients, The
vapéf fugacity coefficients are calculated by the Redlich~Kwong |

equation of state (43), The liquid fugacity coefficients are
’ N
act

evaluated by the curve fitted retationship and the acentric factor
concept of ‘Pitzer, The solubility parameter and the theory of

regular solutions are apglied for calculating the liquid activity

coefficlents. Inthe C®rrela£}©ﬁ there ‘are no parameters which depend
on interactions among the molecules in a mu]t@ccmponent system,

| The eQUilibriumrKﬁratlos msy be defined as follows by
setting the fugacity of ahf component i in the vapor phase equal

to that in the liquid.

O .
PR AR (h-1)
L X WP

Chao and Seader correlated the noh-ideality of each
N ' s s |
componerit in both the liquid and vapor phase to the properties of

pure components. The vapog, phase fugacity’;oefficient, Vs is

.
a

¢

2]
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calculated based on the Redlich-Kwong equation of state. The liquid

Is calculated from the Scatchard-

»

phase activity coefficient, Y5

Hildebrand equation for regular solutions., The liquid fugacity

L o ) . )
coefficient, v fi L/P' is curvefitted in terms of reduced
»
pressure, reduced temperature and the acentric factor. ,
B, 1.1 Evaluation of Vapor Fugacitl Coefficient ‘p;

In the Chao-Seader correlation the basic cquation for
calculating the vapor phase properties is the Redlich-~Kwong equation

of state (43), namely,

1 A h 2~
fCTR B TR V-272)
BP ,
L —_— l’ap
h 7 (4-2-b)

where Z is the compressibility féétor,éand A and B ars constants

—) | (4-3-a)

Fp) (A~3~b)
. ,

A= A ‘ (h-3-c)

B = _z' YiBi . o . (4-3-d)
r=

. { .
The fugacity coefficient ¢. is commonly expressed as
( 9 ¥ 1Y express¢ ’
‘ ' /\ !

17 ap RT: 40,
g, = e [v [(5;?) - r;JdV*lﬂ? . (4-4)

T,v,n,
J
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This equation is combined with the Redlich~Kwong equation

and then the fugacity coefficient of any component i in the vapor
w -

P ~

phase is oblained,

Ly = (z.xn)z‘; - wn(z-8p) - A E-L)Kn(l + BF) (4-5)
i B~ 8 A B Z ’

h.o 1.2 Evaluation of Activity Coefficient v

5

The liquid phase activity coefficient Y is calculated from
A .

the Hildebrand and Scatchard equation,

i vi(s, - Sm)z
Kﬁyi = e RT - (Q*G)
. i AH 2
. 6,i = (T) (’*”7"3)
v
| 7
%
2 ATaTL A ; '
di - ' (4-7~b)
2 x.V
; [}
X

where V ; is the molal volume of the liquid phase of component i,

AH is the heat of véporization and Gi is the soiubiiity parameter. ‘.
- The equaFiOn for c§lculatiﬁg Y is based on’ the assumPtion

"of the regular soiutisn for wh?ch the excess entropy of mixing is zero,

The Gibbs excess free\eneréy consists of enthalpy and entropy of

mixing, = Therefore ﬁhe non-ideality in a regular solution is entirely

-

due to its heat of mixing only. Generally, the assumption of the '

- .

regular solution is not valid. However, systems of non-polar fluids
such as hydrocarbon mixtures behave close to the regular ;Qiution |
theory over a re]atively‘largé‘range of pressuré, fempefature and
composition. The charactéristic of the method is that the evalua;ion

of ‘the acti;ity coefficient Y; " is-performed from fhe'assumption that



“ ~

Y; is a function only of the properties of the individual pure

qomponents.

-

4.1.3 Evaluation of Liquid Fugacity Coefficient v

i

The theory of corresponding states has been extended by

Pitzer introducing the third parameter w which is called an acentric

1

factor. Any property of a fluid is then assumed to be given as

function of reduced pressure, reduced temperature and the acentric

factor,
Chao and Seader applied this concept to correlate the

liquid fugacity coefficient, v, as

.!D »
0 ,
log v, = log v§ ) *w, log vgl), (4~8)
(0) 1 L o scimole fluid sta ) o
where v is v of asimple fluid state and v accounts for

1 , -
the departure of vy from that of a simple fluid state,

-

- However, when the pupe liquid of any component |1 of the
mixture béééméirhypéthétiéai atia given ﬁystémrcOﬁditiéﬂ; Evi 'Cavngg
be evaluated. In order to overcome this difficulty they extended the
gliquid:fugaéity coefficient correlation into the hypothetical region

using experimental equilibrium data. Then tBey curvefitted the

’§§0) and vgl)

expression with approximating functions of reduced
A

’properties, ‘

30
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(0) : 2 3
log v, = Al T AZ/TR + ABTR + Ah R + ASTR )
o @
2 .

+ (A6 + A7TR + A8 R) R

+ (A9 ]OT )P 7!]09 PR (4-9) .
) B 3

log v, = At AIZT.R + AIB/TR + AMIR + A‘S(,PRﬁoﬁ) (4-10)

where all the constants A, whichare common for all componentls, were
obtained for frequently occurring hydrocarbons, '
The liquid fugacity coefficient for any component i is

then calculated only from the reduced pressure, the reduced temperature

and the acentric factor using equations (4~8), (4-9) and (4-10).

4.2 Enthalpy Calculation From the Chao-Seader Correlation .

The general correlation of enthalpy data based on the
thermodynamic relationships and the Chao-Seader correlation has

been developed by Edmister, Persy and Erbar (42), and Erbar (ﬁﬁ)i

The ideal partial molar heat of vaporization is given by, - -
" 0 3 2n v? : 7
The enthalpy of}mixing due to the non-idea} solution,
assuming the excess entropy of mixing is zero is obtained from,
. 2 3 n \f
i hi - h = -RT (——‘a—-r——-) . , (4-~12)

PisX;

4 ) y
Then the partial molar enthalpy of component i in the
liquid is obtained from equations (4-11) and,(héj@).

o N

: 2 Anv, ‘ 3 Loy

~ 0 i i
h = H‘; RTZ Tc {( T )p‘ , R )pcg‘g} o ({4.—13).
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() ‘ . 3
log vooo= Al T AZ/TR + ABTR + Ah R 1 ASTR
o @
2 .
v (Rg AT * AgTRIP
+ (A + AT )P = log P (4-9)
10 ! R \
log \,(” =A ., +A T +A /T +A T3+A (p_-0.6) (4-10)
i 11 12.R 13" 'R 14°R CISY RO

where all the constants A, whichare common for all componentls, were
obtained for frequently occurring hydrocarbons, '
The liquid fugacity coefficient for any component i is

then calculated only from the reduced pressure, the reduced temperature

and the acentric factor using equations (4~8), (4-9) and (4-10).

4.2 Enthalpy Calculation From the Chao-Seader Correlation .

The general correlation of enthalpy data based on the
thermodynamic relationships and the Chao-Seader correlation has

been developed by Edmister, Persy and Erbar (42), and Erbar (ﬁﬁ)i

The ideal partial molar heat of vaporization is given by, - -
" 0 3 2n v? : 7
The enthalpy of}mixing due to the non-idea} solution,
assuming the excess entropy of mixing is zero is obtained from,
. 2 3 n \f
i | hi - h = -RT (——‘a—-r——-) . , (4-~12)

PisX;

4 ) y
Then the partial molar enthalpy of component i in the
liquid is obtained from equations (4-11) and,(héj@).

o N
. a gnve 9 tny
= 0 2 i i .
‘h, = H‘; RTRTe {(. T )P;’,- R )p(%§>} o (&713).

e
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¢,
include the obdlity to handle complex hydrocarbon fractions as well
goas pure components.  Erbar €44) and Cavert (B5) have developed ,
pr()cedurps o pradict the propertias of complex mixtures to provide
/ data for the equilibrium and enthalpy calculations. The minimum
~
information required for the calculations is the AP gravity, the
molecular weight and either the mean average boilling point or the
molal average boiling point and the cubic average boiling point of
the fraction. From this minimum iaformation the equilaibrh;m "and
srenthalpy calculations are performed as,
(1) 1f the mean boiling point is not specified it is calculated
from the molal average boiling point and the cubic average
a7 2 T, " ;
% boiling point by, ,
B BP 4+ BP
Bp .3 mba 420
mn 2,0 E (4-20)
(2) 60° F is 2
Ty, o \
: (4-21)
_ e i m ko , o , ) -
and the density is adjusted by 25° C by, oo,
d_25 = 0.98907 = specific gravity at 60° F, . (b~22)
(B)i*Theiﬁiquid mola1{volume at 2A5% C is calculated by,
B i ! .
- i -
. ' A molecular weight r
v o= gcu d" J . E : (4-23) \
o : , | = : . 25 i
. F e s . ' - 5 ",\'r‘ 1 : .
(4)* The pseudo-critical temperature of the hypothetical component
o
is calculated by, y
. - T, = a.~a . T+a T +a T +a, AT+a AT #a A"T ; f “(h-24
¢ = 3nay T, T ragT a;AT+a AT #a oA (h-24b)
i .
i [ e ‘
A ‘\i' |‘£§' -
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where T is the molal average boiling point, if available,
or the mean average boiling point in °R, and A is API
gravity.

