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AN EQUILIBRTUM STAGE MODEL OF THE KAIC PROCESS

J. C. Mullins
K. W. Glass

ABSTRACT

A computer program has been written to solve equilibrium
stage models of the KALC process 1n as exact a manner as
presently avallable data will permit using matrix algebra
techniques. A correlation is presented which represents
the thermodynamic properties of the multicomponent system
COZ-Xe-OZ-CO-NZ-Kr at temperatures of -55 to 0°C, pres-
sures up to 70 atm, and over a range of concentrations
of dissolved light gases likely to be of interest.

The program has been tested for several possible system
configurations with up to a total of 50 stages. A

three-column configuration consisting of an absorber, a
fractionator, and a stripper-rectifier column 1is used as

an example.

1. TINTRODUCTION

]
The need to remove 'SKr from the gases evolved during the repro-
cessing of the fuel elements used in the high-temperature gas-cooled
reactor (HIGR) led to the deve :pment of the KALC (Krypton Absorption

1-3

in Liquid Carbon Dioxide) prcce s. The off-gases from the repro-

cessing consist typically of 90% carbon dioxide and 10% licht gases



containing oxygen, carbon monoxide, nitrogen, and traces of xenon and
krypton. A simplified flowsheet for the KALC process is shown in
Fig. 1. The krypton, along with some of the other light gases, is
removed in the absorber-fractionator. The liquid carbon dioxide
containing the krypton and a small gquantity of light gases then
goes to a rectifier-stripper column, where the krypton and light
gases accompanied by carbon dioxide are removed through two partial
condensers at the top of the column. This small quantity of gas
containing the majority of the krypton is processed to increase the
concentration of krypton, and is eventually stored. The nearly pure,
liquid carbon dioxide from the bottom of the stripper is recycled
as scrub to the top of the absorber. Detailed descriptions of the
proposed process are available in earlier reports.u’5
The need to develop a mathematical model of the process was
recognized early in the development of the KALC process. This led
to the parametric study of the process by Whatley6 and to a solution
of an equilibrium stage model by Mobley.7
Whatley's study of the KALC process also included the use of
an equilibrium stage model and provided an extensive evaluation of
the effects of various parameters such as pressure, scrub rate,

number of stages, and reboiler duty on the decontamination factor

(DF)* and concentration factor (CF)**,%. TIn his study, Whatley

*
DF

amount of krypton entering in feed stream divided by the amount
of krypton leaving the top of the absorber.

*%
CF = mole fraction of krypton in feed stream divided by the mole

fraction of krypton in product stream leaving process.
1_Y/Jha.i‘,ley6 used a different definition of CF.
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separated the absorber-fractionator from the stripper-rectifier column.
His solution technique consisted of a stage-by-stage calculation beginning
at each end of the column where conditions are specified. TFrom assumed
profiles of temperature, concentrations, and vapor and quuid rates,
energy and material balances are imposed on each stage, along with

the equilibrium requirement, to yield new values of the temperature,
composition, and flow rates. Whatley represented the vapor-liquid
equilibris of the system by an empirical fit to the available data

for C02~O CO.-N COB-CO, and COZ—Kr systems.

2’ 2 2’

Mo'bley7 used a matrix technique developed by Tierney and co-
worker38’9 to provide a solution to the model proposed by Whatley.6
Mobley's study, although not nearly as extensive as that of Whatley,
appeared to provide a convenient solution technique which could be
used to study the combined system or any number of different
configurations.

These early studies led to the present work, which attempts to
provide a more quantitative representation of the entire system with
a thermodynamic correlation of all available data. This will permit

investigation of the system over wider ranges of conditions than

previously studied.
2. EQUILIBRIUM STAGE MCDEL

2.1 Introduction
The equilibrium stage concept has been widely used in the modeling

of distillation, absorption, and extraction processes; thus one often



overlooks the fact that it i1s a model. While a number of equilibrium
stages can be assoclated with the separation achieved in a binary
separation process, this is not always true of a multicomponent system
involved in a real process such as that encountered here. In spite

of this weakness, the model should prove useful in the design of the
KALC process and in interpreting the data from the various experi-
mental campaigns. Figure 2 shows the equilibrium stage model of

the KATC process which may be solved by the computer program listed

in Appendix E. With slight modifications discussed in more detail
later, the program has also been used to model a one-column absorber
and a two-column system consisting of an absorber column and a stripper-
rectifier column. Almost any configuration can be modeled with minor

changes in the basic program and one subroutine.

2.2 Solution of the Equilibrium Stage Model

2.2.1 Background

The solution to the equilibrium stage model as 1t has been modified
with the acquisition of larger and faster electronic computers has been
discussed by Smithlo and by Friday and Smith.ll

The solution of the equilibrium stage model for separation problems
is obtained by finding a set of temperatures, phase rates, and composi-
tions which satisfies all of the equations of the model. Denoting

stage numbers by 1 and canponents by j, the equations of the model are:

(1) Equilibrium relations, that is,

~ 3l
Viz = K5 ¥y; (1)
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(2) Material balance equations around each stage for each
component
(3) FEnergy balance equation around each stage

(4) Restrictive relation on concentrations, that is,

x,,=1=3% kJx, .. (2)
R A R

J dJ
The normal procedure is to substitute Eq. (1) into Eq. (2) and, by an
overall material balance, to eliminate the liquid flows in favor of

the vapor flows as independent variables. The following three sets

of relations remain:

Cij (xij’ Vi ti) = 0 (N times M relations), (3)
Ei(xij’ V. ti) = 0 (N relations), ()
Mi (Xij’ Vo ti) = 0 (N relations), (5)

where Cij represents the material balance relations, Ei refers to the
energy balance relations, and Mi designates the restrictive relations

given by Eq. (2). The various methods used in the past for solving

these three sets of relations are discussed by Friday and Smith.ll

They point out that almost all modern computer methods group the
equations by components rather than by stages. One such method which

has wide application to any stagewise operation is a general matrix

technique developed and described by Tierney and co-workers.8’9 This

method, as discussed below, originated from the earlier work of Amundson

2
and co-workers.l »13



2.2.,2 General matrix method

The general matrix method for the solution to the equilibrium

8,9

stage process as developed by Tierney and co-workers has been
applied to the KALC process. Figure 2 specifies the feed stream and
the number of stages in each column, as well as the interstage flow
pattern. The numbering sequence begins at the top of the absorber
and ends at the bottom of the stripper-rectifier, each partial condenser
being considered as a stage. In the general formulation discussed
below, the various heat streams will be considered to be specified,
although in the sample calculation the amount of vapor leaving stages
NA + 1 and NF + 1 will be specified and the heat stream in each of
these two stages will be calculated. The amount of liquid carbon
dioxide solvent returning to stage 1 is stipulated; the difference
between that stream and the ligquid stream leaving stage N is an
additional product stream or a makeup stream, depending on the
requirement.

Initially, N vapor flow rates and N stage temperatures are
assumed. These assumed values can be corrected by N measures of
energy balance error and N measures of material balance error. A

linear correction process is defined as:

Y A=~ A, (6)

where A is a 2 N by 1 vector (2 N * 1) consisting of the N corrections
to the assumed temperatures and the N corrections to the assumed flows.

The vector A is 2 N ¥ 1 and contains the N material and N energy balance



errors. Y, which is the Jacobian matrix of errors, is 2 N ¥ 2 N, An
element of v, wij’ is defined as:
axi
¢lJ Y (7)
J
This is the

where ki is an element of A and 6j is an element of A.

familiar Newton-Raphson solution to nonlinear equations.

and vectors can be partitioned and rewritten explicitly as:

Here the Y matrix has been partitioned into four N ¥ N matrices,

where

These matrices

(8)

effect of temperature changes on composition on all stages

at constant flow,

et,ij = adm,i/act,j;

effect of flow changes on composition on all stages at

constant temperature,

e ..=20d ./3c_ .;
v,1ij m,i/ " v,

effect of temperature changes on energy balance on all

stages at constant flow,

Jg,15 = 24 1/ 53
effect of flow changes on energy balance on all stages

at constant temperature,

b =23 /3

v,1] e,1

] e
Vs d
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The A vector has been partitioned into the temperature correction
vector, Ct’ and the flow correction vector, Cv' The A vector has

been partitioned into the vector of material balance errors, Dm,

and the vector of energy balance errors, Dc' The value of partitioning
the Jacobian matrix of errors is discussed by Tierney and Bruno.8 For

example, the constant model overflow problem reduces to:
E, C, = -D . (9)

Before proceeding with the analytical expressions for the matrices

and vectors, it is necessary to define a number of matrices and
vectors. After obtaining relations for V¥, Dm’ and De, the convergence
technique is straightforward. From initial estimates of the stage
temperatures and flow rates, energy balance and material balance errors
are calculated along with the elements of ¥. Corrections for the

assumed values of temperature and flow rates are calculated from:

E, E
c | |J.J D :
V. t v e
The process is repeated until Dm and De satisfy the convergence criteria.

Definitions. The basic matrices are defined here to precede a
description of the material and energy balances for the equilibrium
stage system.

(1) Flow connection mabrices, L and V. These are N * N matrices

denoting the flow of liquid and vapor streams between stages.

The main diagonal is composed of negative numbers representing



i1

the total flow of liquid or vapor leaving each stage. The
other elements, vij or lij’ are positive numbers giving the
flow from stage j to stage 1i.

(2) Composition matrices, X and Y. A matrix of size N * M is

developed for each phase, M is the number of components

in the system. The 1j elements of each matrix represent

the composition of component j on stage 1. For convenience,
each composition matrix is partitioned into M column vectors,
%3 o v(3)

(3) Feed matrix, F, This N * M matrix is used to represent the

flows entering the system from outside sources. It is alsc
partitioned into M column vectors, each one representing
the feed rate of one component.

(4) Equilibrium ratio matrices, KJ. One N * N diagonal matrix

is defined for each component, with the diagonal element
ki representing the equilibrium ratio of component j on

stage 1.

(5) Heat vector, Q. One N ¥ 1 vector of elements qi is used
to describe the addition (+) or removal (-) of heat from

each stage, cal.

(6) ILiguid enthalpy vector, H. The element hi = enthalpy,
cal/g-mole of liquid stream leaving stage i. The vector

is N * 1.

(7) Vapor enthalpy vector, G. The element g = enthalpy,
cal/g—mole of vapor stream leaving stage i. The vector

is N * 1,



1z

(8) TFeed enthalpy vector, Q The element Qps = total enthalpy,

£

cal, of feed stream entering stage i. The vector is N * 1.

Material and energy balance equations. With the definitions above,

a matrix formation of the equilibrium stage problem can easily be fol-

lowed. The material balance for component j is given by:
ICOININE) ) I (11)
The gas and liquid compositions for component ] are related by:
- xix(3), (12)
A substitution of Eq. (12) into Egq. (11) gives:
x(3) L ydx(3) _ 5(3) (13)
Now let Z be defined by Egq. (1k4):
79 = L+ v, (1k)
Substituting Eq. (14) and rearranging Eg. (13) gives:
x(3) ~(z9)~t p(3) (15)
With an assumed set of flow rates and temperatures, Eq. (15) can be
used to calculate the liquid composition of component j on all N
stages. Equation (12) will then give the compositions in the vapor
phase. These calculations are made for each component of the system.

The overall material balance can be used to relate the liquid

and vapor flow matrices:

LU + VU + FU = 0. (16)

Here, Uis an N ¥ 1L or M * 1 unit vector, as appropriate.
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The energy balance is written in a similar manner:

LH + VG + Q + Qf =0. (17)

The above equations are used to define the material and energy
balance error vectors, which must be reduced to negligible values in

the iterative solution:

M M

D =(X-Y)U= % x,, -~ % y..fori=21..N (18)
m 5=1 1] j=1 1]

The energy error vector is defined from Eq. (17) as follows:

D, =IH+ VG + Q + Q. (19)

Independent flow variables. Earlier it was stated that each

stage was considered to have two independent variables, a stage
temperature and vapor flow rate (a liquid flow rate could have been
used). As many as N - 1 vapor streams could be routed from each
stage to other stages; however, only one is independent.

The flow variables are grouped into two classes: wvariable flows
and fixed flows. If the flow rate of a stream is specified, then
this stream has a fixed rate. This is the case for the scrub rate
to the top of the absorber. If a reflux ratio is specified, the
two streams are treated as variable flows; however, a restriction
is introduced to keep the ratio constant. Although any one of the
variable flows leaving a stage could be used as the independent
variable, the sum of all variable flows is chosen as the independent
flow variable. Tater, a simple change will be made to let the heat

term rather than a phase rate be the variable on a stage.



1k

The vapor and liquid flow matrices are then rewritten as:

V = AV¥ + V!, (20)

where

V¥ = independent variable flow matrix, (N * N) diagonal with
vi* equal to total variable vapor flow leaving stage i,

A = vapor flow restriction matrix, -1 for diagonal elements
with aij(i#j) equal to the fraction of total variable
vapor flow going from j to i,

V! = fixed vapor flow matrix; contains flows not to be changed.
Main diagonal elements are (-) and off-diagonal elements

are (+).
Similarly, for the liquid flow matrix:
*
L = BL + L. (21)

These matrices are defined in an analogous manner to the vapor
matrices. Neither " nor v is independent since both are related
*
by an overall material balance. V is taken as the independent

variable, while L' is calculated from Eq. (16).

Temperature correction based on materigl balance errors (Etl.

To develop the necessary analytical relations, one starts from Eg. (18)

and differentiates:

3D
m _[oX oY
% "(& 'a%>U‘ (22)
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In order to evaluate the derivatives, consider the material balance

for component j given by Eg. (13) and differentiate at constant flow

rate:
() J .
7 agt + ng x(3) _ o, (23)
k k
Solving,
(3) -1 J .
X K
aat = -(z9) v(%ﬁ——)x(‘-’). (24)
k k

One N * 1 vector is obtained for each k from k = 1 to N. By grouping

these terms, the matrix Xi is formed:

-1

J _ J J
Xt = —(Z ) VMO ) (25)

where Mg is a diagonal matrix with element

akij
Bo,i T 3t, Fij C (26)
i
For the other derivative in Eq. (22),
5t ~ K St X (27)
k k k
Grouping from k = 1 to N and using the definition of Mg above,
J _ wd d j
¥y = K Xt+Mg. (28)
Equation (22) can be written:
By [ax o M (x(3) 5 (3) (29)
ol o R s . ?
k k k/ = k k
As k varies from 1 to N,
M . .
E, = 2<X§'Yi>' (30)
6 50
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Since the values of Xij used in developing Eg. (30) do not necessarily
sum to unity on each stage, it proves helpful to include a normalization

factor. Let N be a diagonal N * N matrix with elements

1
n, = % - . (31)
j=1
The final equation for Et as used in this work is:
- J iy %
E, = ? (Xt Yt) N . (32)

Flow-rate correction based on material balance errors <Ewl°
Starting with the overall material balance, Eq. (16), and substituting
for L and V using Egs. (21) and (20), the following relation is

obtained:
(BI* + L' + AV¥ + V') U = -FU, (33)

Taking the partial derivative with respect to the independent flow

variable, v¥:

k
dL* JV*
B g‘; U= -A o U. (34)

Defining R = IB-:L A and solving yields:

A L g I
avi U = =R avﬁ U . (35)

BL*/BVE is an N ¥ N diagonal matrix, and oV*/dv¥ is an N * N diagonal
matrix with a single nonzero element at k on the diagonal equal to

unity. Thus, R BV*/avﬁ is an N * N matrix with all zeros except column
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k; and since the left-hand side of Eq. (35) must equal the right-

hand side,

azi
v T Tix (36)
k

For component j, the material balance is given by:

Taking the partial derivative with respect to vﬁ,
J .
IV . . e (3)
k (3) | 3 37
Sy X + Z oV = 0. (38)

Using Egs. (20), (21), and (14) to evaluate the term on the left-hand

side of Eq. (38) gives:

