CHAPTER IV

MATHEMATICAL MODEL

In simulating crude oil distillation systems, the conven-—
tional empirical methods are replaced by Tigorous calculations using
computer models. In the present work two models, one for crude oil
and one for topping .edlumn, have been developed for  process
simulation. This chapter’ describes the basic features of these
models, their use in Simulation, and their possible use to improve

refinery operations.

4.1 Crude 0il and Petroleum Fracticon Medels

crude o0il and petroleum fractions, being composed of such a
large number of hydrocarbon compounds that itlis not feasible to
identify them or to. determine the composition in terms of pure
components, may be described as complex mixtures. Because these
mixtures cannof. feasonably! ke | Eepreésented) by a~ series of true
components having' specific compound properties, it is necessary to
characterize fthem’ lip! somé-indiréct ‘marner weing empitically deter—
mined average properties.

Generally, the principal method used is based upon the
pseudomulticomponent concept. This method is not new. In fact, Katz
and Brown (50) described the method in 1933. Further discussions of
the method were made by Edmister (43) and Poettman and Mayland (51).

In this method the mixture is considered to be composed of a number
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of cuts or portions, each of which can be characterized with an
average boiling point, an average density, an average molecular
weight, and an average molecular characterization. With  such
properties estimated for each of the cuts or portions and with
availability of some further correlation of vapor-liquid eguilibkrium
concentrations as a function of temperature and pressure, the
mualticomponent distillation method, whichewill be discussed later can
be applied to the crude oil for simulation.

No method, including  the pseudomuliicomponent method, 1is
exact because of the s assumptions necessary to assign average
properties to each off thel psetdocomponents and to reduce the
complexity of the calculatieng, and because of the generalized nature
of the correlations (32). . However, ‘with digital computers, the
pseudomulticomponent method becomes more practical. The necessary
average properties of the pseudocomponents can be obtained by the

following procedures.

4.1.1 Number and Quantities of Components

The approachy | adopteds hereqispto divide.the crude oil, or
petroleum fraction, TBP curve into pseudocomponents and then handle
them as plrelcomporiants «in «the calculationss, (For practical;, calcula-
tions, the‘number of hypothetical pseudocomponents into which the TBP
curve should be divided depends upon the accuracy desired. However,
the width of these hypothetical pseudocomponents should not exceed
5-7 volume percent (31). The components are obtained by means of the
chord area method shown in Fig.13. The shaded areas on both sides of

the curve should be equal. Each of the hypothetical pseudocomponents
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Fig.13 Breakup'of [BP distillation curve into pseudocomponents.

is identified by itg average boiling point on the TBP curve. The
volume percent of each component 1S then cbtained from the figure.
These volume percent ingrements, which represent the pseudocomponent
properties and also include wvolume percent of each actual component
or light hydrocarbon in the mixture, are converted to weight and then
to moles. With the moles of each component, suitable vapor-licuid
equilibrium ratios, -and vapor/liquid enthalpies, the column calcu—

lations can be proceeded.

4.1.2 Density and Specitic Gravity

o

With cruGe assay’ or crude pil) for'which laboratory crude
analyses are available, curves of specific gravity vs. volume percent
recovered on a TBP distillation usually are available. In these
cases, the gravity corresponding to the mid-volume of each pseudo-
component is used as data.

In many cases of petroleum fractions, a gravity-volume

percent curve is not available, but the gravity of the entire

40
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Fig.1% Approximate change of specific gravity of intermediate-base oils with

temperature (4).

fraction is known. This, plus an ASTM distillation curve of frac-
tion, permits calculation of the UOP characterization factor (UOP-K).
In these cases, it is'assumed that each pseudoccomponent will have the
same characterization factor so that the gravity of each pseudo-

component is caleulated by (4)

SpeGr +{60/60°F} = .3/ Te [ (00P-K) (10)
where T. = average boiling point (ABP) temperature, °R.

B
Density is defined as weight per unit velume. In the

petroleum industry, density is usually expressed as pounds per
gallon. Since 1 gal of water at 60°F weights 8.328 1lb, the density

is
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Density, lb/gal = Sp.Gr. X 8.328 (11)

The relation among API gravity, specifié gravity, énd density (52) is
given in the tables in Appendix A.

The approximate density of petroleum fractions at elevated
temperatures (4) can be obtained from Fig.l4. The figure relates
the specific gravity at 60°F with the specific gravity at other
temperatures, The numbér accompanying —each line indicates the

gravity of the material“at 60°E:

4.1.3 Molecular Weight

Correlation’ ofi mglecular weight with specific gravity and
boiling point is based  on a curve presented by Smith (53), which
shows the relation betwgen reciprogal absclute boiling poiﬁt and
specific gravity for various homologous series. Smith's work was
primarily concerned with obtaining a constitution index for crude oil
fractions. The relation of this graph to molecular weight, however,
is quite clear.

Watson (54) fpresented a correlation of boiling point and
density with molecular weight as shown: in Fig.l5, but the derivation
and statistical evaluation were not given.mThe boilingapoint—density
correlation 'develdped by Mills<{and coworkers (55) was, for the most
part, in close agreement with that of Watson and based on true
boiling points. An average deviation of 2.4 percent for  ordinary
range of petroleum fractions {about 70 - 300 molecular weight) was
reported.

Winn (56) correlated many of the properties of petroleum
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Fig.15 Molecular weights, critical temperatures, and characterization factors

of petroleun fractions (54).

fractions including thes, average molecular weight by the use of
nomogram as shownd in Fig.l17. ) The experimental average molecular
welght data of several petroleun fractionssthat have been determined
by Fenske and McCluer' (57)f PitzsSimons andiThiele (58), Mills et al.
{55} and certain other researchers indicate that the average
deviation is about 3 percent from nomographic values.