The pseudo-critical pressure (psia) of the hypothetical

component is calculated from,

T%b2T2+b T3

3 —+bl’/\T+b5/\T2 . O

log PC = bo*bl

2

2. 2 '
DA T AT  (km25)

Is by-passed,

Th

acentric factor w is computed from Edmisterts equation,

5

and adjustéé to 25°C by means of Watson's equation, .
Af T - 537 0,38
AHZS"C ) T, 537) 3 (3-28)
AH T ~T.° : B
: c b
‘The solubility parameter is calculated by,
S (aH) 500 - RT) , :
[ 5, = x . : . (4-29)
]\ ' \ v . /

The constants requiréd for the ideal gas state enthalpy

equqtiqn: ot [

i

ﬁ? = (AH)i+(BH)iT+(CH)iT2+(DH)iT} g B 7(@-36{
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are calculated from the following equations,

— 2 3 2 3

AH = MW(CO+CIAiC2A HCLA 4chK+c5K +CK +C18AK) (4>30-a)
BH = MW(C_+C A+C ALaC A3+c K+CKP4C K3) (4-30-b)
J 7879 10 11 12 13
A A Y

= MW +C B 20—
CH Mw(clh + CISA) , (4~30-c)
DH = Mw(c!6 + C17A) (4-30-d)

where
A = °API

K = the U,0,P, characterization factor

MW = Molecular Weiéht,

A h Limitations of the Chao-Seader Correlation
The general Chao~Seader correlation has been widely used and

extensively evaluated, The method is characterized by a generalization

based on sound thermodypamic relations, Fupthermore the non~ideality

‘of pure components only, Then the

is related to the propertjes Then
caleulation procedures are greatly simplified, Op the other hand the

;xistaﬁce of some iihitatiéﬁs due tg thé simplified éssumpti@ﬁi is
indispensable, Lenoir (46) has summar ized the cond{tiéﬁs under which
the correlatjon can give satisfactory Drédiétiéés as:Fclgcﬁs,
(1) The pressurershould not exceed 1000 psia and shou]g not
be greater than 0.8 of the system critical pressure,
"(2) The reduced temperature of anythxdroca;bon other than
meéthane should be between 0.5 and 1.3.
(3). The methane content in the liquid phase should not exceed
0.3 mole fraction, and for any system containing hydrogen:
or methahe, the reduced temperature should not.exceed 0.93,

and the temperature shaquld be between 100 and 500°F.

A
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4 When predicting paraffins or olefinic equilibrium ratios, the
p q

aropdtic content should be less than 0.5 mole fraction,
G

L. 5 Par(lal Deravat:vca of of K- (-ratio and LnLhGIEz

The general algorithm for multistage mul ticomponent separation
calculations proposed by the author requires the following partial

derivatives,

BKi . DKi j oH | oh |
oT. ox. . v ot~ and T,
J i,J J j

Either numerical or analytical techniques may be used to

B = .
evaluate these partial derivatives, The computer efforg is generally
, N

large for numerical evaluation. As far as complicated correlations
such as the Chao~Seader method are concerned, it Is especially

advantageous to determine partial derivatives analytically,

K~ratjo is expressed in the form

i

; 31)

!
1

Then the partial derivatives of K }ith respect to T and

»
x are,
: i _ i@ N, L i,L i 3 -372).
R B i (T“) e {’Ya Z)T (w qf‘ ) - (32)
O !
'y 'z\
Koy, 9 £ ! oy
— . L3 (i b2 oy o1 T -
Xy ¥, ax; ( P \J ey X ; (wi) * Y; Qxi} (h-33)

_where analytical expression; for the derivatives of the Vapof phase
\ , ,

fugacity coefFicient, w., e liquid phase fugacity coefflclent

4

o ;

fi L/Pg and of the actjvity c efflctent Y;» can be derived from
N ;

the rélation§ making up the Chao-Seadet correlatijon.

DY
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(0]
, . AV
%? (—%AL) ., which is defined as S?J—, is derijved from
equation (4-8)
a0 () (0)
‘l\)l ) (O) (l) [ l)v'r‘f (l) wlﬂ.)\). (‘1;[‘)
ol i o1 Vi oT ’
»#'
NOw (lt:flnu f(T) and g(l)‘ as follows,
. A )
B () 2 2 3
FT) - dog vi™ = Ay L AsTp * AT * AgTy
- 2 : e
+ (A, +A7TR+A T, )P + (A9+AIOTR)PR ~ log Po (h-35)
.
N ¢ , . 13 3
9{T) = dog wi™® = Ay # AT T“;‘* AryTh
(P~ 0.6) -
+ A s(Py - 0.6) (4-36)
3\)i
{ Then 3T is given by,
i:i, = 2,303 v {Qiill:+ " 79(T) (437)
LIALUAP AR " AL+ 2A T + 3A ng
oT . T 7 3 bR 5'R
C T i :
R
. + (A *ZAST )P + AlOPR} (4-38)
29(1) 1 (s -L‘3+ 3A.,T2) L (4-39)
i T V2" 22 1R, - - W39
C TR

v,

&

X .

i

temperature and pressure.
I3

The partlal dercvatlves of the act

evaluated as follows

o

7

[ R « & . - . (o e A
==— s zero, since v; 15 a function of only the reduced " %

|vnty coefficient are



;)Yi T 1
e B~ 1 1:[40
5T T (4-40)
Z)yi Vi Dyi
= 2T o (h-h1)
d)(i )‘xﬂv’ aT
I

LR .
i (;T) is given by,

'y

pl ] ] Bi a7 I By
t U N DL, & 0 I W (.S SR N Ak
FLA N T *éz Me 57 " 257

i @z pony oy A e s e o
(“*BPI T A B E’ﬁ} ., BPZ oP Z2'aT
“Z
- £ (] 4+ BP) {2/\ BA‘ - iizﬁa i\ii
na "B DA B 5T 2 oT
2A 2 i ,
1 Ti,2A DA AT 0B ; TP
\ ’
where
1951
aA, AP 3 s
T 7 1,25 T o, (4-43)
gBi ’ Bi 7 7
. _E;T__\___._ — ,_1_" x (l”“l’l‘) £
A - A o
a - 1.25 = : (4-45)
B _ _ 8 : (b
8 - -7 . | (4-46)
9z 2 2A 2.2 9B 2
55 - = (2ABP T AP o4 ZBP 4 37
3A
- 2APZ o 4 )/{32 -22-(8P)? +A P-8P} . . (4-47)
"y



— (—) s given by,

axi wi
A 1 ] b oA ! 3 BP\m
T W T e e (B — e 0 0
i i i i (1 + 7 j
\ B
" gx7={(lﬁl) §-J] (4-48)
where !
. 2 2A, B,
_A i i g
m §*‘(;X—‘ g*) (h “9)
] ~ - 3z ~ 5B e
; o (z-8BP) Fﬁx? P 3xi (4-50)
3 BP.m BP.m-1 P 3B BP a7 .
~Z—(1 =) A m(l o4 o) Nl 22 BE 0h ~5
AL SRS 7ok, " 2 o’ (h-51)
B. B B
) ((1-2) Ay m (7e7y) 1 3B Tj . 0Z e e
={(1~2) ﬁ‘# (z-1) ngng‘ B Qx‘ (4-52)
Sa (A% 2y 2amp? DA L pap?y BB pppy A
Qxl L)xi Bxi d)(. Q)Qi
38 . 7 , 2 ) B
2P =) /132"-22- () +A%PBP) . (he53)
) i ; ;
R a8 &

, 98 - ;
However, and 3;—~'may be taken' to be

X, . N
X ox; BX’ i
negligible, since constants Ai’ A, Bi and B are functions of vapor
phase compdSitions, yi's and those constants are approximated to

be functions of ‘normalized ‘yi's at the previous iteration. g;*(%“?
g ¥

s expressed in terms of partial der%yatives of the constants with

respect to xi's. :COnsequently, ) i | "
) l -
. s;ﬁ_(__) ~ 0 l (b 5“)



9H ah re expressed as follows
RO —~— are d > < < :
o 7 oT
, NCP oK NCP oM,
o ) KO ok s ) -t
o A %N eT oy YioeT
2
3 A WL_(,EBE‘EPE)
?Bhl*r?—fi 2 T 22'3T
Z

3 BR (AL ZA DAL
AL v ;?“* 557 T

oh NCP oM, 7 o, 3
= - i; xile—«* 2,303R{2A3TR Y 6A“TR+12A5TR
+ (2A_T +6A,T2)P, + 2A P?T
7'R 8'RR "10°R R
b ow (2A T A15A T
i 12 R 14 R
where
& aH

%Ti‘“ (Bn)i + Z(CH)iT +3(DH)]T2

4o

(4-55)

(t-56)
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CHAPTER §

THE NEW METHOD

A new general calculational method for equilibrium stage
processes is described in this chapter. The method employs the Taylor
approximation procedure for the total linearization of all the mode |
equations, This linearization Iechniqde, which is actually a modified
Newton-Raphson method, has been widely applieé for solving nonlinear
equations numerically. Ffor example, Lee (47) has solved suCCessful]f
various kinds éf ﬁOE?iﬁear differential equations, The present
author (48) applied the technique to solving complicated partial
differential equations which represent the reactor problem where

. !
chemical reaction takes place between gas and liquid reactants on

s0lid catalysts, In this case simultaneous heat

fluid mixing was taken
appliéd this linearization technique to FaléqLétiQﬁi for a ternary
llquid ~ liquid extfacticn problem, ThéfprGSEﬁt author (51) extended
the same concept to a multicompontnt:extracticn problem, Recently
Gentry (7) has prGPGSEa the application of this }inearization
technique to distillation processes.