L v 3\ (3) , i xtd)
B=— + A=— KkK\IX + 7 = 0. (39)
( o e ) v
Solving T BX(j)
g for /sz,
BX(j) _ —(Zj)-l BBL* X(J) + ov* Y(J) (LI-O)
o % v }

(3) ; X
From Eq. (36), one sees that (BL*/Bvi) X is an N * 1 vector with

elements r, x... Let
ik ij

Mi]_(k) - - _g_LV% X(j) (41)

be an N * 1 column vector with elements

J _
M ix ~ Tix %13 (k)
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If we let k vary from 1 to N, the matrix Mi is formed with elements

given by Eq. (42). Similarly,

v (3) j (k)
55% Y\ - M% (43)

is a column vector with elements

J -

2,ik ik Ykj ° (hk)

m

Therefore, by varying k from 1 to N, the matrix M% is formed; and from

Eq. (40) the matrix Xi is given by:

J _ (o331 J ol
X2 = (29) [BM:L M%:l (45)
From the definitions of the measure of error given by Eq. (18),

we obtain:

asz[aX oY }U

aﬁ BVE avﬁ
M . M.
P A I (46)
.. v . v
j= J=1
where
J _ wd d
Ty = K Xv . (47)

The following matrix for Ev is formed by grouping from k = 1 to N:

M .
E = T (Xf/_ - Y;JI_) . (48)

Temperature correction based on energy balance errors (JL). In the
U
kth column of Jt are the derivatives of De with respect to tk. From

the measure of error, Eq. (19), the derivative gives:

3 - M3 .’ (49)
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a column vector, the kth column of Jf. By varying k from 1 to N, Jt

is generated:

Jy = LH, + VG . (50)

Here H,  and G, are N * N matrices whose kth columns are BH/atk and

3G/3t, -

In order to determine these derivatives, let

M)
H= vmdx\d/, (51)
j=1
and
M C(5)
G= % oy, (52)
j=1

The H*Y and G*9 are N * N diagonal matrices with the diagonal elements
equal to the partial molar enthalpies of component j in the liquid

and vapor, respectively:

M i /s e (3)
w . Bl o ad] (53
k=11 X
sa M faed () g v
2o el ) ()
k j=1 k k

The partial derivallives shown at the far right were given previously
xd
by Egs. (24) and (27) in the calculation of E,. Here gik is an

N * N matrix with only one element, on the diagonal at k (the partial

. amxd 7.(3) . .
molar heat capacity). Thus, St X is a column vector with one
k
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nonzero element. By varying k from 1 to N, a diagonal matrix M% is

formed with elements
xd
oh,

J _ 1
M1 T %y 3, (55)

In a similar manner for the vapor phase, the matrix Mﬂ is formed with

elements -
2
. 2.
J_l
i T i ot, (56)
Substituting in Egs. (53) and (54),
R T B
H, = T (B¢ X + M3) (57)
J=1
and
I I
G, = jzl (G T3 + M) (58)

These equations are substituted into Eqg. (50) to yield Jt:
M . . M .y .
J.o=L v xd + ) + v 3 (e v+ M) (59)
t . © 3 . t 4
Jj=1 Jj=1
The compositions used in Egq. (59) could be normalized as in the cal-
culation of Et' Tierney and Yanosik9 reported that little change was

noted in any of the problems studied, and no normalization factors are

included.

Flow-rate correction based on energy balance errors (Qvl. Dif-
ferentiating Eq. (19) with respect to the independent flow variable

on stage k yields:

oDe OL* cH V¥ oG
—=B——H+LZT—=+Az— G+ V= . (60)
Bvﬁ sz BVﬁ Bv*k Bvﬁ
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Using the results given earlier by Eq. (36), it is clear that the term

4
oL* . . i . .
BVfK>I{1£ a vector with elements Bv*k).hi’ which 1s -rikhi' If we
let k’'vary from 1to N, the matrix Wi is formed with elements
Wy s = Taady (61)

In Eq. (60), A(BV*/av*k) G is a colum vector with elements a., g, .

If we let k vary from 1 to N, the matrix W2 is formed with elements

W2,ij =855 8 - (62)

Consider the term L(BH/Bv*k) in Eq. (60). From Eq. (51),

3H (3)

- oL, (63)
Ve 4o V¥,

Tt 1is recognized that 3X\J) Javx,_is the kth colum of X7, Eas. (L0)

and (45). Therefore,

Mo, .
LZ% -1 ¥ muxd xfl_(k) ) (64)
k 3=1
Similarly, the term
M. .
vgi v oz o P ) (65)
AU . v
k J=1

The following final equation for JV is obtained by varying k from 1

to N in Egs. (60), (64), and (65):

J, = -BW, + LH_ + W, + vG_, (66)
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where the matrices HV and Gv are defined by

M ..
_ J J
Hv = .E H* Xv (67)
Jj=1
and
M .
c = % oxdyd (68)
v . A2
Jj=1

Change of independent variable from heat to vapor flow. For the

case of a partial condenser, it is often convenient to fix the rate
of vapor leaving the stage and allow the heat stream to become the
dependent variable. If the vapor rate is fixed and the heat stream
is allowed to vary on stage i, then the elements of column i in both
EV and Jv will be zero except for the element corresponding to row i
in J_, which will be unity. This follows directly from Eg. (19)

and the definition of the V matrix. In the three-column KALC model
shown in Fig. 2, this procedure was used for the partial condenser at
the top of the fractionator and the small partial condenser at the

top of the stripper-rectifier column.

2.3 Description of Computer Program
A computer program was written in PL/I language and tested on the
TBM 360/91 system at ORNL. Figure 3 shows a flow diagram illustrating
the main parts of the program. This diagram follows closely that

9

of Tierney and Yanosik;” only minor modifications have been made.
Since both the gas phase and the liquid phase were known to be
nonideal, it was necessary to iterate upon Ki and the gas-phase

enthalpy. This was done in a direct manner by assuming ideal behavior
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G
on the initial iteration (i.e., setting 713 and ¢ij = 1.0, and

hi - ﬁg = 0). On subsequent iterations, normalized vslues of

xij and yij are used to calculate these values.

There are two major loops in the program: the component-by-
component calculstion of X(j) and Y(j), which begins at point c¢;
and the overall iteration on the energy and material balance errors,
which begins at point b. A number of computer runs may be run
without recompiling the program if the following steps are taken at
the completion of one calculation: a logic card is input, certain
initial values are changed (e.g., the number of stages), and the
program returns to a point near the beginning of the flow diagram.
Appendix E contains details of tThis feature, along with a listing
of the main program and the results of a sample calculation.

The program has been tested for several different operating
conditions and initial estimates of flow rates and temperatures that
were not very close to final conditions. Rapid convergence was
obtained in almost every case. The results of two calculations are
shown in Table 1. The first case is a three-column configuration
with a total of nine stages: NA = 2, NF = 5, and NSF = 8. The
configuration is that shown in Fig. 2. The second case is similar,
except that the total number of stages is 36 with NA = 14, NF = 26,
and NSF = 29. 8ix components are present in each case. As is seen
in Table 1, convergence is rapid although not quite as good as

9

reported by Tierney and Yanosik” for a distillation column. This
could be the result of nonideality in the calculations of enthalpy

and K factors.
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Table 1. Error measures for three-column configurationsa
Iteration 36-stage configuration 9-stage configuration
number b c
| o, D, | D, | I, |
6 6
0 2.79 2,07 x 10 1.10 2.08 x 10
1 1.48 1.25 x 1o6 0,735 1.11 x 106
2 0.537 4,31 x 10° 0.216 3.07 x 10°
3 0.139 1.60 x 10 0. 0461 6.22 x 10”
4 0. 0310 2.31 x :LolL 0.0103 1.01 x 1olL
5 0. 00656 2.91 x 10 0.00219 9.79 x 10°
6 0.00138 5.07 x 10° 0. 000439 2.88 x 10°
7 0. 000304 1.25 x 1o2
aBasis 100 g-moles of feed.
N
®lo, | S }
i=1
N ]1/2
“Ip | =Lz
l:
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The program was also used to calculate results for a configuration
with 50 stages, but the results are not shown here. In addition, the
program, with minor modifications, was used to calculate results for
a simple absorption colum as well as a two-column configuration
consisting of an absorber and a stripper.

The time required for the execution of the 9-stage example was
11 sec, whereas 456 sec was required for the 36 stages. Approximately
60 sec was required in addition to the execution time. Although
storage requirements were not determined exactly, the 9- and 36-stage
problems can be run with 270 K bytes and 600 K bytes of storage,

respectively.
3. CORRELATION OF THERMODYNAMTC PROPERTIES FOR THE KALC SYSTEM

3.1 Introduction
In order to improve upon the earlier models used by Whatley6

and Mobley,7

it was necessary to estimate the thermodynamic properties
of the vapor and liquid phases for the multicomponent system with
greater accuracy. The overall objective was to introduce no additional

uncertainty except that already inherent in the experimental data.

3.2 Vapor-Liquid Equilibrium Correlation
The correlation and prediction of vapor-liquid equilibrium data
at high pressures constitute a field in which much work i1s being done
with a diversity of approaches. The system under consideration is
a relatively simple one consisting of one heavy component (xenon is

treated here as a light component) and a number of light gases with



a7

critical temperatures well below the temperatures of interest, namely
-55 to 0°C. The objective of the correlation was to provide K factors
(Ki = yi/xi) for all components over the temperature range of interest
up to pressures in the neighborhood of 70 atm. A survey of the
literature revealed a sufficient amount of data for COZ-X systems to
provide a correlation over the region of interest, providing that
krypton and xenon exist only at low concentrations. The approach
described below appears to satisfy the objective, but should not be
expected to provide reasonable predictions outside the range intended.

3.2.1 Thermodynamic relations

The basic thermodynamic relations used in the compuber model of
the KAIC process are shown below; they are given in more detail in
Appendix A. The exact equilibrium relations are given by: (1) for com-

ponents other than carbon dioxide, using the infinite dilute convention,

HgPO) 7F(PO

1 1 V ap
K; = P exp (1 =2,3...,M); (69)

(2) for carbon dioxide (component l), using the normal convention:

f(Po) 7(Po) P 7. 4p
K —_ __:.L____l._ e ._l__._ . (70)
1° pgC xp RT °
1 PO

where the distribution coefficient (or K factor) is defined by
= X .
K, 2V, /% (71)

The Henry's law constant for the light gases in carbon dioxide,

HgPo)

s 100 is the reference fugacity for the light gases, including Xenon.
b
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For carbon dioxide, the normal convention is used and the reference
fugacity is that of pure liquid carbon dioxide at a reference pressure
PO, In this work, the reference pressure was taken as zero for con-

venience. The term ¢§ is the fugacity coefficient defined by:

§G
G _ T3

where ?f 1s the fugacity of component i. Other variables have their
usual meanings and are defined in Sect. 5.

If the concentrations of the dissolved gases are not excessively
high and the temperature is well below the critical temperature of
carbon dioxide (304.2°K), the partial molar volumes of the light
components may be assumed to be incompressible, independent of con-
centration, and equal to the partial molar volume at infinite dilution.
Likewise, the partial molar volume of pure carbon dioxide may be
considered that of pure carbon dloxide, vi, at the temperature in

question.

In Eg. (70) the fugacity of the pure carbon dioxide at PO is

given by:
PO I
PO s dpP
fi ) _ £ exp ‘/rs V1 (73)
P RT °
1
(1h)

where Pi 1s the vapor pressure of pure carbon dloxide at saturation.
Since at saturation the fugacity of the pure liquid carbon dioxide is
equal to that of the saturated vapor, it is calculated from the Redlich-

Kwong equation of state as discussed in Sect. 7.2.1.
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Substituting in Eq. (73) and making the assumptions discussed

above, the final equations for the equilibrium constants are obtained:

(PO) et
H 7§(PO) 7, (P - T0)
K, = 2 5 exp | ——pm— i=2,3,...,M (74)
P .
1
fS 7(PO) VL (P - PS)
K, =1L oxp |-2L = (75)
1 G P RT g
P g

In order to calculate the various terms in Egs. (7h) and (75), reasonable
models must be assumed for the gas and liquid phase.

3.2.2 Liquid phase

The thermodynamic properties of a liquid are best derived from

a representation of the excess Gibbs free energy. The excess free

15

energy is assumed to be represented by a series expansion:

*EX 2 _ o, .2 2
& = Gpp¥p T Uag¥3 - Opx -
- 2@23x2x3 - 206214_}{2}()+ . e ey (76)

where aﬁj represent deviations from ideal behavior as a result of
interactions between molecules i and j. Note that neither i nor j

is one since the infinite dilute convention is being used. It is seen
that g*EX approaches zero as Xns X3, c e e X approach zero, but not
as the mole fractions approach one as in the normal convention. The
general relation can be expressed as:

M

*EX
g =-2 0y %%y - (77)
i,j=2
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The activity coefficients are directly related by the relation:

3( *EX
dlng ) =RT1n 7, k=l,2,

. M. (78)
an, nj#k,T,P

Applying Eq. (78) to (77) leads directly to expressions for the activity

coefficients,
M M
0
= —2 (04 =2 e o o H
RT 1n Ve = 2: Qﬁjxixj 2: 155 k=2, 3, sM 5 (79)
i,j=2 i=2

and for carbon dioxide,

M

RT 1n 7, = Z ERTEE (80)
i,j=2

For a binary system, COZ-X, these reduce to:

o 2 2
RT In 7, = QX - 20,.%, = (x1 - J.)oc22 (81)
and
RT In 7, = O x- (82)
1 2272 ¢

Note that both 7? and 71 approach one as X, approaches zero. In applying
the above expression, the reference pressﬁre will be taken as zero to
provide the desired values of the activity coefficients.

The values of the aij in Eq. (76) or (80) for i = j can thus be
evaluated from an analysis of experimental data for binary systems.
However, the values of the % 4 for i # j cannot be determined without

experimental ternary system data; for this reason, a simple estimate

as suggested by Muirbrookl6 is used in this work:

aij = (ocii + oajj)/z . (83)
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As noted in Appendix D, the type of mixing rule that is used will not

affect the results since aii ~ ajj for the systems considered.

Other properties of the liguid phase which must be known in

_ (
Egs. (69) and (70) will be discussed later; these include Vis HiPi) ’
2
and f(PO) .
1,pure

3.2.3 Vapor phase

The properties of the vapor phase may be calculated from any
equation of state which will adequately describe the properties of the
gas over the range of interest. For pure component gases it is often
desirable to fit the properties with an equation of state containing
many constants; however, this is not desirable for mixtures since one
must have constants for all components and valid mixing rules for the
constants. One relationship which has been very successful in predicting
properties of gases such as those encountered here is the Redlich-Kwong
equation with mixture rules and constants as given by Prausnitz.15
This equation is also used to estimate the enthalpy deviations in the
gas phase as discussed later. A summary of all pertinent equations

and mixture rules is given in Appendix B. Here we are interested in

the fugacity coefficient, which is given by:

G v i M Y3244 <V+€)
1 . = In{—H]——]=2 T In {—
n ¢ <;—b> (:-b> =1 RT372b v

ab,
i v+5b b Pv
+RT32b2[ln<v)'v+b]‘lnﬁ' (8k)

Equation (84) contains the constants of the Redlich-Kwong equation for

the mixture, a and b, for the pure component, bi’ and the interaction
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constant, aij' The various rules for calculating these constants for
a mixture are given in Appendix B. This equation can also be used to
calculate the fugacity of the pure component at the saturated vapor

pressure.