Hariu and Sage (38) derived an essential equation by a
surface-fit of the Winn nomograph, which extends to 600 molecular

weight and 1200°F normal boiling point. The equation was extrapo-
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lated to over 1500°F normal boilng point by including in the surface
fit input estimated boiling points and gravities of very high
molecular weight hydrocarbons, but the accuracy of this eguation was

not reported. The molecular weight equation is

A0 i3
loglO(MW) ™ oL A XY (12)
i=0/ 30" )
where X = Average boilimg point,’F
&
\\ Y = UQOP Characterigation Factor
and \ Ayy = +0.6670202
N
Ao = +4.583705.4 107
uﬂw ' o
L.-2. J
AZO N 6?8693 x'10
= +0.1:55253
gy +O.15‘“ 1
- 4
All = -5.755585 A‘l?
7
AZl = 4+3.875950 x 10
. I =3
Ayp = -5,378496 x—106
-5
A12 = +4+2.500584 x 10
Ay, = -1.566228 x 1078

Maxwell (44) derived armolecular weight chart for petroleum
fractions,| as shewn' in Fig.18, [from an eﬁpirical'correlation of
molecular weight and the function, TB/Sp.Gr.O'40, where TB is the
average boiling point of the fraction in °R, and Sp.Gr., the specific
gravity at 60/60 °F. The average deviation for about one hundred
petroleum fractions of 75 - 500 molecular weight is 2 percent. An

eguation having an average deviation of less than one percent from

the chart is developed in the present work to fit this chart, i.e.
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Fig.18 Molecular weighté'wversus boiling‘points of petroleum fractions (4h)

MW = AR E
i

2 2
)|
=0 F0

where X = Average boiling point,‘F
Y = API Gravity

and BOO = +3.63011

-3
B10 = +3.323389 x 10

-7
sz = -8.700594 x 10

(13}
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By, = +5.870290 x 107>
By, = +4.254180 x 1077
B, = -2.546188 x 107°
By, = -1.007117 x 10°
B, = +9.442635 x 107"
B,, = ~1.251384 x 10740

4.1.4 Vapor-Liquid Eemilibrium, K-values

Cne most impertant property of pseudocomponents, of course,
is the vapor-ligquideequidibrium ratic or K-value. Several authors
have published curves ©or cornrelations giving K-values as functions of
temperature, pressure and ‘average boiling point. Poettman and
Mayland's curves (51), as illustrated in Fig.l%a-h, go up to 1,000°F
NBP but are of questionable-accuracy because they are based on Cox
chart vapor pressures, which are not reliable for high boiling point
fractions {38). None of the others cover petroicun fractions boiling
over 800 °F.

Only one source of experimental data has been found: White
and Brown (59) /scovering naphtha and furnace oil fractions at 200 to
600 psig and 580°F to 800°F. The Hadden and Grayson (60) petroleum
fraction pK- correlations as shown in Fig.20, were made, to fit these
data.

None of these correlations could be used without wide
extrapolation for crude oils, many of whose TBP curves extend to
1,500°F or higher. The only way to estimate the vaporization
characteristics of high-boiling petroleum fractions was through the

use of a vapor pressure chart, for which Maxwell and Bonnell Chart
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(42), also called fhe Esso 53-12 Chart (Fig.2l) was recommended (38).
The Raoult's Law K's ( K = vapor pressure/total pressure ) using the
Esso 53-12 Chart gave the best results in a comparison test (38) at
atmospheric pressure and under vacuum against the Raoult's Law K's
corrected for vapor and liquid fugacity by the method in Edmister (43)
and against the Hadden-Grayson K's up to 800°F boiling point,
extrapolated up to higher boiling polnts.by the fugacity K's.

An equation has-already been developed that fits the Esso

53-12 Chart over the entize pange. It is

s T2 /T = 0.0002867T) 5

log 0P = #2f S0 2 0.71450; (14)
where P = Vapor pressure; mnm.Hg

T = Normal boiling point corrected to UOP-K of 1270,°R

T = System température,’R

c, = 64769296

c, = -3/567042 x 10°

c, = +1:054060 x 10°

Cy & r4.-538984,x 108

c, = -1.583831x 10%

Qe = #3.861961x 1013

C, = -5.487237 x 107

The term in the brackets was given in Maxwell and Bonnell's paper(42).
The curve fit between loglOP and this term was developed by Hariu and
Sage (38).

A correction is made to the vaper pressure for UOP-K,
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according to Maxwell and Bonnell, by

Ty = Tg - 2.5(UCP-K - 12.0)10g10(9/760) . (15)
The calculation is iterated by finding a P from TB via Eqg.(14),
adjusting T, via Eq.(15) and repeating until the fractional change
in P is less than a specified value. Thea'the K-value is calculated

by dividing P by total pressure.

4.1.5 Vapor and Liguid Enthalpies

Various charts / and graphs have been developed to provide
basic enthalpy-temperatiire correlations for petroleum fractions: such
parameters as average boiling point, or density in degrees API are
commonly used. Additionally, graphs have been published for pressure
correlations to the basic enthalpy data. Thus historically, the
procedure for obtaining enthalpy data has been one. of numerous steps
usually involving the selection of an appropriate charti, and the
making of one or more corrections to the basic data.

The enthalpy ‘chart published by Bater and Middleton (61)
correlates the enthalpy of vapor and liquid petroleum fractions as a
function ‘of temperature and density in degrees API. Separate graphs
for characterization factor and pressure corrections are provided on
the same chart. Although these corrections provides reliable enthal-
py data for most applications, the authors indicated that the reli-
apility decreased markedly in the critical region. The critical
region, however, is not indicated on their chart.