In the method proposed by the author al} the model
equations, namely, over-all material balances, component material
balances, ener;y balances and the summations of compositions, are
approximated in a linearized form. The linearized equations are

then solved simul taneously, without decoupling, for corrections to

% eratures, flow rates and compositions. Ln Tomich's me thod only

- the energy balance and summation equations are linearized decoupling

! m



the material balance equations. Theimtthods are significantly

different in that the linearized equations of the method proposed
by the author are expressed analytically. However, those of Tomich's
method cannot be expressed analytically since the functignal relation-

J

ships of the equations with related variables are implicit,

5.1 Linearization of Eguatiops

A multivariable nonlinear funcgion, f, is often approximated

as follows,

f(x .+ AAX ., X -
Frythx )y mp 0%y oy X #0X)
n -
et B > of oAt co 3
r:f(xlfxzﬂi*'ixﬁ) + i>j] 37(; Axi ® () ])

fquations (2-3), (2-4), (2-5) and (2-6) are approximated

in the same manner as equation (5-1), then linearized setting,

i

2"

AR ADK, . XM DRe s wn s xff'%,) =0 (5=2)
1 1t 72 " 7nn et

Aowever, slight modification of standard Vinearization
I
procedures will be utilized in this thesis to obtain convenient
matrix structures and manipulation., Namely, only the partial

AY

derivatives that have a dominant influence on the solutijon are included

in the linearized equations. The details will be discussed later.
The linearized equations are:

Over-all material balances
AL,  + AV, .~ AL. - AV, = ~M. , j =2 > N-] f (5-3)
R T B § i '

\

from which it follows that_,

o oLy = kiink AV T AV, S =2 N - (5-h)

ol



AL j o= 1

where AV, = 0 for a reboiled absorber problem when

1

and AV2 = AL' = AV| = M] =

and V2 are specified.

At j =N

0

v

| 15

specified

for a distillation problem when VI

e

b3

Ay ALy = AV e %? (5-6)
where ALN =0 except for the usual absorber problem,
Component material balances ”
9K, |
CoAx, o= LU AsLL) 4 (Voasy ) (KL ax. . — ) yax.
Ljﬁlei,jﬁl {(LJT Lj) + (VJ*SVJ)(K?,j*Ki,j 3xi j))Axi’
' Hﬁﬁ? oK,
v (KT ax Y EL TN
* Vj+1(K;_j+l*xi,j+i xR
' ‘bJ*! »
7 oK, j
= (V. ASY )x. o os=2% AT, #
QJJ’T?J?”!gI 3T 7
J
SN E R s I ST P LBy
= ~C. .., j =2+ N1 (5-7)
i,] : 7 y
At j=1
- aKi | : BKi
" I A A 2 2
*%‘thsLl)+vl(Ki,l X : ])}Axi I+V2(Ki,2+xa,2 o, 2)Axi’2
oK. oK, .
V. x ,,*—LLL-AT,+V X, 4 1,2 AT, L. x ~AV, K x
17,1 aTI 1 271,2 STZ =720 170,01
P ALK 2% 2 7 T8 (5-8)



Ly
At j = N

ST T T {LN+(VN+SVN)(Ki’N+xi’N 3;7~;-)}Axi’N
| ‘

oK,
\ i, N
- (VN+SVN)x" *UT‘“ AT HOL LI ALK N

- AVNKi'in’N =Cy - (5-9)

?

Energy balances

sy ) o) 2,
Lo ,ki¥,<ATJ . {(vj+svj) - J +(LJ+SLJ) 5 } AT,

oH.
SRR LS SV VRN SRV 0 T (G
ST e S o N IV R A

RSN € jom 2o N-l (5-10)

B

At ]

oM, " Bh] aH,
v, — *(L ASL ) }AT +V_ == AT, ~AL h

] BT 2 BT2 2 1]

. ) AVIHI A szﬂz b AQ = "€ ; | (5-11)

¥

4

where
:AQI = 0 for an absorber problem

AV‘ = AQ] £ 0 for a reboiled absorber problem

]

av =|AL] = AV2

= 0 for a distillation problem. -

At j =N ‘ ‘ &

ah. aH 'ahN R

N-1 ,
Ln-1 Ty ATy 1SV 5 Ty +LN aTN} ATy

i)

By Py <AVl A0y = -Ey, - " ‘ (5-12)

" where

B
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8Qy = 0 for an absorber problem

ALN = 0 except for an absorber problem.

Summation equations | 5,
N
NCP
Ax. = =S, jo=1 N . (5-13)
"‘Z' IIJ )

-~

The equilibrium ratios, and the liquid and vapor enthalpies
are functions of temperature, pressure and phase compositions and may
be calculated as such at each fteration. However, for the purpose of

/
linearization only, the following relations were assumed.

Y ~ 'h i ~A L
M,j KiuﬁPj’,VxLJ)f: ,(5/ )
’ i \ =
. LY
~H T. \ o -
ﬂj *‘HJ(RJ%'J) N (5-15)
. h., ~ h (P T, | , 1% | :;16
é? : VJ ,)( j7 J) . (5 )

5

The number of partial deriyativeﬁ tofﬁé?évaluate% Féi]ows;

K. oK, o,
—2d N x Nep 724 5 N x NCR '
aT, » ox., . 3
BH e ah, SN
! - . ) ! R 5, LR
I N and, 3T : N . .
i j R

-~ i .

Then the total number of partial derivatives is' 2N x (]+NC;}.
The linearlzed equations then onlxquglude the partial
derivatives that have the strongest fnfluengg?g; the ;olutidn and this
in turn gréétly reduées.the cbmpyter storage required. |f tﬁe stégqgra
lineérizatibn procédufe‘is‘eﬁployed directly without modificati6f:” ;
[d LY

Simple matrix structures as in this thesis cannot be obtained and the

m@trix,ménipulation will encounter prohibitive difficulty. However,
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this practical simplification of the linearized equation need not
. ) . Y

tilibrium ratios

affect the rigor of the final resdlt in that,thé;;

s

-
and enthalpies are calculated at each iteration as functions of

temperature, pressure and normalized phase compositions,
Lither numerical or analytical techniques may be used to

evaluate the partial derivatives which appear in the linearized

A
equations. The amounts of computer stéragc and celcylational time

required are generally large for numerical evaluation. The computer
’
program developed in this thesis employs the Chao-Seader correlation.

The partial derivatives are evaluated analytically in the program.

The analytical expressions for the partial derivatives are given in

i

Chapter 4,

Equation (5-4), the linearized over-all material balance,
may be substituted into the'component material balance equations
jnd th% energy balance equations to eliminate all Aij terms, - The

linearized component and energy balances may then be expressed i .

matrix form as follows,

j %

' {
Componentmaterial balances for an absorber problem




- B

— <~ —
biroci Ay
14Y
E : A
2 P Sz X2
; r 4
a, hl . o » /\xl .
;J ;‘ rJ ﬁ P,J
TNt Piner Sionea ARG N-)
PN bi,N ARG N
ol 4 L
- . |
—di,l ei,l ‘ATI
i AT,
45,2 >xi,z T
1 — | AT
Y i) J
AT
BN SioNed TN
d. AT
- i,N | L N,
ni,‘+11?] gl’] A]
“i,2 T2 Yz A
) ty ) 9'—:4 )
a £ [av,
v %N NN
L ?:— A n | o J
- i s tiNCP
where 2 7
- : i
o N . ,
bi = LSty + ALY ax:‘ll}
{ 3 ',
’ ' kK,
‘ i,2
S . + LY al
: ¢ = YK, *i,2 3%, 2)
/

e

(5-17)



i,
N0
ST
a :Cl,l*mlxl,
= Lj'*'l

= - {(Lj+§Lj) + (VJ+SVJ)(K3

P

SKi o
= v; (K; = +7§, fod T : 7;‘*
J;ll E gl g axi,j+1)
SR TL T WL RY,
-
= Mox - M.
k=2 K ) k;Z— k !’J I
® bnaa

-~ €

Y

- M

xi;J-lH

x4,
I,J

,

48

i



530

h9

leg
1
i
—
.
=z
-
—
<
=
e
[Se3
[
P
—
—
s
-+
b
i
—
s

ol
I
1
—
<
-
w
<
~
x
1]