3.2.4 TFitting parameters to binary vapor-liquid equilibrium data

Equations (69) and (72) can be rearranged and written for a binary

system as follows:

-G —0
f V. (P - PO)
2 (PO) o(P0) 2
Iin E; = 1n H2,l + 1n 75 T (85)

If the solution were ideal, a plot of the quantity on the left-hand
side of the equation vs (P - PO) should yield a straight line with

—oo . (PO) . .
slope VZ/RT and intercept H Equation (85) is known as the

2,1 °
: 114 e ity 40(FO)
Krichevsky-Illinskaya equation; with 75

15

= 1, it is called the
Krichevsky-Kasarnovsky equation. Figure 4 clearly shows that the
activity coefficient must be included in the correlation. Equation (85)

gives the final form of the equation used to correlate the binary vapor-

liquid equilibrium data by substituting Eq. (81):

£ (%% -1) a,, Vo (P - P0)
In 2 - 1n H(PO) s 2z , 2 (86)
X, - 2,1 RT RT :
. (PO) =0
At any gilven temperature, H2 1 Csos and V2 are constants; on the other
)

hand, since it is desired to fit data over a fairly wide range of tem-
perature, we must consider the variation of these quantities with
temperature. The expression used for the natural logarithm of the
activity coefficient, Eg. (81), provides that 1n 7? is inversely pro-

porticnal to absolute temperature if azz is constant. If a solution is
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regular,l7

in 7g)varies inversely as the absclute temperature at
constant composition and temperature; thus one might expect that
azz is invariant with temperature. Within the precision of the experi-
mental data, *“hls appeared to be the case for all systems considered
here.
The effect of temperature on the partial molar volume of the light
gas at infinite dilution was assumed to be given by:
1(8V"i° -
—\37 /- P
i

(87)

i)

where Ei is an average coefficient of expansion. Integrating from

a base temperature, TO, ylelds the final expression for v::

T =T e [Py (T- 1] (88)

A similar expression was used for the molar volume of pure carbon

dioxide [see Eq. (75)].

vl = v exp [El (T - TO)] : (89)

(P0)

The Henry'!s law constant H2 1
2

was it to a correlation given by
Preston and Prausnitz.l8 This particular correlation requires two
parameters, T: and V:. A description of this correlation, along with
a printout of the subroutine used by the computer program, is included
in Appendix C.

The final correlation used in fitting the binary vapor-ligquid

equilibrium data using Eq. (86) consisted of five parameters: %c s
2
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Ve, a,,, V. , and B,. Before fitting the data to the correlation,
c2 22 O2 2
one must select the data points to be used.

3.2.5 BSelection of experimental vapor-liquid equilibrium data

Table 2 provides a summary of the references considered in the
selection of the vapor-ligquid equilibrium data to be used in the cor-
relation. Although the literature is filled with methods for testing
vapor-liguid equilibrium data for thermodynamic consistency, none 1is
entirely satisfactory for high-pressure data. This is not necessarily
the fault of the method since insufficient data are usually measured.
For example, terms involving the partial molar volume, Vi, are unim-
portant at low pressures, but important at high pressures, and are
usually not known. In addition, nonidealities in the gas phase,
represented by ¢iG, are not always known with sufficient accuracy.

In spite of these difficulties, it is frequently easy to choose among
the data of several different investigators and to eliminate some data
points by making plots such as those shown in Fig. 5 for 1n [(P - PS)/

1

xz] vs P - Pi and in Fig. 6 for 1n (Pyl/Pi) vs P - Pi. These plots

are convenient if, as was the case here, the investigators reported
P, Vor %o at constant temperature. By preparing the two separate

graphs, errors in Yo and x, are separated. The intercept of

2
(P - Pi)/x2 can be used to obtain the Henry's law constant from the

relation:
) (20)
lim P-P H
< 1) 2,1 ’ (90)
PR\ *e ) gl (225, y=0)
x,. =20

2
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Table 2. Summary of vapor-liquid equilibrium data
for carbon dioxide-X systems
Temperature Pressure
range range
System (°c) (atm) Reference Tnvestigator
Co, - Xe P;OZ 19 Notz et al. (1973)
Co, - O, 0 L1 to 116 20 Muirbrook and Prausnitz (1965)
-55 to0 0 21 to 146 21 Zenner and Dana (1963)
-40 to 25 36 to 126 22 Kaminishi and Toriumi (1966)
-50 to 10 10 to 130 23 Fredenslund and Sather (1970)
-Lo.4 to -4 7 to 142 2L Fredenslund and Sather (1972)
co, - CO -50 to 10 10 to 130 25 Keminishi et al. (1968)
-50 to 10 8 to 140 26 Christiansen et al. (197h)
co, - W, 0 48 to 116 20 Muirbrook and Prausnitz (1965)
~55 to 0 12 to 137 21 Zenner and Dana (1963)
-40 to 25 50 to 125 22 Kaminishi and Toriumi (1966)
0 to 25 0 to 181 27 Abdullaev (1939)
-55 to 0 41 to 155 28 Pollitzer and Strebel (1924)
Co, - Kr -53 to 22 onz 19 Notz et al. (1973)
-50 to 25 PSOZ 29 Beaujean et al. (1972)
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where ¢g is the fugacity coefficient of the light gas evaluated at the
vapor pressure of carbon dioxide and at infinite dilution. This value
can be calculated accurately for many systems; hence the Henry's law
constant can be evaluated without a knowledge of Vor To our knowledge,
this relation has not been reported in the literature, where the quantity
in (%g/xz) is usually plotted vs (P - Pi). Calculation of }g, of course,
requires a knowledge of Vo

The second type of plot, shown in Fig. 6, shows the natural loga-
rithm of the enhancement factor, ln (Pyl/Pi), vs (P - Pi). The enhance-

ment factor must approach 1 as the pressure approaches Pi.

All of the data for the CO_,-0 -Né systems were

=0, C0,=C0, and CO

2
plotted, and selections were made of the data points to be used in the

fit. Figures 5 and 6 illustrate data for the CO -02 system at 0°C for

2
four different investigations. From these plots, it is apparent that
the data of Muirbrock and Prausnitzzo are grossly in error in the gas
phase and somewhat inaccurate in the liquid as well. For this reason,
they were eliminated from the correlation, as were the three very low
points of Zenner and Dana’" shown at the bottom left of Fig. 5.

The surviving data points were then fitted to Egs. (86) and (88)
and the Henry's law correlation given in Appendix C by an optimization

30

program described by Nedler and Mead. The five parameters for each
of the systems are reported in Table 3. Figure 4 illustrates a typical
fit for the COz—CO system ét -30°C. Overall, the fit to these three
systems appeared to be within the accuracy of the data, although not

within the precision of individual investigators.



Table 3.

Lo

Parameters for the vapor-liguid
equilibrium correlation

Parameter

T v a v B x 10

System 2 2 22 © -1
(°K) (cc/g-mole) (cal/g-mole) (cc/g-mole) (°k )

Co., - Xe 285, 25 95.58 56.6L sh7
o, - o2 200, 36 92.26 851.21 52. 34 -7.8
Cco., - CO 180. 4k 86.48 863.47 48,59 -1810
co, - W, 197.66 93.93 885,60 50,03 137
CO. - Kr 237.59 93.83 54, 46 89l
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The available dats for the COZ-Kr and COZ-Xe measured at ORNL and

9

reported by Notz et al.l were in the form of K factors at infinite

dilution. These are directly related to the Henry's constant by:

S
o H(Pl{
lim Y2 _ um {2, 1)\ 72,1 (91)
X, 2 0%y xp > O\ %y Pi¢g(x2=o)

After calculating the fugacity coefficient of krypton from the Redlich-
Kwong equation of state, the Henry's law constant at the saturation
pressure was obtained fron xenon and krypton. A value of the partial
molar volume must be known in order to obtain the value of the Henry's
law constant at the reference pressure. These values were estimated,

31

using a method described by Chueh and Prausnitz, at several temperatures
and a value of Ei calculated (see Table 3). The Henry's law constants
obtained at the vapor pressure were then corrected to the reference
pressure, PO,

(PO) _
Iy =iy s ZRT . (92)

1

(%)  A(PO)T
PO) 1 +J£. vV, dp

The values of the Henry's law ccastants at the reference pressure
were subsequently fitted to the correlation of Precton and Prausnitz,l

using the nonlinear fitting procedure discussed earlier. The values of

=<}

Tc2 and Vc; are repurted in Table 3; the fit to the experimental data

is shown in Fig. 7.

3.2.6 Correlation of Henry's law constants in a common solvent

Hildebrand et al.T'

have suggested that the values of the Henry's

law constant for gases dissolved in a common solvent are best correlated
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by plotting the logarithm of the Henry's law constant vs the energy
of vaporization of the gas at its normal boiling point, AEZ. Using
values of AEZ from Hildebrand et al.,l7 the final results of the cor-
relation were plotted at several temperatures as illustrated in Fig. 8
for -20°C.

Mbbley7 previously analyzed all COZ-X binary systems available at
that time using a plot similar to the one shown in Fig. 8 in order to
distinguish between the two sets of krypton data available. He con-
cluded that the KFA Julich data29 were in error, which was the same
conclusion that Whatley6 reached by using other calculations -3 a
basis. The value of the Henry's law constant as determined at XKFA
Julich is reproduced in Fig. 8 for comparison. Mobley also concluded
that the Henry's law constants based on the ORNL data were slightly
high and chose to use values based on his own correlation.

New data for the COZ-CO system, as well as the measurements for
the COZ—Xe system by ORNL, seem to indicate that all of the Henry's
law constants for the system lie within about 10% of a straight line,
as shown at -20°C. For this reason, the ORNL values were chosen to
provide the "best" set of parameters. It is important to note that if
the parameters are in error they will probably tend to predict conser-

vative decontamination factors.

3.3 Representation of Vapor and Liquid Enthalpy

3.3.1 Introduction

The enthalpy representation used in the equilibrium stage model,

although simple, should be sufficiently accurate to provide quantitative

*
Recent pilot-plant dats of Glass et al.32 also confirm the COZ-Kr
data of ORNL.
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agreement with actual system behavior. Adequate provision is made for
nonidealities in the gas phase, but no attempt is made to consider the
effect of pressure or concentration on the enthalpy of the ligquid phase.
The neglect of such effects is of 1little importance, particularly since
the KALC process operates nearly isobarically and at low concentrations
of dissolved gases.

The reference temperature for the enthalpy was chosen to be -Lo°¢
to conform with that given in published enthalpy tables for liquid
carbon dloxide.

3.3.2 Correction for gas-phase nonideality

The corrections for the effect of gas-phase nonideality were taken
into account by using the Redlich-Kwong equation of state with rules

15

regarding mixtures as given by Prausnitz. A summary of those relations
is given in Appendix B. The difference between the molar enthalpy of a
component in an ideal gas state and the partial molar enthalpy in a gas

mixture at the same temperature, pressure, and composition is:

- M ab
o =G __3/2)2 v+ b\ Tk v+ b
hk‘Hk‘le{biEyiaikln(v ) zln(v>

=1 b

a Vb, - Vkp _
This relation is applicable, of course, for a pure component as

well as for a mixture. The enthalpy difference between an ideal gas

mixture and a real gas mixture is given by:

M
'e} o} =G
b -h = i‘:z?l yi(h:.L - 1) . (94)
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3.3.3 Enthalpy of carbon dioxide

The heat capacity of pure saturated liquid carbon dioxide was

obtained fram Glass et al.'s polynomial fitoS to the liquid enthalpy:
ci‘ = 278,767 - 2.20936 T + 0.004712h4 ™ . (95)

Integrating from TO and neglecting the effect of pressure,

n - 278,767 (T - TO) - —2—'—2—;’9& (TZ - TOZ) + 9‘—995;&?5& (T3 - TO3). (96)

The enthalpy of The carbon dioxide at any temperature in the ideal gas

state was calculated frgm:

T
o . vap o _ G o]
% = P + (n0 - h) +/T <0 ar . (97)

O

The heat of vaporization at To’ -40°C, was taken to be 3369.2 cal/g-mole
from ref. 3%, The value of (hg - hg) was calculated from Eg. (93)

applied to pure 002 at TO, and C; was represented by:
o} 2
Cp =a+ BT + yT° . (98)

The coefficients &, B, and 7 are given in Table Y,

3.3.4 Enthalpy calculations for the light gases

The reference temperature for the light gases was also taken to
be -40°C; however, since the components do not exist as pure liquids
at that temperature, the enthalpy was calculated relative to the
partisl molar enthalpy at infinite dllution in liquid carbon dioxide.
The derivative of the Henry's law constant is used to relate this

reference state to the 1deal gas enthalpy, as follows:
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Table 4. Coefficients for the ideal-gas heat-capacity
polynomials® and the enthalpy
of the ideal gas at -LO°C

Coefficiengs s hgo
Component o B x 10 ¥y x 10 (cal/g-mole)
co, 6.637 1.395 20,45 3513.05
Xe 4. 968 0 0 521.93
0, 7.011 -0.810 2.8 -773.62
co 6.962 ~0.095 0.35 -194.51
N, 6.958 -0.035 0.15 -1199. 32
Kr 4,968 0 0 -2L49. 94

%The coefficients were evaluated by fitting the ¢® values
at 100, 200, and 300°K., The latter values, exceBt those
for krypton and xenon, are taken from the JANAF Thermo-
chemical Tables.3? The galues for krypton and xenon were
obtained from thtgren.3
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3 1n B0 40
l,l = 1 1 . <99)
3(1/T) R

Since ﬁ? =0 at TO, evaluation of the derivative of the Henry's law
constant using the correlation developed previously ylelded the
values of h° at -40°C given in Table 4. Values of hg at other tem-

10

peratures are calculated from:

T
no = ho +f ¢, ar, (100)
i io Jp pi
o}

where h:o is the value of the enthalpy of component i in the ideal gas
state at -40°C. The heat capacity in the ideal gas state was given
by a polynomial of the same form as Eq. (98). Table 4 gives the
coefficients of the equation for the light gases, along with values
for h? .

io

The values of ﬁ: at temperatures other than -40°C may be readily
obtained from Eq. (99) after calculating the derivative of the Henry's

constant from its correlation and hg from Eq. (100).

3.3.5 Enthalpy calculation for the mixture

After the enthalpies of the pure components have been calculated

for the ideal gas state, the enthalpy of the real gas mixture is given

by
G 0 o] =G
n’ =Ty, [hi - (0] - Hi)] . (101)
The enthalpy of the liquid phase 1s calculated by assuming that ﬁbo =
2

hCO2 and that ﬁg = ﬁ; (i.e., that the solution is an ideal, infinitely

dilute solution).
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4. CONCLUSIONS

A computer program written for this study has been found to provide
an "exact" solution to equilibrium stage models for the KALC process.
This program, which uses the matrix techniques of Tierney and co-

8,9

workers, is shown to be a convenient means for studying various
column arrangements and specifications.

