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PREFACE

A gtudy of several promising modifications to the Benedict=Webb=
Rubin equation of state was made. The equation was modified to improve
predicted saturated phase propérties of methane at low temperatures.
Experimental vapor pressures and saturated liquid densities were used
to calculate two BWR parameters, simultaneously, as linear functions of
reciprocal temperature. Also, two parameters were simultaneously
determined as functions of reciprocal temperature based only on experi-
mental vapor pressures.

BWR parameters giving exact fit to critical point conditions were
determined from volumetric proberties for the pure components methane
and hydrogen sulfide. Finally, pure component BWR parameters deter=
mined in this study were used with a modified mixing rule for the para-
meter Ag to make vapor=liquid equilibria calculations for methane=
hydrogen sulfide mixtures.

T wish to express my thanks dnd appreciation to my adviser, Dr. R.
L. Robinson, Jr., for his guidance and encouragement throughout the
course of this study. I am indebted to Mr. Charles J. Mundis for his
aid in certain areas of this inVestigation and to all fellow graduate
students from whom I received assistance. Finally, I am deeply grate«

ful to my parents for their constant encouragement during my work.
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CHAPTER I
INTRODUCTION

A very general method for calculating the thermodynamic properties
of pure components and their mixtures is by means of equations of
stafe. The equation of state is an analytic expression that relates
pressure, temperature, molar volume, and composition. Since thermo=
dynamic properties are functions of state, an equation of state repre~
senté an analytic toOl,from which these properties may be derived. Many
equations of state have been proposed, but of the most widely used
equafions, none can reproduce expefimental data over & wide range of
pressure and temperature as well as the Benedic¢t-Webb=Rubin (BWR)
equation.
| The BWR equation of state ié an empirical equation, specifically -
formulated to déscribe the volumetric and phase behavior Qf hydro=
carbons and their mixtures for reduced temperatures exceeding 6.6. The
equation has proven to be accurate ét densities up to twice the criti-
cal density.

Low temperature applications of the BWR equation haye been a sube
ject of much concern. The original equation is limited to temperatures
above about 6.6, of the“critipal temperature.:?Below reduced tempera-
tures of G.6, predicted vapof pressures deviate considerably from
experimental Values. 'However, the equation can be improved by adjust;

ing one or more of the coefficients with temperature.



Another shortcoming of the BWR equation that has sattracted much
interest is its inability to accurately predict vapor-liquid equilibris
for mixtures containihg wide boiling range hydrocarbons or mixtures of
hydrocarbons and nonnhydrocarﬁoné. To improve equilibrium calculations
for mixtures, an empifical interaction constant can be introduced intoA
the mixing rulé of the parameter A,. |

One purpose of this investigation was to develop BWprarameters
such that the eqﬁation could be extrapolated to low temperatures with=
out introducing seriéus error. Another goal was to develop a technique
for determining BWR parameters that can be used to accurately predict
p=v=T properties and also fit the critical‘point. The final obJjective
of this study was to apply improved pure component parameters to mix-
tures in order to test the mixture rules and to improve them if
necessary.

The particular system chosen fér test applications was the methénen
hydrogen sulfide system. The methane~hydrogen sulfide system presents
a rigorous test since molecules of the two compounds are not alike.
Also, methane=hydrogen sulfilde mixtures occur in many industrial

processes.



CHAPTER TI
REVIEW OF PREVIOUS WORK

Since its development, the Benedict=Webb-Rubin equation (%, 5) has
been the object of some very extensive studies. A complete review of
all previous work would be too lengthy to present here. Therefore, only
a few selected references to reviews of studies done on the BWR equation
will be given.

The equation was originally developed to represent thermodynamic
properties of light hydrocarbons and their mixtures. The authors
recomrended the equation for use at reduced temperatures greater than
0.5 and reduced densities less than 2.0. However, the eguation has
since been applied to g wider range of pure components and mixtures.
Properties of some non-hydrocarbons and mixtures of hydrocarbong and
non~hydrocarbons have been calculated with the BWR eguation. Also, the
egquation has been used to calculate properties for mixtures cortaining
nydrocarbons as heavy as CppH)g (26). Comprehensive reviews of appli=
cations and extensions of fhe BWR equation are presented by Barner and
Adler (2), Ellington (1L}, vand Starling (27). Cooper and Goldfrank {(9)
recently compiled BWR coefficients for thirty-eight compounds and gave
refefence to their origin.

In order to improve the BWR equation at low temperatures, previous
invegtigators have adjusted a single parameter with temperature. Most

workers chose to adjust C, (3, 6, 7, 18, 28, 32) while some modified ¥



(3, 21, 25). Simultaneously using both p=v-T and enthalpy data for
methane, Cox (10) modified Co and 'a' to be linear functions of recip-
rocal temperature.

Stotler and Benedict (28) suggested modification of the mixing
rule of A, to improve vapor-liquid equilibria calculations for binary
mixtures. Several investigators (17, 30, 31) have since applied an
emplrical interaction coefficient to the mixing rule of AO for various

mixtures, especially those containing non-=hydrécarbong.



CHAPTER IIT
PRELIMINARY INVESTIGATIONS

Several preliminary studies were made in an attempt to determine
which of the eight BWR parameters had the greatest effect bn various
properties. The effects of each parameter on pressure, liquid and
vapor fugacity, and vapor pressure of methane were invegtigated.

These investigations helped to provide a basis for modification of the

BWR equation.
Sengitivity of Pressure to Each BWR Parameter

The effect of each parameter on the predicted pressure was detern
mined for reduced densities in the range of G.4 to 3.0 and reduced
temperatures from G.6 to 3.0. The measure of sensitivity used was the
change in pressure per one per cent change in the parameter being con=-

sidered, expressed as

P

pressure sensitivity = ki(

)e.e

¥here k; 1s the parameter being considered; P, pressure; T, temperature;
and e is the density. Expressions for (BIP/BIki)T 0 were derived
2

from the Benedict=Webb=Rubin equation (4), given as
P 2 RTp + (BoRT-Ao~7z )€ ~ + (LRT - a)

+ ao(€6+ (%zfi) (1+K92j exp (=1 92) ’ (3<1)



whepe R is the gas constant and B,, Ag, Cy, b, 8, X, ¢, and J are

the "BWR constants™. The resulting equations for sensitivities are

Boe,%s) = BdBTgE | (3-2)
Ao(;jl%);.%eg | e

G (%gio- . -;gf | (3-4)
b(g—g bR o 3 (3-5)
a2z a-p 7+ g% (3-6)
d(—g—g)ﬁ a dQ6 (3-7)
(-g—li)e(;gﬁ)u - 20%) e (-¥6%) (3-9)

¥(35) - (lT;J) w (N 69

In order to determine which of the parameters had the greatest
effect, A;o was used as a basis for éomparison. That is, the ratio of‘
the pressui'e sensitivity to ki to the sensitivity to A, was calculated.
As a reference to the absolute sensitivity of pressure to each para-
meter, a plot of the absolute sensitivity of pressure to Aj is shown

in Figure 1. The general f_ofm of the relative sensitivity is
&?
ki(aki ki aAO '
= A \3k;
A P\ *
O a,Ao



The above ratio can be described as the per cent change in A,

required to compensate for a one per cent change in ki to keep the cal-

culated pressure unchanged. The equations used to calculate relative

sensitivities are

- dP
A
U - 5
By '%ﬁ% °
A (AP
0 a!b
. =1
5 P

. ('ng:) =2 F’LL
)

9P
CCFE): ce+cxe3
aofdn) T e (¥p9)

(3-16) -

(3-11)

(3-12)

(3-13)

(3=14)

(3-15)

(3-16)



C

J

The results of the relative pfessure sensitivities are shown in
Figures 2-8. Comparisons of these figures show whiech parameters have
the greatest effect on pressuré.. Over the range of reduced temperatufes
and reduced densities studied, therparameters A, b, and & proved to
be the most significant. Figure 9 shows the regions in which each of
these parameters had the greatest effect on pressure.

This preliminary investigation of effects on pressure indicated
that Ay, b, and X may be best suited for modification to predict
pressures since the eguation is most sensitive to changes in these
parameters.  However, Benedict (4) stated that the equation is not
suitable for use at densities above twice the critical density. In the
range of densities less than twice the critical, only A, and b are most

significant, with Ay being most important over most of this region.
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Sensitivity of Fugacity to Each BWR Parameter
at Saturation Conditions
The effect of each parameter on predicted fugacities for pure
methane at saturated conditions was calculated in a manner similar to
the procedure used to find the sensitivity of pressure. That is, the

basis for sensitivity of fugacity was the relation

. srao of
fugacity sensitivity = ki<aki T,

where f is the pure component fugacity. The derivative (3 £/ ki)T 0
J

is the rate of change in fugacity with k; at the saturated temperature

and density. The derivatives of fugacity were determined from the

equation for pure component fugacities presented by Benedict (L).

€o | 2

= + R S— + 3 -

RT1nf = RTInRT @ 2(RyRT -A, " )e 5 (bRT =~ &) ©
2

6 .5, cp2 [ 2

BEquation (3-18) applies to both liquid and vapor phases. The effects
of each parameter on liquid and vapor fugacities were calculated from.

the following equations.

Bo(fgf-)= 2RT “Be 't (3-19)
=-2p “A_e (3=20)
(3-21)

b (-a—f-)= % RTp 3pet (3-22)
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a(gé)-: 93 (—=2—+ % ele3)aeu‘ (3-23)
6 6 u
a (—ga =29 2 (3-24)
3 1 2 2
(25) %ﬁ-— cet [ijie—g - (b%"s - % -XQ )eXP('XQ ) (3=2§)
X(_:_Xi: [ §+5%62 + J'Q Jexp(=-¥© )] (3-26)

In Equations (3=l9) thru (3=26) u is given by

= 2(B,RT - Ag n—-).ﬂ + (bRT-na) -3—24— -g- i‘ife_,s

+ o [8—5 (Xeg - —"XQ )exp( Op )]

Calculations were made over a range of reduced temperatures from
0.5 to 0.95 for liquid and vapor phases. Saturated liquid and vapor
densities used in Equations (3-19) thru (3-26) were calculated with
the BWR equation.

Again Ao was used as & bhasis for determining relative sensiti-
vities of fugacities. Figure 10 shows the absolute sensitivity of
fugaclty to A,. The equations for relative sensitivities are as

follows.

5 (_,a_z) ‘
_i_a_]ff_ = -RT (3-27)



af)
c(;‘==
dc/ .. R +[_R

3
A JOEY " By \P¥T "%HB‘%ET'“) exp (-4

OaAo

:JeQ

5
AO(‘TKO) =

Results of the relative fugacity sensitivities are shown in

X(c)bz): - 092 [l (‘12 - %— "J(’g) exp(“XPE)J

17

(3-28)

(3-29):

(3-30)

(3-31)

(3=32)

(3=33)

(3=34)

Figures 11-14. A comparison of these results indicate that liquid

fugacity is most sensitive to the parameter ¢ over the entire range
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of reduced temperatures investigated. The parameter AO has the great-
est effect on vapor fugacities at all but very low reduced temperatures
and at temperatures near the criticél point. Below a reduced tempersg=
ture of about §.55 & Dbecomes the most significant parameter for the
vapor fugacity. Above a reduced temperature of about §.88 vapor
fugacity is most affected by ¢. Therefore, results of this preliminary
investigation indicated that c and Ao may be most suited for modifi-

cation when fugacity calculations are involved.
Improvement of Parameters to Predict Vapor Pressures

In general, a set of BWR parameters determined from p-veT pro-
perties of a pure component can be used to predict saturated phase
properties of that component at reduced temperatures down to about
6.6. However, at reduced temperatures below G.6, the equation must be
modified in order to satisfactdrily predict saturated phase properties.
Benedict (6) suggested that the prediction of pure component vapor
pressures at low temperatures could be improved by adjusting C, at
every temperature s¢ that agreement with observed vapor pressures is‘
obtained.

In this investigation each BWR parameter, in turn, was studied to
determine its wvariation with temperature to fit vapor pressures at low
temperatures. Ahn's (l) parameters for methane were used along with
vapor pressure date on methane presented by Din (11). Ahn's parameters
were evaluated using the data of Vennix (29) using nonelinear
regression techniques with compressibility factor as the dependent
variable. The procedure used was toc hold seven parameters constant

and calculate the eighth parameter at each temperature so that the



19

\N
O
(™
.—:‘ ~J
[
CC
&
N

HZIDUCHED




0.5

Figure 11.

!
0.7

REDUCED TEM

=
£

lative Sensitivity Of Fugacity

my



21

.

N 8]

AN
AN
AN
0.7k \\\
~

e \\
MH o~ g ~
= 0.6k N
= ~
H ~N
o ~N
H ~
© 0.5¢ ~

~
90] T ~
,M;»“"""’r)—k— ~N T e .
=] ~ Liguld

o

Figure 12. Relative Sensitivity Of Fugacity To b and Y



0.5 ! f f T 1
or ““"“~———-—-_\_‘\\\\\\\\\\\ -
_\\Kipor

0.5F \ -

-1.01 -
-
=
; ] _
515
1
F
2
-2 . 0r -
£

~3.5¢ .

=L, or . . -

b Liguid
T —
. i _
- | ) { } !
=0 0.5 5.6 0.8 0.9 .0

i
d

RATU

J

o
s
&

Figure 1%. Relstive Bensitivity Of Fugacity To ¢



SITIVITY
b
N

ATIVE
(l_>
O

3T

T3
ISP
i
o
o
[6)

23

vapor

! —— -

1 . |

‘ i
0 0.6 0.7 0.8 0.9
REDUCED TEMPERATURE

Figure 14. Relative Sensitivity Of Fugacity To 'a' and«



2k

calculated vapor pressure was equal to the experimental value.
Fighteen data polints covering a range of temperatures from 106° to
185° Kelvin (Tr = 0.52 to 0.97) were used.

Calculation of pure component vapor pressures involves a trial
and error procedure and included satisfaction of the following

criteria:

3
d
—~
0
4
p—

|l
~
L]

where QF is the saturated liquid density and ev is the saturated vapor
density. A detailed explanation of the trial and error methods used to
calculate pure component saturated phase properties is given in
Appendix A.

The method used to calculate a parameter at each temperature was
as follows:

1. Calculate vapor pressure with original parameters.

2. Calculate error in vapor pressure.

3. Calculate per cent change in pressure per per

cent change in ki'

rer cent change =

1]
EW
ro |
>
g

D

L. Calculate the correction factor, Zk.ki/ki.



obs ” “ecalc
Pobs Ak,
ki AP Tk
P ZSki
5. Calculate the new value for ki.
Zkki
kj‘_ = ki+ ki ki = ki+Aki
Steps 2 thru 5 were repeated until
Peale 2 Pobs

A new value‘for the constant k; was calculated at each temperature;
this procedure was repeated for each parameter. The results of these
calculations are shown in Figures 15 thru 18.

The resuvlts indicate that any of the eight parameters may be fit
to a polynomial curve as a function of temperature and accurately pre-
dict vapor pressures at low temperatures. An interesting discovery
made during vapor pregssure calculations using 'a' was the failure of
this parameter to converge on a value that resulted in calculated vapor
pressures equal to observed vapor pressures at temperatures. less than
125° X (T, = 6.654). A plot of pressure versus 'a' at 106° K showed
that the vapor pressure passed through a maximum value less than the

observed vapor pressure.
Sensitivity of Vapor Pressure to Each BWR Parameter

The final preliminary investigation for pure methane was to
determine how the predicted vapor pressure was affected by each BWR

parameter. Vapor pressure sensitivities were determined by calculating
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the per cent change in vapor pressure per per cent change in each

parameter.

e Py =P ki3
vapor pressure sensitivity =

k. . .
11 =~ kjp ) By

where P 1is the vapor pressure calculated with unchanged k;; k; 1, the
unchanged kj; Pp, vapor pressure calculated with k; change one per cent;
and k; o 1is k; changed one per cent.

