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PREFACE

The effect of pressure on the mixture enthalpy and the partial
enthalpies of methane binary systems is studied. The effect of
pressure on the enthalpies is calculated by using experimental
pressuredvolumewtemperaturemcomposition data and by using an equation
of state. General correlations for the effect of pressure on the
mixture enthalpy of methane binaries and the effect of pressure on
the partial enthalpy of methane in binary systems are presented.

The advice and guidance given by Professor Wayne C. Edmister is
greatly appreciated. The author thanks the Computing Center and the
School of Chemical Engineering at Oklahoma State University.' Apprec-
iation is expressed to the Aluminum Company of America for the
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CHAPTER I
INTRODUCTION

Mixture enthalgy data are of utmost importance for the accurate de-
sign of process equipment. Inaccurate enthalpy data could lead to an
"underdesign® or M"overdesign® of the equipment. The "underdesigned"
equipment would cause the operating costs to be higher than expected
because the expected output could not be met. The "overdesignedﬁ
equipment would cause the equipment costs to be higher than necessary
thus hurting the economics of the process.

There are very few mixture enthalpy data or partial enthalpy data
for mixture components in the vapor phase. However, there are limited
enthalpy data for four methane binary systems. Some partial enthalpies
for the methane ~ ethane, methane - n~butane and methane ~ n-pentane
binaries have been calculated by Sage and Lacey (15). Sage and Lacey
processed experimental pressure-volume~temperature-composition (FVTx)
data by graphical methods to obtain the effect of pressure on the
partial enthalpies of the components. Some partial enthalpies have
been calculated for the methane -~ propane binary system by using experi-
mental Joule~Thomson coefficients (1). None of the calculated partial
gnthalpy data covers the complete composition range of the binaries.

| The effect of pressure on the mixture enthalpy and the partial
enthalpies of the components in a mixture can also be calculated by

using an eguation of state. This approach has been used by several



investigators (2,8,11,19,20) to caiculate the vapor phase enthalpy of
light hydrocarbon mixtures. The form of the equation of state used to
calculate mixture enthalples and partial enthalpies can be programmed
on a digital computer. Fast and numerically accurate calculations are
the advantage of this method. However, the equation of state fits the
data with a somewhat pre-~shaped curve. Hence any error in the equation
of state enters into the calculated enthalpy value. The graphical
treatment using the experimental data works with curves that fit the
data,

The system studied primarily in this work is the wmethane = propane
binary. The effect of pressure on the mixture enthalpy and the partial
enthalpies of methane and propane in the superheated vapor region were
calculated from PVTx data by graphical methods., Using the enthalpy data
from this binary and the other methane binaries, correlations were de-
veloped for the mixture enthalpy and the partial enthaipy of methane in
the different solvents. The mixture enthalpy and the partial enthalpy.
of methane were correlated as functions of the pseudo reduced tempera-
ture, pseudo reduced pressure and a pseudo acentric factor,

Mixture enthalpies and partial enthalpies of light hydrocarbons for
binary mixtures in the superheated vapor region were calculated using
the Redlich-Kwong equation of state., This equation has been programmed
for use on the IBM 650 digital computer (7). The superheated vapor
enthalpy values calculated using the Redlich-Kwong equation of state
were compared with enthalpies calculated by the Benedict-Webb-Rubin
equation of state (10,11), Sage and Lacey (15), Edmister's generalized
correlation (6) extended to mixtures by the pseudo critical concept and

this work. The Redlich-Kwong equation of state was also used to



calculate some saturated vapor enthalpies for binary mixtures, although
the equation was meant to be applied only to superheated vapor. These
saturated vapor enthalpies were compared with enthalpies calculated by
the Benedict=Webb-Rubin equation (19,20) and Edmister's generalized

correlation.



CHAPTER II
METHANE - PROPANE BINARY CALCULATIONS
Data Used in Calculations

PVTx data used in calculating the effect of pressure on mixture
enthalpy and partial enthalpies of the methane =~ propane system in the
superheated vapor region were obtained from Sage and Lacey (15). Sage
and lacey do not estimate the variation in the smoothed PVTx data that
they present. However, an estimate based on variations in PVTx data
that they report for other binaries (16,17) gives a variation in the
PVTx data for the methane = propane system of 0.2 to 0.3%.

Eﬁthalpy data for superheated methane and propane are presented by
Sage and Lacey (15). The effect of pressure on the enthalpy of the pure
components was calculated from PVT data. Sage and Lacey estimate the
isothermal variations in enthalpy for propane as 0.8% and the variations
in the enthalpy of methane as 1.5%.

Some limited partial enthalpy data on the methane - propane binary
system are available (1). These partial enthalpies were calculated from
heat capacities and experimental Joule~Thomson coefficient data for the
mixture, The mixture heat capacities were calculated as a function of
state starting with the ideal gas state heat capacitiés of methane and
propane. The calculated partial enthalpies of methane and propane were

tabulated at 0.40, 0.60 and 0.80 weight fraction methane. These partial



enthalpies were not used in the ealculations, but were used to compare

the two methods of obtaining enthalpy data.
Derivation of Equations
For a closed system, the First Law of Thermodynamics is
du = o1'Q + o'W (1)
where AU is the change in internal energy of a system with units of

energy/mole, which is an intensive property.

6'Q is an infinitesimal quantity of heat put into the system,
energy/mole.

S'W is an infinitesimal amount of work done on the system,
energy/mole.

Internal energy is a property of the system. This means that the value
of U is fixed by the state of the system and is a point function. How-
ever, the work and heat terms are not properties of the system and are
not perfect differentials., This is indicated by the &' to show the
infinitesimal change.

When pressure is the only force acting on the system, only
pressure-volume work is considered, For a reversible process, &'W= =PdV

and
dU = 6'Q = Pav (2)

where P 1s the absolute pressure of the system.

V is the volume of the system, volume/mole.
For a reversible process, the Second Law of Thermodynamics is

as = 6'Q/T (3)



where S is the entropy of the system, energy/degree-mole.

T is the absolute temperature.

The combined statement of the First and Second Laws for a2 reversible

process is
dU = TdS -~ PdV (L)
The enthalpy per mole of the system is H= U + PV, or
dH = dU + PAV + VdP (5)
Substituting equation L into equation 5 gives
dH = TdS + VAP (6)
The Gibbs free energy per mole of a system is G= H - TS, or
dG = dH - TdS ~ 54T (7)
Substituting equation 6 into equation 7 gives
dG = VdP - SdT (8)

Since the Gibbs free energy is a property of the system it is an exact

differential,

aG =(—g%)PdT + (%—%)TdP (9)

or
- = oG VvV = 6G)
S Gﬁaf) and (3? .

It follows that



, 2 2
&) _ 8¢ &\ _ &
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For a function f£f of two variables, if the partial derivative of the
function with respect to one variable, Dl(f), and the partial derivative
of the function with respect to the other variable, Dg(f), exist and are
continuous and if the second partial derivative Dl,2(f) exists and is
continuous, then Dl,Z(f) = D2,1(f)' In a one phase region the thermo-

dynamic quantities meet these specifications (5), therefore

(&), = - (&), (o)

By taking the partial derivative of equation 6 with respect to pressure

the following equation is obtained.

‘6H) (és) ,
=] =Tl +V (11)
(éP T oP T
Substituting equation 10 into equation 11,
6H) <6v>
(& T 3T/ 5

Equation 12 was derived for a closed system. Since no matter can
flow into or out of a closed system, equation 12 is true only at con-
sﬁant composition. This constant composition will be indicated by the
subscript y. The symbol y is the mole fraction of a component in the
vépor phase.

The residual volume o« is defined as

ox == 7 (13)



Thus
&V R (6a)
=35 = (1L)
(ﬁ)P,y P- )5,
§ubstituting equations 13 and 1 into equation 12 gives
6H) (RT [R (féoc
= |[== = w Tloz = X (15)
(Ef T,y F ) _ F T )P,y
or
§ T T(ég)
)  _ (BT P~ " \Wl/py| -
(6P)T = (P - oc) 1 - =7 I =v(1 - o) (16)
sy -«

letting © be defined by equation 16.

The partial molal enthalpy of componenf i is defined as

T - SH!
i (E)T,P,nj (3 # 1) (17)

where H is the partial molal enthalpy of component i with units of
energy/mole, which is an intensive property.

H' is the total enthalpy of the system with units of energy,
which is an extensive property.

n; is the moles of component i.

For a general change in enthalpy for a binary mixture (components 1 and

2),

‘éHv> (6}1 '> (6H '> (éﬁv)
dH'=(—-' ar + (g5 aP + (3= dng + (== dn 18
| T Jpn SP Jp,n T, Pymy L \OR2)p p g 2 (_ )

2

which at constant temperature and pressure reduces to
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dn, + (—f— d 19
1 6n2)T,P, K (1)

Consider a total enthalpy H' in 2 mixture of ny moles of component
1 and n, moles of component 2. The ratio of component 1 to component 2

Ts nl/nz. Allow both n, and n, to increase (decrease) to ny +nAn1 and

ng + Any, but require that (ng +Anl)/(n2.+An2) = ny/ny. Under these

éonditions H' will be increased (decreased) to H!' + AH!', where

(H" +AHY)/HY = (ng +1Anl)/nl, since H' is an extensive property or is

ﬁomogeneous to the first degree in Nys Noe However, both.ﬁl and ﬁZ

will remain constant as the number of moles are increased (decreased)
because they are intensive properties or are functions of Ny, T, to the
zero degree. This means that the partial enthalpy of a component is

independent of the mass but is dependent on the mass ratios or composi-

tion, Thus one may write

1
|

where dg is the increase (decrease) of Ny Dy and H?t.

%ubstituting the aboﬁe into equation 19 gives

i

H'dE = Hynqdt + Hpnydg (20)

Dividing both sides of equation 20 by de leaves the expression

H' = anl + n2H

i, (21)

To make equation 21 consistent with equations 1 through 16, the
extensive property H!' must be changed to an intensive property. This

¢an be done by dividing equation 21 by the total number of moles in the
| .
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éystem, Nie Since H‘/nt = H and ni/nt =75 for a vapor mixture,

équations 19 and 21 become

dH = Hydy; + Hydy, (22)
gnd

H= ylﬁl + yoll, (23)

The two mole fractions vy and v, are not independent since ¥yt Yy = 1

and dyl = - dy2, Substituting this into equation 22 gives
i = (H; - H,)dy; (2L)

In equation 2l dyl is independent, thus
SH ) - -
(—-—-— =f, - § (25)
1 2
%1 T,P

Substituting yo =1~ e into equation 23 gives the expression

Equation 25 can be substituted into equation 26 giving

R=T,+ yl(g-yflz)T ] (27)

or, by rearranging equation 27

% sE e, @

;From equation 25
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\
| ﬁé = ﬁl _(%gijT’p (29)

Eliminating H2 between equation 29 and equation 28 gives

. NG
H =H+ (1 yl)(a§:>T,P (30)

|
ﬂquations 28 and 30 are useful in that partial enthalpies may be evalu~
éted without using the definition given by equation 17.

Another useful equation c¢an be obtained by differentiating equation

26 with respect to ¥y holding T and P constant.