A thermodynamic correlation has been prepared using the Redlich-
Kwong equation of state to represent the nonidealities of the.gas phase
and the unsymmetrical Margules equation to represent the nonidealities
of the liquid phase. The values of the Margules constants, the Henry's
law constants, and the partial molar volumes of the solute at infinite
dilution have been determined for the COZ_OZ’ COZ—NZ, COZ-CO, COZ—Xe,
and COZ-Kr systems from a careful selection of the best vapor-liquid
equilibrium data. In the event that additional data for this system
should become available or interest should develop in new systems, the

form of the correlation will allow such information to be incorporated

quite readily.
5. NOMENCIATURE

A = vapor recycle matrix; aij is fraction of total variable
vapor leaving stage j that goes to stage i if i % J,
and is -1 if i = J

a,ai,aij = constants in Redlich-Kwong equation for the mixture,
for pure i, and for the interaction

B = liquid recycle matrix; bij is fraction of total variable
1iquid leaving stage j that goes to stage 1 if i # J,

and is -1 if 1 =
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= temperature and flow correction vectors; c
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constants in Redlich-Kwong equation for the mixture
and component i

a
5,1 &8¢ Sy
are the temperature and flow corrections for stage 1

heat capacity in the ideal gas state, cal/g-mole-°K
heat capacity of the saturated liquid, cal/g-mole-°K

materisl and energy balance error vectors; dm 5 and
J

de ; are the material and energy balance errors for
2
stage i
submatrices of Ja:dblan matrix {; €4, 15 = (Bdm’i/atj);
e ..=(da . /fov.)
v,1] m,i’ "]

change in internal energy in going from liguid to the
ideal gas state at the normal boiling point, kcal/g-mole
feed matrix and jth column of F; fij is the amount of
component j in feed to stage i, g-mole

fugacity of component i1 in the gas phase, atm

fugacity of pure liquid carbon dioxide at saturation, atm

fugacity of pure liquid carbon dioxide at the reference
pressure, atm

vapor enthalpy vector; 8; is enthalpy of a mole of
vapor in stage 1

partial enthalpy of vapor (diagonal matrix); gij is

the partial enthalpy of component j for vapor in stage i
temperature dependence for vapor enthalpy (matrix);
8,15 (3g; /3t %)

flow dependence for vapor enthalpy (matrix); gv,ij =
(Bgi/ij*)

excess molar Gibbs free energy based on an ideal dilute
solution, cal/g-mole

liquid enthalpy matrix; hi is enthalpy of a mole of
liquid in stage 1

partial enthalpy of liquid (diagonal matrix); hj_%'j is
the partial enthalpy of component j in stage i
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partial molar enthalpy of component i in the gas state
(same as an element g;J in matrix G*j), cal/g-mole
partial molar enthalpy of component i in the liquid
state (same as an element hij in matrix H*J)
cal/g-mole

Henry's law constant of component 1 in carbon dioxide

)

at a reference pressure PO, atm

temperature dependence for liquid enthalpy (matrix);

ht’ij = (Bhi/atj)

flow dependence for liquid enthalpy (matrix); h 15 =
* 2

(Bhi/avj)

enthalpy of component i in the ideal gas state, cal/g-

mole

enthalpy of mixture in the ideal gas state, cal/g—mole
enthalpy of gas at T cal/g-mole

heat of vaporization at T, cal/g-mole
enthalpy of liquid, cal/g-mole
enthalpy of ideal gas component i at‘TO, cal/g-mole

submatriies of {; jt,ik = ade’i/atk; jv,ik =
ade,i/avk .
equilibrium ratio matrix (diagonal); kg = yij/xij
equilibrium ratio, yi/xi
1liquid flow matrix, Eq. (21)
fixed liquid flow matrix, lij 1s a flow of liquid from
stage j to i which is held constant

defined by Egs. (26), (42), (44), (55), and (56)

normalization matrix (diagonal), Eq. (31)

stage number of bottom stage in absorber column
stage number of bottom stage in fractionator column
stage number of feed stage in stripper-rectifier column

number of moles of i



O nH-g B

Hy

=]
< coo® 5 oa o ow

A

*

52

total number of moles

pressure, atm .

saturation vapor pressure of carbon dioxide, atm
vector of heat additions; qi is heat energy added
to stage i

feed enthalpy vector; qf,i is total enthalpy of all
feeds to stage i

matrix defined by R = 5"t
gas constant in appropriate units

temperature vector; ti is temperature of stage i
temperature, °K

reference temperature of -40°C or 233.15°K

parameter in Henry's law constant correlation, °K
vector consisting of all 1's

vapor flow matrix, Eq. (20)

fixed vapor flow matrix; Vij is a flow of vapor from
stage j to stage 1 which is held constant

vapor flow variable (diagonal matrix); vi is the sum
of all vapor flows leaving stage i except those in V!
parameter in Henry's law constant correlation,
cc/g-mole

partial molar volume of component i, cc/g-mole

partial molar volume of component i at infinite
dilution, cc/g-mole

molar volume of gas, cc/g-mole

molar volume of pure liquid carbon dioxide, cc/g—mole

matrices defined by Egs. (61) and (62)

1liquid composition matrix and jth column of X; Xij is

composition of component j in liquid in stage 1

temperature dependence for liquid composition (matrix);

J -

X g = (3% 5/08,) .

flow dependence for ligquid composition (matrix); Xi ik
* b4

. ./0
(Ble/ Vk>
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1J
Q,B,7
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T
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mole fraction component i in liquid

vapor composition matrix and jth column of Y3 yij is

composition of component j in vapor in stage i

temperature dependence for vapor composition (matrix);

J o

It,ik © (ayij/atk) .

flow dependence for vapor composition (matrix); ji ik =
* b4

(3y; 5/3%)

mole fraction component i in vapor

L+ V K°

coefficient in expansion of excess free energy represent-
ing interaction of components i and j

coefficients in heat capacity equation for ideal gas
average coefficient of expansion for component i

matrix of liquid-phase activity coefficients; 7ij =
activity coefficient of component j in stage i

activity coefficient of component i corrected to the
reference pressure, unsymmetric convention

activity coefficient of carbon dioxide at system

pressure

= getivity coefficient of carbon dioxide corrected to

the reference pressure

vector of material and energy balance errors; Ai is

the material balance error for i < N and energy balance
error for N < i < 2N

subscript indicating iteration number

I

matrix of vapor-phase fugacity coefficients; ¢i§
fugacity coefficient of component j in stage i
gas-phase fugacity coefficient

Jacoblan matrix of errors



5L

Subsecripts
e = energy balance
f = feed
i,j,k = indices for matrices; also used to indicate component or

stage number
m = material balance
t = temperature
v = flow
o = evaluated at reference temperature of -40°C
¢ = critical conditions

s = saturated

Superscripts

j = component
G = gas

» = infinite dilution

J
@)
i

reference pressure
s = saturated
0 = convention of infinite dilution

o = 1deal gas
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7. APPENDIXES
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7.1 Appendix A: Basic Thermodynamic Relations

For systems such as the one under consideration in this report,
it is normally most convenient to use the unsymmetric convention to
represent the activity coefficients. The Henry's law convention is

used for all light components. At equilibrium,

By = Mo o. (A4-1)

If we let PO represent a reference pressure which is taken to be zero

here, the activity coefficient of the light components is defined by:

L o o .
by = ui(PO,T) + RT In 7;%,;3 (A-2)
and
1im 7‘; =1.0 for i=2,3,...,M (A-3)
x. 20
1

For component 1, the normal convention is used:
L. (o, T) + RT 1 ; (A-4)
p'l - “’l s n ylxl’ -
and

Lim 7, = L.0. (A-5)
7t

The reference state refers to the pure liquid at PO and T. For the

15

gas phase, the usual equation™~ relating fugacity and chemical potential
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is used for all components with a reference state, the ideal gas at

1l atm:

G o) =G
by = pi(T) + RT In £, . (A-6)

Substituting Egs. (A-6) and (A-2) into Eq. (A-l) and rearranging, we

obtain
=G o)
£) (PO, T) - (1)
ln D = RT . (A_'?)
Y.X.
i7i

At constant temperature the right-hand side (and hence the left-hand
side) of the equation is constant and may be used to define the

Henry's law constant at the reference pressure PO, as follows:

=G o
In H" 7 = In = T . (A-8)
s DX
715

The effects of temperature and pressure on the Henryt's law constant

follow directly from Eq. (A-8) by partial differentiation:l5

3 1n H(P)
— bl (4-9)
. o P -4

and

> In ngi) —z z
2 = -

Returning to Eq. (A-8) and writing the fugacity in terms of the

fugacity coefficient,

fg
_ A-
5y (A-11)
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the following relation is obtained:

(PO)
1:

= Py, 9, /7 . (A-12)

Rewriting Eq. (A-12) in terms of K factors gives:

5(PO)
yi 1 1 7
K, === _:_____ for i=2,3,...,M . (A-13)
] p ¢° :

In a similar manner for component 1 (carbon dioxide), Egs. (A-L4) and

(A-6) are substituted into (A-1l); rearranging, then, yields:

5% Wi, - w2 .
1n = =T . (A-14)
k]

Again, the right-hand side is independent of composition and must equal
the natural logarithm of the fugacity of pure liquid carbon dioxide at

PO, In fiPo). Rewriting as before in terms of the K factor using the

definition of ¢i yields:

(PO)
K, = -i:l—Gy-]: . (A-15)
P g

The effect of pressure on activity coefficients defined with a reference

15

state at a fixed pressure is:

d 1n 73 Vi
— 7P ~“RT ° (A-16)

Equation (A-16) follows directly from differentiating Eqs. (A-2) and
(A-4). Using this relation, the K factor equations are rewritten as:

;(PO) o(PO)
1,1

K, = e}ml i=2,3,...,M , (A-17)
P ¢
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and

£{F0) (PO) PV ap

(
K = 2 _ é exp RT (4-18)
P ey PO

Equations (A~17) and (A-18) are exact thermodynamic relations for the
K factors expressed in terms of quantities that are more easily cor-

related than x and y.

7.2 Appendix B: Redlich-Kwong Equation of State and Procedure RKWONG

T.2.1 The equation of state

The Redlich-Kwong equgtion of state with mixture rules as given

15

by Prausnitz™ was used to represent the properties of the gas phase.

The basic equation of state is:

Pv - v _ a
RV P v

In the case of a pure component, the constants a and b are related to

(B-1)

the critical temperature and pressure by:

. RZ T2.5
a = ——'—'————P ¢ (B—Z)
c
and
9b RTc
b = P . (B-3)

If the equation is fitfted such that the first and second partial
derivatives of pressure with respect to volume are zero at the
critical point, @ = 0.4278 and Q = 0.0867. For a number of sub-
stances, including carbon dioxide, Prausnitz reports wvalues of(la

a.nd.ﬂb that were adjusted to £it the saturated vapor curve; the
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corresponding values for carbon dioxide were 0.4470 and 0.0911
respectively. The universal values of'Qa and()b were used for the
light gases.

To predict the properties of the mixture, Prausnitz gives the

following rules with regard to mixtures:

M
= B-4
; i,z:J:lyiyjaij’ e
M
b = iz yibi, (B-5)
2 2.5
R e L P (8-6)
1J ZPCij
Zoss R Tas s
= 71 (B-7)
Cij Vos ?
i3
A3 ae P (5-9)
(w + W)
zc_.=0291-008—2——3— , (B-9)
ij
)1/
Tegy = (Tey chJ / (L - ky ) (B-10)

In Egs. (B-4) through (B-10) the symbols have their usual meaning;
the subscript ¢ refers to the critical point for the pure component,
but not for i % j. Here w is the acentric factor defined by Pitzer.37
If the values of Tc’ PC, and Vc are used to evaluate the constants, w

is not needed. However, Eq. (B-9) is usually more reliable for cal-

culating ZC for the pure component than directly from Pc’ Vc’ and Tc'
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Values of()a,flb, W, TC, and P (see Table 5) were input for the
systems considered in this work. Values of a and b were then deter-
mined by using Eq. (B-9) to calculate Zc for the pure components and
Eq. (B-7) as written for the pure component to calculate Vc' The
calculations then proceeded sequentially with Egs. (B-8), (B-9),
(B-10), (B-7), (B-6), and (B-U4) to calculate a. The value of b was
calculated directly from Egs. (B-3) and (B-5).

The Redlich~Kwong equation of state was used to calculate the
fugacity coefficient in the gas phase, as well as the deviation of the
enthalpy of the real gas mixture from the ideal gas mixture. The

fugacity coefficient is gilven by:l5

b M[y. a. 1
_ v k i Tik v+ b
In ¢k = ln(v - b) + ma—— 2 [ 3/2 len< - )

i=1| RT

ab
+ £E§7§5;§ [}n(v - b)- - > b] - In g% . (B-11)
In order to carry out the component-by-component computations of
the equilibrium stage model, it was convenient to calculate the quantity
(hg - ﬁk) for each component. An equation for use in calculating this
quantity can be obtained as follows.
The Redlich-Kwong equation is substituted into the exact thermo-

15

dynamic relation

M =]
H- Tnhl= P - T (dP dv + PV - nRT . (B-12)
i=1 T * T
v V,N

The resulting equation may be differentiated with respect to Mk at

constant P, T, and Mj%k to obtain:
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Table 5. Parameters for the Redlich-Kwong
equation of state

T P

Component 05, Oy ) ( °If£) ( a;::m)
co, 0. k70 0.0911 0.225 304. 2 72.8

Xe 0.4278 0. 0867 0 289.7 57.6

0, 0.4278 0.0867 0.021 154.6 49.8

co 0.4278 0. 0867 0. 041 132.9 3k.5

N, 0. 4278 0. 0867 0. 0L 126.2 33.5

Kr 0.4278 0. 0867 0 209. 4 54.3
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M ab
by - H = 3122 % LYy %y 1n(v:rb>' lziln<vjrb)
T i=1l b
Vo, V. b
a\ "k - 'k -
+(b)<7—7vv+b>+ RT - PV, . (B-13)
In Eq. (B-13) the partial molar volume, V# was calculated from the
38

relation given by Prausnitz and Chueh:

M
RT RTo, ) 2 ifl Ty Pix . ab,_
T = vob (v - b)z Tl/z v(v + b) Tl/2 v(v + b)2
k RT _.a 2v+ b :
(v - b)2 Tl/z [Yz(v + b)z] (B-14)

The difference between the enthalpy of the ideal gas and that of the

mixture is calculated from:

M
o] (e} v
h™ -h = izl vy (hi - Hi) . (B-15)

These values were calculated using the procedure RKWONG described in

Sect. T.2.2.

7.2.2 Procedure RKWONG

RKWONG: PROC(L, M, Y, P, T, PHIG, DELHBAR, DELH);
The procedure was linked to the main program by the parameters:
L = loglic parameter with values of 1, 2, and 3, binary fixed

1 - reads input data (see below).

2 - (this option is presently inoperative)

3 - calculates PHIG, DELHBAR, and DELH
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=
1l

number of components, binary fixed
Y = vector of vapor mole fractions, binary float

P = pressure, atm, binary float

T = temperature, °K, float
PHIG = vector of fugacity coefficients, ¢§, binary float
DELHBAR = vector of (hg - ﬁi), cal/g-mole, binary float
DELH = % v.(nd - H.), cal/g-mole, binary float
jop 10 H i
Input:

(1) Q, Q © Tc Pc Vc IDENT
Card (1) is repeated M times. Vc is normally input as zero;
in this case, it is calculated from Egs. (B-9) and (B-7). IDENT
is an eight-character string variable used to identify a component.
(2) kij for values of i from 1 to M-1 and j

from 2 to M. The order is:

Ky g Bygmmkyys Kpgs Koy -m-Koy ete.

The values of kij have been input as zero.

7.3 Appendix C: Henry's Law Constant Correlation
and Procedure HENRYS

7.3.1 Henry's law constant correlation

The Henry's constant correlation used in the model of the KALC
process is a generalized correlation of Preston and Prausnitzl8 based
on the statistical mechanics of dilute solutions in conjunction with
the two-fluid theory of Scott and a reduced empirical equation of state.

The resulting generalized equation for the Henryt's constant is:
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FKWCNG: PROC(L,¥,Y,E,T,EEIG,CELHE2R, DELH)
DCL F BINARY FICAT
DCL RT ;
DCL EX,AM,BHN :

DCL R STATIC ;
DCL (Y (*), PHIG(*) ,VEAR(M),LELHRAR(*) ) BINARY FLOAT
DCL Z STATIC 3

ocL I, J ;

DCL S(3) LABFI ;

DCL (A (M,¥),E(M), OMEGA (M) FLOAT,OMEGB(M) FLOAT,

ZC (M, M), W(M), EC(M,®), VC(M,M), TC(M,M),K(M,4) FLOAT,
IDENT (M) CHAR(8) ) CIL

s

R = 0.0820574 ; EX = 1/3
GO TO S(L) ;

S(1): PUT SKIF(2) ELIT('INEUT FAFAMETERS FOR R_K ECUATION®,
'OMEGA', 'CMEGE', *'W', °'TC,DEGK', 'PC,ATM*, 'VC,LITER',
*COMPONENT?')