Calculations were made for each parameter at reduced temperatures
from G.5 to §0.95. Ahn's parameters for methane were also used in these
calculations. The results are shown in Flgure 19. These results
indicate that A, has the largest effect on predicted vapor pressures
over the entire range of temperatures studied except below a reduced
temperature of about C.54 where the sensitivity to CO becomes more
significant.

Since A, has the greatest effect on predicted vapor pressures, it
may be best suited for modification to a function of temperature at
subcritical temperatures. However, if extrépolation to extremely low
temperatures is required, Co may be more sultable for modification
since it has the greatest effect on vapor pressure at reduced tempers-

tures less than G.5k.



T
’

P

IN VAPGR

b
o

e
A\ N

CHANGE

ANGHE IN ki
=
o
T

RZSSURE/PER CINT C
-
o
T

4

.

O
T

t
N
@]
I

8.0 } :

1 1
0.5 0.6 0.7 0.8 0.9
REDUCED TEMPERATURE, T/Te

Figure 19. Sensitivity Of Vapor Pressure To The BWR
Parameters



CHAPTER IV

SIMULTANEOUS MODIFICATTION OF TWO BWR PARAMETERS

TO FPREDICT SATURATED PHASE PROPERTIES

Benedict (6) indicated that the BWR equation was not satisfactory
when extrapolations were made to temperatures below which the equation
has been fitted. Since a gubstantial error in vapor pressures predicted
by the equation occurs at low tgmperatures, fugacities in mixtures eval=
vated at sucﬁ temperatﬁres would‘also bejexpected to be in error. There=
fore, Benedict suggested that the parameter C, be adjusted at low tem~
veratures so that agreement with observed vapor pressures i? obtained.

The preliminary investigations previously discusged indicated
that C, would have to be fitted to a polynomisl function of temperature
if accurate vapor pressures are to be calculated at low temperatures.
The same would also hold true if any of the other seven parameters
were 1o be made temperature dependent. For example, Chao (7) found
that an equation of the fifth degree in absolute temperature was re-
quired to adequaitely represent Cy for methane over the temperature
range from =288° T to the critical point (=116° F). Cox (10) recently
modified C, and 'a® to be linear functions of reciprocal temperature,
but he gave no explanation for his choice of such a functional form.

The desired goal of thig study was to examine the actual temperature

dependence of pairs of parameters, and to determine which pairs, if any,

could be represented by simple functional dependence on temperature.

30



31

Two techniques were used for adjusting the two BWR parameters
simultaneously. The first method involved the use of experimental
vapor pressures and saturated liquid densities. The second procedure
involved only experimental vapor pr?%éﬁ;es. In both cages the two
parameters were calculated.in‘orderito,&etermine their temperature
variation. |

Modification to Predict Vapor Pressure
And Saturated Liquid Density

The data for methane presented by Din (11) were used to calculate
two parameters as functions of temperature over the temperature range
of 166° K to 185° K which corresponds to a reduced tempersture range
from .52 to G.97. The following diagram briefly describes the

calculations made at each temperature.

L
Given T, Pong,@ oba
- <

L AG
Calculate P, 0, Q
AY )

T
| G P P No
P

frto

§ Calculate P,QJL, obs Change k
* )

No L L
Change kj Q cale 7T Qobs

No

Go To Next Tempersture

Simultaneous Fit of Vapor Pressure and Liguid Density



The saturated ﬁhase properties were calculated by the trial and
error procedure explained in Appendix A. These properties were first
calculated with unmodified constants. Then the observed and calculated
vapor pressures were compared. If the pressures did not agree, one

parameter was changed by the following technique.

ki Tk ¥ Ak | (4-1)
des B‘Pcalc )
Aky = Pobs (k-2)
/e
A ks

In Equation (4-2), AP/Ak; is the rate of change of vapgr pressure
with ki. The parameter ki wag adjusted until the calculated vapor
pressure equaled the experimental vapor pressure.

After agreement of wvapor pressures wasg obtained, calculated and
observed saturated liquid densities were compared. If the two dengi-
ties were not equal, a second parameter was changed until good agree=
ment was obtained. The method used to adjust the parameter for con-

vergence on a saturated liquid density was as follows.

Bt
[l

Akj

A
The derivative (dkj/de) was estimated by dividing (dP/dkj)T,f) by

(dP/de)T,k.

dk
Z@AQ (k)

1]

f?obs nﬁ)calc (4-5)
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ap IS
(%) o

The two derivatives on the right side of Equation (hu6) were evaluated

from the BWR equation.

(%2) 8 RT + 2(ByRT-A,~ %)F + 3(bRT-a) (;32
T,k T
2
+ 6ao{(>5 + %Qz (3+3 592@ 529% exp (nﬁfﬁg) (4-T)
T .

The derivative (dP/dkﬁ)T o was evaluated for each parameter from the
v 2

following equations.

ap 2
as, = TP (4-8)
P . .2
T (4-9)
2
ap =£
ar _ 3 (ha11)
&= mp
@ .pdtrolp b
= (’ f (L-12)
aP . .~ 6
Ey ap (4=13)
3 2
ap ,
& =€£§ (l+5(3 ) e (-8p") (h-1h)
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YT
- % exp (-ESQE) (4-15)

After a value of liquid density equal to the observed saturated
liquid density was calculated, the calculated vapor pressure was
again compared with the observed value. If the pressure did not
agree, the entire procedure was repeated. If the pressures were equal,
the routine was continued to thé next temperature, and the two para-
meters were recalculated to predict the observed values of vapor
pressure and liquid density at that temperature. Values for both
parameters were calculated at each temperature.

Calculations were made with several pairs of parameters using
Ahn's (1) and Chao's (7) constants for methane. Results of comparable
accuracy were obtained with four different pairs of parameters using
Ahn's constants. The four pairs of parameters were A, and { X and
o, Co and U , and C and X .

The temperature dependence of both parameters was found as a

function of. the form

k-

; 5 A+ B/T

which seemed as adequate as any other functional form. Exact fit
would require expressions of considerable complexity. The constants

A and B were determined by simple linear regression of the calculated
parameters. In his study, Cox (10) assumed that linear functions of
reciprocal temperature were adequate. He then utilized p-v<T and en=
thalpy data to fit Co and 'a' to such a function. Figures 20, 21, 22,
and 23 give comparisons of the parameters - A, and 8, Kand d, Co and X,

¢ and X - calculated to give exact vapor pressures and saturated
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liguid densities with the results of curve fitting the parameters to
a function of reciprocal temperature. Tables I, IT, ITIIL, and IV show
the results of galculations with the four pairs of constants calcula-

ted from the equations

)
(a) Ao = 1.7040020 + 2312
¥ = 6.6231900x16"3 - ;Ei%£§22
() § = 6.1693400x1673 - ;;;%Q&gg

o = 8,101000x10"° 4 001680
7
(¢) ©, = 17871440 + %%Eg;g

>
1

- 6.6234200x16"3 - 2453100
T

23894 .¢62

2281.7705 - o

~
o
p—
o
)

=<
L

6.4228885x1673 - 2;2&%&&2

Fach pair of constants was calculated with Ahn's parameters and
should not be used with another set of parameters. Ahn's constants
for methane are listed in Table V.

Although the modified parameters were adjusted for vapor pressures
and ligquid densities, saturatéd vapor densities were also accurately
predicted. Thus, a single set of parameters cam be used for both
phases.

The preliminary investigafions previously discussed indicated
that the parameters c and Ay may be most sultable for modificatiom.

Regults of varying Ag and ¢ simultanecusly did not result in accurate
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predicted properties, but the two parameters were successfully modified

in separate cases.
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TABLE I

CALCULATED SATURATED PHASE PROPERTIES OF METHANE
WITH TEMPERATURE DEPENDENT A AND )

Temperature,v Vapor

T

Degrees Pressure, Liguid Volume, Vapor Volume

Kelvin Atmospheres % Deviation* liters/gm-mole % Deviation* liters/gm-mole % Deviation*
166 : ‘6.355 -3.24 0.03630C 6.29 22,6760 3.26
1¢5 G.562 6.56 6.63689 6.31 1k4.9koo 6.0l
116 .¢.862 2.13 0.03753. c.27 16.1166 ~-1.51
115 1.283 2.76 0.03821 6.19 7.0270 =2.25
120 - 1.853 2.75 0.063893 C.1k4 5.0110 =2.28
125 2.60k 2.44 G.0397C -G.C5 3.6576 - -1.81
130 3.569 1.98 0.0kC52 -G.20 2.7260 -1.55
135 L.782 1.56 6.Cck1ko -G.35 2.0690 =1.12
1o 6.279 C.9k 0.0k4236 -0 .4k 1.596 -1.27
145 8.096 G.ukL G.0k4340 =G.4k 1.248 -G .32
156 . 10.269 c.C1 6.0kks56 -G.33 G.9872 -G .58
155 12.836 =G.36 6.0k4585 -0.18 C.7881 0.k45
166 15.837 =G .62 G.0Lk734 -0.06 0.6336 =G.45
165 19.312 =G.9G C.C04k9C7 6.02 0.5116 ~0.23
176 23.306 -1.33 6.05116 C.Ch c.4136 =G.k42
175 27.865 -1.36 0.05380 -0.21 G.3335 6.52
186 33.0L4 =1.6L G.05734 -G.50 G.2662 =G.24
185 38.906 =1.98 6.06272 -G.58 6.2076 1.09
Maximum % Deviation 3.2k G.58 3.26
Absolute Average Deviation 1.50 6.26 1,08
% ¢ Deviation = SXR=CRIC v 1050



TABLE IT

CALCULATED SATURATED PHASE PROPERTIES OF METHANE

WITH TEMPERATURE DEPENDENT § AND o

Temperature, Vapor .

Degrees Pressure, Liquid Volume, Vapor Volume,

Kelvin Atmospheres % Deviation¥ liters/gm—mole % Deviation¥ liters/gm-mole % Deviation¥
160 6.335 2.49 0.03623 C.47 24 .035 -2.58
165 6.555 1.78 0.03690 c.28 15.139 -1.34
110 G.873 c.89 G.03759 .10 9.985 G.27
115 1.316 6.23 0.063830 -G.05 6.848 6.37
120 1.911 ~G.29 6.0390k ~G.1k4 4.855 .90
125 2.686 -0.63 0.03981 -G.33 3.541 1.42
130 3.671 -G.8L 0.0hkg62 ~0.46 2.645 1.44
135 1.898 -6.88 6.0Lk1ko -G.56 2.017 1.k
Lo 6.396 ~G.90 0.ck2ke -G.59 1.565 G.72
145 8.197 -6.80 "~ 0.04k343 -0 .50 1.231 1.01
156 16.33k -0.62 C.oLLsh -C.30 6.9809 G.06
155 12.838 -0.38 0.0L578 -0.01 C.7890 ~0.55
160 15.746 -G .0k 6.0Lk718 ¢.28 0.6392 =1.34
165 19.088 -0.27 C.0L488c 6.57 6.5265 -1.98
170 22.905 c.h C.G5073 6.80 C.Lou8 =3.1h
175 27.237 0.92 6.05312 1.05 C.3463 -3.30
186 32.128 1.18 0.C5622 1.46 C.2804 85,57
185 37.631 1.36 C.0606k4 2.76 C.2234 -6.42
Maximum % Deviation 2.49 2.76 6.42
Absolute Average Deviation .83 0.59 1.88

exp

* ¢ Deviation = SXB=C2IC x 100

cft



PABLE IIT

CALCULATED SATURATED PHASE PROPERTIES OF METHANE
WITH TEMPERATURE DEPENDENT Co AND

Temperature, Vapor

Degrees Pressure Liquid Volume, Vapor Volume,

Kelvin Atmosphere % Deviation¥ liters/gm—mole % Deviation¥ liters/gm-mole % Deviation¥
100 G.338 1.66 6.03622 C.50 23.815 =1.6h
165 G.553 2.08 6.03687 G.38 15.177 - =1.60
110 6.866 1.68 0.063754 G.2k 16.060 -1.03
115 1.304 1.17 6.63825 6.09 6.910 ~G.53
120 1.894 G.59 6.63899 -G .02 4.896 G.C6.
125 2.666 G.11 ¢.63978 =G .2k 3.565 C.7h
130 3.652 -G.30 G .Cko60 -G.h1 2.658 G.97
135 4.882 ~G.55 6.C414o -G.56 2.022 1.17
140 6.388 -C.77 G.CLhakh =G .6k 1.565 G.69
15 8.202 -G .87 G.0k348 -0 .62 1.229 1.19
150 16.357 =G .85 C.0hkhe2 -C.47 G.9771 G.hs5
155 12.886 ~G.75 G.CL4589 -G.25 G.7843 G.Ck4
160 15.823 =G.53 6.04733 =G.C5 G.6343 <0.57
165 19.263 -G.33 G.04960 6.16 6.5155 -1.01
176 23.066 =0 .29 G.05099 G.29 G.4199 -1.94
175 27.448 6.15 G.05346 Cc.41 G.3415 -1.89
180 32.463 G.33 6.05669 C.63 G.2757 -3.82
185 . 37.969 c.48 6.06137 1.58 6.2188 -L4.26
Maximum % Deviation 2.08 1.58 L.26
Absolute Average Deviation G.75 G.he 1.31

¥ 9% Deviation = exp-calc y 160
exp

€N



TABLE IV

CALCUTATED SATURATED PHASE PROPERTIES OF METHANE
WITH TEMPERATURE DEPENDENT ¢ AND )

Temperature, Vapor

Degrees Presgsure Liguid Volume, Vapor Volume,

Kelvin Atmospheres % Deviation* liters/gmemole % Deviation* liters/gm-mole % Deviation¥*
160 - 6.336 2.4 6.03627 .36 2k .026 -2.54 -
105 G.553 2.18 0.03692 . 6.23 15.205 -1.79
110 6.868 1.45 G.03760 6.08 16.046 ' -G.88
115 1.368 6.81 6.03831 -G.07 6.890 -5.25
120 1.901 G.20 6.0639C6 -G.18 .881 6.36
125 2.676 -G.27 C.0398k4 G .40 3.555 1.02
130 3. 664 -G.62 C.cko67 ~G.56 2.652 1.18
135 L. 8ok -0.81 C.0k4155 =G.71 2.019 1.32
140 6.400 ~G.96 C.Ck251 -G.79 1.56k 6.77
145 8.212 -0.98 6.0Lk355 =G.T7 1.229 1.26
150 _ 16.362 -0.89 C.C4k69 =G .63 C.9TT7T 6.38
155 12.887 ~6.76 G.Ck597 -G.43 G.7851 -G.C7
160 15.81k =G.47 C.ChTh2 -0.23 G.6354 =G. T4
165 19.183 «0.23 6.04ko11 -G .05 G.5167 =1.23
176 23.031 -G.13 6.05112 C.Ck 6.4210 -2,22
175 27.399 0.33 6.C5362 .11 C.3k425 -2.18
180 32.325 C.57 ¢.05691 c.2h C.2767 =4.19
185 37.876 c.72 6.06167 1.1% ¢.2195 .57
Maximum % Deviation 2.44 1.11 .57
Absolute Average Deviation c.82 C.39 1.h9

* % Deviation = SXR=C&IC y 160
exp

1
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TABLE V

BWR PARAMETERS FOR METHANE IN TWO PHASE REGION

B, 6.638997266 G .0638997200

A, 1.7646920 + EE;E%EEQQ 1.841062

Cq 19317.k4ko 19317.4k4o

b 6.00406537 G.00L06537

a G.C5767643 G.05767643

X 6.00008638 8.16160x16"°,; §.00168G
c : 215k.0 :

¥ 6.623190x16"3 = Q:E%ééil 6.109340x16™3 = 2;;%2251
B, 6.638997200 0.638997200

A, 1.841062 1.841062

Cy 17871446 + 55@%21£2, 19317.446

b 0.00L06537 0 .060LG6537

a G.G5767643 6.05767643

d G.06008638 6.G0008638

c 2154.6 2081. 7765 - ééégﬁfgéé
v 6.623420x1073 - 2;2%2232 6.4228885x1073 - 222%2522

¥ Consistent with metric units:

temperature in degrees Kelvin
presgure in atmospheres
density in gmémoles/liter

R = 6.08207



Modification to.Fit Vapor Presgures

Often, particularly at low temperatures, saturated liquid density
data are unavailable while vapor pressure data can be found. Therefore,
the technique devised to calculate the temperature dependence of two
parameters simultanecusly using vapor pressures and saturated liquid
densities cannot always be used.