Component material balapnces for a reboiled absorber where V] is

specified,

Equation (5-17) is modified as,

\
= 0 R = 1 » N
ul,J j
f. . =0
4 i,l
v =0
AV!
‘ V] and 'YZ areg
4 E a, . =0, Jj=1>=N .
e , -0
S fl:;],
\ 0
fi,z 3 \
=0
9»,1 ’ | .
- & ﬁo =
Av,
AV, =
LAV, =0
't



fnequ balances for an absorber

9N AT,
P, 4, 1, AT,
i r, Al
Py 9 j i "
PNl -1 Tned AT
Py N ATN

L 11 i

ﬁﬁsl t’l 1\Vl [ UI

ﬁz 52 [2 AV u2

ﬁ) SJ (J.. AV) = UJ (‘;wlgwa)

f 5 | S AV u \

N-1 N-1  “N-1 N~ 1 N-1

5} S v

L “n N M 4 L%

wheare

-
4]

i
it

£

Y

3
m
+
X
=

Jrl : "

L
i

i 1 ,73h
- V_+S _;’“' RN
;f( it VJ) + (Fj+§}j) sff},
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P 92
Pj’ 95
PN-1
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ke HT
oh
N ‘)TN
N-1
= ; M'—h'*i K
ko2 kK 'N-1
A
ATZ 1
AT.
iN%l ATNH]
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. g 7] -
0 t] AQN Y,
s/ 12 AV2 u2
s T, NV = u
) ) J J

AV
CN-T. N A “N-1
L] SN ) AVN ] ] uN |

where p, q, r, s, t, and u aFe the same as those in equation

(5-18-a) ,

Frergy balances for distillation

fql " ] ﬁATl |
Py A Ty ATZ
Pi e 1 Ay ’ ,
Pnat INel s ATn-
B PN N |} iATﬂ |
71 0 - aQ : rful |
0 t2 AQE 02
SJ tJ ij = uj
-1 - AV UN-1
L o N S

where p, q, r, s, t and u are the same as those in equation

(5-18-a). §

s}
oS}

(5-18-b)

(5-18-¢)



Now the component material balances combined with the
equilibrium relationships and the encrgy balances are expressed

simultaneously in matrix forms as equations (5-17) and (5-18).

5.2 Solution Procedure
N

4 1
The solution procedure is iterative. Figure 2 shows the
v ,

flow diayram for computation. As seen in the figure all unknown
variables of temperatures, flow rates and phase compositions are
solved simul tancously in a single convergence loop, This is a
significant characteristic of the new method,

At first appropriate specifications are made and initial
values are selected for the flow rates, LJ‘S and V 's_  the ’
temperatures, T.'s and the phase compositions, x. .*'s and
yi,jisi Substitution of ideal K-ratios into equation (2-6) and
solving the C-matrix with C. _ = 0 by the Thomas algorl thm suchrr

b, All the els

aﬁa (5-18) can thep b& calculated, From Equatiﬁﬁﬁ'(5ﬁ17),f(§*18) ,

B
(=]

, the correction

gL —

and the summation equation (5-13) with §

i

terms - for the unknown variables are obtained. |f the: corrected
variables satisfy a certain convergence criterion, then the
& . . 7. =
computation will stop. Otherwise the procedure will be performed

agalin iteratively. . .

The detail cémputation procedyre for obtaining the sqlution
V , : , ,

is as follows,



L
FIGURE 2‘ W

FLOW DIAGRAM FOR COMPUTATIONAL

PROCEDURE
ASSUME

T LV, X AND Y
NORMALIZE
X AND Y

A

CALCULATE K, H,
oK oK dH .
" a1, ox, oT AND
gj% AND THEN THE
ELEMENTS IN THE
MATRICES

4

CALCULATE AT, AV,
AX AND AY, AND
THEN T,L,V, X AND Y

END



(1)

and

e}

o4

=

Convert the first matrices in equations (5-17) and (5-18)

to unit matrices and obtain matrix equations of the form,

!

Ax., + 6/\[ + C. AV = D,
i i i 1

1 AT + PAV = Q

(5-19)

The following alqgorithm was derived for inverting

the tridiagonal matrices (51),

o -
i Sz
K GZ,I CZ,Z
b o« e
> i
a1 Pl Sned Sot1 )
: G,
“‘N b!‘! N,
€)™ b
e = b =ac. fe. .. e
e j gj&jslfgjf)! jr 2N
ls
GN?N = l!é,N,
N, T Oy et/ By J A Nl ]
Sk, 7 "Oker, 5K K A NAL e
J o= Nkt
%,k ” (ITGk,k+1?k+|)/Ek» k= N-1 1
Gk:J g Gk'k'tlaj"']/sj » k== N,.] > 1
: j= 22N,
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However, one could also use the Gauss-Jordan elimination
procedure. The algorithm will be simplificd‘by the use of
the new procedure, A nu[rx?rical example which illustrates
the application of this procedure is shown in Appendix 2.

\
) (2)  Sum cquation (5-19) over i = | » NCP

1F8x, + BAT + CAV = D . (5-22)
! -
(3) Eliminate the /\)(i term from equation (5-19) by substituting
s equation (5-13) with Sj = 0 to obtain,
BAT + CAV =~ D . (5-23)
(4)  Substitute equation (5-20) into equation (5-23) to obtain
Avj‘s and then AT 's  are calculated from equation (5-~20),
‘ Th% values are substituted into equatijon (5-17) which is
then solved for the Axi’J'S using the Thomas algorithm,
(5) Compute new v.'s, Tjis and ﬁi,j!i as, ,
} A e (5-2h)
. = TJ ﬁEtATj (5-25)
- x§ .t UK, . (5-26)
‘.’,J Y
where t, (0 < t < 1) is aweighting factor,
o A weighting factor, t, is chosen 50 a5 to satisfy
% the following relation.
[cmrikH < [eriTi® - (5-27)

3

where [CRIT] is defined as,

1 N'" NCP 'l 2‘+( Ej - y 2
= - . . 7 =
[CRIT] = jzl{(iZ[Yi’J ) P GO YR ) (528

-

. : L A
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' 5
(6) ‘/i j‘S are obtained from equation (2-1) and then normalize
(hc:“prnzse compositions, x. ‘s and Yi s Theoretical ly
' . i) » 4
the normalization of A j! s is not required.  However they
are normalized to avoid truncation error.  Again calculoate
JKi . dK. . sl oh |
K. ., H_, h_, :f%4lﬂf Tfl443 f?lf and f;L
(' ) ) ol . K. . ol aT .
J ) J J
These values and the new stage variables are used to f
obtain the elements in the matrices.
(7) Continue calculations until a convergence criterion such
as the following is satisfied,
[CRIT) ~6 / o
: AT 07 (5-29)
. ) N
One possible definition of the convergence criterion may be,
!
N NCP .
o _ AN 22 .2, e o
[CRIT) = ) {MS+() © )F+E%45%) (5~30)
j= 1 H ‘Fj J J
J=1 i=1
in the computer program flow rates are calculated 50 as to satisfy
equation (2-5) with: Mj = 0. In addition, the liquid phase
compositions, X, .'s always satisfy equation (2-4) with Sj = 0,
f L, .
Then equation (5-30) is expressed as,
) N NCP 2 2. E
[CRIT] = J{(} c, j) YIRS (5-31)

j=1 i=1 2

In place of equation (5-31) the Convergehce ériterion may

be defined as,

4



58

; N NEP 2
[CRIT] = Y () vy, .~ 4 e2y . (5-32)
. | j=1 = )

Since 1f the following conditions are satisfied,

v NCP NCP

; ) - v - , -

. Y. . =1, § x. . =1 ad M =0
P i1 ) i) ' J

] » #
then the component matrerial balance equations should be satisfied,

nmmjy,‘cijia 0, ¢
- The secona term in equation (5-32) is normalized by dividing

rd

by the tptal heat input to any stage J so that it is of the order

of mfgnijudé |, .Consequently equation (5-28) can be defined™es a
-
converqgence crjterion,
!
. The veighting factor, t, 1in step (5) is chosen as follows,
First a'weighting factor, t ,—at each Jteration is determined so
as g? satisfy the following conditions.

I T = 60,0°F < Tk + tAT. < ZE + 60,0
A =) ) T

k .k B 3 , . : ' ,
0.5V <V 4 tav, < 2.0V, , j=1+N (5-34)
5 =Y ta j j J

 %;6f t( ). The conditons (5-33) and (5 3h) are selected so as

- ‘\’r/‘ .
“¢Pg|ve a steady solutlon. For example, in case the temperature
iH

* ed ‘rection at any stage is owver IOOO°F Obvlously one. cannot expect

1,7 ;

[ te Y},converged So]utlon

it y" Vi ‘,A
AN
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some flexibility in specifications exists in that theg
algorithm for an absorber  may be used for distillation problems where
all heat loads including the condenser and the reboiler are
&
specified, and for a reboiled absorber where the reboiler load is

specified.