(X(10), A, SKIE, X(15),B,X(5),A, X(8),A,X(4),A,X(5),

A, X(2) ,A,%(1),R) H

ALLOCATE 2,E,CMFGA,CMEGE,2C,%,PC,VC,TC,K, ICENT :
DOI=1TCHM

GET LIST (OMEGA (I), CMEGB(I), W(I), TC(I,I), PC(I,I),
vC(I,I),ICENT(I) )

PUT SKIP EDIT (CMEGA (1), CMEGR(I), W(I), TC(I,I),EC(I,I),
VC(iI,I),ICENRT (I))

(X (10) ,F(10,5),F(10,%),¥(10,3),F(10,2),F(10,2),F (10,5) ,%X(2),
A(8)) ;

END ;

PUT SKIP(Z) ELCIT('CCERECTICNS FOR GEOM MEAN,KIJ') (X (10),3) ;
DC I =1 1TC M-1 ;

PUT SKIE EDIT (I) (X(1C),F(2))

DO J = I+1 10 M ;

GET LIST(K(I,J))

PUT EDIT(K(I,J)) (F(1C,3)):

ENLC ; END;

po I 1 TC M ;

Do J I1IC M ;

ZC(I,J) = 0.2S1-C.0E*(W(I) + W(J))/2 ;

END ;

IF VC(I,I) > € TEEN 2C(I,I) = PC(I,I)*VC(I,I)/(R*TC(I,I))
ELSE VC(I,I) = ZC(I,I)*F*1C(I,I)/PC(I,I) ;

B (1) OMEGE (I) *E*TC(I,I)/EC(I,I) ;

END
Do I 1 70 M :

DO J=I+1 IC M

VC(I,d) =(((VC(I,I)**EX+ VC(J,J) **EX)/2)) **3 ;
TC(1,J) SCRT(TC (I,Y)*TC (J,Jd))*(1-K(I,J))
PC(I,J) ZC (1,J) *R*1C (1,J)/VC(1,d) ;

END ; END ;

DOI=1TCMM ;ICJ=1ITCH ;

WoWon

A(Z,J) = (OMEGA(I) + OMEGA (J)) *R*R*(TC(I,J)**2,5)/(2*%PC(1,Jd));
A(J,I) = A(1,d) ;
END ; ENCg
RETURN
S(2): 2 = 1.0 :
RETURN ;
S(3): AM = 0 3

RT = R*T
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1 1IC M ;
M o+ Y(I)*E(I) ;
1 10 ¥ ;
AM4Y (I)*Y(J)*2 (1,0)
END ; END ;
CALL VCLG ;

w

<
([ T o B ||
oo

DELH = RT*(1.S*A¥/ (EMXRT*T*%0,5) *LOG ( (VG+EN) /VG) +1-E*VG/RT)
DELH = (1.9€726,C.0820574)*CELH

DOI=11T0HK ;

PRIG(I) = FUNCT(I) ;

VBAR(I) = VEUKNCT (I) ;

DELHBAK (I) = EFUKCT(I) ;  END ;
FUNCT: PROC(I) ;

DCI X 3

X =0 ;:;DCJd=1T0 ¥ ; % = X+Y(J)*A(J,I) ; END j

X = -2*X ;

X = (X/(R*BN*T%%1,5))*LCC ((VG+EM) /VG) + LCG(VG/ (VG-EHM))

+ B(I)/(VG-EM) + AM*E (I)* (LOG((VG+BM)/VG)-BM/ (VG+BM))/
(R*T*% 1, 54%EN*EM) - LCG(E*VG/ (R*T)) ;
X = EXE(X )} 3
RETURN(X)
END FUNCT ;
VEUNCT: PRCC(I) ;

DCL X,Jd,XX H

T12 = SCET(T) :+ BRI = R*1T

X =0 ;

po J 1IC ¥ ;3 X=X + Y(J)*A(J,I) ; END ;

-2%X/ (T12%VG* (VG+EN))

X =
X = X + (ET/(VG-EN))* (14E (I)/ (VG-BN)) ;
X = X + AM*E(I)/(T12#VG#* (VGHEM) *%2) ;
XX = RT/ (VG-BF)**2
XX = XX=(AM/T12)%(2*VG+EN)/ (VG*VG* (VG+BM) **2) ;
X = X/XX 3
RETURN (X)
END VFUNCT ;
BFUNRCT: PRCC(I)
DCl ¥,Jd H
X=0;LCJd=1TC#H¥ ; X=X+ Y(JY*A(J,I) ; END ;
X = (2%X-AM*E (I)/EM)/BM
X = Y*LOG ((VG+EBM)/VGC )
X = X + (AM/BP)*(VG#B (I)-VEAR(I)*EM)/ (VG* (VG+BM)) ;
X = 1.5%X/SCET(T) + RT -E*VBAR(I) ;
X = X * 1.9€726/F ;

RETURN (X) ;
END HFUNCT

VOLG: PROC; ,* SCLVES RK USING CUEIC SCLUTICN */
DCL A,B,C(4),C(4),EHI,RT,VGAS(3) ,A3,B3,L,M,N,MM,RR,K,T12
L =23:M4=33; FT = R*T ; T12 = SQRT(T) ; C(1) = 1t 3

C(2) = -FI/F ;C(3)=-EM**2-RT*BM/P+AM/ (T 12%F); C (4)=-AM*BM/ (P*
T12) ; D(1) = 1 ; D(2) = C ;3 D(3) = (3*C(3)-C(2)**L)/3 ;
D() = (27%C (4)-S*C (2) *C (3) +2%C (2) **M4) /27 .

RR = (C(3)/3)**M + (L(4)/2)**L ; TIF RR<O THEN DO ; MM=1 ;
PHI = ATANC(SCRT( - (C(3)*%M/27 + D(4)*%xLs4) /(D (U)**L/4)))
DO K = 0 IC 2 ;

VGAS (K+1) =2% SCET(-L(3)/3)*COSD(PHI/3 + 120*K) ;

VGAS (K+1) = VGAS(K+1) - C(2)/3 ;  END ;

VG = MAX(VGAS (1),VGAS(2),VGAS(3) ) ; END ;
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FLSE DC ; MM= O ; A3=(~L(4)/2+SQRT(RR));: B3=(-D(Y)/2~SORT (RE));
A = RBS(RI)**(1/3) ;

IP A3<0 THEN 2 = -2 ; E = ABS(B3)** (1/3) ; IF B3<0 THEN B=-B;
VG = a2 + E -C(2)/3 ; END
BRETURN ; ENC VCIG

END RKWCNG :
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Although the correlation is given above for the Henry*

saturation, it was used as a fitting equation only;

s law constant at

and the two parameters,
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Tg and vg , were determined for the Henry's constants at the reference
2 2

pressure, which was taken to be zero. Values of the 16 constants can
be seen in the printout of the procedure HENRYS given below. Values

of Tg and vg that were determined for the five binary systems studied
2 2

here are given in Table 3. Values of vs, the molar volume of the satu-
rated liquid heavy component, are calculated using the reduced cor-~
relation of ILyckman as presented by Prausnitz and Chueh.38 The

subroutine VOLSAT shown in the printout below accomplishes this

calculation.

7.3.2 Procedure HENRYS
HENRYS: PROC(L, N, NH, T, H);
The parameters connecting the procedure have the following

definitions and attributes:

I = logic parameter of value 1 or 2, binary
1 - reads data used by procedure; see list below
2 - calculates Henry's constants
N = number of components, binary
NH = number of heavy components (one for this work), binary
T = temperature, °K, float
H = matrix of Henry's law constants N by NH, binary float

Calling HENRYS with L = 1 results in the following data being input:

1. Te(T) Pe(I) ve(I) w(I) IDENT(I)

TC = critical temperature, °K,
PC = critical pressure, atm,
VC = critical volume, cc/g-mole.
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(If VC is input as zero, then VC is calculated as described

in Sect. 7.2.)

[t

w = acentric factor

IDENT = eight-character string used to identify the components
This input is repeated for each component, I = 1 to N.

2. IDENT(NH+l) IDENT(NH+2) - - - IDENT(N)

These are the light components.

3. TcI(J,I) VCI(J,I)

TCI = parameter T: °K
2)

VCI = parameter vg , K
2

This card is repeated for each binary pair. In the case here,

I =1 and J has values of 2,3---N.

7.4 Appendix D: Activity Coefficient Correlation
and Procedure ACTCO

7.4.1 Activity coefficient correlation

The activity coefficients of each component can be calculated
directly from an expression for the excess Gibbs free energy. The

Gibbs excess free energy is assumed to follow the expansion

g = - 2 . (D'l)

ozi.xix_
i4=2 ™ 7

From tne relation bebween excess free energy and activity coefficient,lh

*EX
RT 1n 9, = 208 ) (D-2)
k ank
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/*GENEFALIZED CORREFIATICN FCR HENFY'S CONSTANT, FRESTON & PRAUSNIIZ*/
HENFYS: PRCC(L,N,KNH,T,E);

S(1):

pcL R,V,C,K,X,Y,2,0,1R,VR,T,1,Jd;

DCL C(16) STATIC INITIRI (

0.42457138, ~C.%7214424, -0.u8309824, -0.12611504, 0.02042006,
0.1544€%54, ~C.CE794337, C.06654287, 0.30730388, 0.27319610,
-0.32214Ce1, -0.C744ZB0E,

0.3540254S, 0.0%SS14G(C€, €.02432847, 0.86320302 ) H

DCL LCGC FICAT, IOGH FLCAT;

DCL (IDENT(K) CHRR(E));

DCL (VS(N ), TC(N ), VC(N ), EC(N ),W(N )) CONTEOLLEL;

DCL (TCI(N,¥), VCI(KN,N)) CCNTROLLED;

DCL H(*,*);

DCL S(2) IAEEL;

R = B2.0%574 ;

GO TO S(L);

ALIQCATE VS,TC,VC,PC,W,ICI,VCI;

PUT SKIP EDIT|'TC','EC','VC','W','COHP')(X(10),A,X(10),A,X(10),
A, X(10) ,A,X(1C) )3

PUT SKIE;

DO I=1 TIC N ;

GET LIST (TC(I),EC(I),VC(I),W(I),IDENT(I));

IF VC(I)=0 TEEN VC (1) = (R*1IC (I) /PC(I)) *(0.291-0.08*%W (1))

PUT SKIPF EDIT{TC(I),PC(I),VC(I),W(I),IDENT(I))(X(S),F(G,Z),X(ﬁ)

'F(6'2)1x(6)lF‘612)'x‘6)IF(Ela)lx(7)'A(e));

S(2):

END;

PUT SKIE(2);

DO J=(NH+1) TC N;

GET LIST (ILCENT (J))

PUT SKIP ECIT (*ILENT(',J,')',IDENT(J)) (X(8),A,F(2),A,A(8));
END;

PUT SKIE(2):

PUT SKIF EDIT('MRTRIX CF TCI*) (X(15),3);

PUT SKIP;

TCI=0; VvCI=C; H=C;

PO I=1 TC NH; DC J=(NH+1) TC N;

GET LIST (ICYI(J,I),VCI(J,1));

IF vYCI(J,1)=C THEN VCI(J,1)=21.888+40.79¢€27*VC(I);
ENC; ENL;

DO J=1 TC N;

PUT SKIP EDIT ((ICI(J,I) DC I=1 TO W)) (X(10),(N)F(5,1)):
END;

PUT SKIE(2);

PUT SKIE ETIT (*MATIRIX CF VCI') (X(15),4);

PUT SKIE;

po J=1 TC N;

PUT SKIP ELIT {((VCI(J,I) DC 1=1 TO N))(X(\O),(N)F(5,1));
END;

PUT PAGE;

RETURN;

PO I=1 TC NH; L[C J={(NH+1) TC N;

TR=T/TCI1(J,1):

CALL VCLSAT(T,IC(I));

YR=VS (1) /VCI(J,1);
C1T=C(l)+C(2)/1R+C(3)/(IR*IR)¢C(M)/TR**3+C(5)/TR**5;
C2T=C (€) +C (7) /1F;

C3T=C(15) /TF;
CMT=C(9)/IR**3+C(lO)/TR**u*C(11)/TR**S;



78

CS5T=C(12) /IR*#*3+C (13) /TR**U+C (14) /TR**5;
V=2%CUT/VE+3%C2T/ (2*VR*VR) ¢U*C (8) /(3*#VR**3) +6*C3T/ (S* (VR*%5)) ;
U=CUT+CST/(VR*VR)-CET/(2*C(16)) ;
X=EXP(~-C(16)/ (VE*VYR) )}/ (VR*VR) ;
Y=CUT/ (2%C (16)) +CS5T/ (2* (C (16) **2) ) ;
2=EXP (=C(16)/ (VE*VR))-1;
LOGQ=V+U*X-Y*2;
Q=EXP {1CGC) ;
B(J3,I) =C*E*T/VS (1) ;
END; ENDC:
RETURN;
/*CCRREIATICON FCR MCI2F LIQUID VCLUMES, LYCKMAN, ECKERT & PRAUSNITZ*/
VCLSAT: PRCC(TT,TC):
pCL IT,1C,IEt;
DCL VR (3);
DCL K;
DCL A(3) STIATIC INITIAL(C.11617,0.98465,-0.5531u4) ;
DCL B(3) STATIC INITIAL(0.C09513,-1.603786,-0.15793) ;
DCL C(3) STATIC INITIAL{(C.21091,1.82484,-1.01601) H
DCL D(3) STATIC INITIAL(-0.0€922,-0.61432,0.34095 ) ;
DCL E(3) STATIC INITIAL(0.Q7480,-0.3454€,0.46795 ) ;
DCL F(3) STATIC INITIAL(-0.084476,0.087037,-0.239938)
TRI1=TI/TC; CIF=1-1E1;
DO K=1 TC 3
VR (K) =3 (K) +E (K) *TE1+4C (K) *TE1*TR1+D (K) * (TR 1**3) +E (K) /TR 1+4F (K) *
LOG (EIF) ;
ENDs
VS(I)=VC(I)*{(VE (1) +VE(2) *W (I) + VR (3) *W (I) *W (1)) ;
END VCLSAT;
END HENEYS;
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the following equations were obtained:

(1) for k = 2,3---M,

M M
RTIny = ¥ xx.0..-2 % x.0, (D-3)
k i, 5=2 i Jij sop ik
(2) for component 1,
M
RIIn 7y = % xx0. . (D-k)
i,j=2

Since only the values of aij for i = j are found from experimental
data on binary systems, it is necessary to formulate a rule regarding
mixtures for i # J. Muirbrook16 proposed
- _EL??_ji . (D-5)

This seemed to be adequate for the system encountered here since all

the values of aii were similar.

7.4.2 Procedure ACTCO

ACTCO: PROC(L, M, T, X, GAM);
The procedure was linked to the main program by the following
parameters:
L = logic parameter with values of 1 or 2, binary fixed
1 - reads input data (see below)

2 - calculates the activity coefficients

=
1l

number of components, binary fixed

=]
It

temperature, °K, float
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ACTCC: PRCC(L,M,T,X,CAN)
DCL RT ;
ocL 1,d,K ;
DCL S(2) ILREEL ;

DCL A(M,M) CTL ; L[CL{GAM(*),X(*) ) BINARY PLOAT
GO TO S(L) 3
S(1): ALLOCATE 1 ; A=C ;
GET LIST((A(I,I) [O I = 2 IC M)) ;
DOI=21T0M ;
DO J = I+41 10 M ; A(I,d) = (A(I,I) + A(J,0))/ 2 ;
a(J,I) = A(1,3) ; ENL ; END ;
PUT SKIP(2) ECIT('MATRIX CF MARGULES CONSTANTS')

(X (10) ,2) 3
PUT SKIE(1) ECIT((( 4(I,J) DC I = 1 TO M) PO J = 1 TO H))
(SKIP,X(8), (M)F(10,%)) ;

RETURN
S(2): RT = 1.9872€*T ;
SUMt = Q 3 Sg¥2 = 0 ;
DO J =2 TCHN ;
DO I =2 IC ¥ ;
SUM1 = SUMT1 + A(1,Jd) * X(I)*X(J) ; END ; END;
DO K = 2 IC ¥ ;
SUM2 = 0 ; IC I = 2 1IC ¥ H
SUM2 = SUMZ + X(I) * A(I,K) ; END ;
GAM(K) = EXE((SURI-2*SUM2 ) /RT) :
END
GAM(1) = EXE(SUM1/RT)

RETURN
END ACICQ 3
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X

vector of M mole fractions, binary float

GAM

vector of M activity coefficients, binary float

Calling ACTCO with L = 1 results in the following data being input:

1. A(1,I), where A(I,I) = the Margules constant Q4 cal/g-mole.

This input is repeated for i = 2---M,

7.5 Appendix E: Listing of Main Program for Three-Column

KALC Process and the Results of g Sample Calculation

A listing of the main program and the results for a sampleAcal—
culation are provided here. The program uses a number of internal
procedures which have not been described., With the exception of SETUP,
none of these has input and their functions can be determined from the
program listing. SETUP is an internal procedure which establishes the
configuration of the colummns. The only alterations necessary in the
program in order to modify the configuration are a change in this
procedure and a change in the makeup of the ¥ matrix for any variable
heat streams. This change in the ¥ matrix has been discussed in
Sect. 2.2.2, The PROGRAM Statements affecting the ¥ matrix because
of the two variable heat streams used in the three-column example are
clearly marked in the listing of the main program. An explanation of

the input for the program is given below.