A method for finding the temperature dependence of two parameters
from vapor pressures only was developed and consisted of the following
steps.

1. Curve fit two parameters to vapor pressures at two

consecutive temperatures, and repeat over the complete
temperature range desired.

2. Tit the calculated parameters to equations of the form

1
n
>
<+
=Nl

A non=linear curve fit program (15) was used to do the calcula=
tions in step 1. Din's (11) vapor pressure data for methane at
temperatures from 166° to 185O K were again used. Two parameters were
fitted to vapor pressure at 106° and 165°, 1065° and 116°, 116° and
1150, etc. Thus, one value of each parameter was calculated for every
two adjacent vapor pressures. These calculated parameters were then
fitted to the linear equation in step 2.

Calculations of the temperature dependent parameters derived from
vapor pressures were made for several pairs of constants. The best
results were obtained with the parameters C, and b’ using Ahn's para=
meters. Calculated vapor pressures deviated less than two per cent

from observed vapor pressures. The temperature dependence of C0 and. 5



g
were calculated by the equation

11755.086 +

Q
44

1313422.1
T

o<
[:h]

. 9.0851799:0"3 ~ 0:67982177
T

Results of calculations with the above temperature dependent
paraneters are shown in Table VI, and thelr temperature dependenée is
shown in Figure 24. Although vapor pressures were calculated within ‘
reasonable accuracy, the calculated saturated liguid densities showed
increasingly large erroré'at low temperatures.

A comparison of the functions of CO and 8 determined from vapor
pressures only with Co and 6 found from vapor pressures and saturated
liguid densities reveals that the values of the constants A and B are
significantly different in eachrcase, This difference in the values
of C, and Kf nay explain why saturéted liquid densities were not
accurately predicted for the case in which only vapor pressures were

uged.
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TABLE VI

CALCUTATED SATURATED PHASE é’ROPERTIES OF METHANE WITH TEMPERATURE
DEPENDENCE OF C, AND 8 DETERMINED WITH VAPOR PRESSURE DATA

Temperature, Vapor

Degrees Pressure, Liquid Volume Vapor Volume,

Kelvin Atmospheres % Deviation¥ liters/gm=mole % Deviation¥ liters/gm—mole % Deviation¥
160 G.3k0 1.11 6.65027 -38.11 23.624 -0.83
105 C.576 -1.96 C.0h737 -27.99 14.515 2.83
110 0.899 -1.99 G.04500 -19.58 9.650 3.16
115 1.238 ~6.69 G.0k355 -13.77 6.748 1.82
126 1.895 G.5h4 C.04k289 =10.01 4.871 G.57
125 2.633 1.34 C.Cho7h 7.70 3.596 =G.11
130 3.580 1.68 0.0k292 - 6.14 2.703 -G.72
135 L. 770 1.75 C.0Lk334 - 5.05 2.065 -G.91
140 6.241 1.55 G.04395 = L.22 1.599 -1.47
145 8.029 1.27 C.Chh71 - 3.48 1.254 =C.82
156 16.176 G.97 C.CLs56h - 2.76 0.994k2 =1.30
155 12.702 6.69 G.0Lk672 - 2.07 C.7952 =1.35
166 15.664 c.49 6 .04800 ~ 1.L45 C.6403 =1.53
165 19.093 6.25 0.04951 - 0.87 C.5181 o =1.51
176 23.03L =G.15 G.05134 - 0.39 0.4199 =1.95
175 27.539 -0.18 0.05363 c.C9 C.3396 =1.30
180 32.662 -C.h7 0.05665 .71 c.2723 -2.53
185 38.463 =G .82 0.06105 2.10 G.2142 -2.04
Maximum % Deviation 1.99 38.11 3.10
Absolute Average Deviations (.99 8.19 1.48

¥ ¢ Deviation = €XB=c2IC y 300
exp

6%



CHAPTER V

BWR PARAMETERS DETERMINED FROM VOLUMETRIC

DATA USING NCON-LINEAR REGRESSION

Regression of thermodynamic or p=-v-T data to determine BWR equation
parameters is a problem in non-linear regression because the parameter 5
is involved in the exponential term of the equation. However, the prob=
lem can be linearized by assuming values of X. Values of X must be
assumed and the other seven parameters determined by linear regression
until some erwror function is a minimum. If non~linear regression tech-
nigues are used, all eight parameters can be calculated in cne regression.

A non~linear curve fit computer program (15) was used for regression
of Vennix's (29) low temperature volumetric data on methane to determine
all eight parameters in the BWR equation. Twe methods were used. One
method imposed no restrictlons on the regression while tThe second
method employed critical point constraints so that the critical region

of methane would be accurgtely represented.
Regregsion With No Constraints

One hundred and twenty-six points were selected from the p-v=T
deta of Vennix. These inciuded data at densities up to twice the
critical density. No densities greater than twice the critical
density were included because the BWR equation ig generally considered

to be accurate only to a reduced density of about twc. Temperatures

50
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ranged from 176° to 290° Kelvin, corresponding to reduced temperatures
of 6.89 to 1.52.

The eight parameters = By, A, C,, b, 2,9 , ¢, J = that resulted

o’ Yo’

in the minimum sum of the squares of the errorg in predicted com=
pressibility factor were determined. The sum of sguares of errors

was calculated as follows.

= 2
error sum of squares ¥ (Zexp,imzcalc,i)

Compressibility factors were calculated by the equation

Co a 2
=1 + -2 . + - 2
Zeale,1 (® RT RT3) g+ 0 RT)Q

ad P c e D 2
+ =20+ ffT% (1+ Xe)exp(=¥p ) (5=1)

Compressibility was chosen as the variable because of the relatively
small range in 7 as compared to pressure or density. The input data
included compressibility factoré, temperatures, and densities.

Since the nonelinear program used regquired reasonable initial
guesses for the BWR parameters, two sets of parameters were determined.
In one case, constants determined By Chao (7) were used as initial
values while Ahn's (1) constants were used as initial values in the
second case. The final results were the same in each case. The eight
parameters determined with no constraints are given in Table VII. Of
the 126 calculated compressibility factors, the largest per cent
error was 2.66 and occurred in the liquid region (T = 196° K, P =
44.8 atm., and Z = 6.2225). The absolute average per cent error was
6.31, and the sum of squares was h,72303x10°h, giving a root mean

square error of G.G019.



52

Regression with Critical Point Constraints

Conditions of interest are often near the critical region of a
particular component. As conditions approach the critical point the
properties undergo a rapid change. TFor the BWR equation to be of
maximum use for engineering calculations, it should accurately represent
the critical region. Therefore, critical point relations with which
to obtain an exact fit at the critical point were derived.

The critical point relations were derived from Equation (3=1) and
conditions which exist at the critical point. At the critical tem=

berature, pressure and density, Equation (3=1) becomes

P = O RT +(BRT==A-—CO) 2 4 (bRT -a) 3
¢ Q’c c o e ;mz 6’0 + c §?C
(]
+ 6 op 3 vp 2 2
ad@ + €c (1+ KQC ) exp (-JQC ) (5-2)
m 2
Lte

Other conditions which must be satisfied at the critical point are
9? Tc,()c

(@jz .o
2% ) 1., 0.

The first and second derivatives of pressure with respect to density

obtained from the BWR equation are

2r -

2(3 T, 00 0 = RT, + 2(B,RT, = Ay~ ;i.,g)ecﬁ(bmc-a)gc

+ 6adl P, + ..ETCT (343 Xef - 2850 M) exp (500 (53)
. C



(Q—?—P-) =0 = 2(B,RT,~A = 2o )+ 6(bRT-a) P
gfﬁz Tc’()c 7 2

TC
T |
+30aolQ, + .fZS (6 + 689024883 Pc”+ e Pf)exp(-b’gf)
, T
(5=4)

Equations (5=2), (5=3), and (5=4) were used to obtain expressions for
[~ § , b, and Ao in terms of the remaining parameters. The resulting
expressions were substituted intb’Equation (5=l), resulting in an
equation containing only five unknown parameters. The five unknown
parameters were found by regression of p-v=T data. The eguations

derived for ¢l , b, and A, were

c

2 T
- Zope 00 (52807 o ¥ %)
oA = = |

2a€c

(5-5%

2P

a | é 1 c 2 o L
b a2 (b s - e - S (141 ¥p 22 Y20 exn(-4p)
RTC dec PCE RTcPC3 RTC3 PC eC ec
(5-6)
Co P,  mr | -
A, = BRT, = e ¢ 4 (bRT ~2) P

FEE ()c

)+ . ‘
+aa0 + Lo @ +¥p em (-1p.0) (5-1)
TC‘;

A detalled derivation of Equations (5=5), (5-=6), and (5=7) is given in

Appendix B.

Equations (5=5), (5-6), and (5-7) were used to express X , b, and
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AO in Equation (5-1), and Vennix's p-v-T data were regressed to obtain
values for the remaining five parameters. The non=-llnear regression pro=
gram was used to fit the data. The same 126 data points previously
used to determine parameters with no constraints were applied to deter=-
.mine By» CO, a, ¢, and X . Chao's and Ahn's parameters were used as
initial values in two separate regressions. The final results»were

the same for each case. The resulting parameters, and A , b, and Ao
calculated from Equations (5=5), (5=6), and (5=7), are presented in
Table VIT. The largest per cent error in compressibility factors was
5.06 and occurred in the liquid region (T= 180° X, P= 36.4 atm., and

7 2 0.139%). The absolute average per cent error was .63, and the

sum of squares of error was 200901x10"3, giving & root mean square
error of G.CCkL.

In order to check how well the.critical point was represented, the
critical temperature, pressure, and density were calculated. The pre=
dicted critical pressure deviated from the experimental value by G.31
per‘cent. The predicted critiéal density deviated by 0.0l per cent,
and the predicted critical temperature was in error by C.37 per cent.
The first and second derivatives of pressure with respect to density
were also cglculated with the predicted critical properties. The

results were

oF a ~0.000226 liter atm/gm-mole

:9?'%,?0

g

| AR5 = -0.00000858 (liters/gm-mole)gatm
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These results indicate that the parameters determined with critical

point relations give s satisfacﬁory representation of the critical

point.

TABLE VIT

BWR PARAMETERS* FOR METHANE

No Constraints

Critical Point
Constraints

Bo 0.036672727
A, 1.7726941
Co £2103.202
b ¢ .00koL35676
a 0.0661906551
o 8.5228311x10°
c 2411.7510
1 G .00 56606757

0.053535034
2.205326h
18419.356

6.0631464092

0.036962871

143246510
2458.8853
0.0061359898

¥ Consistent with metric units

Use of BWR Parameters to Predict Vapor Pressures

The two sets of parameters for methane determined,as described

above, were used to predict vapor pressures in the temperature range

of 133.73 to 188.801 (T, = 6.7 to 6.988) degrees Kelvin. The cal-

culated vapor pressures were compared with the experimental data of



Vennix (29); the comparisons are shown in Table VIii. Best results
were obtained with the parameters determined by the uee of eritical point
constraints. However, below 144.L17 degrees the errors begin to ine
crease substantially, indicating the need for modified prremcters at
low temperatures. The parameters determined with no constraints give
good results at temperatures down to 154.309 degrees. Delow that tem-

perature the errors increase as temperature decreases,
BJR Parameters For Hydrogen Sulfide

The p-v-T data of Reamer, Sage, and Lacey (23) were used to deter-
mine BWR parameters for hydrogen sulfide. Ninetye-seven data points
vere selected. The data included densities up to twice the critical
density. Temperatures ranged from 40° to 3u0° F (T, = 0.74 to 1.19)
and pressures from 100 to 10,000 psia were included. Parameters were
determined using critical point constraints as previously described
and with no constraints. The non-linear curve fit program was used
in both cases to fit-the datu. The purameters thus detérmined ere
presented in Table X. Maximum deviation, average deviation, error sum
of squares, and root mean square errors for each set of parameters are
listed in Table IX. In each case the largest deviations appeared in
the 1liquid region with the error becoming less as compressibility
factor increased. The parameters determined with critical point cone
straints were used to calculate the critical temperature, pressure,
end density. The predicted éritical temperature and density were the
same ag the experimental values, and the critical pressure was in
error by 0.02 per cent. The first and second derivatives of pressure

with density were



4

(2z
3(’)TC,QC
2%}

\5p°

g 0.00223

| . 2 =0.000612k
Tc’f?c

Previously, Kate (17) fitted the same hydrogen sulfide data as
those used in this study to determine the eight BWR parameters with no
constraints. Kate's parameters resulted in & maximum error in com=
pressibility of 1.91 per cent. The absolute average per cent error
was G.44 and the sum of squares of error was 1.2526x16=3. Vapor.
pressures were calculated using Kate'é parameters and the parameters
determined in this investigation using critical point constrainté, In
Table XI the calculated vapor pressures are compared with the experi-
mental vapor pressures of Reamer, Sage, and Lacey (23). The two sets
of parameters yielded only slightly different results. The values
calculated with the parameters having critical point constraints are
slightly more accurate near the critical temperature and the lower
temperatures. Thus, the critical point constraints improve the BWR
equation for calculations in the critical region, and extend its use-

fulness to lower temperatures without further improvements.



TABLE VIIT

COMPARISON OF CALCUTATED VAPOR PRESSURES WITH
FEXPERIMENTAL DATA FOR METHANE

Experimental Per Cent Deviation
Temperature, {Vapor Pressure, (29) Critical Point
Degrees Kelvin Atmogpheres No Constraints Constraints

133.730 L. 403 T.64 2.65
136.469 5.218 6.37 1.61
138.726 5.0k 5.30 1.19
14l 417 7.886 3.45 .71
148.821 9.71k 2.33 G.hk
154.309 12.395 1.29 6.23
158.213 1h.601 G.77 6.16
161.861° 16.903 .41 6.12
165.876 19.728 G.1h c.11
166.017 19.764 -0.22 ~G.24
176.407 23.221 =0.41 =G.27
174.332 26.722 =G.26 =G .10
176.443 28.775 =0 .09 G.06
177-953 36.278 =G.C7 G.Ck
186 .688 33.061 -G.27 ~0.36
182.179 3Lh.719 =G.16 =G.29
18L.703 37.712 G.15 =G.20
186.52L 39.950 G.28 -0.28
188,113 Lo.016 6.49 =C.33
188.593 h2.651 G.5h =G.37
188.801 L2.988 G.69 -G.26
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TABLE IX

DEVIATION OF PREDICTED COMPRESSIBILITY
FACTOR OF HYDROGEN SULFIDE

Critical Point

No Constraints Constraints
Maximum % error 2.13 7.79
Absolute average % error G.30 ¢.92
Sum of squares of error 3.893’,63:10‘=1L 2.3h5hx10=3
Root mean square 0.0020 G.C050
TABLE X

BWR PARAMETERS* FOR HYDROGEN SULFIDE

Critical Point

No Constraints Constraints
B, | G .6330690020 0.065229021
Ay 2.7278084 L. L758284
Co 256469.65 176631.89
b 0 .00L 6659900 6.0028082480
a 6.17896812 6.078536646
x - 6.4931218x16"° 14294689216~
c 23902.765 21123. 360
% 6.00L43076199 6.00658352116

¥ Congistent with metric units



COMPARTISON OF CALCULATED VAPOR PRESSURES WITH
EXPERIMENTAL DATA FOR HYDROGEN SULFIDE

TABLE XTI

66

Experimental Per Cent Deviation
Temperature, [Vapor Pressure (23), Kate's
Degrees Kelvin, Atmospheres Parameters This Study
283.61 13.609 2,85 6.85
299.33 26.414 1.04 G.72
311.61 27.218 6.28 C.75
321.88 34k.023 -G.16 G.66
336.77 46.827 =G.27 6.63
338.66 h7.632 =G .30 G.51
345,72 5h.h37 =G.13 6.45
352.05 6l.241 6.26 G.19
358.11 68.046 6.21 6.16
363.61 74.850 G.65 =0.11




CHAPTER VI

SECOND AND THIRD VIRTAL COEFFICIENTS

IN THE BWR EQUATION

McMath (20) suggested that an improved BWR equation could be de=-
veioped by proper use of experimental data on second and third virial
coefficients. McMath stated that the second and third virial co-
efficients should be fitted to experimental data to determine the
parameters By, Ay, Cqy and b, a, and ¢, respectively. The remaining
two parameters, X and K' , could then be found using experimental
p=v=T data. |

The BWR equation has the following form explicit in compressi-

bility factor.

z=1+ (B, - - 3)€+ (b»m)e
RT gy

ad@ 69 (l+b’e ) exp (- Z{() ) (6-1)

The exponential term in Equation (6=1) may be expanded intoc an

infinite power series.