(%I)T,p =H -+ Yl('g—bﬁ,‘l')T’P + (1 =7y9) (%%T,P (31)

;ubstituting equations 28 and 30 into equation 31 gives

(%I)T’P =H+(1-y) (%;)T,P - yl(%%)T,P

+ yl(%)T,P +(1-y) (%%)T,P (32)
dr
,yl(% et O - yl’(%i%,p =0 (33)
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Calculation of Mixture Enthalpy

Sage and Lacey (15) tabulate smoothed values of the compressibility
factor z and volume in the superheated vapor region for the methane -
ﬁropane binary. The tabulations are for nine equally spaced mole frac-
ﬁions between pure methane and pure propane. The temperature ranges
from 100 to LOOCF at 60° intervals. The pressure range for the tabu-
lation varies from 200 to 10,000 psia. However, the pressure range used
in this work is 200 to 2000 psia. The PVTx values used in this work are
tabulated in Table XIII, Appendix B.

The compressibility data was used to calculate values of the resid-
ual volume o¢ . This residual quantity was suggested by Deming and Shupe
(4) as a correction term to the ideal gas volume. The calculated values
:f o« were plotted against temperature with a pressure parameter at each
aole fraction. & smooth curve was drawn through the points in prepara—.
?ﬁon for numerical differentiation as shown in Figure l. The residual
vblume was used for numerical differentiation since an error in the
slope of an C=curve at any point will introduce much smaller errors
into the derivatives of V. This is evident from equation 1. A 1%
e?ror in (cSczl;/éT)P,y may mean only a few hundredths of 1% error in
(6V/6T)P,y since (cSa;/éT)P,y enters as a correction term to the slope

of an ideal gas just as o is a correction term to RT/P.

The slope of the tangent to the a-curve (Figure 1) was calculated
by numerical differentiation at 60°F intervals between 100 and L6O°F for
each isobar on the constant composition plots. Three numerical differ-
entiation equaticns were necessary. A forward differences equation was
required for the temperatures on the left terminal of the isobars in

Figure 1. The left terminal is 100°F for the 200, 40O and 600 psia
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isobars and 160°F for the 800, 1000, 1250, 1500, 1750 and 2000 psia
isobars. A backward differences equation was required for the tempera-
ture on the right terminal of the isebars, LOOOF in Figure 1. One
'equation‘was used for the temperatures between the two terminal tempera-
tures. The eQuations used are shown below with the approximate error
functions for each equation (18).

Forward Differences

(5CCQ> 1 1 630(:
— = g=(- 3¢y + Loy - @ y) e=—h2< O) 3l
8T Jp,, 2h 0 1 2 3 (34)
P,y
Backward Differences
6oc2> 1 L2 Sy
9%2) = g(axg - hooq + 3ocy) e = 32 (35)
3T P,y 2h\-0 1 2 3 '353‘ P,y
Interior Temperatures
) N S 60 2 Iy
3
5 b
- b (‘5 °C2) (36)
° T T ' Py

where h is the distance between equally spaced temperatures on the
abscissa.

o« ; is the residual volume for temperature i of the abscissa.

The calculated values of (da:/éT)P,y were used to calculate the
dimensionless © of equation 16, © was plotted against pressure with a
temperature parameter for the nine equally spaced mole fractions as
shcwn in Figure 2. This plot was used to smooth the partial derivatives

at low pressure since € approaches unity as pressure approaches zero.
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B4

Lim |F 3T )p ,‘ |
P-s0 B oY= 1, since T(—g—%—)? ~and o become small as P+ 0O
' o

F -«

The smoothed values of © were used to calculate the pressure
correction to the ideal gés enthalpy of the binary mixture at each mole

fraction by integrating equation 16,

P P
AH=(HP-HO)T =j dH=JV(l-Q)dP (37)
o P=0 0
The integral was evaluated by plotting V(1 - 8) against pressure with a

temperature parameter at each mole fraction as shown in Figure 3. A
smooth curve was drawn through the points and was extrapolated to zero
pressure. The pressure correction to the ideal gas enthalpy at a given
pressure and temperature was found by graphical integration using an Ott
planimeter. The area under the given isotherm from zero pressure to the
given pressure determined the value of the pressure correction to the
ideal gas enthalpy.

The pressure correction to the ideal gas state enthalpy is tabu-
lated in Table I. The temperature range is 100 to LO6O®F and the pres-
sure range is 200 to 2000 psia for each of the nine equally spaced mole
fractions between the pure components. The tabulated values have been
smoothed by plotting the enthalpy difference from an ideal gas, AH,
against composition with a temperature parameter for each pressure as
shéwn in Figure L. The terminal points of the isotherms, O and 1.0 mole
fraction methane, were drawn to the pure component propane and methane
enthalpy differences, respectively. This method gives mixture enthalpy

differences that are consistent with available pure component data.
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Calculation of Partial Enthalpies

The effect of pressure on the partial enthalpies of methane and
propane in the binary mixture were calculated by equations 30 and 28,
respectively. In these equations the enthalpy difierence from an ideal
gas, AH, was substituted for the enthalpy H. Using the substituted form
of the equation, the partial molal enthalpy difference from an ideal
gas, AHy = ('ﬁz - Hg)T,y’ is obtained. The slope of the tangent,
(6AH/6y1)T’P, (let subscript 1 refer to methane and 2 refer to propane)
to the smooth curves as shown in Figure L was obtained by numerical
differentiation. Equation 36 was used to obtain the slope at each
equally spaced mole fraction over the temperature range 100 to L60°F
and the pressure range 200 to 2000 psia.

The partial derivative (dAH/cSyl)T’P was smoothed by plotting
against composition using the following method. From equations 28 and

30 it follows that

AR, % (GAH)
etewd - IA_._ ailTP (38)
and
* (6&}1)
af G- W&, (39)
AH AH

However, as bEY approaches zero the right side of equation 38 approaches

unity

\ 3 (6AH)
i [1 3 ._1_____6)'_1._'1.'.12:| =g (L0)
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and as yl’approaches unity the right side of equation 39 approaches

unity.

(L1)

( N 6AH)
Lim - Y1 ‘Syl T’Pji -1
y1—* AH

Thus the right side of equation 38 was used to smooth the partial deriv-
ative at mole fractions of methane from 0.50 to 0.10. The right side of
equation 39 was used to smooth the partial derivative at mole fractions
of methane from 0.50 to 0.90. These curves are shown in Figures 5 and
6. The values obtained from the two plots at 0.50 mole fraction methane
for a given temperature and pressure were equal or very nearly equal,

In the cases where a difference between the two values existed, the
average of the values was used.

Since a second partial derivative of the volumetric data was re-
quired to obtain partial enthalpies, more smoothing was done to assure
that no large deviations existed. The partial enthalpy difference from
an ideal gas, z&ﬁi, was plotted against pressure with a temperature.
parameter at each equally spaced mole fraction for each component. At
Zero pressure zﬁﬁi = O since the partial enthalpy of a component in an

attenuated gaseous mixture is equal to the enthalpy of the pure sub-
’ )

A

istance in the same state. Therefore the partial enthalpy difference of
each component can be drawn to zero at zero pressure as shown in Figures
7 and 8. This facilitates smoothing at low pressures. These smoothed
values of z&ﬁi were plotted against temperature for further smoothing.
In this smoothing plot a mole fraction methane parameter was used for
each pressure as shown in Figures 9 and 10. The final smoothed values

for methane and propane are tabulated in Table I.
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Accuracy of Mixture Enthalpy Values

The accuracy of the mixture enthalpy values is limited by the
errors in the original data, errors introduced in calculating the
partial derivative, errors in smoothing the data and errors in graphical
integratien. The error introduced in calculating the partial derivative
- can be estimated by the error functions of the equations used.

At a constant temperature and pressufe the slope of the residual
volume versus temperature curve decreases as the composition of methane
in the binary increases. The errors introduced in using equations 3k,
35 and 36 were calculated for each equation at different compositions.
This gave the per cent error that each numerical differentiation equa-
tion would introduce in the right side of equation 37 at different
values of (6a:/éT)P,y. The errors calculated using the error functions
were averaged arithmetically for each equation used to obtain the par-
tial derivative. The average error introduced by using the forward
differences equation was 2.33%. The average error inherent in the back-
ward differences equation was 3.68%. The eguation used for the interior
temperatures introduced an average error of 1.02%.

The equation used to obtain the partial derivative for the interior
temperatures is a more accurate equation than the equations used for the
terminal temperatures. This is evident since more terms are used in
this equation and points are taken on both sides of the point at which
the slope is calculated. The backward differences equation was used in
a region of smaller slope than was the forward differences equation as
ceﬁ be seen in Figure 1. This difference in slope caused the difference

in error for the forward and backward difference eguatiouns.



28

The errors introduced by smoothing and by graphical integration
were assumed to be neglig:’Lble° The smoothing plot was used to reduce
efrors and to make the data conform to theoretical considerations at
zero pressure. <The graphical integration using the Ott planimeter was
performed twice for each area. The two tracings were done using dif-
ferent but symmetrically opposed positions of the planimeter. The mean
value of the two areas was used as the correct area. This method com-
pensates for any mechanical errors introduced by using the planimeter.

| Values of the mixture enthalpy difference were calculated at 492
separate combinations of temperature, pressure and composition. The

deviation of each calculated value from the smoothed value of the en-

thalpy difference was calculated by the formula

AHgnoothed = AHealculated
deviation = 100 L2
? AHgmoothed (h2)

0f the 492 calculated values,'238 were positive deviations, 52 had no
deviation and 202 were negative deviations from the smoothed values.
The average positive deviation was 1.60% and the average negative
deviation was 1.86%.

The deviation defined by equation 42 was compared with the error of
the original data and the errors introduced in taking the partial deriv-
atives in the following way. Of the L92 calculated partial derivatives,
330 were calculated using equation 36 while equations 3L and 35 each
were used to calculate 8l partial derivatives. The fraction of partial
derivatives calculated using equation 36 was 0.670 and the fraction for
equations 3L and 35 was 0.165 for each. The overall average error in-

troduced by the numerical differentiation equations was assumed to be
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the sum of the fraction of partial derivatives taken by each equation
times the average error calculated for that eguation. Then the overall

average error introduced by the numerical differentiation equations is
0.670(1.02%) + 0.165(2.33% + 3.68%) = 1.68%

The overall average error of the calculated mixture enthalpy difference
should be the error of the original data plus the average error intro-
duced in the numerical differentiation. A value of 0.2 to 0.3% for the
variation of the original data would give an overall average error in
the calculated mixture enthalpy difference of 1.9 to 2.0%. The average
deviation of the calculated mixture enthalpy difference from the smooth
curve is within this error. The difference between the two deviations

probably is due to smoothing the parﬁial derivatives.
Accuracy of Partial Enthalpy Values

The accuracy of the partial enmthalpy difference is less than that
of the mixture enthalpy difference, This is evident since a numerical
differentiation of the mixture enthalpy difference is required to obtain
the partial enthalpy difference. Equation 36 was used to calculate the
partial derivative (61&H/6yl)T,P from curves of the type shown in Figure
L. The error function was used to calculate the error introduced in the
partial derivatives by using equation 36.

To obtain the average error introduced by equation 36, the error in
the partial derivative was calculated at several points. The points
were selected so the error was calculated for large values, small values
and intermediate values of the partial derivative. The arithmetic aver-

age error in the partial derivative was 0.81%, which was assumed to be
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the average error introduced by using equation 36. The overall average
érror of the partial derivative (61§H/dyl)T’P should be the sum of the
error of the mixture enthalpy difference and the error introduced in the
paftial derivative. This Would give an overall average error between
2.5 and 3.0%.