7.5.1 Input for program

l’ N, M

=
il

total number of stages. see Fig. 2

=
]

number of components
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2. Input for subroutine SETUP
(a) NA, NF, NSF

NA = last stage on absorber

[}

NF

|

last stage on fractionator
NSF = feed stage in stripper
(b) TC(1) TC(NA) TC(NA+L) IC(NF) TC(NF+1l) TC(N)
These are initial estimates of temperatures, in °C, on the
stages as numbered.
(¢) P(1), P(1a), P(NA+L), P(NF), P(NF+1l), P(N)
These are pressures, in atmospheres, on the stages as numbered.
Pressures are assumed to vary linearly between P(1) and P(NA),
P(NA+L) and P(NF), and P(NF+l) and P(N).
(a) F(NA,1), F(NA,2),---F(NA,M)
Feed entering stage NA, g-moles
(e) ar(ma,1)
Total enthalpy of feed entering stage NA, cal.
(£) Q(1,1), a(a+l,1), Q(NF,1), Q(NF+1,1), Q(NF+2,1), Q(N,1)
Q(L,1) = heat added or removed on stage 1, cal
(This is the value added or removed in recycle stream
between stage N and 1.)
Q(NA+1,1l) = initial estimate of heat removed by partial
condenser, cal
Q(NF,1) = heat added in fractiomator reboiler, cal
Q(NF+1,1) = initial estimate of heat removed by final partial

condenser on stripper, cal
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Q(NF+2,1) = heat removed in large partial condenser on
stripper, cal

Q(N,1) = heat added in stripper reboiler, cal

(A1l heats are positive if added, negative if removed.)

(g) 1S(1,1), LS(NA+1l, NA+1), LS(NF+1l, NF+1), LS(NF+2, NF+2)
Initial estimates of total variable liquid flows leaving the
stages indicated, g-moles.

(n) vs(1,1), VS(WF,NF), VS(NF+2, NF+2), VS(N,N)

Initial estimates of total variable vapor flows leaving the
stages indicated, g-moles.

(i) VP(NA+1, NA+1), VP(NA, NA+1)

VP(NA+1l, NA+l) = fixed vapor flow leaving partial condenser
on fractionator, g-moles (negative)
VP(NA, NA+Ll) = fixed vapor flow leaving partial condenser
and entering stage NA, g-moles (positive)

(3) VP(NF+1, NF+1)

Total fixed vapor flow leaving final partial condenser, g-
moles (negative)

(¥) ©P(N,N), LP(1,N)

LP(N,N) = total fixed liquid flow leaving stage N, g-moles
(negative)

LP(1,N) = fixed liquid flow leaving stage N and going to

stage 1, g-moles (positive)
Tnput for HENRYS (see Appendix C).
Input for RKWONG (see Appendix B).

Input for ACTCO (see Appendix D).
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ATPHA(J), BETA(J), GAMMA(J)

Coefficients of ideal gas heat capacity equation from Table k4.
(6) is repeated M times.

VOBAR(J) BETABAR(J)

VOBAR(J) = partial molar volume, V:j, cc/g-mole

BETABAR(J) = coefficient of expansion, Ej’ oxt (These values,
which are given in Table 3, are repeated M times.)

LOGIC(1), LOGIC(2), LOGIC(3), LOGIC(L4)

These are logic parameters that control reading in data for another
computation. Values are read as O or 1.

LOGIC(L) = 1

(a) N

Reads total number of stages

SETUP is then called, and all input listed under (2) is read into
the computer.

LOGIC(2) = 1

HENRYS is called, and new input is read into the computer (see
Appendix C).

LOGIC(3) = 1

RKWONG is called, and new input is read into the computer (see
Appendix B).

LOGIC(Y4) = 1

ACTCO is called, and new input is read into the computer (see

Appendix D).
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/*SIMULIANEOUS FLOW AND TEMEEFATUFE CORRECTICN IN TEE EQUILIBRIUM

STAGE EROELEM-TIEFRNEY ET AL*/

STAGE:FEOC OPTICNS (MAIN);

SETUE:

PROC
/* 5
NA
NF
NSF

¢,QF
AIB'
GET
GET
GET
GET
GET
GET
GET
GET
GET
GET
GET
DO I
TC (I
P(I)
Do I
P (1)
TC (I
DO T
P (I)
TC (I
Do I
A (T,
A (N,
A(NF
DO I
VS (I
po I
Vs (I
LS (N
Do I
VS (I
DO I
vs(
VS (N
B (NA
B (NA
LS (N
END
DCL
NH=1
GET
NDIM
pcl
DCL

(N,4) 3
ETUP FOF TBREE CCLUMN KALC PROCESS
NC. CF STAGES IN AESCREER
NC. CF BCITCM STAGE IN FRACTIONATOR
= NC. OF FEEL STAGE IK STRIPPER
EARTIAL CCNDENSER
PARTIAL CCNDENSER
EARTIAL CCNDENSER */

0 ;

= H

VS,VP,LS,1IP = 0 ;

LIST(NA,NF,NSF)
LIST(IC(1),TC(NB),TC(NA+1),TC(NF) ,TC(NF+1) ,TC(N));

LIST (P(1) ,P (NA) ,E(NA+1)  E(NF) ,P(NF+1),P(N)) ;
LIST((P(N2,Jd) DC J=1 TIC M));
LIST(CF (N2,1));

LIST(C(1,1) ,C(NA+1, 1) ,Q(NF,1),Q(NF+1,1),Q(NF+2,1),Q(N, 1))
LIST(LS(1,1) (LS(NA+1,NA+1) ,LS(NF+1,NF+1) ,LS(NF+2,NF+2));
LIST(VS(1,1) ,VS(NF,NF) ,YS(NF+2,NF+2) ,VS(N,N));
LIST(VE(NA+1,NA+1),VE (NA,NA+1));/* FOR FIXED FLOWS*/
LIST (VP (NE+1,NF+1)) 3
LIST(LE(N,N) ,LP(1,N)) ;/*LE(N,N) IS NEG*/
= 2 TC N2-1 ; ‘
) = TIC(1) + (I-1)*{IC(NR)-TC(1))/ (NA-1)
E(1) +(I-1)*(E(NA)~E(1))/(NA-1) ; END
NA+2 TC NF-1 ;
P(NA+1)+ (I-NA-1)* (B (NF)-P(NA+1))/ (NF-NA-1)
) = TC(NA+1)+(I-NA-1)*(IC(NF)-TC(NA+1))/ (NF-NA-1) + END;
NF+2 TC N-1 ;

as 9o

P (NF+1)+ (I-NF-1)* (E (N) =P (NF+1) )/ (N-NF-1) ;
) = TC(NF#1) #(I-NF-1)#* (TC(N)-TC (NF+1))/(N-NF-1) ;  END ;
= 1TC N-1 3 A(I,I) = -1 ;3 B(I,I)=-1 ;
I+1) = 1 ; B(I+1,I) = 1 ; END ;
N) = -1 3 B(N,N) = =1 ;

+NF+1) = C ; B(NF+1,NF) = 0 ; B(NSF,NF) = 1 ;

= 2 TO N ; Ls(I,I) = Ls(1,1) H

sI) = 1CO-VE(NA+1,NRA+1) H END

= NA+2 TC NF ; LS(I,I) = LS(NA+1,NA+1)+ LS (NA,NA) ;
eI) = VS(NE,NF) :+ ENL H

F,NF) = LS(NF,NF)-VS(NF,NF) H

= NF+3 TC N ; 1S(I,I) = LS(NF+2,NF+2) ;

¢eI) = VS(N,N) s ENO

= NSF TON ; LS(I,I) = LS(I,I) + LS(NF,NF) ; END ;
NA+1,NA+1)=0; /* FECR EFIXEL COND FLOW*/

F+1,NF+1) = C ;

+2,N3) 1 /* FOF BYEASSING CCNDENSER */

+1,N2) C /* FCE BYPASSING CONDENSER*/

N) = 0 3

SETIUP

LCGIC (W) H

LIST(N,HM) H

=2%N;

(LCGP,LCGE1,K1) FLCAT

P1S BINARY FIOAT ;
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DCL TC(N) BINARY FLCAT CTL 3
ALLOCATE IC
DCL (HE (M,M),EE1(M,#),HE2(M,M)) FLOAT CTL ;
ALLOCATE HE,HE1,HE2 :
DCL" (ESI(NDIM,NLIM),TSONN(N,N) ) BINARY FLOAT(53) CTL
ALLOCATE TISLCNN  ;
DCL TNDIM(NDI¥,1) EINARY FICAT(53) CTL ;
ALICCATE ESI;
ALLOCATE TNEIF  ;
DCL (PHIG(N,M),GAM(K,M),DELHBAR(N,M)) BINARY FLOAT CTL :
ALLOCATE FHIG,GAM, LELHEAF, :
DCL (GSC (M) ,VOEAK (M) , EETAEAER (M) ) BINARY FLOAT CTL ;
ALLCCATE GSC, VOEAR, EETAEAR :
DCL ( L{N,N) ,V(N,N) ,C(N,1) ,QF (N, 1) ,ET(N,N) ,EV(N,N),JT (N,N),
JV (N,N),GT (N,K) ,GV (N,N),HT (N,N),HV (N,N),F (N, M), XX (N,M), ¥YY (N, M),
ALFHA (M), BETA (M), GAMMA (M),

K (N,X) ,HS (N,N) ,GS (N, N) ,DK (N, N),Dd (N, N) ,LG

(N, V), FF (N, 1) ,X(N,1),Y(N,1),40(N,N), XT (N,N),
SUMM(N,1) ,B(N,N) ,B(N,N) ,R(N,N) ,M1(N,N), M2(N,N) ,M3(N,N)
JHMUN,N), XV(N,N),YV(N,N),
H(N, 1) ,G(N, 1),
DM (N, 1) ,DE (N, 1) ,UN(N,1),UN(M, 1), W1(N,N)
SN2 (N, N), C(NLINM, 1),

DEL (NDIM, 1) ,VS(N,N),VE (N,N),IS(N,N),LP(N,N),ITZ (N,N),ITB(N,N)
,NORM (N,N) ,IBESI (NDI¥,NCIM),SUMX (N, 1) ,2 (N,N),YT (N,N),
SUMY (N, 1), TSNN(N,N), TSNM(N,M), TSNI1(N,1), TSM(M),

P (N) ) BINARY FICAT CTL:

ALLOCATE L,V,(,QF,®T,EV,dT,JdVY,GT,GV,HT,H8V,F,XX,YY,ALPHA,EETA,
GAMMA, K,HSs,GS,CK,DH,DG,FF,
X,Y,40, XTI, SUMM,B,A, R, M1,M42,M3, M4, V,YvV

+H,G,CN,DE,UN, UN,WT,W2,
¢,DEL,VS,VF,IS,1E,ITZ, ITB, TSNN,TSNM,TSN1, TSH,
NCEFM,I1EST,SUMX,2,Y1T, suMy P H

DCL DF,CF :

DCL ALM,ALE;

pcL (b,CD,CDL,CCN) BINARY FICAT(53);

CON=0.;

CALL SETUB(N,¥)

/* SETSUP THE MATRICES FOF THE OAK RILCGE EFRCBLEMN */

IL=1; CALL HBENFYS(IL,M,NE,IK +HE)
LL=1; CALL RKWCNG(LL,%,Y(*,1),P(1),TK,PHIG(1,*),DELHBAR(1,*),
CELH) :

CALL ACTCC(LL,M,TK XX (V1,%),GAN(1,%*)) ;

GET LIST((ALPHA(J), EETA(J), GAMMA(J) DC J = 1 TQ M)) ;

GET LIST(((VCEAF(J) ,EETABAK(J)) DO J= 1 TG M)) ;

PUT SKIP(2) ELIT('CCMP','VCEAR',*EETARAR',*ALPHA','BETA",
YGAMMA') (X(10),A,X(4),A,X(3),A,X(3),A,X(5),r,X(8B),R) ;

PUT SKIF(2) ELIT(((J,VCEAF(J), BETABAR(J),ALPHA (J),BETA (J),
GAMMA(J)) DC J = t 1IC M))
(SKIP,F(11),F(11,2) ,E(11,3) ,F(9,3) 4 (2)E(12,3));

CALL MMGG(A,VS,F,N,K,ISNN) H

V = TSNN+ VE

CALL MMGG(B,LS,K,N,K,TSKK) H

L = TSNN ¢ LP H

MM=1;

KCUNT=0;

PUT PAGE ;

PUT SKIF(S) ELIT('N*','F','Q*',*QF*) (X(5),4, (M) X(6),A, (M) X(6),
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X(4),4,X(10),2) t
PUT SKIE(2);
DO I = 1TC N;

PUT SKYF(2) ELIT (X, (F(I,d) DC J= 1t TO M) ,0(X,1),QF(I,1) )
(X(4) ,F(2), {¥)F(12,2),F(V2,0),F(12,0) ) H

END

PUT PAGE ;

EUT SKIFE(S) ELIT('L') (X(34),R) :
PUT SKIE(2):
DO I = 1 I0 N 3
PUT SKIF(2) ELIT((L(I,J) LC J =1 TO N )) (F(10,2)) ;
END ;
PUT SKIEB(S) EELIT('V') (X(34),R) ;
PUOT SKIP(2)
DO I = 1 IC N ;
PUT SKIP(2) ELIT((V(I,J) CC J = 1 TO N)) (F(10,2))
END ;
EUT PAGE ;
PUT SKIF(S) ECIT('LE') (X(34),R) ;
PUT SKIE(2)
PO I = 1 TIC N;
PUT SKIF(Z) ELCIT((LS£(I,d) DC Jd =1 TC N)) (F(10,2)) ;
END ;
PUT SKIP(S5) ELIT('LE') (X(34),n) ;
EUT SKIE(2) ;
CO I = 1 TC N,
PUT SKIP(2) ELIT((LE(I,J) DC J = 1 TC N))(F(10,2));
END
PUT PAGE ;
PUT SKIF(S) ELIT(*A‘) (X (34),R);
PUT SKIP(2);
DO I = 1 IC N;
PUT SKIE(2) ELIT((A(I,J) CC J= 1 TO N)) (F(8,2));
END
PUT SKIE(S) ELIT(*B') (X(34),3) ;
PUT SKIP(2)
DO I = 1 1IC N;
PUT SKIP(2) ELIT((B(I,J) LC J =1 TO N)) (F(8,2)):
END ;
EUT PAGE;
PUT SKIP(5) ECIT('VS') (X(34),3) .
PUT SKIE(2) ;
DO I = 1 T0 N;
PUT SKIP(2) ELIT{(VES(I,Jd) DC J= 1 TC WN)) (F(10,2))
END ;
PUT SKIP(S) ECIT('VE') (X(34),2) ;
PUT SKIE(2)
DO I =1 1IC N;
PUT SKIP(2) ECIT((VE{(I,Jd) CC J = 1 TC N}) (F(10,2)) ;
END
PUT PAGE
PUT SKIP(2) ELIT('FEELC STAGES = ', NA,NSF,'FEED ENTHALPY =V,
QF{ N2,1)) (X(S),2,P(2),X(3),F(2),X(3),A,E(13,6));
PUT SKIP(2) ELIT('FEEC','COME','RATE') (X(5),2,SKIP,X(5) ,a,X(4),
a) H
PUT SKIP EDIT((I,F( NA,I) DO I = 1 TO M))
(SKIP,X(7) ,E(2) ,E(1C,6)) ;
PUT SKIF EDIT(*REECIIER LOUTY IN FR = *,Q(NF,1)) (X(S),A,E(16,6))
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.
PUT SKIP ECIT (*REECIIER DUTY IN STRIPPER = ',Q(N ,1))
(X(5) g R E(1€,€)) H
START1: ET,EV,JT,JdV,G1,GV,HTI,HV,E=0;
KCUNT=KCUNT+1;
IF KOONT = 1 THEN DC ;