2, h

- <=-2$(>2> 2 1-Yp 5o . 5-—2-9-6 TR (6-2)

Equation (6=1) may be written in an open=ended virial form by sub=

stituting Equation (6<2) into Equation (6=1) and rearranging according

61
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to increasing powers of density.

- e} Co a o 2
Z=14+(B = — - = b o= T e
(B, - 72 - AN O +~RT3 )e
2 6
+ ao‘ps - CJ P <+ [P (6"3)
RT 3
2RT

The virial equation of state may be written as
Z31+B(T)€+6‘(T)ee+ (6-1)

where @(T) and C(T) are the second and third virial coefficients,
respectively. Comparing corresponding terms of Equations (6=3) and
(6<4), the second and third virial coefficients are given by the BWR

equation as

A c

B(1) = 3, - 22 - %o (6-5)
RT RT3

o(T) = - B p C (6-6)
RT RT3

The second virial coefficient, Equation (6-5), was fitted to
experimental pure component methane virial coefficients presented by

Hoover (16) in order to evaluate the parameters B, A, and Co- The

o’
experimental second virial coefficients represented the temperature
range from 131.93 to 273.15 degrees Kelvin. The curve fitted equation
gave values of the second virial coefficients that were within .29
per cent of the experimental values. The three parameters thus ob=-

tained were

6.078919

o
]

2.86532

=
e}
i

@]
(o]
4]

7203.32
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The second virial coefficients are shown in Table XII.

The third virial coefficient, Equation (6-6), was fitted to
experimental data of Hoover (16). Experimental third virials also
covered the temperature range of 131.93 to 273.1l5 degrees K. However,
Equation (6<6) could not be made to give a good fit of the data. The
third virials were then fitted to the following equation, which was-sug-

gested by Chueh and Prausnitz (8):

2 . - 2
c(r) = Vc(alT;o 25+ agTr5) [l=~exp(l=a3“1‘rﬂ (6=7)

where V, is the critical volume; Ty, the reduced temperature; and s

as, and a, are constants determined by non=linear regression of the

3
experimental third virial coefficients. The third virials thus cal=
culated had maximum error of 3.67 per cent and an absolute average
per cent error of 1.87. These errors in calculated third virials
were within the range of expected experimental uncertainty claimed
by Hoover. The results are shown in Table XTIT.

Equations (6=5) and (6=7) were then substituted into the follow-

ing form of the BWR equation.

RT

5
721+ B(T)e + (c(m) =E%§=)eg+ =“=@=aa‘

2
C : 2 2
+ 280480 exp (-4p) (6-8)
T3 '

The volumetric data for methane of Vennix (29) were then fitted to
Equation (6=8) in order to determine values of a, c, and § that gave
the lowest possible sum of squares of error in compressibility factor.

The 126 data points used included densities up to twice the critical



density and covered the temperature range of 1700 to 2700 K. The non=
linear curve fit program was used to fit the data. The absolute
average per cent error in predicted compressibility factors was 7.24
with a maximum error of 67 per cent. The sum of squares of error was
6.383558.

Although the use of virial coefficients to improve the BWR
equation was not satisfactory, some trends were noted. The largest
errors in compressibility factor occurred at temperatures of 190O and
lower. These temperatures correspond to the range of temperatures not
represented in the experimental virial coefficients. No data on the
virials at temperatures between 131.93 and 191.06 degrees K were avail=
able. Table XIIT shows that Equation (6-7) fits the experimental data.
However, the region between 131.93 and 191.06 degrees may not be
satisfactorily represented since the third virial undergoes a drastic
change.

Figure 61 compares experimental third virial coefficients with
those calcul ted with Equation (6<7) and values predicted from the
usual expression for C(T) [Equation (6s6i] from the BWR equation. The
differences calculated from both expressions at low temperatures could
explain why the calculated compressibility factors showed congiderable
error at the lower temperatures. At reduced temperatures below about
.95, the third virial calculated from the usual equation does not

give the correct qualitative behavior.
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TABLE XII

COMPARISON OF CALCULATED SECOND VIRTIAL COEFFICIENTS
OF METHANE WITH EXPERTMENTAL DATA

Experimental Data (16)
Temperature, B(T) : % Maximum
Degrees, Kelvin cc/gmwmole Probable FError % Deviation
131.93 -224. 9.0 G.GC
191.06 =116.31 1.0 c.11
206 .60 =106.68 1.0 0.03
215.G0 = 92.51 Cc.4 ¢.28
2LkG.00 - 72,72 c.3 G.29
273.15 - 53.28 G.2 .09
TABLE XTIT
COMPARISON OF CALCULATED THIRD VIRIAL COEFFICIENTS
OF METHANE WITH EXPERIMENTAL DATA
Experimental Data (16)
Temperature, c(T). o % Maximum
Degrees, Kelvin (cc/gm=mole) Probable Error % Deviation
131.93 =13600 . 9.0 6.06
191.06 bk, 16.0 1.69
206.06 4351, 16.6 3.67
215.00 h169. k.o 1.28
2lG .00 3508. 3.0 2.39
273.15 2669.6 2.0 2.19
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CHAPTER VIT

VAPOR-LIQUID EQUILIBRIA FOR METHANE-HYDROGEN

SULFIDE MIXTURES USING-THE BWR EQUATION

Although the BWR equation can be modified to accurately predict
pure component behavior, previous investigations have indicated that
the results for mixtures are not always satisfactory. In particular,
mixtures containing hydrocarbons with a wide boiling range or mixtures
of non=hydrocarbons with hydrocarbons could not be fully represented
by the BWR equation without further modification. Stotler and
Benedict (28) suggested that one of the interaction constants [eorreSm
ponding to the parameter A, in Eguation (7-12] be fitted to‘experi~
mental dats for mixtures. The suggestion that Ao be modified indicdted
that the simple mixing rules which were set up to compute the inter-
action constants may not be applicable to all cases. TIn this investi~
gation, vapor-liquid equilibria calculations were made for methane-
hydrogen sulfide mixtures in order to test the mixing rules for this

particular system.
Basic BWR Equation

Equation (3~l) may be applied to mixtures as well ag pure

components.
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2 RTe (BRT - A, - -C-% )€2+ (bRT - a)e 3
T
3
+-aaé%-%ﬁf(l+562)a@(mygg) (3-1)

Mixing rules suggested by the original authors of the BWR
equation (5) give the parameters as functions of composition and pure
component parameters. These rules, listed below, were used in the

present work.

By = 2:XiBDi
1
S \2
Ag = (ZXiAgi)
' i
0o = (2x,02,)°
- 1/3,3
b = (Xxibi )
o = (Dagel)3 (7-1)
A = (gt 13’

T

c = (Eixici/3)3

= (Lx ¥ 52

o<
1

The mixing rules are applied to both ligquid and vapor phases. The
Lorentz mixing rule for B, was suggested by Benedict (5) as a possible

alternative for the linear mixing rule., The Lorentz mixing rule is

B, ginxj(Bi?-!- Bi§3)3/8 (7-2)°

Benedict stated that results obtained using the two mixing rules were
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only slightly different. Therefore, the linear mixing rule was used
for this investigation because of its simplicity and ease of
application.

The criteria applied for vapor=liguid equilibria calculations of

binary mixtures were the following.

: L
P(ev; ) T) = P(e > X5 T)
RTInt. (@Y, x., T) = RTInf (", v., T)
i e s A 5 e s Iy

Temperature and pressﬁre were specified and E)L, ?‘Z Xl, yl, Xgs and
Vo were found by trial and error.

Liguid and vapor densities were calculated from Equation (3=1)
using the Newton=Raphson convergence technique. Tugacities were
calculated from thé following equation.

i

f. 1 ' 0s )2

i , 1 2(Coloi

RTlnXi = RTlneRT + l:(BO,+ Boi)RT=-2(AOAOi) - ——— P
5

¥ 3 E?T('babi)l/3=(a2ai)l’/3]€ ° % [a(d2d1)1/3+d (aEai)lB}P 5

2
1/3 ‘ |
2 (CEC°) l. =X =3 2) expl= 2
+ 3€ ;2 [l Xl;(2Je . pé a 2 )]

2

\3 2 ]
E‘T% c (3_%) [laexp(;ée ) eXP_("Kee)“ EeXg( 2)

J
{O (7=3)

In Equation (7=3), the non=gsubscripted parameters were calculated with
the mixing rules, and the subscript i refers to pure component

parameters.
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The procedure used for calculating equilibrium compositions is

shown in the following simplified outline.

No

T
U Ti/xs

The first step was to assume values of the equilibrium ratios,

Ky and Ké.

Given T, P
\a T
Calculate O, © Assume K3, Kp
Calculate
L A Y = f]:"
fi fi 1 5 71
— s ——
- —£4 L Yes
{
Kj_ = yi/xi

i

vV
fi/Yj_

Vapor=Liquld Equilibria Calculation Scheme

from the equations

Kol
K2 "Kl

"
[

lle

The ligquid and vapor compositions were then calculated
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Using the mole fractions thus calculated the mixture parameters for
both phases were determined from Equations (7-1). Next, liquid and
vapor densities were calculated using Equation (3-1). Finally, liquid
and. vapor fugacities for both components were calculated. If the
liquid and vapor ngacities were not equal, new K%values were cal-
culated by the equation

_ £3 /x4

K; = : L
f‘j/j/yi (7‘“ )

The procedure was then repeated. When the vapor and liquid fugacities
of both components were the same (a tolerance of .1 per~gent was used).

Equation (7<k) reduced to

Thus, the final K-values were determined.

Vapor=liquid equilibria calculations were made for methane-
hydrogen sulfide mixtures at 277.78, 316.96, and 34L.26 degrees K at
pressures up to 119.08 atmospheres. Initially, no modifications were
applied to the BWR equation and two sets of parameters were used. In
one case, the parameters used for both components were those deter~
mined with no constraints. In the second case, the pure component
parameters were those determined with critical point constraints.
Best results were obtained using the parameters with critical point
constraints. However, the iiquid phase compositions were not satis~
factory in either case. These results indicated thét some modification
was needed in order to improve the BWR equation for the methane~

hydrogen sulfide mixtures.
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Since the temperatures considered were above the critical tempera-
ture of methane, the use of temperature dependent parameters for pure
methane was not considered. Although the temperatures were below the
critical temperature of hydrogen sulfide, temperature dependent para-=
meters for hydrogen sulfide were not needed. The results in Table XTI
showed that the unmodified parameters accurately represent the sube
critical region of hydrogen sulfide at temperatures as low as 283.6

degrees K.
Modified Mixing Rule for AO

Since there was no need to modify‘the pure component parameters,
indications were that the mixing rules needed to be adjusted. An
empirical interaction coefficient, © , was introduced into the usual
mixing rule for A,. The modified rule for a binary mixture was

- F 2 |
Ay = X3 Agi+ 2xxy e (AOiAOj) + xjAoj (7-5)
When © = 1, Equation (7=5) reverts to the usual rule, Equation (7-1).

When the interaction constant was applied to A,, the eguation for

fugacity, Equation (7=3), had to be modified also. The term
1
E(Avoi)2

in Equation (7~3), which was derived from the usual mixing rule, was

replaced by
‘ %b
2 JxiA; + X e(AoiAoj) J

for component i. Derivation of the modified fugacity equation is given

in Appendix C.
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The value of © that resulted in the most accurate vapor-liquid
equilibria calculations was found, by trial and error calculations, to
be 0.898 for the parameters with critical point constraints and G.892
for the parameters having no constraints. Phase compogitions calculat=
ed using parameters with constralnts are compared with égbefimental
data (24) in Figures 29, 30, and 31. Figures 26, 27, and 28 show the
results obtained using parameters with no constraints. The use of an
emplirical interaction coefficient improved the egquilibrium calculations
considerably. Compositions of both phases were accurately predicted
with each set of parameters using their respective value of O
However, best results were again obtained using the parameters with
critical point constraints. Predicted liquid and vapor compositions
are compared with the experimental data of Reamer, Sage, and ILacey (24)
in Table XIV.

Recently, Masuda and Yorizane (19) determined BWR parameters
specifically for prediction of vapor=liguid equilibrium of hydrogen
gsulfide. They then used their parameters for hydrogen sulfide in
conjunction with Benedict's constants (6) for methane to calculate
equilibrium compositions of the methane~hydrogen sulfide system. The
same constantg used by Masuda and Yorizane were applied in this study
to predict equilibrium compositions at 277.78, 310.96, and 34k4.26
degrees K. The results are compared with the data of Reamer, Sage,
and Lacey in Table XIV. Although the vapor phase was well represented,
the liquild phase compositions deviated considerably.

Kate (17) applied the BWR équation with the modified mixing rule
for A, to experimental data on gas phase partial volumes of hydrogen

sulfide in methane at infinite dilution at 1000 F and pressures of
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106 to 2,000 psia. Using his parameters for hydrogen sulfide and
Douslin's (12) methane parameters, Kate found the value of € to be
06.8673. Kate's hydrogen sulfide parameters and € and Douslin's
methane parameters were used to predict phase compositions. The
results are shown in Table XIV. Vapor phase calculations showed small
deviatioﬁs, but predicted liquid phase compositions varied considerably

from experimental compositions.