For the methane - propane binary, the mixture enthalpy difference
was always a negative quantity. The partial derivative (dzkH/dyl)T,P
was always a positive quantity. Thus from equation 30 the partial en-
thalpy difference of methane is a difference between two numbers. The
partial enthalpy difference of methane is positive for low concentra-
tions of methane and negative for high concentrations of methane at a
given temperature and pressure. This means that for a given composition
range, usually 0.40 to 0.70 mole fraction methane, the partial enthalpy
di%ference of methane is a small difference between two large numbers,
in this case a per cent deviation could be a large number while the
humerical deviation could be small relative to the deviation at a lower
or higher composition. For this reason a per cent error in the partial
enthalpy difference values of methane-is not given. Due to the three
smoothing plots, the average deviation of the partial enthalpy differ-
ence of methane probably does not exceed 20 Btu/lb mole except near the
two phase region or at low mole fractions of methane (0.10 or 0.20).

The partial enthalpy difference of propane is the sum of two nega-
tive quantities. The average error in the partial enthalpy difference
1 $f propane should be the sum of the overall average errors of the mix~-
ture enthalpy difference and the partial derivative (6Z&H/6yl)T,P, or
Eetween )i and 5%. The deviation of the calculated partial enthalpy

‘difference of propane from the final smoothed values was calculated by
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AHgmoothed = AHealculated
AHsmoothed

100 (L3)

% deviation =

The partial enthalpy difference of propane was calculated at L88 dif-
férent combinations of temperature, pressure and composition. There
were 181 negative deviations, 26 points had no deviation and 281 had
positive deviations from the smoothed values. The average negative
deviation was 2.21% and the average positive deviation was 2.68%. The
difference between the deviation calculated by equation L3 and the pre-
dicted deviation is undoubtedly due to the smoothing of the mixture
enthalpy difference before the partial derivative (613H/6y1)T,P was
taken,

The comsistency of the smoothed partial enthalpies was checked
using equation 33, The smoothed partial enthalpy differences were
plotted against mole fraction methane with a temperature parameter for
each pressure as shown in Figures 1l and 12. Equation 33 was rearranged

to the following form

(SAE:L
%y )T P
——2Df-1-7 ()

and was applied to these curves at 0.50 mole fraction methane. The
slope of the tangent to the methane and propane partial enthalpy dif-
ference curves was calculated by numerical differentiation. This
calculation was performed for several temperatures at each of the nine
pressures used in this work.

At 0.50 mole fraction the ratio of the partial derivatives would
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be unity for consistent partial enthalpies. The average ratic of the

éh points tested was 1,03. This test is very critical for the partial
einthalpy difference of methane. In this composition region the partial
enthalpy difference of methane is a small difference between two rela-

tively large numbers.,
Results

The final smoothed values of the mixture enthalpy difference and
the partial enthalpy differences of methane and propane are tabulated in
Table I. To obtain the absolute value of the mixture enthalpy above the
base temperature at a given temperature, pressure and composition, the
ideal gas enthalpy of the mixture at the given temperature must be added

to the mixture enthalpy difference.
— (uF _ w0 + (19 - 10
= (8 -0, + (8 - B, (45)
where Tb is the base temperature for the ideal gas enthalpies.

The absolute value of the partial enthalpy of a component above the base
temperature at a given condition (temperature, pressure and composition)
may be obtained by adding the ideal gas enthalpy of the component at the

given temperature to the partial enthalpy difference.
7w _ (%P 0 0 0
By = (B - H))p o + (H) - BQ )y (46)

A consistent compilation of ideal gas enthalpies for hydrocarbons is
given by Rossini (1L). The data in Table I used with the compilations
of Rossini give absolute values of mixture enthalpy and partial en~

thalpies that may be used in both chemical and physical equilibrium
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calculations.

The comparison of the partial enthalpy differences calculated in
this work with the partial enthalpy differences calculated from experi~
mental Joule-Thomson coefficients and calculated heat capacities is
Shown in Table II. Table III is a comparison of the enthalpy difference
for pure methane that was used in this work and the enthalpy difference
calculated from Joule-Thomson coefficients and heat capacities (1).
Table III is added only for convenience in comparing the two methods of

obtaining enthalpy data.



ENTHALPY DIFFERENCES FOR METHANE - PROPANE BINARY

yﬁ AH A Hl
________ 200 psia
0.10 ~770 L50
0.20 -6L5 356
0.30 ~527 262
0.10 -119 169
0.50 -328 86
0.60 ~252 6
0.70 -193 =33
0.80 -1LhL -52
0.90 -107 =73
SN 800 psia
0.70 -918 -3
0.80 -652 -203
0.90 -L467 =297
——mm——— 1500 psia
0.80 ~1267 =162
0.90 -925 ~61]
# Component 1 is Methane

Ay 00t . e e e

TABLE I

(Btu/1b mole)

100°F
———————— LOO psia —=——mm—m
-685 280 -1843
-5L8 33 -1L460
~118 =52 -1258
=300 ~10L -1062
-216 ~1L5 -8L5
------- 1000 psia =—=———=—
-1188 LO -Los55
=834 ~273 ~-31L6.
-596 -378 -2L97
——————— 1750 psia ~——mwmm—
~-1L6kL =534 -5180
-1090 ~-736 -L278

AH AHl
~mee—e— 600 psia
-886 133
~656 =36
=471 -153
~3L2 =217
————— -= 1250 psia

-105L -378
-757 -Lol
——m—m—ee= 2000 psia

-16L2 ~-686
~-1243 -836

1 of 7
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~ TABLE I (Continued) 2 of 7

160°F

AH AHy AH, AH AHy AHp AH AH, AHy
SRR -Ty o J ' 3 - S — e |00 psia ———mmem e 600 psia =————m—m
-521 196 -599 ~1356 1535 =1677

-451 143 -595 ~1072 913 -1568

-383 99 ~583 -856 507 i ~145h 112 -2716
-320 66 -560 -680 267 -1293 -1112 - 717 2262
~263 2l ~53L -5L0 100 -1173 ~847 253 -2157
-211 ~17 -503 -L30 -15 -1047 -658 1 -1678
~166 -10 -L55 -335 ~72 ~932 ~512 -95 ~1457
-126 -56 -392 -254 -112 -803 -392 -162 -1248

-9l -66 -335 ~189 -137 -68L -295 =207 -1068
S 800 psia =—————m ——ieeem 1000 psia =——mm——  ee—eeee 1250 psia =~————
-16)2 2131 -4158 ~=2277 5157 ~5790 -3015 LoL6 -7565
-1183 553 -2919 -1519 983 -4073 ~-208) 1606 5776
-900 T7 ~2380 -1137 194 -3163 -1.82 363 -4235
-693 -122 -2007 -879 ~157 -2557 -1120 ~196 -3277
=528 ~220 -1735 671 -283 -221) nn -353 -2776
-396 =271 -1433 -501- ~-337 -1878 -626 -L26 ~2317
------- 1500 psia ——=m——= ——emmm= 1750 psia =m——m——— —mmmmm= 2000 PSig@ =—mm———
~-3495 3515 -8660 -3875 3117 ~8790 =1060 2773 -8350
-2553 1612 -6776 ~2838 1438 ~7156 - -306l 1158 -7286
-1832 386 ~5188 ~2100 3L ~5742 -2320 253 -6250
-1356 22l -4006 -1572 2140 ~4719 ~1766 -95 ~526)
-1020 -413 -326L -1174 =475 -3754 -1323 -5L6 -1226
-7L6 =507 ~2755 -855 ~587 ~3193 -970 -660 ~3580

LE



&
I._l

e @

a o s o ©

L]

CeIsnERRE

OCO0OO0O0O0O0O0O0O
COO0OO0OO0OO00OO0

L]

oNeoNoNoNoNoNoNe

® & o & & o
O o= N\ ETW N
OO0 OOO0OO0O0

L L]

O =) O\NLETW N

ool oNoRoN® o N®)
° L] o
leNoRoNoNeoNe N oo/

TABIE I (Continued) T 3of 7

220°F

AH AHy AH, AH AHy AH, ~ AH AHy AH,
—————— — 200 psia ——m———-— N [TO OB o5 - I ESR— e 600 psia ——mm————
-Lo9 13 =470 -9L8 600 -1153 -1691 2L00 ~21L6
-353 101 ~165 -786 L33 ~1106 -1312 11h2 -1938
~299 66 =456 -6L1 285 -1037 -1027 674 -1785
=249 38 ~Ll7 -516 128 ~95 -808 322 -1580
-20L L -Lal -113 28 -871 ~6L,2 11k ~1400
-164 -25 -102 -330 -38 -806 ~507 -36 -1253
-131 =42 =370 -26L ~75 -742 -L,00 -105 -1108
-104 -5k -325 -208 -10L -655 -311 -152 -958

-81 -60 -281 ~162 -121 ~580 -2L0 -178 -863
———————— 800 psig =——wm—— e 1000 psSig —eme———— o 1250 pSia e—me————
-1937 2les -3100 ~2710 LL66 =450k ~3630
~1h63 1234 -2623 -1937 2077 ~3657 ~2667 5067 -5982
-1123 57k ~2253 ~1437 917 ~3006 -185) 1505 ~L08L
-874 211 -1958 -1108 302 -2525 -1416 23 -3207
-683 -22 ~1710 -865 18 ~2187 ~1098 52 2776
-537 -133 -1L9L -673 -163 -1915 -850 ~-197 -2423
-l17 -200 ~1318 -521 -252 ~1667 ~653 -312 ~2105
-321 -237 -111 -398 ~290 -1LL6 ~L96 -361 ~178L
————mew 1500 psia =mmm——- ~———=mm 1750 psis mer—mm—- mmmmmmm 2000 pSi8 mm—m—em
-4176 ~Ll36 -4628 |
~3300 5528 -7082 =3L7k LLO9 -7090 -3675 3965 -69L9
~22L0 1633 -LB9L ~2573 1629 ~-5372 -2817 1293 -5555
-1706 L92 ~38LL ~1975 586 ~LLho ~2226 L86 -L917
-1322 53 ~3363 ~1526 76 ~389L ~173l 72 ~LL11
-1033 =220 -2926 C=117L -237 -3396 -~1333 -208 ~3866
~792 -36l -2527 ~890 N -2910 -1012 -LLO -3316

~600 =126 ~2116 ~673 ~L81 20,92 ~763 ~-537 ~2800

gt
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AH

AHl

————— —— 200 psia ==——w=—v

“340

=293
~251
-213

-178"
-1h7

-119
-9k,
-71

e 80

~1768
-14,20
-1140
-923
~750
-601
-L75
-369
-278

me———em= 1500 psia

- =36L1
-2912
~2275
-1772
-1390
~1100
-872
-677
~511

108
75
L8
25
-8

=27

-38

-L8

-5

psia

1790
1026
513
250
68
-58
-123

=174 -

=197

L4760
2723
1552
7h3
227
-38
-20L
=303
-354

=393
=390
-38L
-375
-356
-330
_306
=275
-2l

AHl

369
2Ll
148
67
-7

1750 psia

4713
2885
1635
835
258

=34

=21l
-3L9
-4L01

TABLE I (Continued)