The critical region is, however, defined clearly in



61

1200

5

00

HOO

4

o]

1000

30

300

[[e4]

H ENTHALPY OF ETHANE

il
tr

-100

2o T 22 ===
BT %t 134 S EtER e T
=y 3 T T bt e oLt
et b L e Rgaih, L
T T s e =i = =
" g g $ §
mu:. 1 i $
ot s
s
e RG] 3
R T 13 i
e b i
2B 12 i
| i1 1] 13
m 2t it bard bt N
SRR IE RR:H i
7 SIS T 3
Wm. i ERHE i i
Hhi A i
m HHHH i i
o i H 1 Hi 4 .
H il R I {ihd
i B gl HY 3 b .m.
H S R T B
el b It h

t

T
1

1
Py

oY

i Eiin

METHANE

3 ot eI

ENTHALPY OF

S

==

1200

1100

fig.22a



62

1200

190

T

't

Hati
oA

i

foyed o}

Tt

1000

:lele]

T0D

4 &l T
EyaY S
.‘._n. Efl Y u...M
e e i
: N =
YN 2t
8 Wy Vi
o [nu.,‘.xﬂ ..Wn
T Q X
He th i by
S SHiHAH it 4
i SHEL i) ]
B Bt g Brt g R H]HE £
= SRR SRR 3 H
e H T f»_-u h) 2 i ﬁ. =
e NIRRT Hhiia
) T EETRAR - i \HHHE i1
S5 T Hisitis SN + L 1EHIE
EEE tH Rl BER FEAN rv@ 3 : H =i
B Rl R e R i R F h i o
i i iz it o] A Hr {2l
5 e STt = Lt
[n..nﬂ ey i _.L1 b 4t g i
i it At el ik
} R T i e
1] THrrhr HE i = ;}nﬂ..m._b..
7 e CREET ERER LY ] AL o
3 H H it 3= TrEa Hwn. M i
: - g THH = =
z Nepee T .Mn. I 3 bl
TR T ; E = e
denEai < et i

500

400

-200

Fig.22b

A

e

=

oty

200

. HEm|E :
{FET R
SR . R
[ NG

R E R HIHEHEALY

EHEnED!

.y

0g

e

e

ENTHALPY OF PROPANE

=4

=

P irasdsnonl

1000

ey g )

— -
> r

-

500

.ﬁ..

=200



63

g g § 8

T ) HE e i
Hl wm an { > 1 £ H
% mm. HI3H ..” m h ; .w .M._. A ..um”.m
L iy S e
n.v._“ ,.,mnm HH o L, e 5 =
HEHT iy CHHIHET H Hh :
H HH 2 1 T ssabin — H H
tnEm 53 : SOt _ﬁ‘.mn, &= HiH
m. el h 3 b1 lxﬁ.. ik HoRAH R 1 ==l
= 1 w B Aq,ﬂﬁ {152 PN t wiii Rt B Sl R R
A Ha e e i : £ ﬁ R R
=i EHEH p. : .r.wm..,?‘ HHEE R R
Pe1s. = T :; RO Tk T T
o HER RN W AN N LR [ e 0 S
i i NN D, S ey e e S R
= T BN 3 ¥ Y i e Sagy i 11| Thtd
: N, PN N
, wm E HHEN r._u.% =N HH I EHI N R THEEHTHIN BEN RS
M W Rt iiticitlintiis: .."/-f/ il } EHH w. HIb w_.Lu g i H
i E i L G R RS AR R, i =7
b : i HI H )

m,m i .._“u.w.. BN FHEN HXTHH 19
@i i R LS NN HHED £ i H=
H &5 .: i ..“ tH T e e RO | x
g H: U FEHH RN R o

ik LS L it st =
] it HH THHTE i ]
g : 3

i s e

2 £ U B I I aa e

T e LTS

1y : :

s SHHE +HH

.wﬂ I ] = e i o
S “ 18

m%r ¥ 5 5 m ™

h b S aifi i et 1

1 pra: i) BE2=tga, =

A SR i 2 M ==
= ErTv T SR ERTRA NS He

aahn R RN

tadiidd s

A

T

Pptl Syt Lired o

©0oo
Yo
153

EiLIEH]
300

bl EEEE
RN
, NS i
Jits , i 8
m wiE S

N

;
=rths
i
i
}

B8O

T
ot

atoord
(gt eeed fovirie]
vy
o
s e g b

1 4§

H mre TREE &

S et
5

I 3 Pt bl H Ay i B

il
ik

i

s
$3
et
P

e
HH.
=
us

$E
e

RGN ]




64

T

e

4 ENTHALPY OF HEPTANE

2

Fig.22d



65

1200
[ule]
400
300

o L R E
- J- Tt TH T ﬂl‘ﬁl-. vwf
R E L SHREl S, t 5
W : : b, ,"%ﬂmu“ g =
= NSI{E TR TR GG ] Tha T
n"".f.m H BN E TR o HEL R i
u.-mw..}m.«. EX rﬂ."m. nu\'? a3 .;ﬂ.;n:! !
= D ER, LR s t
m pe Spes iy ve3 = A (- H
e l.......w ) o= ln R
Z Thfes T
O i NaRE
T T To] W
FE m wn NN
5 ) AT
ey B -4 &% HoNhLh
& BiEkD w _ E IR : H
E5E £ Mrmmrm% N
i o [=] 26 I SRR
I - = mn fiyee ” ”.r -HF n. -.-.
O vEie ™ HER S S
m = o EH = g5 = o
LY N ERE
fa w EEZ =L 4 = a3
E o m D A a e T R S NN i s
5 LHh0RS i T BT
“H o NE AL : :
o w [Ef9& 3 L 357 et
i = R : X N
ofit EhE e I e
= > o8 S TSR
= e o IFHZe Nkt L il =
== FR=IFE e R,  he i
I hotd ¥ O o b e e o T o5
3 A X X =3 e = aE:
= m AR G .,ul.hr 1 .
= = T 5 A g X ARG
ol i [EEECETE = EE N =
SEE [ SN : ==
0 Es 3 MR
i
it 4% i
SHB ek e i iz
OH.LMM. = e
UW. ESh 22¢,
n
=

600

t200
50090

L

1noo

il

T ]

1iztibe|

300

1000

==
m....., - m “lu e

900
200

MK

200

| CHARACTERIZATION FACTOR

il

i

B ae

I

MEAN AV BOILING POINT —

i

1
5

|

[k
L¥.d
[Talv

T

ity

800

1
1

T
-‘::5.‘; E’HIE r;‘T

ETROLEUM FRACTIONS
1

700

ENTHALPY OF P

300

ig.22e

F



100 200

T
! ;fl.