TABLE XIV

PHASE COMPOSITIONS OF METHANE-EYDROGEN SULFIDE MIXTURES

Comparison of Parameters With Critical Point Constraints And Parameters With
No Constraints for Phase Eguilibria Calculations

Calculated Hydrogen Sulfide Mole,| Calculated Hydrogen Sulfide Mole,
Experimental (24)|Fractions With A 2=0.898(A0lA 2)? Fractions With A,1536.898(A,1A50)2
Hydrogen Sulfide and Critical Point Constraln%s and No Constraints
o Pressure| Mole Fractions Error BError Error ErYor ™
Temp. K| "Atm Liguid | Vapor Ligquid jexp~calc | Vapor |exp=calc|liguid |exp-calc! Vapor |exp-calc
277.78 13.61 | 6.9943| 0.8629 |6.9947 | -0.0CCk ! 6.860C : 6.0C29 |0.99069 G.063L |G.7529 0.1100
_ 27.22 | 6.9646 | 6.487h {0.9608 0.00638: ¢.4825 | 6.0CL9 |G.957C : G.0CT6 |G.4183 0.0691
68.05 | 6.8750 | 6.2768 [0.853k 6.0216 ; 6.274k ; ¢.c02k |06.851% | $.0236 |0.2336 0.0k32
88.46 | 6.8132| G.269% |G.794k 0.C188: ¢.2612 | ©6.0682 |C.7948  6.018L G.2209 C.CLk35
108.87 | 6.72021] 6.2925 |G.7300 | -0.CC98 ! G.271k . ¢.0211 |G.7353 ~0.Cl51 {G.2297 G.0628
119.068 | 6.6508 | 6.3172 |C.6954 ao.ouu6' G.2834% ; 0.06338 [6.7020 ~0.C512 [G.2k15 6.G757
316.96 27.22 | 6.9993] 6.9883 [0.9988 6.0005 | 6.9832 | G.0G05L [6.9956 G.GCL3 {G.93hk 6.0539
46.83 | 6.9745] 6.7312 |G.9688 | G.G057 ! G.7232 @ 6.008C |G.9636 G.G169 |G.6835 | G.CL7T
68.65 | 6.9172] 6.5393 1G.9073 6.0099: 6.5277 ¢ 6.0116 {6.8975 6.0197 |[G.Lo1l C.C0k82
88.46 | ¢.86161] ¢.4818 |0.857k 0.0636 ! 6.4751 | 6.0067 [6.844G . 0.017C (6.4390 G.0L28
168.87 | ¢.7808| 6.48065 (0.8026 | -0.0218; C.4507 | 6.0198 |6.7842 -G.003k |G.Lh2k5 6.0560
119.068 | 6.7275| 6.5653 |6.7736 | ~C.0461 G.hk6k2 | G.0k11 |G.7486 -0.0211 |G.4291 6.0762
3hk .26 s5h.4l | 6.99591 6.980k 1G.99562 G.0CC7 6.9779 : 6.0025 {6.9927 . G.0Ck2 |G.9599 6.0205
61.2k | 6.9833} ¢.905k 10.9828 G.00C5 €.9136  -0.0076 |6.9771 | G.0062 |0.8899 G.0155
68.65 | 0.9691} 6.84k7 1{0.9691 | ©.000C ©.8615 | ~0.0168 [6.961C | G.0C81 [0.8353 G.G09k4
81.66 | 6.9378} 6.7633 [€.9393 | -0.CC15: 0.7865 | ~06.0232 |6.9277 . G.G1LGL |G.7593 C.C1ko
95.26 | 6.8979f 6.7189 |G.9077 mo.oo98§ G.7h43 | -0.0254 [6.8891 | 0.0098 |G.T115 C.0074
108.87 | 6.8453} G6.7420 |C.8706 «0.0253{ ¢.72k2 | 6.0178 |6.8413 ; G.00kC |G.6886 6.053k4
Absolute Avg. Deviation=0.G1l31 Absolute Avg. Deviation=6.0303



TABLE XIV (Continued)

Comparison of Kate's (17) and Masuda's (19) BWR Parameters for Phase Equilibria Calculations

Experimental {24)
Hydrogen Sulfide

Calculated Hydrogen Sulfide Mole
Fractions With A012:o'8673(AOlA02)

And Kate's Parameters

1
2

Calculated Hydrogeﬁiéﬁifgaé>M le -

Fractions With Aq10%(Ag1400)2
And Masuda's Parameters

Pressurej Mole Fractions Error Error Error Brror
Temp, °k| Atm Ligquid| Vapor _Liquid exp~calc} Vapor exp~-calc | Liquid }exp=calc} Vapor exp=-calc
277.78 13.61 | 6.9943| ©.8629 | 06.9988 | ~G.0045 | 6.840k } G.0225 |G.9957 § ~6.0014 | 6.9287 | =G.0658
o27.22 | 6.96461 6.487h [ 0.992h [ -0.0278 | 6.L802} 6.06072 [0.9399 | G.0247 | G.5152 | =6.0278
68.065 | 6.8756] 6.2768 | G.9743 { <0.06993 | ¢.2825§ ~«0.0057 |G.7455 | 6.1295 | 6.2875| -G.01C7
88.46 | 6.8132] G.269% | G.9661 | =0.1259 | G.2631} ©.0063 |0C.6243 | 6.1889 | ¢.2776| -0.00682
168.87 | 6.7202| 6.2925 }G.9568 | -6.2384 | ¢.2561 1} 0.0364 we } -
119.08 | 6.6508! 6.3172 { 0.9550 | =0.3042 | ¢.2549 ! G.0623 - --
316.96 27.22 | 6.99931 6.9883 | G.9997 | -0.00Ck | 6.98731 ©.001C |G.9997 | -G.0CCL | G.9966| -0.0683
46.83 | 6.97L5{ 6.7312 §G.9916 | ~6.0171 | G.7377 { -0.0065 |6.9576 | G.0169 | G.7273| G.0C39
68.05 | 6.9172¢ 0.5393 [ 6.975% | -6.0582 | 0.5493 § «G.0100 [ 0G.8625 | 6.0547 | G6.5262| 6.06131
88.46 | 6.8616f 6.4818 §6.9633 |~6.1023 § 6.495k { -G6.0136 | G6.7758 | 6.0852 | G.L4766| 06.0652
168.87 | 6.78081 6.48065 §G6.9515 | -6.1707 | 6.4763{ 0.0102 |G.6620 | 6.1188 | C.4854 | ~G.0Cko
119.08 | 6.7275} 6.5653 § G.9455 | -06.2180 | G.4632 1 C.0k2l - -
34k .26 5h.bh | 6.9969) 6.980k G.9989 | -6.6020 | G.9849 : ~G.CCL5 | G.9921 | G.0048 | 6.9625| G.0GL79
61.24 | 6.9833! 6.9054 ¢ 6.9933 | <6.0106 ; 6.9205 ; -6.0151 16.9737 ] 6.00696 § 6.8929| 6.0125
68.65 | 6.9691! 6.8477 16.9877 { -6.0186 | 6.8768 | =6.0261 {0.9538 | 6.06153 | 6.8375| ©.0072
81.66 | 6.9378} 6.7633 {6.9760 | -6.6382 | 6.8067 | =6.0374 |{0.9679 | 0.029% | 6.7852| 0.0051
95.26 | 6.8979! 6.7189 1 6.9640 | -6.0661 | 6.7577 i -6.0388 {6.8587 { 0.0412 | G.7201]| -G.0C12
108.87 | 6.8453} ¢.7k2G ¢ G.951k | -0.1061 | 0.7310 ; -0.611C - -

Absolute Average
Deviation = 0.0553

Absolute Average
Deviation = G.0326
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CHAPTER VIIT
CONCLUSIONS AND RECOMMENDATIONS

This study was concerned with several possible modifications of
the Benedict-Webb=Rubin equation. Specific investigations included
(a) preliminary investigations to determine the effects of each of the
eight BWR parameters on calculated pressure, saturated phase fugacity,
and vapor pressure for methane, (b) simultaneous fit of two BWR para-
meters to predict saturated phase properties, (c¢) non-linear regression
of p~v-T data to determine pure component BWR parameters for methane
and hydrogen sulfide, and (d) vapor-liquid equilibria calculations
with the BWR equation for methane=hydrogen sulfide mixtures.

The major conclusions of this investigation are

1. Pressure and vapor pressure are most gensitive to

changes in the parameter A,, while ¢ had the greatest
effect on saturated phase fugacities, thus indicating
that thege parameters may be best sulted for modification.
2. The simultaneous fit of two constants to vapor
pregsures or vapor pressures and saturated liguid
densities reveal a temperature dependence of the
parameters which is not of an apparent simple
functional form.

3. Two BWR parameters can be fitted simultaneously to

vapor pressures and saturated liquid densities. -



Specifically, four pairs of parameters - A, and X',

Cy and 8 5 3 and ¢ , ¢ and X gave results of
comparable accuracy when fitted as linear functiong of
recibrocal temperature to vapor pressures and liquid
densities for methane.

Although the simultaneous fit of two BWR parameters

to vapor pressures only could be made, the results

were not satisfactory with respect to prediction of
saturated liquid densities.

The use of experimental second and third virial
coefficients to determine gix BWR parameters did not
regult in satisfactory representation of p-v-T behavior,
especially in the region below the critical temperature
where the third virial predicted by the BWR eguation does
not give the correct gualitative behavior.

BWR parameters which yield exact fit to the critical
point conditions were determined for the pure components
methane and hydrogen sulfide.

Predictions of vapore-liquid equilibria using the BWR
equation with the usual mixing rules and parameters

for hydrogen sulfide and methane determined in this
study did not yield satisfactory results.

The use of BWR parameters constrained to critical

point behavior for the heavy component, hydrogen
gulfide, in the methane~hydrogen sulfide system gave
improved results relative to unconstrained parameters

when baslc mixing rules were used.
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9. An empirical interaction coefficient applied to the
mixing rule of A, improved the vapor=-liquid equilibria
calculations for the methane~hydrogen sulfide system,
with the most accurate results being obtained using pure
component parameters satisfying the critical point
conditions.

The results of this investigation have led to the following

recommendations:

1. A study should be made to see if the empirical inter-
action coefficient in the mixing rule of AO based on
vapor=liquid equilibria can he applied to p=v-T and
enthalpy=-entropy calculations.

2. The BWR equation could be modified for three binary
mixtures and the results applied to a ternary system

to see 1if calculated ternary data is better predicted.
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APPENDIX A

METHOD FOR CALCUIATING PURE COMPONENT SATURATED

PHASE PROPERTIES WITH THE BWR EQUATION

’The calculation of saturated. phase properties involves a rather
lenéfhy trial and error procedure. Only one variable needs to be
specified. Tn this case the known variable is temperature. A vapor
and liquid phase will be in equilibrium if and only if the following

conditions are satisfied:

e
I
g

Equation (3=1) was used to calculate vapor pressures.

P = RT fb t (B,RT=A,= %%)62 + (bRTsa)g 3
+ ad€6 + %g@ (l+—5’(92) exp (ageg) (3-1)

and Bguation (3=18) was used to calculate liquid and vapor fugacities.

= Co . 3 2
RT1nf = RTlnRT() +2(B,RT=A=~ _é-a)f,.p- : (bRT=a)€)
T

6 > Sl L o 1eXn®) e (A2
R N AL ]

o0



The following is a simplified flow diagram of the procedure used to

calculate the saturated phase properties at a known temperature.

P

Assume P,pY, p©
\ \
i
e e L P
*1 Calculate P(T,p )
Y
Ly £ No )
‘ \
Yes
Calculate P(T, p')
\
¢ To
v . .
P(T:Q ) = Pasgumed AdJustP '
’ A)
Yes
Calculate fL s £V
: Y
{ es
fL = TVapor pressure =
No

«

RT fL
- - In
Pas sumed = Passumed VL v v

)

Flow Diagram for Calculation of Pure Component

Saturated Phase Properties




)
The following equation was used to estimate the vapor pressure.

P =P, exp (5.39 « % 39) (a-1)

Equation (A-1l) was derived from a plot of l/Tr versus P/Pc (13). The

saturated liquid volume was estimated by the equation (22)

L . (1-1,.)2/7
vho= vz

(a-2)

Equation (3-1) was then used to calculate the pressure. If the cale
culated pressure did not equal the assumed pressure, the liguid density

was changed by way of the Newton-Raphson technigue as follows:

L
; )
2T P g‘gé@,ﬁ) -

where

G(e by = Peale™ Passumed | (A-4)

" QML)] (a-5)

Equation A=5 is the derivative of the BWR equation with respect to

density.

G’(QL) 2 RT -+ 2(BOR’I‘ “ Al - .g.g.){) e 3(bRTaa)Q e
co” y 2 2 b 02 -
+6adg + "G (34385 - 287 ) ew (-Y(P) (8-6)

Saturated vapor density was estimated from an assumed compressibility

factor.

P
v . _assumed

(D " RT Zg,55umed




Pressure was then calculated with the estimated vapor density.

\D
[V g

If the

calculated pressure was not equal to the assumed pressure, the Newtone

Raphson technique was again used to change €DV,

When values of f)v and G?L that resulted in the assumed pressure

were found, Equation (3-18) was used to calculate liquid and vapor

fugacities. If the fugacities were not equal, a new assumed pressure

was calculated from Equation (A=7).

i
Ppm Py - EE 1n/.£u

Equation (A=7) was derived as follows.

Fugacity is given by the equation
RTd1nf = V4P

or dinf = L gp
RT

Equation (A=8) can be written for liguid and vapor phases

L.V

Alnf' = g P
vV

dlnf’ = -— ar
BT

Division of Equation (A~9) by Equation (A<16) results in

L L v
=~ v =V
din il - 4apP

(A-T)

(2-8)

(A-11)

T
Equation (A-1l) can now be integrated assuming that the change V Al

is negligible.



P
o P2
oL L v
RT / aln(f™/£V) = S (vEevV)ap
)
/ 5
In(£"/27) Py
or
L v
= L= (p . p) (A-12)
RT 2 "1
Rearranging Equation (A-12) gives
/ kY L
IR 4 T
= L N VY {A~13)

2 1 ) £V
‘\VI _VV ) £

r
The pressure thus calculated becomes the new agsumed vapor
pressure, and the trial and error procedure is repeated. Iterations

were repeated until the liquid and vapor fugaclties were equal.
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APPENDIX B
DERIVATION OF CRITICAL POINT RELATTONS

The critical point relations used in the non=linear curve fit of
the BWR equation with exact critical point behavior were derived from
Equation (3-1) as follows.

At the critical point, Equation (3=1) becomes

= Co 2 - 3
P, = RTC(DC + (B,RT Ay~ 5-:2) FC -+ (bnicna) e c
C

+ao{gf+i§_§_(l+2{9§) exp (nb’ei) (B-1)

Also, at the critical point

(el

2
g P
- =0
<3Q2 0T

The first and second derivatives were given by Eguations (5=5) and
(5-6), respectively. By multiplying Equation (5-2) by 2/(?0 and sub=
tracting Equation {5-5), the following equation is obtained.

P
o_C = RT, = (1:»RTC-=a)(32 - haaeg

B :

n%%g.(1+b’(>§—2xéei) exp (=é’e§) (B-2)

%



In Equation (B=2), Ao, By, and C_ have been eliminated. The same
parameters can be eliminated from Equation (5-6) by multiplying
Equation (5-2) by 2/§}c and subtracting Equation (5-=6). The resulting

equation is
P. 2 RT, 60 - 2(bRTcna)€§ - 1b,aox€§
3 5
;—%Q (2+28 2 - off° ok 25395) exp (néeg) (3-3)
c

Then Equation (B-3) was multiplied by l/2<?c and subtracting from

Equation (B-2) to obtain

P, %RTCQ 29,0&? »»—L(s‘(ee cZg () exp (- ng
(B=k)
Equation (B-4) was solved for ¢ to obtain Equation (5-=7).
P PTCQ Cg pc ( =D 2) 2)/
et 5~ 49 exp (=0 @ )
ol = C
(5=7)

2a E’g
Equation (B-2) was then solved for b to obtain Equation {5-8)

b (1=Ld\€>3 —5(1+Jp" 28" ! Yexs(- -Jo2)

c RT § RT3
e (5-8)

Equation (B-1l) was then rearranged to obtain Equation (5-9)

C P T,
Ag = BRT, = 2% -__%_,_R + (bRT =a)ec
Te E’C E%

tasp o+ P (1+¥00) e (4o D) (5-9)
TC
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APPENDIX C

DERTVATION OF FUGACTTY EQUATION FOR

MIXTURES WITH MODIFIED A,

The fugacity of component 1 in a mixture is obtained from the

residual work content as follows:

RTlnf; = 8 NA + RTlnORTx. (c-1)
3n. e 1
L/ V,n

7

where n; is the number of moles of component i and N = E:ni~ The

regidual work content is obtained from the equation
P=RT
-—=—-=€-= d (c-2)
2\ ¢

Equation (3-1) is substituted into FEquation {C~2) to obiain

)
- m oy -
= (300, - =2) - (vr-2) @= -

=

+ c0? [1oexp(-Yp ®). exp(-§p ©) (c-3)
N o) AY

2 §o®
Bquation (C=3) is substituted into Equation (C~1) to arrive at
Equation (7-7).
In order to derive the fugacity eguation with modified Aoy only

the first group of parameters in Equation (C-3) will be discussed.
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Ll
With e = N/V, NA becomes

S
T e e

“— ( Co)

NA = N(B RTwA = ——
o

o 2

<=
~~
(@
1]
=
g

w L
where B, ® 5 E:niBoi (c=5)
1 2 1
s = N2 L .2 (e
Ay 2 [%1A01+'2nf3j€}<AoiAog) + njAO%J (c=6)
- L
-1 z | 2 ‘
Co =73 jz—‘-"nicoi (c~7)
N
Equation (C<L) becomes
e S ! 2 %
NA = IENZ niBoi)RTaQniAoi—k enyny © (A ;A )
22
+ 1’12. AO s} = m( ZniCOi) ::L. ] v
J J > - ((,=-8)
T v
The derivative of NA with respect to n; at constant n,, V, and T is
9 NA L1 ,
<=§=:-=- =5 |(MByy Y n;B 4 JRT-2(nsA .
1 ‘I‘,V,nj
1 % Ny
L .C 2)o 2
+n.O(A A )2 - 2(§:n1 0i%)Co1
o103 oo
2 (c-9)
Affer rearranging
1
oNA 3\ 2(cyCoil) |
8 |(B,s+ By)RT-2(x;A 3+ x: O (A A )7 | = o (O -
(a ng ol 0 .-"01 J ol 0 T2 e
T,V,nj
(c-10)

Substitution of (C=16) into Equation (C=1) results in the eguation for



101
fugacity with modified AO.