AR,

LOO psia —==—m—=m-—

-865

AH

N

e 600 psia

~1210
-1000
=831
-681
~550
~-LL40
-352
=277
=211

935
52l
296
15

——————= 1250 psia

-3117
~2L07
~-1883
-1482
-1182

-938

=740

101
2295
1312
665
167
~38
-18L
=263
=302

2000 psia

4196
2583
1497
737
260
-1l
-228
-366
=kly7

6¢
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=62
-1325
~1112

-9L3

=797 .
-660

-535

~hal

-324

-239

Ale

200 psia
80
5L
3L
15

=10
-2l
=33
=40

800 psia

738
1430
2LL
105
-3
-63
=111
=139
-163

=903

e 1500 PSia mmmmm

-2667
-2180
-1813
-14,87
-1205

-967

=757

=575
.hgl

2160
1238
700
345
108
_72
-180
-2116
~-28l

-3150
-3035
-2899
~2706
-2525
=229,
~2103
-1923
-1705

TABLE I (Continued)
3LO°F
AEH AHy
——————— LOO psia
-622 2Lo
-538 kL
=161 83
=392 36
~328 -18
-269 ~L45
=215 =60
=166 =74
-123 =83
——————— 1000 psia
~1738 1187
-1437 Th2
=119} 393
-996 186
~81) L3
-655 ~67
=522 ~13L
-4O3 =173
~299 -201
~meme—me— 1750 psia
3046 2185
~2507 13LL
-2090 788
=1726 L1l
-1397 118
-1105 -69
-86L -196
-657 -278
=483 -324

-183

-225)
-1838
-1507
-1211
-1010
~-808
-642
~495
~367

————— 2000 psia

~-3341

~2773
-2302

=1903

~1543

=1227
=960
=730

- 5oof 7

N AH,
600 psia =—————v
L34 -1123
257 ~1097
12 -1058
58 -1021
-13 97k
~56 =916
=86 -857
=108 -768
-123 ~681
————em— 1250 psia ———em—-
1875 -2643
1005 -2522
583 -24413
280 -226)
6l ~2100
~-71 -1905
=159 ~-1765
=212 -1606
252 -1400
2192 -393L
1384 -3813
813 -3637
Loo -3485
130 320
-66 -2970
~207 -2729
~307 =2L476
=370 ~2198

sl

on



ed
—

L]
O o= O\ EWwWw D
oNoNoNeoNoNeNoNoNe]

a8 L

L]

* o . o

-
OO O\\NEWNDE OO\ EW D

eNoNoNoNoNoNoNo NG OOOOPOOOO OPPPOOO‘OP
- L]

oNoNoNeoNoNoRoNON®) oNoNoNoloNoNoNoNG]

=203

-2132
-1780
-1496
1257
<1043

=-BL7

=666

200 psig —=—w——r
57 ~299

39 -296

23 =291

9 -285

=7 =274
~18 =26}
=26 ~250
=32 -23L
-35 =209
800 psia === —
LOOo ~1296
231 =1275
126 =125)

56 -1220

-12 =1171
=50 =1097
-86 -1028
=113 =939

- =133 =823
e 1500 pSig —m————m
1253 -2L495
710 ~2LL3
36L <2377
179 ~-2288

52 =2180

=65 -2015
-143 -1872
=202 =1722

~50L
~365

=240 =1536

TABLE I (Continued)

LOO®F
AH AHy
e OO psia
=541 159
~1,68 90
-L01 55
-342 21
-288 =16
=235 -36
=187 =46
-143 -59
=104 =67
=101 650
~1188 330
-1013 183
857 78
-71h 17
=579 -59
=45k =10l
=34 -139
=250 -165
-2443 1400
-2042 820
-1721 LL5
~-1437 227
~1186 53
-962 -75
-758 =160
=576 -230
-416 =27k

~61)
=601
~588
~569
~5L6
~519
72
1,18

1000 psia =—————

~1646
~1600
-1553
-1492
-1435
~136L
-1270
-1158
=1020

1750 psia ~———=—

-293L
~2863
=27L0
~261l,
=21460
=~2307
2162
-1983
-1758

AH

SRR 1o o J-V't P p——

-818
-705
-605
-516
=433
~352
-278
-213
~155

Aﬁi

235
1Lk
88
32
~1h
~43
-66
-87
~100

6 of 7

A-ﬁz

-95L
-936
-91k
-880
-855
-823
=774
=706
-623

mmeemm 1250 psia ——e—mm——

~1768
=1486
-1265
~-1063
-886
-722

1020
L80
280
112

26
-62

-12)

-172

~206

~2110
-2065
-1986
-191)
-1817
-1683
-158L
~1L48
=127k

cm—emm— 2000 psia ——e—em—

_2705
~2266
=1917
=1616
=1343
=1087
~852
=641
=465

1366
852
L80
211

53
-82
~181
=260

-305

-32L46
-3155
~305L
-2950
~2765
~2602
~20,22
-2206
=1973

™
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TABLE I (Continued) 7 of 7

L60°F
AH AHy Al AH N AH, AH ARy AH,
em——em—~ 200 psig =mee—-—— i e e LOO psiag =mmm- —_— mee——— 600 psig =mm———w—=—
-250 35 -281 -498 103 ~-560 -741 183 =847
=218 25 =278 =43l 70 ~549 ~-639 122 -83L
-187 1 =274 =375 L5 -538 -5h7 77 ~-825
-159 6 -269 -~318 20 -529 =162 33 -806
-132 -2 ~263 =263 0 -513 -383 L -786
-107 -10 =252 =212 -16 =498 =311 =22 =750
-83 ~18 =238 165 =31 =U77 =245 =46 =702
-63 =22 ~223 -123 =U7 -438 -185 =70 ~651
-45 -25 -202 -88 -55 -384 =132 -85 -572
EN—— 800 psia m—————= e 1000 psif =m————— e 1250 psia ——————m
=988 282 -1137 =12)2 413 1426 -1555 586 ~1778
~8l3 186 -1115 ~1070 262 -1,,02 ~1326 360 =174k
-719 110 ~1096 -921 148 =1366 ~-1132 205 -169)
-611 L8 =1077 =777 6l -1328 -955 ol -1646
-511 10 -1040 -643 16 ~1289 ~786 26 -1590
~415 =27 -993 -516 -32 -1226 =636 =36 -1517
-326 =59 =933 =400 ~-73 -1150 -4 98 =92 -1437
2Ll -88 -85l =297 -109 ~1056 =377 ~133 -1312
~-17L ~110 =755 ~212 -136 =937 ~267 -171 ~115)4
——————— 1500 psia —m—m——— e 1750 pSia se—me—— e 2000 pSia =memm—em
-18,0 783 2123 -2107 950 =242 =23)5 88l -2718
-1575 470 ~2070 ~-1800 572 2398 2007 538 -26)3
~1342 260 -2016 -1535 286 2317 1718 299 2580
=1130 126 =1950 ~1295 135 -2226 -1453 96 =2197
=932 3l -1888 ~1070 29 ~2160 -1203 5 -2411
752 =2 -1800 862 -55 ~206l 967 -80 -2306
-587 -112 -1680 =677 -132 -1941 =754 -153 =2156
=l ~158 =1550 =512 -185 =1792 =563 =213 -1970
-31L ~197 =1371 =365 227 =1571 =401 =251 ~17L7

Al



P,
psia

200
1,00
600
800
1000
1250
1500

200
L0O
600
800
1000
1250
1500

200
1,00
600
800
1000
1250
1500

L3

TABLE II 1of 2
COMPARISON OF PARTIAL ENTHALPIES CALCULATED IN THIS WORK
AND BY BUDENHOLZER, ET AL (1)
AE of Methane, Btu/lb mole
160°F 220°F 280°F
This Ref. This Ref, This Ref,
Work (1) Work (1) Work (1)
0.647 Mole Fraction Methane
~29 =35 =33 =39 =33 =37
=43 =48 -55 =69 =58 =59
~-53 -7 w72 =88 =80 101
=35 =35 -75 =95 =97 =127
=15 =13 =72 -50 =98 =143
-78 =77 -108 =152
=127 =6l =150 =148
0.805 Mole Fraction Methane
-57 =61 -53 -5l =L9  =l7
=112 =125 -109 =106 =93 -95
=17, =191 -151 =162 =137 =143
~215 =262 -206 =217 ~-179 =189
-285 =334 =250 =270 -213 =234
-355 =432 =315 =334 =262 =287
=417 =536 =368 =393 =306 =335
0.917 Mole Fraction Methane
=66 - -60 -55 =52 =47
=133 =133 =12l  ~111 =101 =95
=211 =204 -178 =170 =152 =143
=279 =273 -0 -228 =199 =193
=347 =345 -287 =284 =22 =239
=435 -L35 ~-346 =353 =300 =297
-513 =525 =430  -l2o =34L =353

100°F
This  Ref.
Work (1)
~15 =34
-17 -40
=53 =7h
=106 =151
-155 =233
=212 =319
=275 =419
~78 =79
-146 =162
=223 =247
-313 =335
-380 -=L25
=522 =542
=632 =666



psia

200
4,00
600
800
1000
1250
1500

200
400
600
800
1000
1250
1500

200
LoO
600
800

1000

1250

1500

LL

TABLE ITI (Continued) 2 of 2
AH of Propane, Btu/lb mole
160°F 220°F 280°F

This Ref. This Ref. This Ref.

Work (1) Work (1) Work (1)

0.6L47 Mole Fraction Methane
=482 =463 =360 =357 -315 =287
-1001 -1001 -740  =78L -641 =587
-1578 -1587 -1181 -1186 =974 =908
-2180 =2200 ~-1603 ~165) =1350 =124
-2715 =2831 -2053 =213l -1722 <1592
-2626 =2729 2190 =-2050
=3136 =3272 -253); =2522
0.805 Mole Fraction Methane

~Lok =379 -295 =318 =271 =260
-833 ~785 =606 =653 =550  ~525
-12)); -1208 =992 =992 -825 =798
=1709 =1632 -1268 -1340 =1131 -1072
=217 =2046 -1623 =168l -1448 =135
=2790 =2527 =2077 =-2103 -1813 -1698
=3410 =2946 =275 =2491 ~2130 =2028
—————————————— (), 917 Mole Fraction Methane cwome
-337 =366 -248 =304 -238  ~265
-713 =750 =511 =626 =486 =529
-1033 =1155 =780 =952 =723  -803
-11123  =1570 ~1043 =1283 -980 1075
=186 ~1989 ~1340 ~1605 =1268 1341
-2320 =2505 =1705 -1997 =1560 =1662
-2807 =299L 2025 -2377 -1896 =1953

100°F

This Ref.
Work (1)
-616 =569
<1340 =1252
468 -L6é3
~1241  -979
-1786 =1530
=216 -2103
~3162 -2668
-3603 =3312
=369 =450
-860  -9LL
~1410 -1482
-1856 =206l
=256 -2690
-2812 =3506
-3545 =L3L8



P, psia

200
400
600
800

1000

1250

1500

200
100
600
800
1000
1250
1500

Note:

TABIE III
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COMPARISON OF METHANE ENTHALPY DIFFERENCES FROM SAGE

AND LACEY (15) AND BUDENHCOLZER, ET AL (1)

Ref. (15)

-87.1
“’l7h06

- =262,6
~350.3
_h37 s 7
«546.2
-652,9

Btu/1b mole

Ref. (1)

e

Ref. (15)

~73.5
=116,
~219.5
~291,3
-362,1
=LL8.L
-531.8

Reference (15) values were used in this work.