HIRH
ik

Tn l':..lu T r‘;l n T
sttt n ]Gl Hajahl

1
: it
THALPY OF PETROLEUM FRACTIONS il !r::I

3l " i

800

9
E
i
1
!
}

33

NS

i
3
I

R =

" ol t
£ k) > H H 1 T H s ;
- e e e L
1 1 -
HHGCHE MEAN av. BOILING POINT —gsoeF [HAIHIIEILETA I T T
B . CHARACTERIZATION FACTOR—12.0 HifHTHHZA ‘..‘Keii- 1k £l
L i = n H ; i 4 . I Mol
i i i R R e ] ik
i\ i T
| ! AT T 1
e Pl i =
. TS e
= Bl I I
£ H i il i Rt
+ .ll' b
i ; ﬁ T
il e i I Y i
500 g fj HittH 12 i :
FEEEH -:E a1 H :“
= i FHH,
i : 18
400 : E ' 3 :
i=h, ST T s R
: : x R i L 2 it I i -::1;§§$§ o 34 :r 1
HEY iy -: ] e o1 7
i i IRELAR If,';i B it »Fgm:r;i_, B
300 : :E : #1300

spTEe R

rhasicr Wt frer it

et

St ot —1

St

) 200 360 A0 5o

a9



200

go0ia

100

600ES

500

400

HALPY OF PETROLEUM FRACTIO

MEAN av. BOILING POINT — 300 °F

CHARACTERIZATION FACTOR=11.0

21

N

N

.i
T

EH T8

o pix

400

300

200t

==130C

200

100

00

Hh

1200

s Bl e et

MEAN AY.BOILING POINT— 300°F

800

CHARACTERIZATION

233,

Brif

1l

oy i

H

“:Eh: T : :

g

L9



1200 500 620 700 800 200 1000 IID?
i

ERIIRI i t :
NTHALPY OF PETROLEUM FRAC

e A B

MEAN AV. BOILING POINT -~ 500°F
CHARAGTERIZATION FACTOR=11.0

' T T
i

400

1300

1200

Z50 0 =g 200 300 200 300

89



500 600 100 800 800 100 SO0 1200

bl oy 4

Yy

NTHALPY OF PETROLEUM FRACTIONS 'ﬁ

o T
MEAN &Y. BOILING POINT -&00°F [
CHARACTERIZATION FACTOR =11.0

g T DA

e $347
1 1

MEAN AY. BOILING POINT - 600 °F
CHARACTERIZATION FACTOR -I12.0

=

T0D)

T
H

5

€00

HEEET

300

|00

30

200

) 00 200 300 200 200 0 00 200 300 %00 508

Fig.22j

69



70

1200

LIZEeT

2]t

!

Fray
]

beted ey 1

e

1100

s TS el R tet

=]

40

1000

o

3o

900

i

CHARACTERIZATION FACTOR

i

BOILING POINT — BOO*F

dit w.w i
343 i
=0 T
. L Llinig
= i,
T LS ,m
S
o HHTIG
ﬂu s r“ by

2

¢}

10

av,

e T

Hi
it

'FES

if =
medl -
| w
o] =
un i
EaESHES 3
1 o ot
== H
T

1

p

YD B e
8 i H i T |
n w [=]
@ R
124 =3
m o o S
5 b — o
Hid T Cal
¢
1
° i
e o
= o
o
g :
SEippmrommt g
i R H T T oW 2
=
s $ O
: i E
) ioda v o .
wm ¥ = x Mw i mmJ. MW
,” §ow © @ uilco
il L v 2 i
i E: - D
b o - QO e
i ut Ta iaT.
] m — WF
Y -
SEBE: m 28 %l
anm ¥ - ze -2
R ;
o =
w %5
Q -
8l y (Hzs
2
N. I yo o
&
ol
=
m o L
]
il
o 1 |
=] Itk
-