CHAPTER 6

EVALUATION OF THE NEW METHOD

The calculational procedure described in Chapter 5 has been
used to prepare a general program for the solution of multicomponent,
multistage separation problems, The new algorithm has been tested on

a number of problems incldding absorbers, reboiled absorbers and

~

distillation columns typical of those used in natural gas processing
industries, and complex hydrogen rich demethanizers used at the

Canadian Industry Limited polyethylene plant in Edmonton and at the

Polymer Corporation A imited synthetic rubber plant in Sarnia, Ontario.
Comparisoﬁs have been made with the results obtained using algorithms

prepared by the author based on Tomich's method (6) and the

"

trididgonal matrix-Bubble Point procedure described by Wang and

Henke (4), and with the results obtained by Burningham and Otto (22)
rams based on (i) the Sum-Rates-Thiele-Geddes procedure,

7 !

(11), the Sum-Rates=Tridiagonal matrix procedure and (ii1) the

for Sro

Ye]

-3

Bubble PointrThiele~Geddes method with Bzgéonvergence*
Composition dependent equilibrium and enthalpy data were

calculated directly in ail:programs:using the Chao-Seader correlation,
Computations were made on the 1.B.M. 360-67 system at the University

" of Alberta. i : .
Descriptions of the problems utilized in evaluating the

, {
new algorithm follow. Completg computed results obtained with the

' new algorithm are gfven in Appéndix ‘3. ,  , 8

i .
. B . !
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Test Problems

follows,

This absorber problem iy described by Holland I

Examp 1 Problem No. |

-~ Absorber

The probdem specifications and initial assumptions are as

Component

me thane

athane

o

Compositions aof Entering Streams

Ao,
. 61
al (1) .
Lean O
(moles/time)
0
0
0
0
0 )
20
A ]



62

Initial Assumptions

Stage No. [emparature Vapor Rate
(* ) (moles/time) :
T et & .

fa
!
<
<
"
=
o}

h 100.0 90.0 ‘

o
[
<
o
)
<
<

o
~<
o
=4
o
=Y
g ‘
o
3
ol
=
o
(@]
kel
P
o]
o~
PNl
W]
—
o]
=
<

This problem is described

absorbers In gatufgﬁ gas processing plants,

.




-

Compositions of Entering Streams
A DR o Rhreling o g

Component Feed Lean ‘x()f\)l‘
T (moles/time) {moles/time )
nitrogoen 206 ) 0.0
COZ | ‘)Z .5 0.0
me Lhane 8721.5 0.0
-
ethane 1767.8 g 0.0
p ropane 686.8 0.0
i-butane 7?58 ‘: 0.0
n-butane 13()7 . 0.0
’ i-pentane | " L 19,7 0.0
n-pentane -4 19.5 0.0
n-haxane 13.1 éxO
hypth-~| 8.4 0,7
hypth-2 2.5 Z2.9
0.5
0,1
Pressure =~ 1%10,0 psia &

Lean oil

temperature = -~5,0° F

feed temperature = 45.0° F

. Inter cooler duty on platé 6 - —S?SOO?OQOﬁG'BTU



,“,Yf.)f’,t_ htII( a I Component Date

Normal Boiling AP Molecular
P,‘;’;i,n,(., . ,(,0, 7!")77; i Gravity " Weight

e i

hypth-1 o 200 ' 63.(2 89.%6

103.6

W
(gl
~
v

hyp th-2 265

o~
~
N
A
N
x

hypth-3 127.0

hypth-h 380 h7.3 145 .0

hypth-5 25 bl 6 166 .0

= # - d
Initial Assumptions

Temperature Vapor Rate
(o) {moles/time)

v
o~
ol
)

sl

] 20.0 9398,6

N
4
[e]
e
el
<
<
=]

O

roblem No, 3 = Reboiled Absorber

Example

]

This problem is described by Holland and et al (2),

The specifications and initial assumptions are:

N



(Iu’!ﬂmu itions of Fnteri ng Streams

Component fFeed Lean 0il

- {moles/time) (ol en/time)
methane 80°0 0.0
ethane 6.7 ', 0.0
propane 6.7 , 0.0
A-butane : 6.7 0.0
n-oc tane 0.0 ‘ 30.0

Pressure = 300 psia

Top product (vapor) = 95,0 moles

Ve . A o th o )
Liquid side stream from 9 plate = 15,0 moles

Lean oil temperature = 90°F

Stage No Vé?@f;Réﬁ@r
— (moles/time)
1 100,0 95.0
2 150,0 105,0
3 150.0 105.0
5 150,0 110,0
6 220.0 75.0
° 7 280,0 50.0
8 350, 0 50.0
9 » 400,0 +50.0
10 480.0 p 65.0



().l.li

Reboiled Abwopber

Fxample fflublmn No. b -

Yo

This reboiled abLorber problem is described by Buroingham

and 0tto (22), and is typical of
natural gas processing plants,

The specifications and

C()m[)ou itions of fnteri Ny Streams

raboiled

initial

ansumplions are;

Component

Faed
{moles/Uime)

Lean 0il
(moles/ tjﬁmﬁ)r

nitrogen 0.7 0.0
‘CO? 12 .4 7 0.0
methane 167 A A 0.0
ethane v h7h 5 ’ 0.0
propane . hho 2 0.0
i-butane b4 3 0,0
n-butane 128.8 0.0
i=pentane 19.5 0.0
i n-pentane 19.4 0.0
n-hexane 13,1 0,0
1283 95,3
Vi 2033 149,9
hypthns 24,7 18,1
Pressure = 270.0 psia
Number of theorgtical stages = 16
Lean oil tembeggture = ~50°F

Feed temperature = 50,0°F
. Side reboiler duty on plate
= 6

Feed stage pumber

Top product (VapO;) =

12 = 4,000,000 BTY

r

677.0 moles

absorbers utilized

in

66



Hypothetical Component Data

Normal Boiling AP Molecular

Point (°F)  Graviyy  Weight
hypth-1 200 ” 63.2 89.6
hypth-2 265 57.3 103.6
hypth-3 325 52.8 I?].b
hypth-4 380 k7.3 145.0
hypth-5 hz5 hh 6 166.0

Initial Aiﬁumﬂiiﬁﬁﬁ

Stage No, Tempaerature Vapor Rate
e L O ) dmoles/time)
! /5.0 677.0
2 90,0 750,0
3 100,0 800,0
b 110,0 850,0
5 120.0 900,0
7 150.0 900.0
8 160.0 900,0
9 175.0 900,0
10 190.0 900.0
11 200,0 950.0
12 210.0 1000.0
13 ©220.0 10000
T 230.0 1000,0
15 240 .0 1000.0
16 250.0 1000.0



6.

l.

[ SO

5 Erample Problem No, b Rebolled Absorber

Thi~ is the hydrogen rich demethanizer operating at

Canadian lodustry Limited polyethylene plant in Edmonton,
r

A

the

The problem specifications and initial assumptions are

follows.,

Compnﬁiiionﬁ of fnlcring Feed

Component feed Lean
(molas/(imc)

0il

me thane 127,920 0.0
ethane 278.870 0.0
ethylene 413,190 0.0
propane 1.279 0.0
hydrogen 0.0 7 0.0
benzene 0.0 792.610
toluene 0.0 70,980
0,0 23,660
0.0 59.150
ethylcyclohexane 0,0 ZéﬁSGO

Pressure =. h64.7 psia
Number of theoretical stages = 2¢7)
Lean oil temperature = 5°F ‘
Feed temperature = éOﬁF
Inter cooler duties
on plate & = 840;000.0 BTU
on plate’7 = 1,095,000.0 BTU
Feed stage pumber = 17

Top product (vapor) = 642.2 moles

(moles/ ime)

68



/.«7 ol tial Al sumptions

SURGE NG

69

Temperature Vapor Rate

e S {molen/time)
i 0.0 . 6420
2 5.0 6500
3 10.0 1' 650.0
h 5.0 700.0
¢ 10.0 | 900, 0
@ﬁg 15.0 920.0
4 - § B
7 10,0 930.0
8 2.0 1100, 0
9 20,0 1150,0
10 30,0 1200,0°
11 ho,0 1200,0
12 50.0 1250,0
13 60,0
E N 70.0 1300,0 *
15 75,0 130530 ”
16 80,0 1350.0
i? , 90.0 1400,0
18 120,0 250,09
<. 19 130.0 . 350.0
20 . 150,0 4000
6.1.6 Examplei?r05l¢@1N9f76 = Reboijled Apéérbfr E 4

ThiSrprOb?em is hydrogen rich three feed demethanizer

Operating at the Polymer Corporation Limited synthetic rubber plant

in Sarpia, Ontario. It is taken from the informatijon given.by Prowse



and Johnson (27), snd Petryshuk and Johhson (52).

follows,

The problem specitications and initial

C()nj)()'-, itions Of Enteq HLF)( reams

Top product (Yappr) = 1520.0

’ .