Ref. (1)



CHAPTIER III
GENERAL CORRELATIONS
Data Used in Correlations

The data used in the correlations of the mixture enthalpy differ-
ence of methane binaries and the partial enthalpy of methane in various
binaries were obtained from Sage and Lacey (15) and from Table I. Sage
and Lacey tabulate partial enthalpy values for both components of the
methane - ethane, methane - n~butane and methane =~ n-pentane binaries in
the superheated vapor region. For use in this work the ideal gas en~
thalpy of the component had to be subtracted from the tabulated values
of S8age and Lacey to obtain the partial enthalpy differencelaﬁ&. The
partial enthalpy difference values obtained from Sage and lacey and used
in this work are shown in Table XIV, Appendix C.
| For the methane.- ethane binary, the partial enthalpy of methane is
tabulated at 0.50, 0.60, 0.70, 0.80 and 0.90 meole.fraction methane for
the temperature range 70 to 250°F and the pressure range 200 to 3000
psia. The partial enthalpy of ethane is tabulated for 0,10, 0.20, 0.30,
0.40, 0,50 and 0.60 mole fraction methane for the same temperature and
pressure ranges. Thus the mixture enthalpy can be calculated at only
two compositions, 0.50 and 0.60 mole fraction methane. The maximum
uﬁcertainty of this data was estimated by Sage and Lacey to be about
30 Btu/lb mole.

The partial enthalpies of methane and n-butane were tabulated at

L6
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0.85, 0.90 and 0,95 mole fraction methane for the temperature range 100
to 250°F and the pressure range 200 to 3000 psia. OSage and Lacey state
that the uncertainty of the partial enthalpy of methane should be less
than 20 Btu/lb mole. Also the uncertainty should be less than 35
Btu/1b mole for the partial enthalpy of n-butane,

The partial enthalpies of methane and n-pentane were tabulated by
Sage and Lacey at C.96 and 0.98 mole fraction methane for the tempera-
tures 100, 160 and 220°F and for the pressure range 200 to 3000 psia.
The volumetric data for this binary were less accurate than the volu-
metric data for the methane = ethane and methane = n-butane binaries.
No uncertainty was given for the methane and n-pentane partial enthalpy
values. However, the uncertainty of the partial enthalpies will un—-
doubtedly be greater than that given for the methane - efhane and
methane - n-butane binaries.

The rangé and accuracy of the methane = propane mixture enthalpy
and partial enthalpy differences have already been discussed. The
methane -~ propane binary is the only system used that covers the com-
plete composition range, from pure methane to pure propane.

In the methane - ethane binary system Sage and Lacey did not tabu~
late partial enthalpies of a component when that component was present
in low mole fractions. They state that the greatest uncertainty in the
partial enthalpy is at small mole fractions of the component in question.
In this work the difficulty of pcor accuracy in the partial enthalpy of
a component at low mole fractions was overcome by using the dimension-
less smoothing plots based on equations 38 through Ll.

The pure component data of methane, ethane, propane and n~butane

were available from Sage and Lacey (15). These data were used in the
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general correlations to assure that the mixture data and the pure
component data were consistent. Also the partial enthalpy of methane

should be consistent with the enthalpy of pure methane.
Correlation of Mixture Enthalpy

Pitzer, et al (12) extended the principle of corresponding states
by introducing a third parameter, the acentric factor «w. The acentric

factor of a component is defined as
w = - log (P°/P,) - 1.000  at T, = 0.70 (L7)

where P° is the vapor pressure of the component.
PC is the critical temperature of the component.

Ty is the reduced temperature of the component, T/T¢.

For a pure fluid the acentric factor measures the deviation of the
intermolecular potential function from that of the spherical molecules
of the simple fluids, argon, krypton and xenon.

Pitzer, et al found that the compressibility factor of pure fluids

could be represented by an equation linear in the acentric factor.

2= 2000(p 1) + wzD(p,1) (48)

where z(o)

and z(l) are universal functions of the reduced temperature
and pressure.
Curl and Pitger (3)‘uSed the compressibility factor correlation to

determine the enthalpy of pure fluids by

- () o) w
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10 - m\(0) A
The functions and were calculated from values of
RT¢ RT¢ _
z(o) and z(l), respectively, by the appropriate form of the thermo-
dynamic equation
P
0 r ‘
HY - H) _ 2 l_(éz ) .
( RT, ) - Trd{ Pr BT; PdPr (50)
0 ,

The method used for correlating the superheated vapor enthalpies is
an extension of the method developed by Curl and Pitzer. The mixture
enthalpy difference was correlated by using a pseudo acentric factor
Ldpm, a pseudo reduced temperature Tpr = T/Tpc and a pseudo reduced
pressure Ppr = P/Ppc. The pseudo critical temperature and pressure
were calculated by Kay's BRule (9). The pseudo acentric factor was cal-

culated for the binary by a mole fraction average of the pure component

acentric factors.
Wpp = F1W + T2 (51)

The pure component acentric factors used in this work were calculated

using the data of Rossini (14). These values are shown in Table IV,

TABLE IV

PURE COMPONENT ACENTRIC FACTORS

Component Acentric Factor
Methane ‘ 0.0102
Ethane 0.0985
Propane 0.1523
n=Butane 0,2009
n-Pentane 0.,2518

The mixture enthalyy difference from the ideal gas was correlated

by the equation



50
AH = AHO) + wpmAH(l) (52)

In using this correlation method, the mixture enthalpy difference was
plotted against Wy with a Ppr parameter at a constant Tpr as shown in
Figure 13. Straight lines were drawn through the data points, which
included both mixture and pure component data. The value of AH for a

given Ppr at the intercept of the w,,, = O axis is the value of AH(O),

m

and the slope of the given P_.. line gives the value of AH(l) for a

pr
given Tpr and Ppr' The values of AH(O) and AH(l) were each plotted

pr parameter so that evenly spaced values of Tpr

could be obtained. The final correlation of AH(O) and AH(l) plotted

against Tpr with a P

against ‘Ppr with a Ty, parameter is shown in Figures 1y and 15. The
values of AH(O) and AH(L) as a function of Tpr and Ppr are given in
Table V.
TABLE V
VALUES OF An(0) AND AH(l) AS FUNCTIONS OF Tpr AND Ppr

Btu/1b mole

P oHO)  an(D)  ar(0) AL Ag(O)  Ap(D) AR(O)  AR(D)
Tpr = 1,10 TPI' = 1915 Tpr = 1,20 Tpr = 1,30
0.5 =380 -2420 =320 =2220 -270 =2080 -205  =1900
1.0 =850 =5670 -685  =5060 =575  =L590 ~-435  =3980
1.5 =1425  =9490 -1125 =8300 =925  =7430 =690 =6130
2,0 ~2080 =11900 -1625 ~10800 -1310 -9910 -950 =8170
2.5 -2875 =13460 -2175 =124}40 -1715 -11510 =1225  ~9920
3,0 -2890 ~=13740 -2150 =-12770 =1515 ~11090
3.5 -2650 -13840  -1835 =11970
Tpr = 10}40 Tpr = 1060 Tpr =1, 80 Tpr = 2,00
0.5 =165 =1770 =125 <1540 -105 =1450 -90 =1380
1.0 -350 =3610 =250 =3090 -210 =2820 -185 =2710
1.5 -550  =5420 -380 -L580 =315  -4120 =260  =3960
2,0 -745  =7110 =510  =5940 =410 =5360 -330 =5100
2.5 =955  =8590 -650  =71L40 =505 _ -6L50 -395  =6100
3.0 =1175  =9740 -800 -=8070 -610  =7320 =475  =6870
3.5 -1410 =10600 -965  =8720 =725  =7910 =580 =7320
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Figures 14 and 15 and the values of AHO) ang An1) in Table 5
éhould not be used for an wpy above 0.15. No mixture enthalpy data
wére available at an Wpn above 0,15, nor do Sage and Lacey give any
enthalpy values for n-pentane above T, = 1.10, The enthalpy values
given for n-butane at 1;30°F were employed in the correlating plot at
the lowest reduced temperature used. However, due to the lack of mix-
ture enthalpy data and enthalpy data for n-butane at higher 'reduced
temperatures the correlation is not recommended above @pm = 0,15,

The accuracy of the general correlation was tested by comparing the
mixture enthalpy difference obtained from the correlation with calcu~
lated data that were not used in making the correlation. The compari-
sons are shown in Table VI,

An attempt was made to correlate the mixture enthalpy difference

using an equation of the form
2 _ (28O am (D) ,
Rlpo (RTPC) (“’Pm(RTpc) (53)

However, the initial plots of ZXH/RTPC against Wem for a given Tpp and
Ppr gave a greater scatter of points than did the plots of AH against

wpm,

Correlation of Partial Enthalpy of Methane

The partial enthalpy difference of methane was correlated by using
the pseudo acentric factor, pseudo reduced temperafure and pseudo re-
duced pressure. The equation used to correlate the partial enthalpy

difference was

2B = aFO) + oy A (51)
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COMPARISON OF MIXTUEE ENTHALFY DIFFERENCE CORRELATION

WITH CALCULATED VALUES

Btu/1b mole

P, psia AHC:S.:L(Z
— Methane ~ Ethane Binary -~

v¥ = 0,50, T = 250°F

AHeorrel

200 -119 =106
800 ~Lh7 =434
111500 ~770 812

2250 -1358 -1213

~~ Methane - n-Butane Binary =
y1 = 0,90, T = 130°F

1,00 =223 -219
~ 8oo -161 -L6l
1250 -732 -739

1750 ~1039 -1025

== Methane ~ n-Pentane Binary -
J1 = 0.96, T = 100°F

iTelo} -20L =250
800 =123 =501
1250 =660 =775
2000 - -1081 -1142

# Component 1 is Methane

P, psia AHeale

--= Methane - Propane Binary --
y1 = 0.20, T = 340°F

AHgorrel

200 =267 -258
600 =850 -824
1000 ~14L0 -1437
1500 ~2219 ~-2180
2000 ~2879 =2773
y1=m®,T=mwF
200 ~120 =117
600 ~36L -352
1000 -603 =579
1500 -86L ~-8L47
2000 ~1100 -1087
y1 = 0.50, T = 220°F
200 =19 -20L
600 -85 642
1000 -112); -1108
1500 «1710 ~1706
2000 -22142 ~2226
y1 = 0,90, T = 280°F
200 =Tl =71
600 -230 =211
1000 -362 =3L9
1500 -513 -511

=66l =651

2000
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Tﬁe partial enthalpy of methane was plotted against Ume'with a Ppr
parameter at a constant Tpr as shown in Figure 16. Straight lines were
drawn through the data points which included pure component methane data.
The values of Aﬁ(o) and Aﬁ(l) were obtained from the intercept and
slope of the Ppr lines, respectively. These quantities were each
plotted against Tpr with a Ppr parameter so that evenly spaced values
Qf Tpr could be obtained. The final correlation of lﬁﬁ(o) and 453(1)
fiotted against Ppp with a Tpr parameter is shown in Figures 17 and 18,
The values of AF(®) and ATEM) as a function of Tpr and Ppy are given
in Table VII. These values of lﬁﬁ(o) and zxﬁ(l) should not be used
above pp = 0.12.

The accuracy of the correlation was checked by comparing the par-
tial enthalpy difference obtained from the correlation with calculated
data that were not used in making the correlation, The comparisons
are shown in Table VIII.

An attempt was made to correlate the partial enthalpy difference
of methane by using the pseudo acentric factor and the pure component
reduced temperature and pressure. No correlation could be developed
by this method,

An attempt was also made to correlate the partial enthalpy dif-
ferences of the solvents: gthane, propane, n-butane and n-pentane.

The equation that was used in this attempt was

(A.‘ AT \(0) ATY(D)
- ) omiE ) (55)
The pseudo critical temperatures and pressures were the parameters.