900

800

Fig.22k



900 1000 100 1200
(I I T, T T e e
T e o o T TR ]
R Hif
L . - I? tH “H icoe
HE M HH
PRESSURE CORREGTION FOR ENTHALPY OF VAPOR: UOPR "K'+ 11,9 Fig.23 it u:a'l
(YO HE SUBTRAGTED FAOM ENTHALPY OF VAPGR AT -1 ATMQSPHERE) ENTHALPY DF ',V‘ H144 1 3
§ =T [F.- YR “.:iil f "i!"lﬁ ) ml“””umlu i ] ":w | 20
L L {1kl H
A e J i PETROLEUM FRACTIONS (62) |NfIlFs sttty
1 I e bt I 1 TR HIHTR RGP e B 2 :-t)":
¥ ; 1 + g s R
v ke m I} 1t 8 hnn =
| gt Ittt b 1 b S i
i : % " LJM e U PR i
! ‘{‘ -‘_“_ M. L T':1”" 'L| tHHH L 1z ) "'r A0
: N ] i 1 L T 1
| I\ ~‘. 1 :.l & ! ! M 1 tHIL ‘-aL?‘" o ':Ld::'. ,‘P 1
i 1 N‘J ,f‘.r "LJ THI) M ! d"' .‘"',4 :pr IHIH H"ﬂ -“:h T [ 11 L“v
Hl HH TR R O L th 1 v'_l,_,v:_,gta 34 il Ml 206
! T ’ N v I ! I [T A AT TH W y
it i ENTHALEY OF vapon ||| BJ-'jug:«:Z;S:'_ is1Cll% il Akl Jhitiil
! il at 0-1 arsosemene [T Bt IbEr T TIHTT T [l
1] ] HHN r : u'ln.- e I i H i :d“ H : Fl- F 141 o Hl J._. 130
B ; I T R TLHERTY R
H i . M A HEH: } 1 Weisated
il ﬁr r N i
4 100 00 300 cml M0 400 00 GO0 00 OO NdD 1700 15 %0 & ] : 1 TR U ,E‘ oo
TEMPERATURE, *F CORRESTION, BIU/LE Il e b d H
L) ¥
1 hb" L3 HiTid .:5":‘
NOTE: THIZ #OESSURE COMALCTION CHAGT 1) CONVLWIENT AND FainLT I L L Uit eso
ACCURATE  AMOVE AND BELOW THL CPITICAL PLGMON, THE DE- 1 HHH L H J 1 LJ.-‘ RILHY gl el
VIATION FROW CALCULATED CORRLOTIONS (30WACE 2113 L%~ 1 1 ] LHza1 AJ’.J“:F dbils H
LAALLY LESY THAW 2.0 DTU'S PER DOUNTL 1N THE CRITICAL k § il et cplzabo it fl Fatthdzhiliz:
ALOION POWEVES (7 M IWCEW OB AND t1), THE DEVIATION : l LTI Bt e | 1 ENTHALPY, 4
00 VAY B 43 w04 AS 13 QTUS PLA ROUND, FOR WORE ACCURATE T T T S “‘,a?‘ ] . 1| eoe
CORATCTIONS awD CORPECT'ONS BETONMD THE RAnGY OF Turg 1 & 1‘( j-l’M i t -HL‘EA -*, ::Lg ML L/ 11 j}f BTU rtr LB
CHARY, SEL THE REOUCED *9OPEMTY SCRILS: FhguRps 6 & T H . [ ﬁ-;,jP I ‘“ ?"‘J iF q;, ‘_.“. RT= “.F H 3! R I5
it HlL e L0 ] b ) | r
230 St HLH i Erfrett B il L ) o L.t H s10
! i IR ITE TRy . 1 e [ T e 1) LA LA (EIANEYS UL LefaFITTH T
! ‘ 1|| I I L l i] I I. i | “ ‘ ! , i 1 L :_,JL},:" i st ’{‘ SiH ief -’;é:l""::"" 1 (_,}‘ H MOTE! THIE CHART 13 APPLICABLE FDA
i_‘ HIIN ] HiqlJes sqpltsatise AT e B L |1 ; ALT M. JLOPES 2.0
500 - b it - P st i it AT - oo
H "QJ'.L !l‘wnn vnnn unu-o doOvES mr : L.J' Uit L -"{L BT A I HTEET T Hl H ERRumLEE:
L ¥C USID [D €3TMATE LATERT WESRD ] 11 iR e s A0t e . "? ettt b FIHEH ¢ rivo o Largur wear o vasomipation
il oF VABDAIZATION BINLCTLY. FO8 L ATENT i I L e e T R T LR ,|” 1:-‘T i : OF & 80°API GiL AT 500 AMD Tr(t @
it T A A e e R s ] SR i s v |0
™ varom L0 i I P BT e LT 1 I 1 £ , 3 .
. owe L I ;L,,-*‘ ,J*:ﬂ';::;’j"::l"*! i FE, ittt "T Hi URATES VIPOR AND LIOUID BTAEOTLY
; | | i e 1 _,5 el ail; BT T B hall g il tH i wQ PATISURE CORRLCTAON I3 NIZLESARY,
200 "i WI Il””“ | ll i —|J Npsaemer I T = 1 AT b .-"T L+ A it tH1H3 LRI LT ‘oo
THTH R T o A%t "l-h: L] \1‘ HHM TN [+ Y e RIS ek LY
ity M ¥ bt 1 LSS ¥ BHms = ST BTUIL
Firnt Il s i R ] ] e et o
i T [ el Lt M M1 L4 541 i |t 1 X
u b H b1 L"pl Hyi0d o8 .,;&‘ giltaiBenlih: '..L\q"‘ i } f ¢ : Rt Hiry fress Aapatapl 11800 PTT)
4. ' + b LI T U L5 G : ! Lt e TH . Wette PsanQPIM
MR ant e N
J.n!;,' e it et riflit: R e | | 1] Williniict ot E¥THALSY OF varoR £t
e TRk gt sl R e 1 Al et B x Lt L, o |12 -1 ATNOIPHERE. ... .. .. T BUAT Fyag
s e e Tz nipbetitaily PALASUE CORREETN. <.
i :{a-? Sl 4"“F { [artsst it i ek ettt Ca (Bl ENTUALFY 0 varOR &1
LHL ik H "f" ! i ‘,‘r‘%;[”‘_ it il ‘_ Jf’f ‘ 11 I i,--‘:;v Lo B00°F AND 400 PR, . Be1 BTUALN
iR e I i B LIE?F BT il 2 fit i e 1 3 i Il ] 113 [ 230
b AT L4 (1HeF ] alHEE i i il
e e l ﬁf_&"}:‘_ i ; ij_ il ”iz:;: i § ;:t% g | 1
o' T K i} v AN HITH Hi L e staria Gdibed : 15 enrsiacey, 1,04 bl
’°"'; o 1. "145%';5* :;~ | ;‘:::;Es :‘;3:;::'1:4':_ s{[fla% : i Gru ren i 1 oo
10 b2 E? 1 H it Lt T 11 ? s lieen ]
I Il LA e i
. | e W “gIE THE DOTTED LINE EaTEMSON ||, 300 ] ! 1 L s HE ran
! | | i ¥ o e vown e aeng ||| ST A i Evrmal b oF ENTHALPY OF PETROLIUM FRAGHONS |
[t b tpon oy s et |, A L ow woP " I18
onll | -+ In LOLUTION NEAR OF ABOVE TEMPERAILAE, °F 5 1}]| TEMPERATURLS 20 || BASIS: LIQUID AT-2Q0°F
- [ - L] ja - o ——
el (UM s st s % A (| == o mete
TEMPERATURE, *F "1 mlll[l rﬂll | | f LY. JAN. 1833
mﬂq o e I !HINH ]|Ulll[llﬂ‘llIlllllillllillllﬂﬂiﬂ”“ll LTI S vy