T0 = 233.15 3

LL = 2 ; CALL HENRYS(LL,M,NH,TO-.5,HE1) ;

IL = 2 ; CALL HBENRYS(LL,M,NH,TO+.5,HE2) ;

DO I = 2 IC ¥ ;

GSO(I) = =~ (LOG (HE2(I,1))-ICG(HE1(I,1)))/(1/(T0+.5)~1/(TC~.5))
*1.98726 ;

END

TSM = Q0 3 TSM(1) = 1 ; E1s= VPFUNCT(TO) ;

LL = 2 ;

CALL RKWONG(LL,#,TSM,P1S,T0,FHIG(1,*),DELHBAR (1,*),DELH);
IL = 3 3

CALL RKWONG(LI,¥,TSM,F1S,10,FEHIG(1,*) ,DELHEAR(1,*),DELH);
GSC(1) = LELH + 336¢.2 ; ,* HEAT OF VAP FROM PEERY*/

PUT SKIE :

PUT SKIF EDIT (*ILCEAL GAS ENTHALPIES AT -40 C') (X(5).1h) H
PUT SKIF EDIT (*CCMPCNENT NC*', *ENTHALPY, CAL/GM MOLE', (I,
GSO(I) DO I=1 TC M) ) (X(10),RA,X(5) A, (M) (SKIP,X(15}, F(2), X(6) ,
F(t2,2) ) )

END

FF=0;

DEL=0Q;

PSI=0;

K,Hs8,GS,DK,LB,CC=0;

gM=1;
UN=1;
J=0;
NOEM=0;
SUMY = ©
SUMX=0;
H,G=0;
IF KCUNT = 1 THEN [C;

PHIG = 1; CELEBRE = C; GAM = 1.0 ; END

ELSE DC ; L1I= 2

CALL RKWCNG(LL,M,YY (1,*),E(Y) ,TK,PHIG(1,*) ,DELHERR(1,*) ,DELH) ;

DO I = 1 1C K ;

TK = TC(I) + z73.15 :

LL= 3

CALL RKWCNG(LL,M,YY (I,*),E(I),TK,PHIG(I,*),DELHBAR(I,*),DELH) ;
LL=2; CALL ACTCO(IL,M,TK,XX(I, *) GAM(I,*) ) o3

END ; END ;

STAET2: J=J+1;
MO, M1, 82,M3,8U=C;
DO I=1 TC N;
FF(I,1)=F(I1,d);
TC} =TC (1) +1.0;
TK  =TC(I)+273.15;
RT = 82.CE74*1K H
TK1 =TC(I)+274.15;
TK2 =TC({I)+275.15;
IF J=1 THEN DC;
P1S = VEFUNCT (TK) ;
VBAR = EXP((TK-TO)*EETAEAR(1))*VOBAR(1) ;
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TSM = 0 ; ISE(l) =V ; LI = 2 ;

CALL RKWCNG(LL,¥,TSM,E1S,TIK,TSM,TSNM(I,*) ,DELH) H
LL = 3 ;

CALL REWCNG(LL,#,TSY,E1S5,TK,TSH,TSNM (I, *),DELH) H
FS = TSM(1)*E1S;

K(I,I) = GAM(I,1)*FS*EXE (VBEAR* (P(I)-E1S)/RT)/ (P (I)*PHIG(I,1));
DK(I,I) = CVPFUNCT(IR)/E(1) ;

END;

ELSE DC;

LL=2; CALL HENRYS(LI,M,NH,TK +HE) ;

LL=2; CALLl HENFYS(LI,M,NH,TIK1 +HE1) ;

LL=2; CALL HENRYS(LI, M,NH,1K2 +HE2) 5

K(I,I)=HE(J,1)/E(I) ; /* FOR DERIVATIVE USF ONLY */

K1 =HE1(J, 1) /P (1) ;

DK (I,I)=K1 -K{I,I);

VBAR = VOEAF (J) *EXP ((IK-TO0)*EETABAR (J)) :

K(I,I) = K(1,71)*GAaM(1,J)*EXP(VBAR *P(I)/RT) /( PHIG(I,Jd)) ;
END;

GS(X,I) = ALPEA(J)* (IK-TO0) + BETA (J) * (TK**2-T0*%2) /2 +

GAMMA (J) * (TK*#3-T(0*%3) /3 + GSO(J) -DELHBAR(I,J) H

DG(XI,I)= BETA (J) +2*GAMMA (J)*TK H

IF J=1 THEN DC;

HS(I,I) = 278.767*(1IK-TC)-2.20936* (TK**2-T(0%**2) /2
+0.00471244% (TK**3-T0%**3) /3

DH(I,I) = 278.7€7-2.20936*TK+0.00471244*TK*TK H

END;

ELSE DC;

HS(I,I)=(LOG(BE1(J, 1)) -1CG (HE(J, 1))/ (1/TK -1/TK ) *1.9872
+GS(I,1);

HS1 = (LCG(HEZ2(J, 1)) -LCG(RE1(J, 1))}/ (1/TK2 -1/TK1 ) *
1.9872+4GS (1,1):

DH(I,I)=HS1 -BS(1,I);

END;

END;

CALL MMGG(V,K,N,N,N,TSKK) H

Z =1 + TSNN ;

TSDNN = Z 3

CALL MINV# (ISLNN,N,[,CCN) ;

ITZ = -TSDNN

CALL MMGG (ITZ,FF,N,N,MM,X)
CALL MMGG(K,X,N,N,¥N,Y);
DO I=1 TC N;
MO(XI,I)=DK(I,I)*X(X,1);
END;

CALL MMGG (ITZ,V,N,N,K,TSNN )
CALL MMGG (TSNK,MO0,N,N,N,XT) ;
CALL MMGG (K,XT,¥,N,K,TSNN) ;
YT = MO+TSNN ;

TSDNN = B 3

CALL MINV#(TISINN,N,IL,CCN) ;
ITB = TSDNMN

CALIL MMGG (ITE,A,N,N,N,R);

DO I=1 TC N;

DO II=t TC N;
MI(I,XI)=F(I,I1X)*X(1,1);
HZ(I,II)=A(I,II)*Y(II,I);
END;

M3(I,I)=DB(I,I)*X(I,1):



MU(I,I)=DG(I,I)*¥(I,V);

END;

CALL MMGG(B,M1,%,N,N,ISNN) H
TSNN = TSNN - #2 H

ITZ = -1IT2 H

CALL MMGG (ITZ,TSNN ,K,N,N,KV)
CALIL MMGG(K,XV,N,N,N, ¥V )
ET=BTI+XT-Y1T;

EV=EV+XV-YV;

CALL MMGG (HS,¥T,K,N,N,TSNK)
HT=HT¢TSNN+¥3;

CALL MMGG(GS,YT,N,N,N,TSNN)
GT=GT+ISNN+MU;

CALL MMGG (HS,XV,N,N,N,TSNK)
HV=HV+TSNN ;

CALL MMGG (GS,YV,N,N,N,TSNK) ;
GV=GV+TISNN ;

DC I=1 TC N;

X (T,d)=X(I,1);
YY(1,3)=Y(1,1);

ENC;
SUMX=SUMX+X;
SUMY = SUMY +Y H

CALL MMGG (HS,X,N,N,¥M,ISN1 )
H=H + TSN1 ;

CALL MMGG (GS,Y N,N,¥F,ISN1 )
G = G + ISNT

IF J<M THEN GC IC START2;

DO I=1 1IC N;
NOBM(I,I)=1/SUMX(I,1);

END;

CAIL MMGG (ET,NCFM,KN, N,N,TSNN
ET = TSNN ;

TSNM = XX-YY;

CALL MMGG (TSNF¥ ,UM, N, M, MM,CH)
CALIL MMGG(L,H,N,N,MPF, TSN1) ;
DE = TSN1+C+QF

CALL MMGG (V,G, N, N, M¥¢, ISN1)
DE = DE + TSN1 ;

ADM =SUM(DM**Z) s

ADE =SUM(LCE##%2);

ADM=SQEKT (ALCM );

ADE=SQRT (ADE );

CALL MMGG (L,HTI,MN,N,K,ISNN) 3
JT = TSNN ;

CALL MMGG(V,GT,N,N,X,TSNN) ;
JTI = TSNN + JT ;

DO I=1 1IC N3 LC II=1 IC N;
WI(I,II)=E(1,ITI)*H(I1,1);
W2(I,I1)=A(X,II)*G(I,1);
END; ENE;

CALL MMGG(B,®W1,Y¥,N,K,ISNK)
JV = ~TSNN

CALL MMGG (L,HV,N,N,N,TSNN)
JVv = Jgv + TSNN 3

CALL MMGG (V,GV, K, N,N,TSNN)
JV = JV + TSNN + W2 ;

DO I=1 TIC N; CC II=1 TC N;

-
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PSI(I,II)=ET(I1,11);
PSI(I,ITI+N)=EV(I,II);
PSI (I+N,IT)=J1(I,II);
DSI(I+N,II+K)=JV(I,II);
END;

PSI(XI,N+NA+1) = C ; /* FOF VARIABLE Q (NA+1) */
PSI(I,N¢NF+1) = 0 H /* FOR VARIABLE Q(NF+1) */
PSI(I+N,N+NRA41) = Q0 ; ,/* FOF VARIABLE Q (NA+1)x/
BSI(I¢X NeNF+1) = Q H /* FOR VARIABLE Q(NF+1) *,/

DEL(I,1)=C¥(I,1);

DEL(I+N,1)=CE(I,1);

ENCs

PSTI (N+NA+1,N+XA+ 1) \;/*FCF VARIABLE Q(NA+1) %/
PSI(N+NF+1,N+NF+1) 1 ;s /¥ FOR VARIABLE Q(NF+1) */
CALL MINV#(ESI,NLCIM,DLCC,CCN);

IPFSI=PSI; DEL = -DEI ;

CALL MMGG (IESI,LEL,NLIM, NLCIM,MM,C) H

DO I=1 TIC N;

TC(I) = TC(I) + C(1,1) H

END;

DO I = 1 TC N&, NA+Z TC NE, NF+#2 TO N ; /% FOR VARIABLE CCND*/
VS(I,I)=VS(I,I)+4C(1+K,1) :

END;
Q(NA+1,1)=C(NA+1,1) ¢+ C(N+NA+1,1); /* FOR VARIABLE Q'S */
Q(NF+1,1) = Q(NF+1,1) +C(N+NF+1,1) s /% FOR VARIAVLEQ */

CAIL MMGG (A,VS,K,N,N,ISNN) ;
V = TSNN ¢ VE

CALL MMGG (F,UF,N,M,F¥,SUMN) ;

CALL MMGG(V,UN,N,N,MN,ISN1) ;

SUMM = SUMM + TISN1

CALL MMGG (LE,CN,N,N,MM,ISK1) ;

SUMM = SUMM + TSN1 ; SUNMM = -SOMM ;

CALL MMGG (ITB,SUMM,N,N,MM,TISN1 ) ;

DO I=1 TC N;

LS(I,I)=TSN1(I,1) ;

END;

CALL MMGG (B,LS,K,N,K,TSNN) ;

L = TSNN + IP ;

EUT PAGE

PUT SKIP LATA (ACE,ALM);

PUT SKIP EDIT (*ITERATICN NC. =!,KOUNT) (X(5),A,F(4)) :

PUT SKIP(2) ELIT(*STAGE','T,C',*L?,'V','L/V','H IIQ','H VAPOR',

'P,ATHM')
(X(3),A,X(2) yB,X(8) ,B,X(9) 42,X(6) ,2,X(5) ,A,X(3),2,X(3),B) :
PUT SKIE 3

DO I=1 TC N;

ALV = L(I,I)/V(I,I) ;
PUT SKIP ECIT (I,TC(I),-L(I,I),-V(I,I),ALV,H(I,1),G(I,1),P(I))
(X(5),F(2),F(8,2),F(10,2) ,F(10,2) ,F(9,2) ,F(8,2) ,F(9,2),F(9,2));
END :
PUT SKIE(4) ;
POT SKIP(2) ELIT(*CCMECNENT®) (X(5), (4/2)X(10),A) ;
PUT SKIF ECIT('STAGE', (I CC I = 1 TO M),*SUM') (X( 5),A,X(5),
(MY (F(2),X(9)).2)
DO I=1 TO N;
PUT SKIE EDIT(I,' X=', (XX(I,J) DO J=1 TO M),SUMX(I,1))
(X(5),F(2) ,A, (M)E(11,4) ,F (£,5)) ;
PUT SKIP EDIT ('Y=*, (YY(I,J) DC J = 1 TO M),SUMY (I, 1))
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(X(8),A, (M)E(11,8),F(8,S)) ;
PUT SKIF EDIT('K=', (YY (I,3)/XX(I,Jd) DO J = 1 TO N))
{(X(8) A, (M)E(11,4)) ;
ENT ;
IF ADM<1E-3 THEN IF ADEC1E+3 THEN GO TO ERINT;
ELSE; ELSE;
CALL MMGG (NCRM,XX,N,N,¥,TSNNM) ;
XX = TSNHM
DO I =t IC N ; NCEM(I,I)=1/S0OMY(I, 1) ;END ;
CALL MEGG (NCEM,YY, N,N,K,ISKN);
YY = TSEM
GC TO STARTY;
EEINT: POT SKIP(2) ELITI('CCNVESRGEL') (X(10) ,A) H
DF = F{ NA, M),/ (-YY (1 ,m)*Vv (1, 1) )
SLGF,SLGE = 0 H

DO J = 2 T0 M 3 SLGF = SLGF +F(NA,J) ;
SLGP = SLGE-V (NF+1,KF+1) *YY(NF+1,J) ; END ;

FEED = 0 ; O J = 1 TO M; FEEC = FEED + F(NA,J); END ;
CFKR = FEEL*YY (NF+1,M) /F (NA,N) :

CFLG = SLGF/SIGE

EUT PAGE ;

PUT SKIF ECIT (*ITERATICN NC. =*,KCUNT) (X(5),A,F(4)) ;
PUT SKIE(2) ELXT('STAGE','I,C',"L*,'V','L/V?, 'y IIQ','H VAPOR',

*D,ATM?)
(X(3) /2,X(2) B, X(8) ,A,X(9),A,X(6) A,X(5),2,X(3),2,X(3),D) ;
PUT SKIE ;

DO I=1 TIC N;
ALV = L(I,1)/V(1,I) ;

PUT SKIP EDIT(I,1C(I),-L(I,I),-V(I.I), ALV, H(I,1),G(I,1),P(I))

(X(5) ,F(2),F(€,2),F{10,2) ,F(10,2),F(9,2),F(8,2),F(9,2),¥(9,2));