¢

Component Feed - Feed -~ 2
{molen/time) — (molen/time)
hydrogen 0.0 0.0
nitrogen 0.0 OTO
méthanF 0.0 28.9
ethylene 0.0 57.8
ethane 0.0 5
propylene 0.0 h91.3
propane 23.66 317.9
i~butene 196,56 520.,2
2-bu tene Lhk 68 173.4
n-butane 777 . 14 982, 6
n-pentane 331,24 158,95
heptane b7 .32 14,45
Pressure = A75.0 psia
Number of theoretical stages i;30
‘Lean oil temperature Va ~h°F
Feed - 1 temperature = tA°F
Feed - 2 temperature = ~4°F .
Feed - 1 stage numﬁgr; - 15 Q
Feed -~ 2 sfage numberr = 22 ‘

Assumplions,

(m(:»l A ime)

L

Faredd

567 .
207 .
6451,
b1k,
Wk,
384,

118,

]
&

el
?*h

T
(gl

jed]

afe

35

-3

h

2

*

Vsl
3]

1t

/0



The dnitiol temperatures are assumed to be Linear between

0°F and the top stage and 2037F at the reboiler.

loitial /\x“unu)t 1OonsS

S51aqge No, Temperatdre Vapor Rate

- o ry (mobes/Time)

I 0 520
2 7 1600
3 1 4 1650
i 21 1700
5 : 28 1750
6 35 1800
; : 42 1850
8 b 1900
9 56 1950
10 63 2000
1 /0

12 77

13 84

14 Il

15 98

16 105

17 112

18 119

19 126

20 7 133

21 , 140

22 147

23 15k

24 161 ‘

25 168,

26 4175

27 182

28 189

29 196

30 203
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ok
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72

f)(dﬁl[)l(‘ Problem No. 7 - Distillation Column

This distillation column is dese ribed by Wong and Henke (4) .

The problem speciflications and initial assumptions are:

Compositions of Entering Streams

Component Feed - Feed - 2
o (woleaftine)  (ole/time)
methane 2.0 0.0
&thane 10.0 0.0

\
propylene 6.0 1.0 4
propane 12.0 7.0
i-butane 1.0 L 0
n-butane 3i¢ ; 17.0
n-pentane 0.5 : 15,2
n-hexane - 0,0 9.0
heptane 0.0 h,5 )
actane 0,0 h,3

¥ decane ? 0,0 3.5 -

5 @
Pressure = 2657 psia :

=

umber of theoretical stages = 3

Feed stage numbers = } and 13 .

Feed tempérmres 7

stage 7 = dew point

stage 13 = bubble point
Vapor distillate rate = 23,0 moles
Reflux ratio = 3,122
Liquid siéefﬁireqm from hth plate ; 15.0 Z_‘

Vapor side stream from 16t2 plate = 25.0

i

»b



Initial Avsunptions

Plate No.

~
/

¥

— - %

%i’

, 1€
N VL
iil ?w-p 20

21

*

6.1.8" Example Problem No. 8.

Temperature
S S N

80.

98.5

376,
394,
h13 .
431,
h50,

e

0

b

ch

N

s

<

Vapor Rate

(moles/tine)
23,
9
94

I

9
9h
60

60

60,

60,

Distillation Column

3

‘This is a two product condenser stabilize

0
806
806

806

806
.806
806
.306

. 306

306

.306

.306

/3

r which is presently

operating if a natural gas processing plant in thevp!ovince of Alberta.

]



The problem specitications and initial assumptions fol low,

(JM})J)()h 1tion of £oter ing Streams

Component feed

B (m()ltf‘;/lrim(f‘)i

o, 0.419

Ve

i trogen 0.211

me thane ) Th.737

cthane 78.890

propane 130.060 Y
i~butane Lh 244

n-butane : 98,]73
i=pentane b A3hh
n-pentane 43,606
Z-methylpentane 15, 1h3

hexane 755935

heptane Zé%817

octane 15 87:%

nonane 8 78&»

i déééﬁé@ 2.392 )

undecane ; i 0. 443

dodecane . S 0.174 E
trfdecane | l01088

~

Pressuré = 350.0’psia

Number of theoretical stages =25
Feed stage;nuébér =9

Feed teﬁperatuce =.250.0°F

Vapor distillate rate =:21,02 moles
Liquid distillate rate = 21.02 moles
Reflux ratio = 1.9 - ' = Ay

7h



i tL:| /\‘.'.\mﬂ)( 1O

"y -
Slage No. Femper aturfe Vapor Rate

‘ S fioden/Uine)

- ) I 120.00 ?Io.?}x

2+ 151.8) 1719. 20
| 3 1h3.75 121920
h | 155.62 ' 1219.20
L Ho 16/7.50 . 1219.20
6 179.3/ 1219.20

/ 191.2%5 1219.20

i

e
]
N
T
Sl
Vsl
e
<L
i
O‘
O
- "

i
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. /6
1 ) o )

- [Ji‘.li||iﬂ iull (ulumﬂ

('). ] Y [,F,\,'"“l{‘_( f IH[JI( ]H Nu. ,‘j’

Thia is a o-hutane-i-butane aplitter operating in the
A\
ot Alberta. A lincar temperature profile ond constant molar

priov e e

flow rates are gssumed as initial assumptions,
{
L

I he p[ul:l('m Speg i lcations are: !
ff*
Feed Composition

Component Fevendd

- o (Jmh* /( Hm )

propang 10,0 >

£
i~butanea G52.0
n-butane 1140 .0
#
i-peatane 7.5
i ».

Pressuge = 3,0 pai

Number of theorotical atages = 70

=
e
A
.,
o]
—
i
b
i
-
z
=
a
el
L
1
o
o]

1
e
=
]

_—

2

shown in Appendix 3, The Lompuilﬂg t|me number of if‘riTiéns
/ f , F 21

Eblﬁ 1 and TaFlaﬁ.Z

¥

in Table 1 and TabléVZ, the math@ds compared are,

3 -~
the author,
= - A
Bubble Point method, combined with the Tridiagonal
. Y



LR-TG:
SR-TRIL:
BP-TG:

Sum Kates method combined Wi(?{h(ﬁ Thiele-

»

Geddes ‘)l()(t‘(lul'('.
Sum Rates method combined with the Teidiagonal
Matrix procedure.

Bubble Point method combined with the Thiele-

Gedden and the Theta convergence procedure,

In Tablae 3, Table b and Table 5, typical comparisons of the

rate of convergoence

shown,

*

hetween the new method and the Tomich method are

/7
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4

{.:l;}<j

[y

( UIHP'}AAI 76;.<7)ra”( 1Y mpu ill(‘J 7[ illrlf:r

(1 ime

[

e Uhiod

seconds on

an HHM 3(}()*(‘;7)

N S

. .
N NEW TOMICH BP-TR1 SR-TG SR-TRI BEr-1G
problem o ] B o _
L}
' (118) 28 1)
.07 N (SR LI D R CFI O (), (99)
.
T R R S N S
£ R _
. , - o 172,58 ,
% 2 6. h6 21.66 X (321])/\ ’ X
A (79)
o A
24 08 ) (21h) | (237)
) X X ( )/\/\ (237 "
7526 | X X X (767)
7f X , (7 Z)AA
X
rA
¢ b = = = - d S — - e

/8



/9
,I,",b‘,.l.f,i.v _lﬂ C Lomments

diverqgent )

on an {BM 7040 ' i
Burningham and 0tto (272)

Otto, privale communication

not converged in o speciticd fime (180 nee. ) o number

of iterations (30 Uimes)

Wang and Henke (B) they reported tHat BP-TRI is

faster than BP-TG for problem 7 when polynomial

L)

]




Compor iwon ot Hamber of  Tterations Hequired

labte 7

A not converged in
H ) %

of itérati®n§:(3

KA see the commeént

5?8Ciriﬁd

S5

j
-~
=

in Table

y

]

80

— St hiod
e HOW L onicn |G TR | SR OTG | SRoTRI | BP-TG
prob l;‘nL - —_ | i B B
N 1 } 20 1 ‘) z7 [§) 16
Qar -~
Iy : I iW I
" 2 7 24 X 18 18 X
-1
N 3 Ch 79 X X 57 13
a -
i J SR AN S . N S N
7 :7) : A
" g 27 X @ X 27
=L
<3 T e = —_— e A —4.
® R g
- 5 10 X .
ol :
Fé) 1 _ . o . _
0 I S R D N S
Iy _ 5
G 16 X
7 h 14 12 B
_ ;
,O SRR e e AT N — R S—
8
{ i A
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Compariaon of Hate of Converqgence with

S

ermzi (,h Y, Methiaod

(Plul)l(*m 1)

[,'if,‘, Nf‘?", Mf‘,t,hf?f’, The Tomich Method

| teration [CRIT) fteration [CRIT)
Z;NS); M.

—
f
(Y]
fog
5
<
[
(]
'
o
<

N
<
=
o
b
<
R
[
o~
<
)
ol
X
-

<
ol
a :,‘u

P

<

o
I
<
el
Lan I
jod]
el
<

e

e



The New Me thod

[ab e by

':r{ni( h*s Method

(Problem 3)

The Tomich Mathod

lteration {CRIT] Iteration (CR1T)

0

]

RN

T

MNey | 7 ] ) N(’) A

<
=
(=
p

e
<
peal
<
pee

<
b
vyl
o
'
ot
<"
I
-
-
g
)
Pl
fea]
]
o,
e
o~
S
I
ol

o
o
gl
J

b
<
s
[f=]
<
ey
oy

S

=5

. 25 0,139 » 1072
29 0,145 =



e

. foble 5 <:-\

(ri{l%l‘;:.)!i!'-'?ll of ”I‘(.)tt‘ o Cotver genge with

[ombe b s Mot hod

: (Piobiem 7)

A

Thet Nevg Hethod The Tomich Method

JI("FJ(R()H [CRIT] lteracion cRtTl
No, ' ~_No.