L4 ot an oo 00 500 roo a0 1000 100 Imgo

1L



72

Maxwell's (44) series of dome charts for the enthalpy of petroleum
fractions {Fig.22a-k). Separate charts are shown for petroleum frac-
tions of various average boiling points, geﬁerally in 100 degree
increments, and each of these is represented at characterization
factors of 11.0 and 12.0.

The enthalpy chart published by Johnson and Grayson (62)
incorporates the advantages of both the aforementioned publications
and eliminates most of the disadvantages. The enthalpy chart
presented in Fig.22 was adapted and developed primarily from data
presented by Bauer amd Middieton (61) and Lyderson et al.(63). The
enthalpy of vapor is presented at zero absolute pressure. For most
conditions, the =zerospraessure data can be used for pressures up to
about 50 psia before cofrections become significant. The enthalpy of
vapor at zero apsolute pressure and liguid at one atmosphere is taken
directly frem the Bauer-Middleton data except that the basis is
changed from liquid at 0°F to liguid at =200°F,  The zero-pressure
vapor enthalpies reproduce the experimental data within about 45

Btu/lb.

4.2 Topping Column Models

In “order ~to simulate ‘a topping column, ‘the, ! theoretical
analogue " of an actual column is first determined. The " theoriti-
cal analogue column " is defined as one which has the required number
of theoretical (or perfect) plates between consecutive product
withdrawal positions so as to obtain product streams that possess the
same characteristics as those withdrawn from the actual column. In

general, the theoretical analogue column is determined by reducing
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the original .number of plates between the product withdrawal
positions, as possessed by the actual column, unti} the conditions of
the above definition are satisfied. Once an analogue has been
determined and confirmed with cobserved results, it can next be used
to simulate other conditions for the given unit.

The mathematical model for the topping column in this work is
an extension of the 2N-Newton-Raphson fer absorbers as presented by
Holland (2). As an -dllustratioh of —the  mathematical model, a
theoretical analogue system' as Bhown in Fig.24 is selected to
describe and test the computer program. The distillation system has
four sidestrippers comriegted to the main. The plates are numbered
sequentially starting from the condenser-accumulator drum down to

Q

the last plate of the lowest. stripper.  The plate description is as

follow:

Plate no. 1 condenser-accumulator
2 top-plate of main column
NW(i} sidestream withdrawal plate

NV(i} plate, below, which, vapor, stream, from-sidestripper is
returned

NP (idy mpumparcund-withdrawalpplate

N@(1) plate to which ligquid-pumparound stream is returned
NF feed plate
NT bottom plate of main column

NTOP (i) top plate of each sidestripper

NBOT(i) bottom plate of each sidestripper
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e Lngor,
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Stripping steaS\\~ij’/
_ = Lnt

fig.24 An illustrative theoretical analogue system for mathematical model

presentation.
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For this theoretical analogue column, the following variables
are regarded as fixed:

a) The number of theoretical plates in the main column and
sidestrippers as well as the locations of éll stream withdrawals and
return positions

b) Quantity, composition, and thermal conditions of all feeds

c) Column pressure and the préssure drop per stage

d) The overhead reflux ratio (or alternately, the condenser
duty QC)

e) Distillate M, and sidestripper withdrawal rates L, ...

s
f) The boilup ratio for the reboiler-type side stripper (or
alternately, the reboiler duty QR)
g) The intercooler duty QP for the pumparound stream WP

h) The pumparound rate W_ and its withdrawal and return posi-

F

tion

4.2.1 Choice of .Independent Variables

The N-stage temperatures, Tj and the N-ratios of the total-
flow rates, Vj/Lj, are selected |dsthe indebendent variables in this
formulation oflthe Newton-Raphson method. Alternatively, a heating
or cooXing duty fiaybe selectediinstead as ay) independent variable,
and the VJ/L for that stage specified. For example, by specifying of
the reflux ratio Vl/Ll, the condenser duty QC and the temperature Tl
become the independent variables for the first stage of the main
column. The variable Vj/Lj is replaced by a new variable ej, which

is defined as follows:
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Vj/Lj = ej( Vj/Lj )a -{1s6)
where ( Vj/Lj )a is any arbitrarily assumed value of Vj/Lj. Taking
this assumed ratio to be the most recently found value of Vj/Lj in
the iterative process serves to normalize the Gj's so that, at
convergence, ej approaches unity for ail .j.

A new variable 90 is intrediced to account for the  two
licquid phases in the accwmlator. It is defined in a manner analog-

ous to that for the remaindng 8's; namely,

wo/vl = 90 (WO/vl)a (17}

4.2.2 Total Material Balances

The total material balances may be stated in terms of the
vapor flow rates Vj or the-liquid flcw rates Lj and the 9j's. In the
statement of the total —material balances, & multiplier Rj is

introduced for the sake of simplicity. It is defined as follows:
Vil 2 |RIL] (18)

where Rj = Bj(vj/Lj)a, except for j=0 or plate where\V/L is speci-

fied. For j=0, R0 = GO(WO/Vl)a; and for-any plate that V/L 1is
specified, R, = V./L..
pe J J/ ]

It is simpler to formulate the total material balances in

terms of Lj's and the Rj's (or ej's) when the sidestripper with-

drawal rates LNBOT are known. The balances for plates 1, 3, NV, NW

and NQ are made, and next the complete set of total material balances
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are stated in matrix form,

a) Plate 1: The total material balance enclosing the
condenser—-accumulator section is given by