However, the partial enthalpy difference of the solvents did not

correlate by this method.
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TABLE VII
varges oF aE(® aw aFY) as FuwcrIONs OF T, AND Py
Btu/1b mole

AF(0) AF(L) A5(0) A1) AF(0) AF(1)

TRr = 1,10 TEr = 1»15 TEr = 1,20
=435 6050 -380 5200 =335 4650
=985 20000 -875 16300 ~T765 13300
1670 43200 -1490 34300 ~1320 26950
=21,65 61600 -2135 49500 -1890 39100
-3340 73800 ~2835 59900 -2425 47900
-3620 67050 -2910 55100
-3335 60350

Tpr = 1.30 Tpr = 1.40 Tpr = 1.50
-275 3500 =220 2700 =190 2250
=605 9050 -480 6600 -395 5150
~-1005 17600 =770 11850 -615 8700
-11,00 25200 =1060 17150 -830 12150
~1770 31250 =-1335 21850 1045 15400
-2105 36600 ~1605 26000 -1250 18400
=21,00 141250 =1860 29550 1445 19000
2675 145000 =2100 32300 -1630 23550
=2315 34200 ~1805 25200
=2505 35650 ~1960 26550

TET = 1,60 Tpr = 1.80 Tpr = 2,00
-170 1950 =135 1650 -120 1500
-345 41150 =270 3600 -2h5 3050
-515 6700 =410 5150 ~370 14750
680 9200 ~540 6850 =495 6300
-840 11550 -665 8500 610 7800
-1000 13750 -785 10050 =725 9200
-1155 15850 -895 11550 =835 10450
~1300 17700 -1000 12850 -935 11500
~-1435 19100 -1090 13900 ~1025 12300
-1560 18150 ~1170 14800 ~1105 12850



61

TABLE VIII
COMPARISON OF PARTIAL ENTHALPY DIFFERENCE CORRELATION
WITH CALCULATED VALUES

Btu/1b mole

P, psia Aﬁcorrel A“I:I.calc P, psia  AHgoprel A.ﬁcalc
—~=~ Methane -~ Ethane Binary -—- ——— Methane - Propane Binary ==
v} = 0.70, T = 190°F y1 = 0.60, T = LOOOF
200 ~55 ~56 200 -33 ~18
800 =221 =21} 600 -37 ~43
1500 -373 -386 1000 -66 ~59
2250 -538 -553 1500 =87 -65
3000 71 =730 2000 -118 -82
y1 = 0.90, T = 250°F ¥1 = 0,90, T = 2B80°F
200 -58 -L7 200 -48 -5l
800 =229 =206 600 -152 ~148
1500 -h21 -376 1000 -258 -2Lh
2250 -613 -547 1500 -389 =35k
3000 -789 -699 2000 =513 =LL7
- Methane - n-Butane Binary -- - Methane - n~Pentane Binary -
y1 = 0.90, T = 130°F y3 = 0.96, T = 100°%F
400 -126 -120 Moo} -168 -182
800 ~286 -260 800 ~335 -367
1250 ~523 -430 1250 -519 -582
1750 -735 =620 2000 -820 ~878
2500 -1025 -860 3000 ~1203 -1173

% Component 1 is Methane



CHAPTER IV
ENTHALPIES VIA THE REDLICH - KWONG EQUATION OF STATE
Method of Using the Equation

The Redlich-Kwong equation of state (13) is an empirical, two

constant equatien of the form

RT a
V-b TO5y(V + b)

P= (56}

0.4278 R2T§°5/Pc for a component.

where a

o
|

= 0.0867 RT,/P. for a component.
For use in pumerical ealculations the ;gllowi@g were defined,
AE = ai/RT2°5 and By = bi/RT

For applying this equation of state to gaseous mix

ures ithe combination

¥ules for the constants are defined.
A= EZ:yiAi and B = :E:YiBi
i i

The Redlich-Kwong equation of state was used to deri#e an gXpres-
sidn for the effect of pressure on the gas phase enthalpy, and this
expression was programmed for use on the IBM~650,digit§l computer (7).
In this work the derived expression for the effect of pressure ap the

gas phase enthalpy was rearranged into a more conveniemt form for hand

62
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calculations as shown in Appendix D. The rearranged form for the

effect of pressure on the partial enthalpy of component i is

N0 Y AR 50

This equation can be easily evaluated since Aj, Bj, A and B can be
calculated from the critical constants of the components, composition
of the mixturé and thg temperature of the system. Once these parameters
have been calculated, B&H/Rﬂ, M and N can be obtained from Figures 19,
20 and 21, respectively. Equation 57 has been programmed for use on
the IBM 650 computer. The values of EkH/Rﬁ, M and N tabulated in
Table XV, Appendix E, as functions of BP and A2/B were calculated
using the IBM 650 digital computer.

The effect of pressure on the mixture enthalpy can also be cal-
culéted by using equation 57. When calculating the mixture enthalpy
difference both terms in parentheses in equation 57 become zero and
-AH /RT = [AH/RT. This is the reason that the value obtained from
Figure 19 was given the symbol [AH/RT. A sample calculation using

equation 57 with Figures 19, 20 and 21 is shown in Appendix F.

Comparison of Hedlich-Kwong Enthalpies with Other Enthalpies

The mixture and partial enthalpy differences from an ideal gas
calculated by the Redlich-Kwong equation of state are compared in
Table IX with the mixture and partial enthalpy differences calculated
by using PVTx data and graphical methods. The methane - propane
binary enthalpy differences calcﬁlated in this work and the methane -
n-butane and methane - n-pentane binary enthalpy differences obtained

from Sage and Lacey (15) were used for the comparisons. A per cent
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TABLE IX
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1of L4

COMPARISON OF REDLICH~KWONG ENTHALPIES WITH ENTHALPIES FROM PVTx DATA

Btu/1b mole

3 AH AH AH; AHy
1 PVTx R-K PUTX R-K
Methane - Prbpane Binary
' ‘ 100°F and 200 psia
0.20 -85 -496 356 166
0.40 -419 -351 169 29
0.60 -252 -239 =6 33
0. 80 -1LkL =153 ~52 =77
| 220°F and 200 psia
0.20 -353 =334 109 L Th
0.40 - -2kL9 -242 38 9
0.60 S =167 =21 ~-32
0.80 -10l -106 -5l -53
340°F and 200 psia
0.20 -258 =246 5k 48
0.40 -192 -179 8 5
0.60 -13L -123 -25 -23
0,80 -83 -78 -LO -38
L60°F and 200 psia
0.20 -218 -190 25 37
0,60 ~107 -9l ~10 -16
0.80 ~63 -59 =2l -28
160°F and 40O psia
0.20 -1072 -910 913 529
0.L0 -680 -616 240 112
0.60 =430 -L09 -15 =55
0,80 -25h =256 -115 -125
- 280°F and LOO psia
0,20 -625 -596 250 1196
0.L4O =433 -423 70 36
0.60 -300 -287 =l =7
0.80 -187 -181 =91 -88
- LOC®F and 40O psia
0.20 =468 ~-438 90 107
0.40 ~3l2 -3 21 20
0,60 -235 =21k =36 =3l
0.80 -143 -134 =59 =63

# Component 1 is Methane
#3t No Computer value available

Aﬁg AI—ig
Tx R-K
-895 =661
-811 =604
~638 3¢
=471 ~L5k
-4 68 -436
S ~408
-378 -368
-299 -318
=336 =319
=321 -301
-298 n
~258 -237
=278 =246
=271 =233
-252 =212
=219 -18L
-1568 -1270
-1293 ~1101
-1063 -939
-826 =779
-85k ~-791
-781 ~729
-68l ~648
-555 -552
=608 -S7hL
=577 =537
=5kl ~483
=476 =416
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TABLE IX (Continued) 2 of L4
: AH AH Aﬁl A El A ﬁz A .I'-I.z
Y1 PVTx R-K PVTx R-K PVTx R-K
‘ Methane = Propane Binary
» 220°F and 800 psia
0.20 -1937 -178L 2425 2198 -3060 2780
0.L40 -1123 ~1100 574 380 -2204  =2087
0.60 -683 -701 1 -52 ~1710 =1675
0.80 =Ly -128 -200 -199 -1288 =132
340°F and 800 psia
0.20 ~-1112 -1074 Lus 478 -1533  -1Lé2
0.40 =797 -741 105 1 -1405 -1311
0,60 -535 =493 -53 -62 -1227  ~-1139
0.80 -32} -305 =139 =143 ~1051 -953
» 1,60°F and 800 psia
0.20 ~8L3 ~778 186 2us -1130  =1033
0.40 =611 -5L9 46 59 ~1077 =955
0.60 =415 -369 =27 -19 -993 -848
0.80 2Ll =227 -88 ~104 ~854 -721
280°F and 1500 psia
0.20 -2912 ~2697 2723 2018 -4306 =3877
0.40 ~-1772 ~1720 827 622 -3509 -3281
0.60 - -1100 ~1083 =11 =19 ~2702 -2633
0.80 =677 ~651 ~308 -292 -2179  -208L
LOO°F and 1500 psia
0,20 -1780  -1716 660 838 -2366  =2355
0,40 -1257 -1170 10 223 -2173 -2099
0.60 -847 =769 =76 =77 ~1987  -1805
0,80 -504 -1169 ~202 -212 =1694 ~1197
220°F and 2000 psia
0.40 -2817 ~2715 1293 60l ~-5555  -L927
0.60 -173L -1718 50 -12 ~h)11 4277
0.80 -1012 -1012 e 137 -3299 -3308
3L0°%F and 2000 psia
0,20 -2773 -2626 138) 1142 -3813 ~3589
0.40 -1903 -1787 415 402 -3514 -32L46
0.60 -1227 ~1159 -61 -92 -2982 =2759
0. 80 ~730 -703 ~307 ~316 ~21,62 22,8
L60°F and 2000 psia
0.20 -2007 -1848 538 707 -2643 21487
0.40 -153  ~128L 96 202 -2485  =2274
0.60 ~967 ~8,8 =80 -88 -2306 ~1988
0.80 =563 -516 =213 -228 -2017  -1664



AH
Yl FVTx
0.85 -378
0095 —250
0.85 -6L9
0095 'hBO
0085 _970
0.95 ~652
0,85 -1250
0095 -855
0.85 =101
0.95 ~72
0.85 -329
0.95 -212
0.85 -559.
0095 ’368
0.85 -842
0.95 ~555
0.85 -1097
0.95 =727
0.85 ~1308
0095 "859
0.90 ~360
0.95 =522
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TABLE IX (Continued) 3of I
AH AHy AHy AHp AHp
R-K FPVTx R-K PVTx R-K
Methane - n~-Butane Binary
160%F and 600 psia
-402 -83 -175 -2050  -1688
-268 ~203 -210 ©=1200  -138L
160°F and 1000 psia
~-680 -183 =270 -3290 -2998
=445 =343 -3kk ~2130 ~2360
160°F and 1500 psia
-1015 =343 -375 4520  -Léh1
~-653 =413 ~501 -3340 -354L9
160°F and 2000 psia
-1302 =519 -L492 -5390 -5891
-839 =673 -643 ~4380 =L577
220°F and 200 psia .
-110 -10 -52 -610 =l
=75 -60 =59 ~290 -378
220°F and 600 psia
=333 -60 -1,48 -1850 -1379
=223 -170 =174 -990 =1149
220°F and 1000 psia ,
-553 -120 -233 -3050  -2367
-365 -290 -283 -1840 =192l
220°F and 1500 psia
~-815 -220 -328 =4360 -3570
=533 -}430 =411 -2910  -2848
220%F and 2000 psia
-1045 -3L0 =421 -5390 -4580
-682 =560 -525 -3890 ~3665
220°F and 2500 psia
-123L -L60 -018 -6110  =5292
=811 -660 -626 =1160L,0 =329
100°F and 600 psia
=109 -186 - =240 ~1930 ~1927
-330 ~23h -257 -1770  =1718
100°F and 1000 psia
-555 -416 =425 -25L0  =3030
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P, AH
psia PVTx
1500 =773
2000 -1004
2500 -1209