0 0.873 0 ’ Ojf?}

,.,
=
<
-
o
<
5
]
e
-
-~
S
o
o
o




: " » )

Bh
6.3 [}i;Lle,'()f}
A comparincon of the pertormance of the new nethod wi th
FTomiah's method and with Baubbile Point and Sam Kotes procedures is
given i Table 1 oand Table 2 Ihe Sum Kates and Bubible Point
procedures are based on trodi tional proceduces and, in general, are -
.
L
not reliable for all types of problems . The Sum Rates prU( edures
Ay
are more offective for abviorber problems whercas the Bubble Point
. i
methods are more reliable {for distillation problems . These
obrervations are in agrecment with the copclusions of Friday and )

Smith (14) .. ~

The Thicle=Geddes bubble point method #ith theta convergénce

has successfully sobved nome complex f%ﬂ led absorber problems.
" However there is no assurance that this method will i(:iﬁ\it’*'rrjﬁaf:(;r a
. 3
particular problem (52), (22) ) 1
. ; ;
.
1 . ;’7}
RS
£
o i 7 . I . . s ¥ f . . )
Johnson (52) were not abje to solve ‘a prObLémfiimilaﬁ to example 6 r
with their program based on the Thiele~Geddes bubble point procedure, .
o n R ) 7 1 - . T K i("\\-f
Prowse and Johnson (27) solved a problem similar tO:éxamPIE}G %Siﬁg
. Bk i ; [
a method baSéd on Bal]’srré]axagion procedure (25) . Relaxétioﬁ: ! ot
methods are Lharacte fically Sfable but’ converge quite siOwiy:
; i \(‘ 1 o7 -

PrOWSe and, Johnson (27) report using more thap 60 |terdtlons for a

A oo 14
. , ' -

&
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o

=

f

Lo c*/\mnp‘ti‘ 6
the €L

Pooblem 5 was tommulated from information provided by C.# L.
al .

problem simibar
(Canadian Industey Limited) Tor o column operating
tdwonton polyethylene plant,  Ihe new g thod readily solves this
complers column.  However, attempts to simulate the column aperation
Pave . as yel, been unsuccessful because of uncegtainticos as o the
identity of all the Jomponent present, the plant analyses and as (o
) -~
the proper equilibrion and enthalpy data,
The rasulty obtained for problems 7, 8B pnd 9 indicate lhfg(
ih i g
i - A} . ) B i F i : i ,!
the new dxthod is the superior me'thod of the procedures testead for
=
distillation plroblems The method was particularly effecltive for the:
) H . by H
iso-butane -~ n-butane splitter which contains «a largd gumber of
cquilibritm stagesm and ia descpibed in problem 9. J
. N .
i ot
putation less for the Tomich
the effectiveness § the Broyden
SR

ane
. o

of temperature and flow rate
_ 7 'l‘i LA
rformance of any proged

sump tjon
the pe manc
rately

marked ef y
thus identical initial assugptions must be used for valid comparisons,
o

—

The initial assumptions used for the test problems were mode
r from the final solutions .and were selected as ones that could be,

‘s s - N ~ - -

easily calculated or assumed without prior knowledge of the problem
of being relatively iniensitive

R ] - . B

far

.

solution.  The new method shows promise

B



2 )

to the iaitial assusplions used, that js, iU appears 1o give convergent

solutions tor a widey range of nitial assump tkons for any given
S
problem than other methods. However, proper analyais of the e lat]ve

~

sq«n-,i[idi(y of  the g thods to initial assumptions i complex and munt
R

fd'r\‘\‘ PO G ount the e T hiod of ['itl(“nn‘ thie- wvi(’illinq factor .
r.
- 1]
Additiona) work i+ required to clarify the effect that the choice of
5

infrial assumplions haw on the convergence characteristios.

s The methd of aelectin g the wetghtdng factor , t, has an
. T ) ) o . 7 o
lmp(;‘ effect on the characteristics of the new methad and Tomich®s
] " i

method.  fufther work js required 1o provide the optimum procadure

for sclecting the weighting facotr,

L]
L

The new methed obviously requires a karger amount of computer

A
al
equilibrium and ;"l%hr’ipy data Is incorporated in the" mechods, The '
new method requires less storage than the Tomich method, = A
Céﬁlp:?fziiéﬁsz the sizes of the inverses 'of the Jacobian matrices €an
 be used as a'measure af the Tomputes Stordge requirement. . For example,
for a 00 stagé calumn the tqtal number of elements in the iaverse of
] ) o ' I U o ,
the Jacobian matrix for the new method 4s 10 whereas 4 x 10 elements
r - 7, A ) ’ I s : ’ :
LA ] A
are required in the Tomich method, ' \
.ot : pommE e .
17 B Vil; . . \ : , - B \
1@ Chao~Seader correlation has been used exclusively for ’
G . 7 s \ N
r : i ' § . - . : : ,‘i‘ ‘
the direct calculation of equilibrium and enthalpy d@ta for the ' *
’ "i . ., ) I !
\ : J '
i + A\ 14 .
Al



problems reported in this thesis.  Othes correlgtions such as the ones

¢

proposced by Chuch and Prawsaite (38) ) Lee ande b dmi o teg (h0) , Witson

(55) ah ower bl oan ;u;iyn()midl data correlation. < be eanit by used with

’
the new pethod, .

, It should be ponsible to develop analytical crpresaions {or

the pactial derivotives required from the correlations mentioned above,

Numerical evaluation ot the partial derivatives will be reqgui red wheo . /\
analytical expressions are Lol available.
. . ) .
When dinearizing the nodel equations, only the partiad -
derivatjves that were thought to have a dominant influyence on the 7
S - S . . A
sotution were coployed;  This concept is fundamental (o the new % )
n = < = 3 3 = = N I ’ n" P ] i
method in that it allows convenient matrix structurds. to be formul atad
} H
which in turn facilitate the simyltapcous solation of all the model
- LIS
cquations. The test of the method on a wide range of ﬁj‘(’bif“mi
) M
= . < - .
suqggests that this strateqgy is quite successful, ®
i i £
i




- CHAPTER
CONCLUSTONS
- L9
i' The new calculational procedure for (mﬁ“el,riui.:(;v’ mad Cicomponent

o oa
separation calculations that has been described and evaluated - in this

N U.n.&l sods a reliable and efficient method for abrorber, rebolled

Abwgbcr and dintillation calcualtions, typical of those encountlered

= - " 5 " = - 5 .
inothe hydrocarbon procensing industrias and the chemica P industries
o™
pg ’
The pew method is more reliable and requires less com-
n . N - _ . - . -
putational time tHaj the Tomich method and Buﬁ?lﬁ Point and Sum Rates
S t
. S ) . P i AY >
procedures , and would appear to be a sigmificant Improvement: on)
~ i £
=, e relfdtive insensitive to initia )
H be relHlively i tivel to initial .
aesump tions , butrndd: anal wark is requived ta clarafﬂ the influence !
, "y Lo /
L !
. B A o ., . f
¢ equilibrium stafe problem as described ‘ip |
™ ffective use of matrnx manipulation proc 5/
5 B . : =
to solve all the rédﬁl equations si ]té%téu?]Y? avciding’itéraﬁi
'bubblg point calculatidns or other deCQUplﬁng’methods and the fa
f AR ! y ‘ 7 C
that only 2N(14NCP) partial derlvatlves need to be evaluated/per .:?
iteration, all Contllbute lo lhe Sign&flcant reduptlo .omputer \ )
storage requirement and cohputational time COmpared:to;other metrhods’,
: B B : il . Ay
’ ! 5 f * i §
- ' =
. ! 5
.88 : ‘
[ Yt N oy
. . i
’ iy i



N()~ME NCLATURE \ .