V., -V, =L, ~W. - W, =0 (19}

which is readily rearranged to

+ RORl)Ll e R2L =W (20)

~ {1+ R 9 1

ir

b} Plate 3¢ This is typical of all other interior plates
of the main c¢olumn/ and /sidestrippers, where streams are neither
introduced nor withdrawn. | The total material balance enclosing this

plate is given by
Ve b= Vo =T =0 {21)

when Eq.(18) is used to restate the vapor flow rates V; and V, in

terms of the cerresponding liquid rates, | the resulting egquation is

Ly - (A R3)L3 + RyL, =0 (22)
c) Plate NV: These plates are all similar in that the vapor
stream from a sidestripper is returned to the plate immediately below

one of them. For each plate

Ynvi+l bl T Vrory T Ve T by <O (23)
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and use of Eq.(18) to eliminate vapor flow rate terms gives

gy -1 - Rav, 'owv; + Ravg i+t = 7 Raroe; Mvrop; (24)

d) Plate NW and NP: The interior plates NW and NP have in
common the withdrawal of a liquid sidestream from the ligquid stream
leaving these plates. Eq.{18) permits the total material balance for

each NWi plate

VNWj_-E-l + L‘Nl’\]j_—:l_ 4 VNWi / LNWi Y W_'_i_-}-]_ =0 (25)

to be restated as follows:

gy -1 = O Ry e, B it 0 = Y (26)

Note that LNWi represents the liquid flow ratesat which the. liquid
stream enters plate AW, -+l and (LNWi + wi+l) is the rate at which the
liguid stream leaves plate Nwi.

For _each NPi plate, . the total material balance will be
obtained by substituting Nwi and Wi+l in Bgs.25 and 26 with NPi and
Wp, respectively.

e) Plate NQ:  The liquid-pumparound stream WP is returned
to plate NQi and the balance for this plate, namely,

W =0 (27)

Vnog+l F Mg T T gy T Mg

has the following form when stated in terms of the liquid flow rates,
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Lyo. (28)

1

R S RNQi)L'NQi + RNQi+lLNQi+l = -

The right-hand sides of Egs.24 and 26 are not directly known but are
simple to find by seguential direct substitution in the total
material balance equations of each sidestripper. The reason is that
the LNBOT and FS are specified, and that normally a sidestripper
linked to the main column can be simulated zccurately using only two
theoretical plates (64},

Thus the gomplete set of total material balances may be

represented by a matrix eguation of the form

T-L =-F (29)
and matrix T is a NT x NT tridiagonal matrix which is easy to solve.

The column vector F.is
T — —— {30)

and contains the feed and withdrawal rates. Similarly the column
vector L is

(31)

and contains the total flow rates of the liquid.

4.2.3 Component Material Balances

The component material balances may be stated in terms of
either the vapor or the liquid flow rates by use of the equilibrium

relationships. The presence of two perfectly immiscible liguid
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phases on the first stage and the typical two-phase (vapor and
liguid) behavior on all subsequent stages call for a special
treatment of water on stages 1 and 2. Development of the component
material balances for all components, except water, are developed for
the first and second stages, and then water balances on these two
stages are developed.

The equilibrium relationship i€ used to state the component
material balances in terms of the vapor flow rates. Starting with the

equilibrium relationshap

in = Kjixji (32)
where i is any component and j is any plate, the mole fractions in
Eq.(32) may be stated in terms of the component flow rate of the

vapor and the absorption factors by making of the defining relation-

ships vji = ijji ard lji — ijji as follcows:
v., = ( K,.Vv./L. J1l.. = (0.K.. J{ V./L. )1l.. (33
J3 Ji J/ J o1 Jjn J/ J ) Jx )
or
l.. = A..v.. (34)
Jx jr 1
Here the absorption factor Aji is defined as
AL, = ( 1/8 K., L./V. (35
51 C1/84Kg IO Ly/vS ), )

Then, the component material balance for any simple plate j
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$ly ) g m vy -1y =0 (36)

Vi4l,1
may be stated in terms of the vapor flow rate by use of Eq.(34) as
follows:

- {3+ A4 = ( (37)

A-1,1Y5-1,1 BVt Vi

In accordance with the model assumed  for ﬁlates 1 and 2, the

component material balance <for @ these two plates are formulated as

follows. If water _is deroted as compenent ¢, then, the component

material balance on Jplate | for any component other than water is
given by

v il kil gy ) S0 (ifc) (38)

Since both liquid streams leaving the condenser have the same

composition, therefore

= ( W, /L

1i 1/ )1

W

1 (izc)  (39)

Using this condition and the equilibrium relationship given in

Eq. (34) /thelcompchent-material | balance can be stated as

-[1+a +v,. =0 (ifc) (40)

+ (wl/Ll)Al.l Jv 2i

1li 1i

By a similar procedure, the component material balance for the second
stage

-v,, -1, =0 (i%c) (41)

Vg t 1y 7 Vs Ao
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can be stated as

A..v,. — (1+A

1i°1i 5i0Vpy t V33 =0 (izc) (42)

The component material balances for the remaining stages are develop~
ed in an analogous manner, and the complete set of equations so

obtained may be stated in matrix form as follows

Coov, = - fy {i#c) (43)
where v. = [4V. 4V v ]T
i F B af e N,1
T
£, = g0 £ J0fvee L 6] AR

The WNxN sguare matrix Ci differs from a tridiagonal matrix in the
appearance of only four  monzero elements to the right and four
nonzero elements to the left of the tridiagonal band of elements.
The four nonzero eléments to the right of the tridiagonal band result
from the return of the vapor streams from the sidestrippers, and the
four elements to the left of the tridiagonal band result from the
introducticn ofi the sidestreams W2, W3, W4, and WS to the sidestrip-
pers. The hydrocarbon feed F enters on plate NF, and Vey is in row

NF-1 while lFi is/Miny row NE.