600 =216
1000 -383
1500 ~590
2000 =781

200 -123

600 -362
1000 -62);
1500 -912
2000 1143
2500 -1337

200 -107

600 -318
1000 -515
1500 -7L5
2000 ~957
2500 -1126
3000 =127L

600 2443
1000 =399
1500 -583
2000 -751
2500 -900
3000 =102}

TABIE IX (Continued) h of It
AH Aﬁl A-ﬁl Aﬁz Aﬁ?_
R~K PVTx R~K PVTx R~K
Methane -~ n-Butane Binary
100°F and y; = 0.95
-827 ~-616 -62) =3760 L4681
=1065 =806 ~805 =I4770 -6013
-1253 -976 =960 ~5630 -682)y
250°F and yp = 0.90
-251 -110 -151 -1170 -1158
=413 =200 =213 -2030 -1943
-603 -310 -350 -3110 -2882
=773 ~-420 -Ll7 -4030 -370L
Methane - n-Pentane Binary
100°F and y; = 0.96
~109 -89 -86 =940 =670
-333 -262 -257 -2765 =215l
-559 -L63 =42l -L4500 =3796
-832 =689 =623 ~-6255 ~58L47
-1071 -878 -804 -7505 ~7LélL
-1258 1042 . =960 -8L05 =8L0L
160°F and yp = 0.96
=90 -Th -71 =870 =557
270 =226 =209 -25L5 -1732
=418 =365 =343 -4115 -2952
-657 . -532 =500 ~-58L0 -L428
-8hly =697 -6L2 -7180  -5686
~1000 =835 =766 -8100 -6609
-112) =961 -871 -8775 -7198
220°F and yq = 0.96
~22) -163 -174 =217k -1L37
-368 =271 -283 -3473  ~2404
-536 ~399 -410 -L998 -3552
-686 -52) -525 =6207 -L554
-815 -6l2 =626 -7098 =5356
-922 =7hl ~713 -7751 -594)
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deviation was calculated for each mixture enthalpy difference in Table
IX by assuming the enthalpy differences calculated from the PVTx data
are correct. The error was calculated by equation 58 for 108 compari-
sons.

ARpyrx -~ AHpg
AHpyrx

% error = 100 (58)
Of the 108 compared values, 81 were positive deviations, 1 had no
deviation and 26 were negative deviations. The average positive devia-
tion was 7.L42% and the average negative deviation was 5.22%.

| The comparisons in Table IX show that the pressure correction to
the ideal gas enthalpy (enthalpy difference) of the mixture calculated
by the Redlich~Kwong equation is usually smaller than the correction
calculated from PVTx data (the correction is a negative quantity). The
partial enthalpy differences calculated by the Redlich-Kwong equation
also do not agree with the partial enthalpy differences calculated from
PVTx data. The pressure correction to the partial emthalpy of the heavy
component (the correction is a negative gquantity) calculated by the
Redlich=Kwong equation is generally smaller than the correction calcu-
lated from PVTx data. For high mole fractions of methane the partial
enthalpy difference values of methane should compare better than at low
mole fractions of methane. This composition effect on the partial en-
thalpy difference of methane is shown by the methane - propane binary
comparison in Table IX. At low mole fractions of methane the effect of
femperature at constant pressure on the methane partial enthalpy dif=-
ference is greater for the Redlich-Kwong equation values than for the
values calculated from PVTx data. This temperature effect.can also be

seen by observing the methane -~ propane binary. comparison.in Table IX.
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Mixture enthalpy differences for saturated vapor calculated by
using the Redlich-Kwong equation were compared with the values of Weber,
et al (19,20) and values obtained from Edmister's generalized correla-
tion (6) in Table X. Weber's values were calculated by the Benedict-
Webb-Rubin equation of state. Edmister's correlation was extended to
mixtures by the pseudocritical concept. The Redlich~-Kwong values do
not agree very.well with the values calculated by the other two methods.

Tabie XI is a comparison of the mixture enthalpy differences for
superheated vapor calculated by the Redlich-Kwong equation, Benedict-
Webb~Rubin equation (10), Edmister's general correlation and the cor-
relation developed in this work (Figures 14 and 15). The correlation
developed in this work was applied only to methane binaries at condi-
tions where the pseudo reduced temperature was equal to or greater than
1.10., These comparisons show that the Benedict-Webb-Rubin eguation
agrees better with the correlation developed in this work than the
Redlich-Kwong equation and Edmister's correlation, both of which agree
about equally.

A comparison of the partial enthalpy difference for superheated
vapor calculated by the Redlich-Kwong equation and the Benedict-Webb-
Rubin equation (10) is shown in Table XII. The partial enthalpies of
some normal paraffins have been calculated as being present in the
binary mixture in infinite dilution. Partial enthalpy differences
calculated by the Benedict-Webb-Rubin equation were available only for
methane, ethane and propane no matter what the components of the binary
system were. The partial enthalpy values calculated by the Redlich-
KWOng equation are presented for the normal paraffins through n-heptane

except at ~100 and -50°F.



COMPARISON OF

TABIE X

SATURATED VAPOR ENTHALPIES

Btu/1b mole

o N AH** AHﬁ
o »
T, F Y1 mx ER  EC
Methane - Ethane Binary
at 200 psia
-642 0 -5100 =687 =736
'-5102 00526 -325 -39h "hlB
~85.5 0.76h =272 =319 =330
-112.0 0.882 -259 =317 =323
-143.9 0.959 =278 -342 -380
-161.2 0.983 =5LO0 -375 -LiO
Bthane - n~Heptane Binary
_ at 100 psia .
358 0  =-2600 =121 =240
33k, 0.20 =560 =890 =-1320
305.5 0.40  -388 =595 =837
272.5 0460 ~291 =420 =557
223 0,80 -2h2 -276 =390
132 0,96 =159 -170  =-3lLh
55.5 0.995 -179 =225  ~L50
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# Component 1 is the light component of the binary.
# BR-K values are calculated by the Redlich-Kwong equation.
368

% BWR values are from Weber, et al (19,20).

33t EC values are from Edmister's Generalized Correlation (6).

o AH AH AH
LT ¥ gk mR EC
Methane = n-Butane Binary
at 200 psia
202.7 0  =6L00 -1043 =1270
15905 0'393 —553 —83h -78h
122.5 0.640 =512 =645 =615
93.0 0.784 ~L66 -598 566
69.0 0,866 ~hh6 =554 ~56L
3L.0 0.949 -L51 -608 -62L
10.0 0,984 -L475 618 =680
-6.,2 1.0 ~5100 =687 =736
Ethane ~ n-Heptane Binary
at 600 psia
L8 0,20 - -L930 -6750 =7750
L7l 0.30 =33L0 -L696 5090
450 Q.40 -2135 -3095 -L0O20
400 0.60 =1623 =1896 =2580
328 0.80 ~104O =126 =1910
198  0.96  -915 -1025 =1840
-+ 75.8 1.0 =1940 -1926 =4260



TABLE XI

h

COMPARISON OF MIXTURE ENTHALFY DIFFERENCES IN SUPERHEATED VAPCR

Btu/1b mole

7, P, ¥y AH AH AH AEY
oF psia R=-K BWR EC CTW
- Methane - Ethane Binary
~100 181.5 0.8561 =229 =25 =27)
-100 130.2 0.7420 -190 =225 ~2L6
~100 85.6 0.6778 -140 -169 ~197
-100 51.8 0.399L -110 -151 =171
=50 717.8 0.8561 -906 -91;8 =935 ~1052
=50 421.0 0. 7420 ~-559 -616 -607
=50 150.3 0.3994 -275 =343 -374
0 902.5 0.8561 -838 -855 ~-8L43 ~-882
0 949.9 0.7420 -1173 -1222 ~1166 ~120}2
0 L50.1 0.6278 -552 -601 -693
50 950.1 0.3994 -1858 -1977 ~1813
50 148.9 03545 =330 =hl1 -211
50 499.5 0.1710 -1148 -1137 -1122
100 783.7 0.3994 -938 -958 =949 =997
100 900.3 0.1710 -1793 ~1740 ~1811
100 491.6 0,1710 -736 ~798 -782
Methane - Propane Binary
~100 603.0 0.9819 -8li5 ~-883 -91)
~100 396.9 0.9819 =L 66 -1489 =513
~50 56.0 0.7728 -76 -95 -8l
0 334.0 0.9122 =280 -310 -288 292
0 170,0 0.7728 -198 -228 -208 =24l
50 879.1 0.9122 ~637 =647 -617 =639
50 Léh.L 0.7728 =79 -526 =471 =491
100 1000.0 0.7728 =893 -892 -850 -885
100 790.) 0.6333 -10LL -1173 ~988 -1171
100 522.5 0.6333 -623 =710 -619 =653
100 35L.4 0.3545 -739 ~895 =794
100 216.9 0.0757 -675 -906 ~956
Ethane = Propane Binary
-100 17.0 0.9102 -56 -89 -89
~50 57.8 0.9102 -160 222 252
=50 16.0 0.1943 =67 -115 -106
-0 45.2 0.19L3 -164 -253 ~148
. 50 110.2 0.1943 -361 -531 277
100 658.1 0.9102 ~1816 ~2052 -2162
100 3742 0.5523 ~1024, -1266 -135L

3 CTW values are from the correlation developed in this work.
other symbols are the same as in Table X.

All
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The comparison of the partial enthalpy differences calculated by
thé Redlich-Kwong equation and Benedict-Webb-Rubin equation can be made
fo: both components of the methane - ethane, methane - propane and
ethane - propane binaries., For these binaries the pressure correction
té the partial enthalpy of the heavy component (the correction is a
negative quantity) calculated by the Redlich-~Kwong equation is smaller
than the correqtion calculated by the Benedict~Webb=Rubin equation.
When the composition of methane is high in the methane binaries, the

two equations agree quite well.
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TABLE XIT 10f 10
COMPARISON OF REDLICH-KWONG AND BENEDICT-WEBB~RUBIN (10)
PARTIAL ENTHALPIES FOR SUFERHEATED VAPOR

Btu/1b mole

Comp® ¥i ABp g A By Vi N ARgyp
~100°F
€03.0 psia 9.1 psia
Cq 0.9819 ~753.5 ~766.9 0.8831 =7.9 -643
Co -3546.5  ~h119. -2l1.9 ~36,1
C3 0.0181  ~5785.8  =7179. ~39.0 ~65.3
nch "‘79596 001169 _52.8
396.9 psia 130.2 psia
Cq 0.9819 -432.9 =Ll 0.7L20 -117.2 ~109.4
Co -131.L =177k 0.2580 ~398.5 ~556.3
C3 0.0181  -2247.3 = -2951. -631.1 -99L.8
nCh "301119 9 "858 . 2
798.6 psia 8L.6 psia
C1 0.9865  -121,8.8  -1071. 0.6278 =70,5 -58.7
Co -18592. ~26700 0.3722 -257,0 =355.2
Cs -31358.  ~L6600 -411.6 -679.8
nCj, 0.0135  =L3520, ~562.6
1L psia 51.8 psia
C1  0.9348 -13.1 -12.8 0.3994 -3kL.3 -1
Co =37.7 ~52.0 0.6006 -160.8 -242.3
C3 -58.2 -90.8 -265.9 - -L70.2
nCj, 0.0652 ~78.2 -368.5
181.5 psia 17.0 psia
Cl Oo 8561 “l7ho 7 “173 ° 5 —'2 o 8 180 7
Co2 0.1439 -551,6 ~736.1 0.9102 -51.9 =79.6
C3 -862.7  -1333.5 0.0898 -92.8 ~179.0
nCj, -1166.2 -132.8