RTInf, = RTln?RTxi + {:( B B, )RT

1
2(%001)2

2

1
i . . o 2 e
2 xiAoirxj e(AO:LAOJ) )
1L

9*’ (c=11)
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COMPUTER PROGRAM FOR CALCUILATING PURE COMPONENT SATURATED PHASE
PROPERTTIES AND SIMULTANEQUSLY DETERMINING TEMPERATURE
DEPENDENCE OF TWO BWR PARAMETERS FROM VAPOR PRESSURES

AND LIQUID DENSITTES

COMMON/COM/NC» NON

DIMENSION T(5C)+PEX{50)sVLE(SC)+C{B)sVVEXIS501sVL{50)sDL{502sP1{50)
1sP(50)sCORRI{B»501sTRIS50)s0VI{50}»COL{50)5C02(50) sVLEX{50)+S(50),TT(
250}

DOUBLE PRECISION CsDL9S»TTHDV

SUBROUTINES
VPRESS  CALCULATES VAPOR PRESSURESs LIQUID DENSITY, AND VAPOR DENSIT
DEVIAT CALCULATES DEVIATIONS OF CALCULATED VARIABLES FRCM EXPERIM
ENTAL
CONSON CALCULATES TWO BWR CONSTANTS(SPECIFIED) AT EACH TEMP.
CURV PREPARES VARIABLES FOR CURVE FIT
CURVFT FITS THE TWO BWR CONSTANTS AS A LINEAR FUNCTION OF 1/T
VARIABLES
N NUMBER OF EXPERIMENTAL DATA POINTS
NC NUMBER OF PAIRS OF CONSTANTS TO BE USED
TC CRITICAL TEMPERATURE
P CRITICAL PRESSURE R
DC CRITICAL DENSITY - -
ZMAX - COMPRESSIBILITY USED TO BEGIN VAPOR DENSITY CALCULATIONS
Ty TEMPERATURE
PEX(I) OBSERVED:- VAPOR PRESSURE
VLE(]} OBSERVED SATURATED LIQUID VOLUME
VVEX (I} OBSERVED SATURATED VAPOR VOLUME
ctdy BWR CONSTANTS .
KAsKE CONSTANTS TO MCDIFIED

R GAS CONSTANT

veirn) SATURATED LIGUID VOLUME

DLIY SATURATED LIQUID DENSITY
L PLL) CALCULATED VAPOR PRESSURE (UNMODIFIED CONSTANTS})
NN CONTROL INDEX

K CONTROL INDEX

LET CONTROL INDEX

DIMENSIONS '
ATMOSPHERES

PRESSURE

DENSITY GRAM-MGLES/LITER
TEMPERATURE DEGREES KELVIN

GAS CONSTANT LITER~ATM/GM-MOLE K
VVEX(T) CC/GM-MOLE

VLE(D} CC/GM=-MOLE

1 FORMAT(215+2F10439F6e3+FGed)

2 FORMATITF104.3)

3 FORMAT(4E15.8}

4 FORMAT{1H1+B8Xs2HEGs12X+s2HA0 213X e2HC0216X s 1HB 14X s 1HAS 14X 9y 2ZHAL 13X,
11HC 913X 9 1HG/ )

5 FORMAT{1Xs8E1%.8///)

S FORMAT(ZIE)

[aXaXaEalaaXxal

1060
1019
1020

1025
1026

1015

8Iu

200y

READ(Ss1INsNCsTCoPCsZMAXSDC
READ(55s1)NOSNON
NO CONTRCLS WHICH DATA IS TO BE READ
NO=1 TEMPERATURE ONLY IS READ
NO=2 TEMPEZRATURE AND EXPERIMINTAL VAPOR PRESSURE
NO=3 TEMP»s PRESSUREsAND LIGQUID VCLUME
NO=4 TEMP» PRESSs LIQUID VOLUMEs AND VAPOR VOLUME
IF NON =1+ TEMPERATURE DEPENDENCE CALCULATIONS ARE BY PASSED AND ONLY
P-y-T CALCULATIONS ARE MADE
READ(5+21{(T(I)sI=1sN} ’
IF(NOsEGQs1)GO TO 1000
READ{5+2){PEX{I)sI=1sN}
IF{NOsEQe2)GO TO 1000
READ(5,2) {tVLE(1)sI1=14N)
IF{NO+EGe3)GO TO 1000
READ(5+2){VVEX(I)s1=14N)}
CONTINUE
CONTINUE
READ{5,3}(C(I}41=1+8})
WRITE(6s4)
WRITE(6+5)(ClI)sI=18)
IF{NON.EC.131GDO TO 1026
READ{5+63KA KB
=. 08207
NN=0
K=0
LET=0
CALL VPRESS{DCsPCoTCIRINSNNSKILETsCoTaDLyS+ZMAXSDVTTaKASKBIMsAASS
1AsAB,+BB) .
DO 1015 I=1sN

Ptir=stI}
TRU{IY=TT(I)
VL{IY=1e/DL{1}
Pitil)=P()

CALL DEVIAT(KASKBsNsPEXsP»TRyTsVLE+DL s VVEXsDVeVLEX)

IF (NONeEGQel) GO TO 1lu3C

DO 800 J=1,8

DO 800 I=1,N

CCRR(Js1)=0 .

CALL CONSON(KASKB9CsNsPLsCORRIPEX 9 T4VLEX sDCoPCosTCsRyNNSKsLET s ZMAX
1TRsVLE s VVEX»CO1+C02)

CALL CURVE(N»>T2CCLyCG2yAAy A AL »88 )

LET=1 ’

NN=0

SCALL VPRESSIDCHPCsTCoRININNIKsLET»CoaT oDl 9 SsZMAXIDVITToKAIKI yMeAALS
1A2AB,53)

DC 200C 1=1,N

P(Iy=5(1)

TR{1y=TT(I}

CALL DEVIAT(KAsKEINIPEXsP»TiksTo>VLEIDLsVVEX»DVVLEX)

£or



1030 NC=NC-1 -
IF (NC4EQ+0}GO TD 1040
GO TO 1020

104U CONTINUE
CALL EXIT
END
SUBROUTINE VPRESS(DCsPCsTCsRsNsNNoKsLETCsHsDLsP +ZMAXsDVsTRIKA KB
1My AALBAAB,EB)
DIMENSION C(8)sT(50)»TR{50)+DLE50) sP(50)sDVI501+FLI{5015FV(50)sPR(5
101 ,H(50)
DOUBLE- PRECISION CsDL
DOUBLE PRECISION AAsBAsABsES»VOLsCONIsCON2sPsPASFPD
DOUBLE PRECISION VCsDC»2CsPCsRoTCsTsTRsFD -
DOUBLE PRECISION ZMAXsZVsDVsDOC
DO 100 I=1,N

100 T(I)=K(T)

VARIABLES
T ove CRITICAL VOLUME
zc CRITICAL COMPRESSIBILITY FACTOR
M CONTROL INDEX
K CONTROL INDEX
NOC CONTRCL INDEX
CON1 FIRST BWR -CONSTANT TO BE MODIFIED
CON2 SECOND BWR CONSTANT TO BE MODIFIED
AA+BE CONSTANTS IN TEMPERATURE DEPENDENT FORM OF FIRST
CONSTANTsC(KA)
CONSTANTS IN TEMPERATURE DEPENDENT FORM OF SECOND
BWR CONSTANT, C(KB)'
TRT} REDUCED TEMPERATURE
PA FIRST ASSUMED PRESSURE
voL FIRST ESTIMATE OF LIQUID VOLUME
FL(I1) LIQUID FUGACITY
Fv(ly VAPOR FUGACITY

AB»BB

NONNCLANNAOONNNNNOLOOO0O0N

VC=.10D 01/DC

ZC=PCH#VC/(R*TC)

NO=N

IF{NN.EQs0OIK=1

TF{NNeGTe0}K=M

IF(NNeGTe0INO=NN

NOC = 0

DO 505 I=K,NO -

IF{LET«EQ.0)GO TO 200.

CON1=C{KA}

CONZ=C{KB)

C(KAY=AA+BA/TI(I]}

CIKB}=AB+BB/T(1)
200 TR{IN=TLI}/TC

" PA=PC*DEXP(#539D 01-¢539D 01/TR(1})

EQUATION FOR PA 1S DERIVED FROM FIGURE 183y PAGE 195 OF

APPLIED HYDROCARSON THERMODYNAMICS BY W. Ce EDMISTER

VOL=VC*ZCx# ({4100 O01~TR{I} ) ##(2e/70)}
280 DL(IY=1e/vVOL
290 PUII=R*TUI}*DL{I)+(C{II*R*¥T(I)-Ct2)1=-C(3)/T(I}%#2 ) #DLIT}*%2e+(C(4)

1#R*TL1}~CUS)I*DLLL ) ¥*3,+C{5)*CIO6I*DL{I I *¥%6e+(CITI*DLIL) ¥%3o/T(] ) ¥*

22 )%(a1D O1+CIBYHDLIT ) ®#%2,4 ) #DEXP(=C{B}#DL(T} %24}
< CHECK TOQ SEE 1F CALCULATED PRESSURE=ASSUMED PRESSURE

IF(DABS{(PA~P(1)}/PA)=-.10~02)3005300+310
. ASSUME NEW DENSITY IF PRESSURES DO NOT AGREE
C NEWTON RAPHSON ITERATICN 1S USED TO CONVERGE ON DENSITY
310 FD=P(T)-PA

[aNal

[alal

[aNaXal

[alal

305
315

300

390

410

405
415

400

402

lu

401

43¢

FPO=R*T(114e2D O1%(C(1)*R*T(1)=C(2)-C(3)/TII)**241%DL{1}+e3D O1%(C
104 %RET(I)=CI5) I uDL{II#%2e+a6D O1#C{S)I#CIOI¥DLITI*®S,+{CI{TI*DL{I}*
2%24/T(1)%%24)3% {430 0l+e3D GI#C(B)XDL(TI##2,-420D Q1*C(8)I#X2e%DL (]}
3HNL o VXDEXP (=C(BI1%DLI1I#*2.)

FPD IS DERIVATIVE OF PRESSURE WITH RESPECT TO DENSITY

IF{FPD}3054+305+315

IF FPD IS NEGATIVEs EQUATION WILL NOT CONVERGE

DL{I)=allD U1%DL{T}

GO TO 290

DL(I}=DL{I)=FD/FPD

GO TO 290

CONTINUE

CALCULATE VAPOR DENSITY

ZV=ZMAX

DV(I)=PA/(ZV*R*T{I})

IF (NOCsEQel} DVI1} = DOC

DOC 1S5 DENSITY CALCULATED IN PREVIOUS TRIAL

IF (NOCoEQe2) DV(1} = DVI{i-1}

PUI)=R*TUII#OV LI+ (COLI*RET (11 =CU2)=C{3)1/TLII#*2, )%DVI] 1 #%24+(Cl4)
I#R*T(1)~CU{5) I#DVI]1# %34 +CUSI#C{EIROVIT I ##6a+{CITIRDV(] ) *23,/T{] ) Rs
22CI%(a10D O1+C{BINDVIII#X24 JHDEXP (~C(B)*DVI1)#*2,)
poC = DV(I)

IF(DABS{(PA~P(1})/PA)=e100-033400+4005410"

FD=P(1)-PA

FPD=R#T{I)+e2D O1l®x(C{1I#R*T(1)=CU2)1-C{3)/T{1)}##2,)%DV{I}+e30D O1%(
1CUG ) *R®T (T )=C(5) 1 %DV (I ) #%2e+06CD O1*C(SIXCI6)*DVIT)##5,+(CLTIDV(
2IM#24/T(1) %52, 1% (430D 01++30D O1#CIBI#DV(I)I**¥2e=s20D QI*C(BI#*2,%D
VI )NG4, ) #DEXP (~C{BI#DVII ) **#2,) ’

IF(FPD)I405,4054,4153

IF FPD IS NEGATIVEs EQUATION WILL NOT CONVERGE
DVEli=e99D 0O*DViL)

GO TO 39¢
DV(I)=DV(I}-FD/(FPD}

GO T0 -390
CONTINUE
CALCULATE LIQUID AND VAPOR FUGACITIES
RFL=R*T (I} #DLOGIR®XT (1 3#DL(1) 142 % (C{1I#R¥T(1)=CU2)=C{33/(T(I1n"2}}
1#DL(I11+105%(C4)*R¥T (1)=CU5)IXDLIII¥¥24142%C(5)*C(6)¥DL (T ) #%5+¢ (C(
27D%DLATI#%2) /(T (1) #%2) 3% ((1a/(CUBI¥DLLTI##2) 1 ={1e/(CIBI*DLII)#N2)}~
325-C(B)*DLITI*#2 ) XDEXP(~C{B1%DL (1) %%2)) .