4.2.4 Component Material Balances for Water

Since the two 1liquid phases (the water phase and the
hydrocarbon phase) in the accumulator are taken to be immiscible, it
follows that

(44)
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llc =0 (45)
Thus the component material balance for water on plate 1 (the
condenser-accumulator section) is given by
=0 (46)

v -

2¢ 1c 7 Yoe

Since the partial pressure of water vapor above the two liquid phases
in the accumulator is egual 6 its vapor pressure, it is evident that

P = { vlc/vl P (47)

1¢ 7 Bic
where Plc is the vapor pressure of water at the temperature Tl of the
accumulator and P1e is/ the partial pressure of water 1in the
accumulator. Symmetry of the éguations is preserved by restating the
flow rate of water Woe in terms of the vapor flow rate Vie Commen-—
cing with

Yoc = W0 = { WO/Vlc )Vlc (48)

and making use &f Eq.(47) gives

Yoo = WoVie / [Vl(PlC/P)] = Ag.Vie (49)

Use of this relationship permits the water balance on first stage to

be restated as follows

- (1 + A, vy + Voe = 0 (50)

0c’ "1c c
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For plate 2, the water balance is

-1 =0 (51)

Vac T Vac 2c

since llC = 0. For plates 2 through N, water is taken to be a
two-phase component and the equilibrium relationship given by Eq.(34)

may be used to restate the water Ealance on the second stage as.
follows:

W, Whe {52)

e AW

A V2c X

4,2.5 Corresponding Set of Independent Functions

For the general case.of plate j, im which a single liquid
phase is in equilibrium with the vapor phase, there exist two inde-
pendent variables, namely, Bj for QC or QR) and Tj. The total number‘
of 2N+l independent wariazbles for the topping column results from the
existence of two immiscible liquid phases in the accumulator, which
gives rise to three independent variables [ 85, 8, (or QC), Ty J for
plate 1.

Tn order +to solve for the 2N+l independent variables via
the Newton-Raphson  method, 2N+l independent - equations must be
selected and expressed in functional form. The equations so selected
are the N+l equilibrium relationships and the N enthalpy balances.

The N-1 equilibrium functional expressions for stages 2
through N are formulated by commencing with the condition that a set
of the independent variables is to be found such that Fj = 0 for all

j{j=2,3, ... , Nl. Here
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C C

= Z _(Z
F. = (, 1, )/L 1 1 vji)/Vj (53)
The equilibrium relationship given by Eg.(34) may be used to reduce
Eg.{53}) to either a bukble point or dew point function. The dew point
form of the function is obtained by eliminating the lji's to give

5
- z y
= Qs &) (™ 1w, (54)

The existence'of twe liquid phases on stage 1 leads to two
independent equilibritim Jfunctional expressions. The functional
expression for the hydrecarbon.phase is obtained by using Eg.{53)
and the fact that llc = 04 Thus

C

- p>
= v S LA R IN,; - v (55)

lc
The functional ferm of the equilibrium expression for the liquid-
water phase on plate <1 is cobtained by using the-equilibrium relation-

ships in Eqg.(47). Rearrangement of this equation giv;s

Fy = [vlc/vl(Plc/P)] -1 {56)

The enthalpy balance equations are formulated for any stage
J in a manner analogous to that demonstrated for an interior stage j
such as stage Jj=3. The enthalpy balance enclosing stage j may be
stated in the following form:

C

Z —_— — =
i3 b Via,iM5 1t b Py T VP T dyhys 1200 )
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Elimination of lji by use of the component material balance

Vigl,i T lj—l,i ~ V45 T 1ji =0 (58)

for stage j followed by the restatement of the expression in func-

tional notation yields

C

G. = 2. [

3 1=1 (

Vi1, B Bk e 5050 Pyy) - vy By Byy)d

r

(59)
The normalized form of the enthalpy balance egquation for any stage J

may be expressed as

G, = Gus/G1s (60)
C
where Guj = le [Cljvj+l,i(Hj+l,i_ hji) + C2jlj-l,i(hj-l,i— hji)
+ Cysvpy (Hgi= Bog) + €yl (bygm h o) + Co vy, (Hpi= hyy)
+ cslei(hFi- hji)] 1<j<N (61)
C
o= &) v (BS@h ) +Co00 1< <N

The heat duty for plate j is denoted by Qj. _The -subseripts P and F
refer to'! a " pumparound'stream and‘an external ‘feed sStream, respec-
tively.

In summary, a total of N+l equilibrium equations ( Y F..

... , F.) and N enthalpy balance equations ( G

N .., GN) con-

10 Go:

stitute a system of 2N+l simultaneous nonlinear equations in the ZN+1

independent variables ( 90, 91, cen QN' Ty Toy wee TN).

(62)
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4.2.6 Algorithm for Independent Function Evaluation

From the above presentation, evaluation of the independent

functions may be carried out sequentially as follows:

Step 1:

Step 2:

Step 3:

Step 4:

Based upon the assumed values of (Vj/Lj)a and the latest
iterative values of ej, solve Eq.(29) for the values of Lj'
and then find Vj via Eq.{18}<

For i=1 use the latest iterative values of Tj and ej to find

Kji' then Aji (9=12,...,N), respectively. Next solve Eqg.
(43) for Vji' By tepeating the same procedure for i=2,3,
«-.,c, find all  the vji' lji corresponding to the latest

iterative values of Gj and Tj'

Evaluate the equilibrium functions via Eq.(54-56) using the
values cobtained in step 2.

Find Hji and hji from Tj and then evaluate the enthalpy
functions via Eqg.(60-62).

Thus the 2N+l independent functions f(x) can be evaluated

from the 2N+l independent variable x.
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