,"A ™
A APL gravity, or Chao-Scader cocfficiant

- o )
//\,.'B defined by cquation (4-3)

A Jacobian matrix ' -,
) r
A, BH, CH, DH ideal gas constants

A, by . eloememts of matrix
. . )
8 . , matrix
(O function defined by equation (2-2)
# ; .
Ce- c o matrix
D N matrix
d : ’ ' (IED‘Si’ty
d, e . elements of matrix

E . . function defined ;b?ieq;ugticg (2*3)

E* v, mormalized energy imbalance

=

I3

=

forg  defined by éiu;tiéﬂi(ﬁ=35) and (A4-36),

. % B S0 -
f, 9 ; elements of matrix '

a

f B .  colum vector defined by equation (3-13)

F ; molar feéd fate

G element of matrix ; .
h entnhalpyrof fiquid, or dﬁefin‘edtr‘by?equation (4
H enthalpy of vapp; ' - f
E matrix defined b;;éqUEtEQﬂ (3-19)

AH . heat of vaporization:

T unit math

H . R s o 0 .
f 7

i

2)

89



2N L

g= ol

Y]

, liquid composition

90

equilibrium K-ratio or U.0.P. gharacteristic tactor

molar biquid tlow rate
fTunction detfined by equation (2-5)
K
mobecular weight o
y
element of column vector
- )

total number of stages
nulnber of  comporents

. £
column vector defined by equation (3-1
alements of matrix
pressure
matrix
heat duty

»
column vector

=

gas c%ﬁ§;aht

iy

elements of matrix

function defined by equation (2-h)

molar flow raté of vapor side stream

weighting factor

]
temperaturg!
column vector -
: A
element of column vector L
molecular volume of gas ol

¢

molar vapor flow rate, or liquid mola¢, volume

i
/

column vector

colum vector defined”by equation (3;13)

»

i

I




Lix

[—X-)(r JRapa

colum vector whose element is 2 Ax
column vector

vapaor composition

column vector de Vfi ned by, equation (3-18)

% ,,

feed composition, or compressibility factor

91



Greek Letters

0

Superscript

elenment of matrix in
element of mateix
aclivity coefficient

sotubility parameter

"mew value minus

equation (5-17)

-

equation (5-18)

value'!

defined by equation (5~21)

liquid fugacity coefficient

Euclidean norm
vapor phase fuga
acentric factor
»~

i}

component number

stage numbdr

quuia

bottom stage

boiling point

critical condition

a [
-

iteration number:

reduced state

9]

coefficient

S

‘plre, component, or ideal state

92
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APDENDIX 11 PELT PROBLEN NUMBER - 1
' * ‘,
L)
, AR PROBLER STATEBAENT 2%2ax
) ‘ 4
TYpr OF COLUNRR 1
i = ’ %
NO. OF - PLATES " P
NO. OF COFPCRENTS £
PRESSUSE A1 TCOP PLATE (PSIA) ‘ 300 - 00
‘PRESSUKL DEOP PED PLATE (P51A) 0.0
NO. OF FFFDS 2 ) s
FNTERING FLATE OF FLED 1 o
FEFD QUANTITY 0.20000E 02
PRESSULE OF FPED - 300.00
TEMPFRATURE OF FeED (F) ‘ 90.00
~12 N -
&
S ENAFRING PLATE OF FRED 2 Y
FFFD OQUAMTITY 0-10000F 03
FRESSUKE OF YEED 3100.00
LIQUID BATIO QF FEED 0.0

.
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'3 d -
NOL GF COMPONENTS 17

PRESLUDE AT 108 PLATY (PS1A) -
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APPENDIX 3-3 0 TEST PROLLEM NURDER

/

»
ArA a2 PROBLEMN STATEFMENT #f#aa

D]
TYPE OF (OLURMN p
NO~. OF VF1LATES 10
NO. GF COMPONENTS b

PRESSURE AT TOP PLATE (2514)

PRELSSURE DFOP PRE PLATE (PSTAy

" -

JHO. OF FEEDS 2

. ‘ . ,
EFNTERING PLATE Of FEED 1 o
FFED QUANTITY 0.30000E 02
PRESSURE OF'FEED 300.00
TEMREKATURE OF FFED (F)
ENTERING PLATE OF FEFD 2 5
FEED QUANTITY ~ 0.10001E% 03
PRESSURE OF FELD 300.00
L{OUTD RAT1O OF FEED 0.0

SPECLEIED TOP PRODUCT 0, 95000

NOs OF LIQUID LIDE STREAMS 1
LEAVING PLATE NO. OF STREAM 1
QUANT 1TY OF S5I1DE STREAM

%

500,00

0.0

20.00

0.150008 02

x
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3 SUM OF SQUARES OF
TEMPE RATURE
0.587ABF 03 0.60084L0
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VAPOR FLOW RATL
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a

TEMPERATURE
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ot
&
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F s
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SUM OF SQUARES OF RESIDUALS
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F
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03 0,10639F 03 0,10807F
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03
c3

03 0.10805F
0,50 5%36F

110
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03 0.11022¢ 03
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03 0.59113€ 03
03 0.94755€ 03
03 0.11008€ 03
02 0.63740F 02
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ALPENLT X afj TEST PRODLEM NOMELE - 4
e;;ﬂ’ .
a~ﬁ7» PEORLEM STATEFMENT #428s

sy

TIPL Ofy COLUBK p
NO- CF PLATFS I,
RO OF L£OMPONENTS 15
RESEUKE AT TOP PLATE (PSIA) 270,00 \
PRESSURF DKOP PER PLATE (PSIA) 0.0
NO." OF FFFDS Z
ENTERING PLATE OF FEED 1 1
© FFFD QUANTITY ~26590F 03
{PRESSURE OF FEED 270.00
_TEMPERATURE OF FEED (F) , -5 .00
ENTERING PLATE OF FEED 2 5
PEED QUANTITY ' 0.17108k 04
PRESSURF OF. FELD . 270.00
TEMPERATURE OF (FEED (F) 50.00
SPECIFTED TOP PRODUCT 0.67700E 03
R , o
No. oF IN?ER COOLERS OK HEATERS 1
PIATF NO. OF INTEK COOLER OR ‘HEATER 1 12
HFAT\LUAD OF INTER COOLER OR HEATER 0-40000F
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VAPUR FLOW RATF

0.6770df 03 0.86121E 03
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0.91T2AF 03
2 SUM 0OF SQUARES CF
TEMPERATURE i
0.53330t 03 0.54384F 03
0.%37T09F 03 ©0.54796F €3
Q0-A7T283F 03 0.61055€ 03
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VAPOR. FLOW RATE
0.67700C 03 0.87268E Q3
0.92805L 03 0O.E6192E"° 03
~ 0.93463F 03 0.977SOE C3
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3 . .,SUM OF SQUARES OF REE;QLALS
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0.57763F 03
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VAPQR FLOW RATE.
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03
04

0. 67700E
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-
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0,90112F Q3
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03,
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APEPENDIX 3-¢

TYPE CF COLUNMN 2
NO. OF PLATFES 30
NO. CF COMPONENTY 1 \
PRESSURE AT T0OP PLATE (P5IN) 47%.00
PRESSURE DROP PER PLATE (PSIA)' 0.0
NO. OF FFEDS 3
ENTERING FLATE OF FEFED 1 1
FEFD QUANTITY 0.18200F Ou
PEESSURE OF FEED 475,00
TEMPERATUERF OF FEFD (F) . —~h.00
ENTERING PLATE OF FEED Z 15
FFED QUANTITY 0.28900F 04
PRESSURL QF FEED 479.00
TEAPEEATUKE OF FEED (F) =4, 00
ENTERING PLATE OF FEED 3 27
FFED OUANTITY ~ 0-29600F Ou
PRESSUKY DF FRED ; ‘475,00
TEMPERATURE OF FEED (F) ~4.,00

.

Tenh PROBLEM RUMBDER - 6

a

rER AL PROBLEM STATENENT #%22x -

ECIFIED TOP PRODUCT
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APPENDIX $-7 TEST OPHOBLER NUMBEER -~ 7

ARAAR PP OBLEN LTATERENT #masa

TYPE OF COLUMN 5
NO. OF PLATED 21
NOoL CF COMPONRNTS 11
PRELZUKE AT TOP PLATE (P51A) 264,70
PEESSURT DROP PEK PLATE (P35 IA) . 0.0
NO. OF FEEDS 2 i -
PENTERTNG PLATE OF FEED 1 . T l ,
FEED QUANT ITY 0. 305008 02 [
PRESSURL OF PEED 264,70,
LIQUID KATTIO OF FEED 0.0
ENDERING PLATE OF ¥EED 2 113 .
FEED QUANT ITY 0. 695000 02
PRESSURE OF FRED 264,70
LIQGUIDLD RATIO OF FEED “1.0000
3. 122
PRODUCT 0.0

0.23000F 02

NO:  OF LIQUID SIDE STRRAMS 1 e
3 : A
v, '
LEAVING PLATE NO. OF STHREAM 1 “ !
QUANTITY OF SIDE STREAM 0.15000E 02
! 5;,\ a i 3
NO. OF WAPOR SIDE STREAMS 1
LEAVING PLATE NO. OF STREAM 1 16
QUANTITY OF\SIDE STREAM 0.25000EF 02
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APPEMNDIX 3-H TesT PROBLEM NIMBER - &

arass DPRONLIN STATEMENT Axéess

1
TIPE OF COLUMN J
NO. OF PLATES 25 R
&
A
NO. OF CORPONENTZ 18 :
PHESGURE M TOP PLATE (PSTA) 150,00
PRESSURE DROP PER PLATE (P51A) 0.0
. I
NO. OF FEEDS 1
ENTERING PLATE OF FEED 1 9
FEED QUANTITY 0.518735E 03
PRESSUPE OF FEED 350,00
TEMPERATURE OF FEED () 290,00
REFLUX RATLOQ 1.900
LIOUID EATIO OF ROP PRODUCT 0,5000
TOP PRODUCT  0.4Z2040FE 03
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