RFV=R#*T ([)}#DLOGIR#*T I} #DV (1) )+2e#(CL1I¥RAT(1)=C(2)=C(3)/(T(1)#%2))
1¥DVITI+1e5% {C{4I#RFT(1I=CUS) IHDVI I I#%2+1e2%C {5} %CLEI#DVI] 1 ¥%5+{ (C(
2TC*DVITI*%2) /(T LTI %R2) 3% { {14/ (CIBIXRDV(II%%2))1={1a/(C{BI*DV(])#e2)—
305~C{B)H*DV{1)##2 ) #DEXP(~C{BI*DV (1) %%2}))

RFL=R#T®LN(FL} FL IS LIQUID FUGACITY
RFV=R#T#LN(FV) FV IS VAPOR FUGACITY
CHECK=RFL/(R*T (1))

1F (CHECK=85016401+4010402 R : CHECK
IF CHECK IS GREATER THAN 85s COMPUTER WILL NOT CALCULATE THE K
EXPONENT IN STATEMENT 40ls AND CALCULATION IS BYPASSED TO ASSUME

A NEW PRESSURE

FLOFV={DEXP (RFL/(9o*R¥T{1)})/DEXP (RFV/{9o*R*T(171])#%9 CHECK
WRITE (6+10)CHECK

FORMAT (1XsE1548)

PA=PA=({R*¥T(1)/(1s/DL{1)~1+/DV(1}}}*ALOGIFLOFV}) CHECK
GO TO 280 CHECK

FLOIY=DEXP{RFL/(R®XT (111}

FV(II=DEXP(RFV/{(R®T{1}})

CHECK TO SEE IF LIQUID AND VAPOR FUGACITIES ARE EQUAL
IFCABSIFVIII-FL{I})~2018G1430+430+440
IF(ABS{{FV(II=FLII})/FV{I}1=~40001345C+650+440

IF LIQUID AND VAPOR FUGACITIES ARE EQUALs ASSUMED PRESSURE IS 0K
OTHERWISE A NEW PRESSURE IS ASSUMED :

o1

it
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ASSUME NEW_PRESSURE
440 PA=PA=((R*T(I)711e/DL{T}~14/DV (1)) I*ALOGIFLIT)I/FVIIII)
NOC = 1
GO TO 280
450 TR(IV=T(1)/TC
NOC = 2
IF(LETsEQ40)GO TO 505
C(KA)=CON1
C(KB)=CON2
505 PR(1)=P(1)/PC
RETURN
END
SUBROUTINE DEVIAT(KAsKBsNsPEXsPsTR»TsVLEsDLsVVEXsDV»VLEX)
COMMON/COM/NG s NON
DIMENSION PEX(50)sP(50)»ERROR(50)sTR(5G)sT(50) s VLEX(50) sVLE (50)sVL
1(50)+DL (501 »ERRORV {501 5VVEX(50) »VV(50) »DV(50)
DOUBLE PRECISION C»DLsDV

VARTABLES

: SUMP SUM OF VAPOR PRESSURE DEVIATIONS
SUMVL SUM OF LIQUID DENSITY DEVIATION
SUMVV SUM OF VAPOR DENSITY DEVIATIONS
ERROR(I) VAPOR PRESSURE DEVIATION
ERRORVII) LIQUID DENSITY DEVIATION
ERR VAPOR:-DENSITY DEVIATION
AVGP AVERAGE DENSITY DEVIATION
AVGL AVERAGE LIQUID DENSITY DEVIATION
AVGVV AVERAGE VAPOR DENSITY DEVIATION

2 FORMAT(5Xs29HAVERAGE VAPOR PRESSURE ERROR=+FB.4/5Xs28HAVERAGE LIQU
11D VOLUME ERROR=sFBe4/5X3s27HAVERAGE VAPOR VOLUME ERROR=sFBe4)}
6 FORMAT(10Xe2HTRs10Xs3HTsKs10Xs THPEXsATMs1CX97HPCAsATMs 10XsSHPCT ER
1ROR/)
1 FORMAT(5Xs1HCsI196H AND CsI1929H ARE FUNCTIGNS OF TEMPERATURE)
7 FORMAT(7XsF6e356XsF8e398BXsFT7e3910X2F7234,16XsF1143)
8 FORMAT(7X9F6e3s6XsF8e3912XsFF0a5912X9FFe5511XsF1l0eb}
G FORMAT(///10Xs2HTR>1UX93HT 2K 915X s4HVLEXs13Xs4HVLCA s13Xs9HPCT ERROR
17}
16 FORMAT{///10Xs2HTR>10Xs3HT»Ks15Xs4HVVEXs 13X s4HVVCA»13Xs9HPCT ERROR
17
SUMP=0.
SUMVL=0.
SUMVV=0.
IF(NONeEQe11}GO TO 50
WRITE(6s1)1KAKB
50 WRITE(6+6)
DO 100G I=1sN
ERROR(II={PEX{I}=P{Ir)%100a/PEX(I}
SUMP=SUMP+ABS(ERROR(I))
1000 WRITE(697}TRUIIsT(I)9yPEX(I}4P(1)oERRORII)
IF(NCaLT«23GO TO 75
WRITE(655)
DO 1005 I=1sN
VLEX(I}=VLE(I})/71000.
VL{Iy=le/DL (I}
ERRORVITI=(VLEX(I)~VL(I))*100«/VLEX(]}
SUMVL=SUMVL+ABS (ERRORVI(I)}
1005 WRITE(6s8ITRIIIsT{I) s VLEXIE)sVLII)sERRORVI(I)
75 IF{NO.LT«4)GO TO 85
WRITE(6510)
DO 1010 I=1sN
VVEX{I)=VVEX(1)/10GGa

[aNaNaNaRARa N el

laNaNaNaNe N

VVI1)=1e/DVI(I}
ERR=(VVEX{I)=VV(]))¥100e/VVEX(I)
SUMVV=SUMVV+ABS (ERR)
WRITE(6¢8)TRII)sT(I)sVVEX{I)sVVII)4+ERR

101U VVEX(I)=VVEX{1)%1000«
85 IF(NOaLT«4)}GO TO 95

TCT=N

AVGP=SUMP/TOT
AVGVL=SUMVL/TOT
AVGVV=SUMVV/TOT
"WRITE(6+2)AVGPsAVGVL s AVGVV

95 CONTINUE

RETURN

END )

SUBROUTINE CONSON(KA»KB»CsNsP1sCORRsPEXs ToVLEXsDCsPCoTCoRINNSKSLET
15ZMAXsTRsVLE sVVEXC015C02)

DIMENSION C{8)»P1(50)4P(50)sPCTC(8350) »CORRIB50)5VLI50)+DLI50)sVV
1150)+DV(50) syERROR(50) sPEX(50) s COMP(5550) »VLEX({50) sDPDK (B850 +DEDV
287501 »DELTAV(8450) »DK(8550) sDKC(8550)5T(50) s TRI50) ,VVEX(50) +CO1 (50
3)5C02(501 s VLE(50)55(50)sTT(50)

DOUBLE PRECISION CsDL3sS+TT5sCONSsDV

VARIABLES

DELP VAPCR PRESSURE CALCULATED WITH UNMGDIFIED CONSTANTS-
PRESSURE CALCULATED WITH C(KA) CHANGED ONE PER CENT

PCTC(Js1) PER CENT OF PRESSURE/PER CENT CHANGE OF CEKA)

CORR(Js1) TOTAL CORRECTION FACTOR FOR C(KA)

COMP(Js1) CORRECTION FACTOR FOR ONE TRIAL OF C(KA)

DPDK (KB s 1) DERIVATIVE OF PRESSURE WITH RESPECT TO C(KB}

DPDV(Js1) DERIVATIVE OF PRESSURE WITH RESPECT TO DENSITY

DELTAV(KBs1) OBSERVED-~ CALCULATED LIQUID DENSITY

DKC(KBy1) CORRECTION FACTOR FOR C(KB}

1 FORMAT(1H1+21H RESULTS OF VARYING C»l1,6H AND CsIls42H BY CORRECTI
ING THROUGH PRESSURE AND VOLUME//10X»s3HT+K»10X s5HP»ATM» 10X s2HVL» 10X
2+ 1HCsI11s12Xs1HC511/

2 FORMAT(TXsFBe3s6XsF7e396XsFBa591X+E1508s1XsE15e895XsF12e4 )

WRITE(6s1IKA$KB »KA »KB

J=KA :

C(KA) IS CHANGED TO CALCULATE OBSERVED VAPOR PRESSURE

CLII=099%C(J)

CALL VPRESS(DCsPCaTCsRsNsNNsKsLETsCoToDL2SsZMAX oDV o TToKASKBsMsAASR

1A 3AE 485

DO 50 I1=1sN

PUI)=S(1)

TRO1)=TT(I)

DELP=P1(1)-P (I}

50 PCTCIJs11=100e#DELP/P (1)

C(J1=CLI) /095

1=1

M=1

NN=NN+1

C C(J)=(1+CORR(Js11/100s)%C(J)

CONS=C(J)

CALL VPRESSIDCsPCsTCsRsNSNNsKsLET9CsTsDLsS9ZMAX 3DV s TT4KAsKB sMsAASB

1A5ABBB)

P(11=S(1)

TRII)=TT(1)

VLII)=1lesDL 1) =

VV{I1=1e/DV(I) <«
1315 ERROR(I)=(PEX{I1=P(1)1#10Us/PEX(]) N

1325 IF(ABS(ERROR(I)1~+1011400+1400+1350



125C GOMP{Js11=ERROR{1}/PCTC{Js1}

C
10 FORMAT({10X3sE15.6+E1548) ; < VARIABLES ) P
WRITEt63101P{114CIKA) C X(I) 1/TEMP i
1300 C(J1=C(JY/(14+CORRIJ,11/10C0e) < Colt(I) CIKAY AT T(I3 R
CORR{JsI1=CORR{J4I11+COMP(J41) C CO2(Iy ~ C(KB) AT T(I) i
GC.TO 80 C ‘
S0 CALL VPR:ss(DC.PC,TC,R,N,NN,K,LnT,c,T.DL,s.ZNAx,ov.TT.KA,Ku.M.AA.s C .
1A»AB88) C CONSTANTS ARE REPRESENTED BY C{J)=A+B/T
PUI)=S(I} DO 100 I=1sN

TRII=TTU]) Xt1)=le/sTLI}
VLI =1le/DLITY ’ . 106 Y(I)=COl(1}
VVIIly=]e/DVII} : CALL CURVFT(XsYsBETAOIBETALsN)

CORR(J»11=0 AA=BETAO
COMP(Js13=0 BA=5ETAL
ERROR(T1={PEX{1)~P(1))#10Us/PEXII). - DO 200 I=1,N
GO TO 1325 200 v(l1=co2(1)
14G0 CONTINUE CALL CURVFTI(X»YsBETAGBETALsN}
200 IF(ABS({VLEX{I)=VLII})/VLEX(I)})=400513505350,250 AB=BETAQ
C(KB1 1S CHANGED TO CALCULATE OBSERVED LIQUID DENSITY BB=BETAL
250 IF(KBWEQel)DPDKIKBs1)=R¥T{I}#DL{])*%2 RETURN
TF{KBeEGa2}DPDKIKB I DLI{1)®%2 . END

IF(KBEQe31DPDK (KB »I)=—DL(I}*%2/T (1 })%x%2
IF{KBeEGe4)DPOK (KB sl }=R*¥T{ 1) *DL(])¥%3
IF{KBeEQeS)DPDK (KB 91} =~DL{ ) #%34C(6)*DL (] ) %%p

SUBROUTINE CURVFT(XsYsBETAGsBETALsN}
DIMENSION X{50}sY{501
DOUBLE PRECISION CsDL

IF{KBeEQe6IDPDK(KB»I1=C(51%#DL( ] #xp C THIS IS A SIMPLE LINEAR REGRESSION ONLY
IF(KBeEQeaT7T)OPDK(KByI )= (DL ) *®3/T{I 1 %22} % (1. +c(5)«DL(1)«¢2)*DExp(_ C THIS PROGRAM DOES SIMPLE LINEAR REGRESSION USING THE DOOLITTLE METHOD
1C(BY*DL(T)*%2) C Y IS THE DEPEND:NT VARIABLE
IF((B.EQ-R)DPDK(KS’I)--(Cf7)*C(8)*DL(I)“*7/T(I)“*2!*DEXP( ~C{BI*DL 1 FORMAT(I5)
111%%2) 2 FORMAT(2E15.8)
J=Kb 3 FORMAT(5Xs27HFOR AN EQUATION OF THE FORM/ 10X »s6HY=A+EX/5Xs6HFIT TO»
DPDVI{Js I 1=R¥T (1142 # {C{II#R¥T{1I=Cl21=CU3}/(TI{I)}*%2 )1 *¥DL (1) 4+3e%(C{ 115539H DATA POINTS» THE CONSTANTS A AND B ARE/1CXs3HAS sE1548/10X,
14D*R*¥TOII=CU5 ) IRDLATI ) *%2+6o ¥C(SI*CLEIXDLIT I *¥*5+(CITI* (DL (I #%2) /(T 23HB= sE15.8}
2011 %221 )% (3e+34#CUBIHDLITI*R2-2e3(C(B)#%2)#DL{])%#4 )#DEXP (~C {8} DL SUMX=0.
1) #*2y SUMY=0a
J=KA SUMXSQ=0,
100 DELTAVIKS»II)=VLEX{I}=VLI{]) SUMXY=0.
110 DK{KB»sI11=DPDK(KBs1)/DPOVIKBsI} DO 100 I=1,N
-DKC(KE;I)-(l-/VLcX(I)-DL(I))/DK(kB,I) SUMX=SUMX+x {1}
255 C(KB)=C{KB)-DKC{K3s1) SUMY=SUMY+Y (1)
270 CALL VPQESS(DC,PCoTC»R.N,NN,K;LET.C.T,DL-S,ZMAXsDV;TTyKA,KBsM‘AA-B SUMXSQ=SUMXSQ+X (1) *#2
1AsAB,yBB) 10U SUMXY=SUMXY+X{I)®Y{I}
Ptly=s(i} EL=N
TR(I1=TT(1) A=SUMX/EL
VL{I)=1le/DLII} UMY ZEL
vily=le/DVv(I) CC=1.7EL
ERVL=1e/VLEX{1)=DL (I} C £L IS THE LEADING ELEMENT

WRITE(6510)ERVLCIKE)
IFCABSE(VLEX(IY=VLIT))/VLEX{I}11-4001)30053005250

D=5UMXSQ-A* SUMX
E=SUMXY-A%SUMY

300 IF(ABS({(PEX(I)=P(1}}/PEX{I)1~400101350+350,1315 C A 1S THE PIVOT
350 WRITE(6921T{I)sP(1}sVL(I)+CONS2CIKE) 2 YV (1) F==nr
COL(131=ClKA} ELZ=D
Co2(11=C(KB)} G=E/D
NN=NN+1 H=F /D
1=1+1 0=1e/D
M=M+1 BETALl=G
IF({1-N}80+80+400 B BETAC=B-BETAL%#A
400 NN=0 WRITE{6+3)N+BETAOSBETAL
CALL DEVIAT(KA»KDsNsPEXsPsTRs>TsVLEsDLsVVEXsDVaVLEX] RETURN
RETURN END

END

SUBROUTINE CURVE{NsTsCO1+CO2+4As8A5AB,B8)
DIMENSION T{(501+C01(50)sC02(50)+X(5035Y{50)
DOUBLE PRECISION CsDL

90T



APPENDIX E

167



aNaXakaNaNakalaXaXalakaRa¥aiaRa e NakasNaRaRaNaANaYaXanaaiakaNal

[aXANANaNaRa N aYaXaakakaXalaRaNaNalke

=

COMPUTER

EQUILIBRIUM CALCULATIONS FOR BINARY MIXTURES USING B-W-R EQUATION

lalal

SUBROUTINES
COMPCS  CALCULATES LIQUID AND VAPOR COMPOSITIONS FROM K. VALUES
CONST  CALCULATES B8WR CONSTANTS FOR THE MIXTURE IN LIGUID
AND VAPCR PHASES
EQUIL CONTRCLS EQUILIBRIUM CALCULATIONS
DENSI CALCULATES SATURATED LIGUID AND VAPOR DENSITIES
FUGAC CALCULATES LIQUID AND VAPOR FUGACITIES