ENLC H

PUT SKIE(4)

PUT SKIE(2) ELIT(*CCMECNENT') (X(5),(M/2)X(10),4) ;

PUT SKIP ELIT('STAGEf, (T LC I = 1 TO M) ,*SUM') (X( S),A,X(%),

(M (F(2).,X(9)),2) ;

DO I=1 TC N;

PUT SKIP EDIT(I,*' X=',(%XX(I,Jd) DG J=1 T0 M),SUMX(I,1))

(X(5) ,F(2),2, (MYE(11,4) ,F(E,5)) ;

PUT SKIEF ECIT('¥Y=', (YY(I,Jd) DC J = 1 TO M),SUMY(I,1))

(X(8) A, (M)E(11,4),F(8,5)) ;

PUT SKIF ECIT ('K=', (YY(1,d)/%XX(I,J) DO J = 1 TO M))

(X(8) 2, (M)E(11,4)) ;

END

PUT SKIE(Z) ELCIT(f'DES=¢ ALCE,'DMS=',ALCHM) (X(5),A,E(12,4)) ;

FUT SKIE;

PUT SKIP;

PUT SKIF(2) FLIT('HEAT ICALC CN FR COND = *',Q(NA+1,1))

(X(5) 4A,E(16,€)) ;

POT SKIF(2) ECIT( ! HEAT LOAD ON CCNDENSER = *,Q(NE+1,1))

(A,E(1€,€));

PUT SKIF(Z) ECLIT('D. F. =',DF) (X(S) ,A,F(12,2)) ;

PUT SKIE(2) ELIT{('C.F. KR ' ,CFKR) (X (5),4,F(12,2))

PUT SKIE(Z) ELIT('C.EF. 1G *,CPLG) (X(5) ,2,F(12,2))
FESTART: PUT PAGE;:

LL= 1 ;

GET LIST (LGCGIC) ;
IF LCGIC(1)=1 THEN IC;
FREE TC,PSI,TSDNN,TNDIM,PHIG,GAM,DELEBAR,L,V,Q,QF,ET,
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Ev,JT,JV,GT,GV,HT1,4V,F,%%,YY,K,HS,GS,K,CH,G, FF,X,1,40,XI,
suMM,B,2,F,M1,¥2,43,44,%V,YV,E,6,D8,CE,UN,OM,¥1,¥2,C,DFI,
vs,VP,1S,1F,I12,ITE,NOR¥,IESI, SUNX,Z,YT,SUMY,TSNN,TSNN,
TSN1,P :
GET LIST(N) 3 NCIM=2%N
ALLOCATE 1C,PSI,TSDKN,TNDIM,FHIG,GAM,DELHEAR,L,V,Q,QF,ET,
EV,JT,JV,GT,GV,B1,HV,F,XX,YY,K,HS,65,DK,DH, DG, FF,X,Y,M0,XT,
SUMM,B,A,K,M1,#Z,43,M4,XV,YV,H,G, ¥, DE,UN,UM,¥1,¥2,C,DEL,
vs,vp,15,1p,112,ITE,NOR¥,1ESI,SUMX,%,YT,SUMY,TSNN, TSN,
TSN1,P :
CALL SETUP (N,¥); END;
IF LCGIC(2) = 1 THEK CAIL EENRYS(LL,M,NH,TK,HE) ;
IF LOGIC(3) = 1 THEN CALL FKWONG(LL,M,Y(*,1),P(1),TK,PHIG (1,*),
DELHBAR(1,*) ,CELR)
IF LCGIC(4) = 1 THEN CALL ACTCO({LL,M,TK,XX (1,%),GAM(1,%));
/* NC EROVISICN FCR CHAKGING M,HEAT CAPACITICIES OR PARTIAL
MOLAR VOLUMES */
GO TO STAFT

VPFUNCT: PROC(T) 3
/* CALCULATES VE CF CC2 FECM EQ OF MICHELS */
DCL ICGVE FIC2T, T, VE ;
LOGVP = 24,.€1S3C - 1353.2C2/T-8.142537*LCG10 (T) +.006259 1S6*T
VP = 10**LCGVE ; RETURN(VE) ;
END VPFUNCT  ;

DVPFUNCT: EROC (T) ;
/* CALCULATES VE DEFIVATIVE */
DCL T, DEDT, IN10 FICAT ;
LN10 = LCG(10) :
DPDT = VPFUNCI(T) ;
DPDT = DELT*(LN10*1353.2C2/ (T*T)-8.142537/T +LN10*.006259156)
RETURN (DELT) ;
END DVEFUNCT ;

MGG:  EFROCEDURE (A,B,K,I,M,C )
/* GENERAL MATRIX MULT CF C = A X B COPIED FROM PL1 SSR */
DECLARE (A (*,*) ,B(*,*),C(*,%)) BINARY FLCAT :

DECLARE S BINAEY FLCAT(£3)

DECLARE (K,L,¥,I,J,¥) BINREY FIXED ;

DECLARE EFECR EXTERNAL CHBAFACTER (1) H

ERROR = *C*'

IF K > 0 THEN IF L > O THEN IF M > O THEN DO ;

I
NEXTI: I

J
NEXTJ: J

S

1

0w
OLOMHO

s b e &

(=]
(o]
=

= 1T0L ; S = S+FUITIELY(A(I,N),B(N,3),53);
END
c(I,Jd) = S ;
IF J < M THEN GC T0 NEXTIJ ;
ELSE IF I < K TEEN GC TC NEXTI ;
ERROR = *(CY ;
END
END MMGG H
/*MINV4 IS THE DCUBLE PFECISION MATIRIX INVERSION SUBROUTINE FROM THE
SCIENTIFIC SURRCUTINE EACKAGE. THBE CALCULATION CF THE DERTERMINARNT
HAS BEEN OMMITTIED.*/
EINVE: EROC(A,N,IL,CCK);
DCL ERFCR EXTERNAL CHARACTER(1);
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DCL (I,J,K,N,L(N),M(N)) FIXEL BINARY;
DCL (A({*,*) ,EIGA,HOIL,TL,CCN,S) BINARY FLOAT(53);
ERROR='0Q";

IF N<=0 THEN [C;
ERROR="'1¢;

GO TO FIN;

END;

IF CON=C THEN S=1.0E-15;
ELSE S=CCN;

IF N=1 THEN [C;

D=Aa (1, 1);

IF ABS (L) <=S THEN [C;
ERROR=1'2"';

END;

ELSE A (1, Y)=1/L;

GO TO FIN;

END;

D=1.0;

DO K=1 TIC N;

L (K) =K

M(K)=K;

BIGA=A (K,K) ;

DO I=K TIC N3

DO J=K TC N;

IF ABS(EIGA)<R2BS(A(I,d)) THEN DO;
BIGA=A(I1,J);

L(K)=I;

#(K)=J;

END;

END;

END;

J=L (K) ;

IF L(K)>K TEEKN [C;

DO I=1 TC N;

HOLD=-A (K,I) ;
A(K,I)=A(J,I);
A(J,I)=HCLD;

END;

END;

I=4(K) ;

IF M(X)>K TEEN L[C;

DO J=1 TC N;
HOLD=-2(J,K) ;
A(J,K)=A(J,1);
A(J,I)=HCLD;

END;

END;

IF ABS(BIGA)<=S THEN DC;
p=0.0;

END;

DO I=1 TIC N;

IF I -= K TEEN A(I,K)=A(I,K)/ (-2 (K,K)):
END;

DO I=1 TC N;

IF I ~= K THBEK LC;

DO J=1 TC N;

IF J -= K THEN 2(I,J)=2(I,K)*A(K,J)+A(I,J);
END;
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ENED;
END;
DO J=1 10 N;
IF J ~= K THEN A(K,Jd)=A(K,J)/2 (K,K);
END;

CCME: /% CONTINUE */
A(K,K)=1.C/A (K,K);
E¥D;
K=N;

ICOE: K=K-1;
IF K>0 THEN DC;
I=1(K) ;
IF I>K THEN DC;
DO J=1 TIC N;
HOLD=2A (J,K) ;
A(J,K)=-2(J,I);
A(J,Y)=HOLD;
ENLC;
END;
J=M(K) ;
IF J>K THEN DC;
DO I=1 IC N;
HOLD=A (K,I) ;
A(K,I)=-2(J,I);
A {J,I)=BCI1D;
END;
END;
GO TC ICCE;
END;

FIN: RETURN;

END MINV#;

END STAGE;
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TNPIT PARAMFTEPS FOR R_X EQUATION

NMTGA 0M3G3 ¥ ™C,DIGK PC,AT™M  VC,LITPR COMPONENT
0.uu700 0.09112 0.225 304.20 72.88 0.20000 cCo2
N.42780 0.08670 0.000 289.70 57. 60 ¢.00C00 X%
0.u2780 N.08679 0.021 154. 60 49,80 0.00000 N2
N.u2780 0.08670 0.0u41 132.980 34,59 0.00009 D
N.U2730 0.08670 0.049 126.20 33.50 .0n000¢ N2
N.42780 7.08670 0.000 209.40 54, 30 0.2000n xR

CNRARTCTIONS FNP G5BCM MTFAN, KIJ
1 0.000 0.000 0.000 ¢.000 0.000
2 0.000 0.000 0.009 0.0007
3 0.000 0.0920 0.000

4 0.000 0.000
5 £.000

MATRTX OF MARGULES CONSTANTS

0.c0O000 0.00C90 0.00000 0.00000C 0.70000 0.00000
0.20000 0.090000 425.60498 431,74487 442,79980 0.00000
2.00000 425.60498 851.20996 857,34985 868,40479 425.60498
C.00000 421.76487 357.34985 863.48999 874.54492 u431,74487
0.00000 442.79930 863.40479 874,.54492 885.53985 442.79980
0.00000 0.00000 425.60498 431,74487 442,7998¢ €.0n0000

coM? VOBAR BETABAR ALPHA BETA GANMA

1 39.48 4.680F-03 6.637 1.3952-03 2.045%-05

2 56.64 S5.47CE-02 4.968 0.0007+00 0.0C0E«0N

3 52.34 -7.800%-05 7.011 -8.100Z-04 2.800%-06

) 48,59 -1.,8108-02 6.962 ~=9.500E-05 3.5C0=-07

5 50.03 1.370=2-03 6.958 -3,500E-05 1.500E-0Q7

6 54.u6 A_.94018-02 4.968 0.0C0E+090 0.0C0E+0D
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0.00
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0.00
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646,00

0.00

0.00
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-108.09
0.00
0.00

0.00
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2052.50
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-625.00

0.00
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625.00

-625.00
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FZED STAGES = 2
FREN
coup 2ATE

1.90.979996

2 0.010991

3 3.020000

4 3,0C0C00

S 3.000000

6 0,010000
RTBOILER DUTY IN FR
R730ILER DUTY IN STR

RTD
i
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FUIN ZNTHALPY = 3.86220C7+05

3.656000E+05

R =

INTAL GAS ENTHALPIES AT -40 C

COMPONENT NO
1

MAFE W

ANTHALPY,

3513.05
521.93
-773.62
-134.51
-1199.32
-249.94

2.077000%+06

CAL/GY MOLFE



ITERATION NO.

ATRGR

WX N YT B W) -

w
- 3
=

KRR 2R QR RGN RGN R RO

DFS=

-20.86
-21,52
-30,67
-21.53
-20.03
-319.°8
-23.5%6
-22.A0
=22.,43

LI T O T T ¢ ¥ O | O ¥ O ¥ | S | | T T | IO T O | Y [ N 1 QO €534

°,C

9.9419%-01
R.8638E-01
8.91568=-01
9.94547-01
8.94002-01
8,93890%-01
9.8856E-01
7.3277E-01
7.41267-01
9.9718=-01
9.40497-01
9.43158-01
9.98803-01
9.76697-01
3.7787£-01
9.8542n-01
6.0702%-01
6.1601%-01
9.9886R-01
9.,7214r7-01
3.73248-01
9,99782-01
9.94775-01
9,.9469R83-01
9.998AE-01
9.89637-01
9.9976%-01

2.13497+02

= 7

v

1431, 42
140A,12

97.25
1493.09
1383.62
103.09
697.86
2058,.58
1379.87

HEAT LOAD ON FR COND =

HEAT LOAD ON FINAL CONDENSIER

HEAT LOAD ON MATN CONDENSER

N.F,

C.F. K?

C.F.

.G

1]

2.72
16.81

6.12

2.632575-05
7.4800F=-925
2.8014 7400
2.8479%-05
8.11068=-05
2.84735400
£.7115E-05
1.931277~-04
2.87975+00
2.9741E-05
9.0825E~-05
3.0539%5+00
2.57398-05
7.9582%8=-05
3.0847F%400
3.88698-04
1.1618%~-03
2.98915+00
1.2662=-04
4.15838-04
3.2842%+00
3.9987r-035
1.3215%-04
?.30487E+00
2.2712%-05
7.5112%-05
31.3072%410

nYs
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¥ WA
66.38 21.56
147.80 .51
22.50 4.32
119,75 12.47
199,46 12.64
3.75 27.49
196.84 6.53
701.61 2.93
678,71 2.03
COMPONENT
3
1.9856F-03

3.6060E~02
1.8161E+01
1.9514%8-03
3.5357E-02
1.8119E+01
4,.4305E-03
9.4532E-02
2.1337E+401%
1.0633E~03
2.1364E-02
2.0093E+01
4.4587%8-04
B.8691E-03
1.9892E+01
6.4188E-03
1.61712-01
2.5193E+01
5.2413E-04
1.18708-02
2.2647E+01
6.15748-05
1.3857E-03
2.2504E+01
7.6167E-06
1.7128E-04
2.2488E+01

= U4.6677E-04

~-3.0902392+05

H LI

387.84
395.08
185.00
373.87
405.85

7.91
331,10
351.37
353.74

4
1. 86627-03
3.8447R=-02
2.06C12+01
1.7160E-03
3.53048-02
2.0574% %01
3.70462-03
8.7069%-02
2.35C22+01
8.4927E-04
1.93712-02
2.2810E+01
3.28032-04
7.43937-03
2.2679%+01
4.45832-03
1.1950E-01
2.68C3E+01
3.31672-04
B.4963E-03
2.5616E+01
3.79238=2-05
9.6861E-04
2.55313+01
4.17622-06
1.0658%-04
2.5521=%+0

= ~3.440447E+05

1]

-1.800000E+06

H VAPBOR P

2919.76
2952,96
2248.36
31523.59
3310.21
1692.58
3288,42
3394.54
3406.87

5
1.83037-03
3.9037F-02
2.1329E+01
1.65738-03
3.5229E-02
2.1257E+01
3.2863E-03
8.5187E-02
2.5922E+01
7.8849%-04
1.8678E-02
2.3E89F+01
2.928932-04
6.97812-03
2.3344%+01
3.4427E-03
1.0906F-01
3.1678E+01
2.656CE-04
7.14995-03
2.6920%+01
3.1763E-05
8.4710=-04
2.5€69T 401
3.3601E-06
8.95137-05
2.A6L0E+01

JATH

22.00
22.09
20,00
20.00
20.00
18.00
18.00
18. 00
18.00

6
6.57878-06
5. 53458-05
8.4127E+00
9.7270E-06
8. 1774E~-05
8.4063=+00
3.0208E-05
2.8203=-04
9.3362E+00
8.4593%-06
7.75338-05
9.1654F+00
5.2990E~-06
4.R416%-05
9.1368E+00
1. 60U4E~04
1.68122-03
1. 0478E+01
2. 1147E-05
2.1382E-04
1.0111E+01
2.97538-06
3.0020F~-05
1.0090E2+01
7. 4456%-07
7.5108E-06
1.0088E+01

soM
0.99991
1.00005

0.99990
1.00005

1.00007
1.00004

0.99992
1.00007

0.99990
1.00010

1.00029
1.00013

1.00013
1.00028

0.99996
1.00013

0.99990
1.00007
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