VARIABLES
NCP-NUMBER OF COMPONENTS
N-NUMBER GF 1SCTHERMS
NCO-CONTROL INDEX N
C  BASIC BWR EQUATION WITH NO MODIFICATIONS TO CONSTANTS
1 TwO CONSTANTS OF COMPONENT 1 ARE TEMPERATURE DEPENDENT
2 TWO CONSTANTS OF COMPONENT 2 ARE TEMPERATURE DEPENDENT
3 TWO CONSTANTS OF BGTH COMPCNENTS ARE TEMPERATURE DEPENDENT
NTQ-CONTRGL INDEX
G BASIC BWR EQUATION WITH NO MODIFICATIQONS TO MIXING RULES
1 INTERACTION COEFFICIENT 15 ADDED TO MIXTURE RULE OF AD
IMAX-INITIAL GUESS FOR CCMPRESSIBILITY FACTOR USED TO CALCULATE
VAPOR DENSITY -
R-GAS CONSTANT ([ -ATM/G-MGLE K
TC CRITICAL TEMPERATURE
PC CRITICAL PRESSURE
DC CRITICAL DENSITY
C PURE COMPONENT CCNSTANTS FOR BWR EQUATION
JA»JB NUMBERS CORRESPONDING TO THE TWO CONSTANTS OF COMPONENT
1 THAT ARE TEMPERATURE DEPENDENT
KAsKE NUMBERS CCRRESPONDING TO THE TWO CONSTANTS GF COMPONENT
2 THAT ARE TEMPLRATURE DEPENDENT
THE CONSTANTS ARE NUMBERED AS THEY APPEAR THE EQUATIGN
TEMPERATURE. DEPENDENCE 1S OF THE FORM C=A.b5/T
CI INTERACTION COEFFICIENT FOR MODIFIED MIXTURE RULE
T TEMPERATURE+K
MO NUMBER OF MIXTURES AT TEMPERATURE T
S EQUILIBRIUM RATIO
PO CBSERVED PRESSURE
KK CONTRGCL INDEX
X LiQUID MOLE FRACTION
Y VAPOR MOLE FRACTION
CV CONSTANT FCR MIXTUR: IN VAPOR PHASE
CL CONSTANT FOR MIXTURE IN LIQUID PRASE C
DL SATURATED LIQUID DENSITY
DV SATURATED VAPOR DENSITY

la¥akaRaRaNakal

DIMENSIONS
TEMPERATURES DEGREES KELVIN
C

PROGRAM FOR BINARY MIXTURE VAPOR-LTQUID EQUILTBRIA CALCULATIONS

B e -SRI

PRESSURES READ IN AS PSIA THEN CONVERTED TG ATMe FOR CALCULATIONS
DENSITYS GRAM—MOLES/LITER
DIMENSIGN TC)3#,PC)3%aDC) 3% sC) 358%3X)3920%sY}3+20%sCVIB*9CLIB%+5)3
1920%,FY)3%,FX)3%
COMMON NCO»JA»JBsAAIABsBAIDBsKAIKEsCA+CELDAYDESNTOSCI
FORMAT)41545F 106 3%
FORMAT)BF 1043 %
FORMATISELS. B
FORMAT)F10e3s15%
FORMAT)5X9FBa293X9F6aks2XsFbets3XsFBe3s4XsF6ats2XsF6ebe3XsFBa3s3Xy
1FBebo2XsFBatitt
6 FORMATI1H1+5X9s9HPRESSURE 237X +12HLIQUID PHASE s 18X+ 1 1HVAPOR PHASE»15
IXT1IREQUILIBRIUM/ TX s 4HATMe s 7X s 13HMULE FRACTIONS3X s THDENSITY s6X g 13H
2MOLE FRACTION3XsTHDENSITY s 10Xs5HRATIO/ 24X s 2A4 92X s BHOM~MOLE/ +11X 2
3A4»2XsBHGM=MOLE /912X 32ALs/15X92A4 s 1Xs2A4 s 3XsSHLITERs&X s2A4 s 1Xs2A4 s
44X s 3HLITERs&Xs2A% s 1X s 2AL/ %
FORMAT)S5Xs8E15.8%
FORMATIGAL .
FORMATI38Xs2HT=3F 742921 K/%
FORMAT)2I554E15.8%
READI5313%CI
13 FORMATIFl0,4%
READ1548%C01»C0O2+C03+C04»CO5+C06
READ)S s 1#NCP s N NTCHNTO$ZMAX o R
WRITE}651#NCOsNTO
READI5»2#1TCIJ%* s J=1 s NCP¥
READIS52%1PC)JI*yJ=] s NCER
READIS5,2%)0C %, =1 3 NCP#
NCP=NUMBER OF COMPONENTS
R IS THE GAS CONSTANT  L-ATM/G=M{LE K .
ZMAX IS THE FIRST GUESS FOR VAPOR COMPRESSISILITY FACTOR
TC 1S CRITICAL TEMP
PC 15 CRITICAL PRESSURE
DC IS CRITICAL DENSITY
DIMENSIONS ARE TEMP,DEGREESS KELVIN
READYS533%) 1C sl sl=1,8%,J=14NCPH
IFINCOEQeU*GO TG 15
TFINCOWEC.3%GO TO 14
IFINCOEGe I ¥READ IS s 1 1% JAs JB s AAS A s EASED
TFINCOCEQo2%READ)IS 21 18KAWKE »ChsCBIDALLD
60 TO 15
14 READISI1*JA+JBsAAIAB,BASDH
READIS s L1%KA KB s CAvCH o DA 25
15 WRITEN6,T#))1CIJsLRol=148%sJ21,NCOH
N IS THE NUMBER OF ISOTRERMS
NO=N
N=1
WRITE1696%C029CC49C03+C069C03+C04+C0L2CT29C05+C069COL2CO25CO54+CO65
CO11C0Z2CO5,CT6
10 READ)IS «4#T 4MO
WRITE)6s9%T
MO IS THE NUMBER OF MIXTURES AT THIS ISCTHERM

[ R N}

=0 @~

—

PRESSHATM DENSITYsG~MOLE/LITER

—
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(=3

M=1

READ1IS5$2%)S}JsM¥ e =1 4NCP%

READ)S5+2%PO

PO=PO/14.696

KK=C .
CALL COMPOS)SsXsYsMi
C CALL CONSTIX3sYsCoNCPsSsCVsCLIMsToTCH

SIS THE FIRST K-VALUE GUESS

CV AND CL ARE CONSTANTS FOR THE MIXTURE IN VAPOR AND LIQUID PHASES
PO IS THE OBSERVED VAPOR PRESSURE

CALL EQUILIPCHTCsDCaXsYsCVaCLINCPsT4RyZMAX9CyPOsFY sFXsKCoSsM»KK DL
1,Dv* ‘
1FIKCEQe1¥#GO TO 25

WRITE}695%POsX 1 aM¥aX12sMroDL Y LaMESY I 29M* 3DV S )1 aM®3S)2 gM¥®

M=Mel . :

IFIMsLE«MO*GO TO 20

N=Nel

IFINJ.LE«NO®¥GO 7O 10

CALL EXIT

END

SUBROUTINE COMPOSISsXsYsM#

DIMENSION S13520%3X)3+20%sY33,20%

COMMON NCO»JAsJBsAAYABE s DASBE sKASKB9CAyCESDAICBINTOSCI
XELsMR=]15) 2 yMR=] o#/)S)24M*~5 ) 1 aM¥x

X12sM¥=le=X} 1o M

DO 10 J=1s2

YIS sMESX)JSMERS ) UM

RETURN

END .

SUBROUTINE CONSTIXsYsCoNCPsSsCVaCLIMsT,,TCH*

DIMENSION X13520%9Y)3420%#,C13+8%,513520%,CL)B*sCV]IB*,TC)3#

COMMON NCOsJA»JBsAASABIBAIBBIKAIKBICASCEsDADBINTOSCI
IFINCO+EQeU*GO TO 5
IFINCOEQe %GO TQ 3
IFINCO«EQ.2%GO TO 4
IF)TaGT«TC)1%#%G0 TO
CllsJA®=AALAB/T
Ci11sJB*=BALBB/T
IF1TeGT«TC}12¥%G0O TO 5
CY2sKA¥=CALCB/T

C12yKB*=DADB/T

GO TO 5

IF}T«GT+TCH1*%GO TO 5
CilsJAR=AALAB/T .

Cr1s0B%=pABB/T

GO TO 5

IF1TaGT«TCI2%%GO TO 5
CI29KA#=CALCB/T

C)2sKB*=DAW+DB/T

DO 10 L=1,8

CLiL*=0e

CVIL#=0.

D0 50 J=1sNCP
CLYI#=CL)1%eX)JoM*%C)Js1%
CVI1#=CV)1%aY ) oMuERC) Syl

DO 3C L=2y3
CLIL®=CLIL® X} o MERC) JyL¥¥%,S
J CVILESCVILFeY IS yMERC) Uyl B2k ,5

DO 40 L=4,7
CLIL#=CLIL®aX I JoMEFC ) Jgtl )], /3%
CVIL*=CVIL¥oY) JoM¥¥C ) Sy ¥¥% )] 4/30%
CLIBH=CL)IB# e X)) sMERCI I 82%%,5
CVIBRF=CVIBH*aY ) J yMERXC ) Uy BHtstR,5

N

DO 6C L=2,3
CLIL#=CL)L#®#2
60 CVIL#*=CVIL#*"D
DO 70 L=4s7
CLIL#=CL)L**%3
7O CVIL*=Cy)La4*3
CLIB*=CL)B*%%2
80 CV)8%=CV)gH#s2
IFINTO.EQeO*GO TO 90
CLI2#=X) 1o MU#R2HC) 192K oX )29 MkRR2HCIZ 9 2% 022 %X ) 1 s M*%X 12, M*¥*SQRTIC) Ly
12%%C) 2428 %xC]
CVI2H=Y ) L yM*HE2HC) 19 2% oY ] 2o M_RH2HC 129 2% e 2oY ) 1 oM %Y )2y M*xSQRTIC 1o
12%%C) 2, 2%%%C1
90 CONTINUE
RETURN
END
SUBROUTINE EQUILIPCsTCsDCsXsYsCVsCLsNCPyToRsZMAXsCsPOSFY sFXsKCsS oM
LsKKsDL bV
DIMENSION PC)I3%,TC)3%,DC)3%sX)3920%sY13,20%5CVI8%sCLIB*3CI308%yFX)
13%,FY)3%,5)3,20%
COMMON NCOs JAsJBsAASAB s 5A,BBsKAsKEsCA»ChaDAIDBINTO,CI
KK=KKo1
KC=C
1FIKK<GT o 1#D=DL
IFIKKsGT«1%GO TO 20
PCR=0a
TCR=0.
DCR=0,
DO 10 J=1,NCP
PCR=PCReX)JsMEHPC}J%
TCRSTCReX)JsME#TC) I
10 DCR=DCReX)JsM*%DC) % .
PSEUDOCRITICAL CONSTANTS USED TO ESTIMATE LIQUID DENSITY
TR=T/TCR .
15 D6DCR¥}1aelo75%1AGS) 1 omTR**¥%) 10/ 30%esT5%) ] o~TRES
17 DD=D
20 CALL DENSI)POsDsTsRsGLslal,PL¥
DL=D
1F )KKoGT e 1%D=0V
IFIKKaGTa1%GO TO 30
Z=2MAX
D=PO/ ) Z#R*T*
30 CALL DENSIIPOsDsTsRsCVye99,PVH
Dv=D
IF)ABS)DL=DV#*—,1%35,35,40
35 KK=1
D=1.2%DD
GO TO 17
4C DO 50 J=1sNCP
CALL FUGACIDLSR»TsCLsCydyFOX sMaX
FUGAC CALCULATES F/X
CALL FUGACIDVsR+TsCVsCsJsFOYsMsYH
FX)J#=X1UsM¥#FOX
FY)J%=Y ), M¥RFOY
50 IFJABSIFX)J%=FY) J#%=000204GT+00s*KC=1
IF1KC<EQe0*GO TO 80
DO 60 J=1sNCP
60 S)JaMESIFX)JR/X) JoM*H/VFY) IR/ Yo MER
8C RETURN
END
SUBROUTINE DENSIIPOsDsTsRsCrh P
DIMENSION C)8%
COMMON NCOsJAs JBsAAsABBABBIKAIKBsCAsCBsDASDBINTOSCI

60T
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10 PER®THDW)CY I#¥RET=CIZ¥=C) 30/ THAZRALIHD o) () 4*#RUT =
1)6%%0R%64) ) THRDER3/THsZEH) 1o oC) GRADRIZFLEXD)~0) 5
IF)ABS) JPO~P*/P0O%=40UL#50,50+2C
NEWTON RAPHSON ITERATION IS USED TO CONVERGE ON A L14
2G FD=P-FO
FPD=R*T 424 %) C) 1¥¥RET~C)2¥—C 3%/ THR2EXD 3ok} CIARNRET~C) GHRRDERZ 4O ¥
TCES#XCIEXHDR*G ) C)TREDEHD/THHDHR ) 2003 HC) GERDHH2~2 (K ) GHAHZHDFULH%
2EXP)~C)EN*DRED N
FPD 1S THE DERIVATIVE OF BWR EON WITH RESPECT TG DENSITY
IF)FPD#30+30+40
30 D=A¥D
G0 TO 10
40 D=D~FD/FPD
G0 T0 10
5S¢ RETURN
END )
SUBROUTINE FUGACIDsRsTsCLsCaJdsFOX sMsX¥
DIMENSION CLIB%sC)39B%sX)3+20%
COMMON NCOsJAsJBsAAsABSBA,BBsKASK3+CAsCE,DAsDBINTOLC]
IFINTG.EQ.0%GO TO 10
TF)USEQe1#BB=) JCL)1%aC) o LusxRET =203 )X ) JsM¥ ¥} Dp2% X ) 2 MxXSGRTICIJ
19 2#5C 129 25401 #=24 %1 CL)BHRC) Jp 3HHNH L5/ TRE2HRD
IFIJaEQe2¥BB=) 1CLILH Q) Js L¥R¥R¥IT=Zo® )X ) JsMIHC)Jy 2% e X Lo M¥aSGRTIC) Y
To2¥#C) Lo 2uu*C [ ¥=2. %) CLIBRHC ) Js I H#% o5/ THR2¥XD
G0 TG 20 o
10 Bb=))CL) L#aC)Js L¥HURNT=Z o ¥ (L) 2%#C ) J 2% ¥Hu,5-24% ) CL ) 3%%C ) Js 302, 5
L/Tes28%D
20 CC=1a5%)JCLIGRRU2HC) Joa®Rux) 1, /3o RRET=)CLIS#RE2HC )y 5hERR) [,/ 3, 0%
1HDER2
DD=e6®)CLIBHR)CLIEHHNRC) S5 6X%UR ) 10/ 30%CLIGHY ) CL) SHIUZHC ) JpGHuks)
11./3,#2%Dx25
EE=)3.%D%¥2/THu2%%)CL ) THHU2RC) JoTHE¥H) 10/ 30%%) ) am EXP)-CLIGHHD*%2
1%%#/)CL)BXADRH2 ¥~ (BHHEXP ) ~CL)BHEEDH X2 #*
FFa—)24%CL) TR¥DHH2 /TH®2¥#)C)JsGR/CL)BR¥ XN 5%) )14~ EXP)=CL)BHRDIADH
1%/)CL)B*D#% 2%~ EXP)~CL)BEND##2%— J5*CL)BAADRHIXEXP) =CL ) GHADRMD*%
FOX=R¥DHTHEXP) 1BBoCCoDDaEESFF# /) RETH
RETURN
END
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APPENDIX F
NOMENCLATURE

BWR equation parameter

constant in linear function of BWR parameter
BWR equation parameter

residual work content-

BWR equation parameter

constant in linear function of BWR parameter
BWR equation parameter

second virial coefficient

BWR equation parameter

BWR equation parameter

third virial coefficient

fugacity

general BWR parameter

phase equilibrium ratio of component i

moles of compconent i

total number of moles

pressure, atn.

critical pressure

universal gas constant

absolute temperature

critical temperature

112
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Tr = reduced temperature
v = volume, liters/gm-mole
Vo = critical volume
vY = saturated liguid volume
vV 2 saturated vapor volume
X4 2 liquid mole fraction of component i
Vi = vapor mole fraction of component 1
7 2 compressibility factor
Greek Symbols
X S BWR equation parameter
¥ = BWR equation parameter
@ g molar density, gm-mole/liter
c 2 critical density
I = saturated liguid density
v 2 saturated vapor density
& 2 emplrical interaction coefficient in modified mixing rule of Ay
Abbreviations
atm = atmospheres
BWR 2 Benedict=Webb=Rubin
calc S calculated value
exp ~ experimental values
gm=mole = gram molecular weight
obs = observed value

4]

sia ounds per square inch absoclute
b
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