4 Comp. refers to the normal paraffin components: C; = methane,
Co = ethane, C3 = propane, nC); = n-butane, etc.
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TABLE XIT (Continued) 2 of 10
Comp. Vi AHR-g AHRWR ¥4 AHpg ABpyg
~50°F
1065.3 psia 56.0 psia
Cl 009891 —103707 "'10399 Ol7728 ‘.3656 "’27.9
C2 =L727.2 ~5159.5 -132.6 -177.2
C3 -7602, ~7095. 0.2272 -212,1 -323.7
nCj, ~10375. -289,8
1’105 000109 "12993v "“3659)4
1469.6 psia 150,3 psia
C1 0.9891  =1505.8  -15L2. 0.3994 ~67.3 ~21.3
Co -6338. -6896. 0.6006 -412.9 -557.6
C3 -9932, -11190. -698.4  -1131.
nC), ~1336l. -977.0
nCg 0.0109  -16525. ~1247.6
717.8 psia 57.8 psia
C1 0,8561 -555.6 -531.1 0.7 55.8
Co 0.1439 -2991.3 -3429, 0.9102 ~149.2 ~-197.8
C3 -4936.8  -3Lk2. 0.0898 -273.6 —Lél. L
nCl, -6823. . ~395.2
nCg ~8626. -513.5
48.2 psia 15.8 psia
C1 0.93L8 ~35.L -33.9 12.1 52.6
Co -104.1 -130.8 0.1943 -35.0 -39.8
C3 -161.0 -225.0 0.8057 ~The2 -133.0
nCj, 0.0652 -216.5 -112.6
nCg =270.5 -150.0
421.1 psia 3.0 psia
C1 0. 7420 -288,7 -25).1 5.6 21.0
Co 0.2580  -1338.0  -1656. =7 -1.3
C3 -2193.3 ~-2972. 0.4157 -13.3 -34.2
nCj, -3026,0 0.5843 ~21.7
nCsg ~3829.7 -29,9
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TABLE XII (Continued) 3 of 10
0°F
,50.0 psia 45,2 psia :
Cq 0.9865 -290,2 -282. 39.1 129.3
Co -857.8 -9L0.3 0.1943 -82,8 -82.6
C3 -1320.8  -15L5. 0.8057 -18L.1 -291.5
nCj, 0.0135  -=1771.6 -283.0
nCg -2206.9 -379.4
nCg -2626,6 -L72.8
nCy -3032.3 ' ~563.7
1299.7 psia 20.3 psia
Cq 0.9906 ~907.2 -902. 39.3 125.1
C2 -3295,7 -3560.5 -2.3 0
Ca -5167.0  =5845. 0.4157 =77.3 ~119.7
nCj, -697L. 0.5843  ~-129.1
nCg -8685. -179.7
nCs 0.0094  ~10310 -228.7
nCy ~11850 =276.4
33L.0 psia ' 3.0 psia
Cl Oc9122 -206.’4 —21).].. 1007 3108
Co ~665.6 -836. -1.0 10.2
C3 0.0878 ~-1041.6 -1306. -9,9 =11.5
nCj, -1407.9 0.5601 -18.5
nCg -1762.3 0.4399 - =26,9
nCg -2104.5 -35.1
nCy ~24435.1 -43.1
902.5 psia 900.9 psia
C1 0.8561 -572.5 ~552, 0,9891 ~-610,9 -602.
Co 0.1439 -21416.6 -2658. -2027,9 -2210.
Cs -3887.2  =L517. ~-3163.L  -3639.
nC), -5312,4 ' -4265,1
nCg -6677. 0.0109  -5319.8
nCg -7976, -6330.
nCy; -9219. =7298.
: 3355.4 psia 450.1 psia
Cq 0.9596 -1725.8 -1740. 0.6278 =212,8 -170.0
Co ~,698.0 -5321. 0.3722 -1125.4 -1328.5
C3 =7116. ~-8122, =1868.7 =242l
nCj, -9205. -2592,2
nCg -11059. 13290, 3
nCg =1273L. -3692.9
nCy 0.0L40L4  -~14213. A -4611.3



TABLE XII (Continued)

Comp. Vi lﬁHR&K AHgpg
O°F
949.9 psia
Cq 0.7L20 -383.0 -337.
Co 0.2580  -3L4L2.8  -3769.
C3 -58L46.5 ~-6768.5
nC}, -8169.
nCsg -10370.
nCq -12),65,
nCy ~1L51.,
SO°F
2751.L4 psia
C1 0.954L  -1263.7  -1286.
Co -4292.5  -L679.
03 -6)4970 "7)-‘0105
nCj; -8591.,
nCg -10L496.
nCg 0.0456 -12251.
DC7 —138&6.
1562.6 psia
Cq 0.8831 -594.0 -5L5
G2 -3918.8 -4201.
Cs3 -6h41. ~7172.
nCj, 0.1169  =8861.
nCs -11113.
nCg -13227.
nCy -15196.
359505 ESia
Ty 0.9275  -1450.9  -1L20.
G2 -L374h.2 -h782.
C3 ~6l16 ~7519.
nC), -8339.
nCg -100L4k,
nCég -11583.
nCy 0.0725  -129Lk.
)46)4 . h sia
Cy 0.7728 -182.5 -136.3
Co -902.0 -871.0
Cs3 0.2272 -1487.9 ~-1851.0
nCj, ~2058.2
nCg -2609.L
nCg -3138.6
nC? "3 6)49 o7

Y3
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oBgx  OBpyg

0.7728

0.2272

170.0 psia
‘-88. 7
‘35203
-569.5
-78105
-987.1

"650 7
-431.7
-781.0

. =1186.1

~-1378.7

0.5601
0.4399

0.1943
0.8057

0.4157
0.58L43

0.9122

0.0878

2.9 psia
28,5
‘-109
2742 -
=51.9
-76.0
-99.4
=122,2

110.2 psia
127,2 352.

‘-16506 '159 '9
-407.8 -620.8
_6)-&‘-0 3
-87ho 2

-1096.8

-1312,8

w ==
S ER
« & o
= oo

37.6 psia
69,2 180.
-35.6 19.2
=-122.7 =174.2
-207.9
=290.8
~371.2
L9k

879.1 psia

"hh? ) 7 —h23 °
-1641.2 =1776,
-2598.8 =2972,
-3528.2

=4}18.5

-5272.0

~-6089.,



TABIE XII (Continued)

Comp. ¥s AER—K AﬁﬁWR
50°F
950.1 psia
C1 0.3994 2143.3 1990.
02 “LI.51857 -héls-
C3 0.6006 -9575. - =972L.5
nGj, =12l
nCg ~18940.
nCg -23179.
nCy -27127.
65.3 psia
Cy 0.6245 ~7.0 25.1
Co -115.8 ~135.2
C3 ~205.9 =291.3
nCj, 0.3755 -293.8
nCS ‘-379e3
nCg -L62.1
nC7 -5L2.5
100°F
321.1 psia
Cl Oo95hh -13502 "12205
Co -1433.8 -168,0
C3 -677.6  -783.0
nC), -915.1
nCg 0.0456  -1365.6
nCy ~1579.1
1396.0 psia
C1 0.9469 -567.8 -510.5
Co -2154.6 ~2311.
C3 -3L04.0  -3829.
nCj, -}611.8 '
nCg 0.0531 =5758.1
nCg ~-6850.
nC7 “7886.
2180.0 psia
Cy 0.8625 -805.3 =680.
Co . =3859.2  ~L153.
C3 -6072. -6860.
nC), -8172.
nCg 0.1375. =10077.
nCg -11828.
nC7 =13415.

i

AHp-x
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AEEWR

0.1710
0.8290

0,35L45
0.6l55

4,99.l psia

~Lh2.6
-1293.0
-2692.5
-14052.9
~5357.2
-6611.
~781L.

148.9 psia

L3.1
-273.8
_535oh
=790.7
"1038. 6
-1278.5
-1511.0

682,
-1512,
~-3L93.

158.
-314.3
_769a 9

0.4176

0.5824

0.5523
0.LL77

0.0757
0.92443

86.7 psia

L3.6
-120.9
-257,.1
~390.1
_51903
"’6L|.)4¢ 5
=766,0

374.2 psia

852.8
-523,8
-16L0.7
-2726.9
—3773 ao
=L779.7
~57L48.5

216.9 psia

390.9
-242.0
-761.8
-1268.6
“'17590 5
"22330 8
"'2692 . 7

119.1
-114.9
—'3h5o 8

1479,
=492,
~2220,

779,
-157.1
=10Ll;.



TABLE XII (Continued)

Comp. Y AﬁﬁpK Aﬁﬁwﬁ
100°F
790.4 psia
C1 0.6333 95.7 235.5
Co -1633.8 -1758.5
C3 0.3667 -3013.3  -3605.
nCj, ~14350.2
nCg -5627.2
nCg. -68L9.
nC7' -8016.
, 3699,0 psia
Cc1 0.8314  ~-1242.1 ~859.
Co -3973.6  -L175.
Cq -5845.7 -6645.
nCj, -7599.
nCg -913k.
nCé ~10506.
ncy 0i1686  -11697.
351.L psia
C1 0.3545 268.8 5ez,
C2 -591.2 -638.3
C3 0.6L455 -1292.7 -1673.5
nCh "‘1975- 7
nCg -2635.2
nCs ~3271.0
nC7 -388L.1
| 658.1 psia
Gy 5809.7 6710,
co. 0.9102 -1318.6  =1455.5
C3 0.0898 -6859. ~-8097
nCj, -12200.
nGg -17236,
nC% ~22008.
nC7 52 6510 °
88.8 psia
Cl 0.95)4)4 "'37~2-|- "'3)4‘0
C2 “1150 3 "‘12)4 o)-l
C3 -176.4 ~207.9
nCj, -241.h
nCs ~301.8
nC% 0.0L56 -360.0
nC7 —)416 . 3

i
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sHpg  Algyy

0.1710
0.8290

0.831L

0.1686

0.1035
008965

0.5601
0.4399

0.6245

0.3755

900.3-Esia
2286.0
-2634.9
-6422.,
=10066.
-1348L.
-16710.
-19738.

466.5 psia
—15)406
-733.8

«1205,}
~166L.3
-2106.9

‘ "2533 -)-I'

-29LL.L

17.7 psia
61.5 208.5
8.8 96.5
-33.5 35.
=779
"11907
=160.3
“19907

25.0 psia
69.3 176.6
-0.3 60.5
”5508 ='5503
-114.8
-170.0
=223 4ly
_2750)4

149.3 psia

- =k.5 23.7
_23209 '"285.5
=413.1 ~577.6
-604.8
-783.0
_’95503

-1122.1

2415,
-2597.
~7040.5

=117.2
=810.4
~1LL6.



TABLE XII (Continued)

Comp. ¥i AHRPK AEBWR
100°F
3502.0 psia
Cy 0.9596 -1177.8°  ~1306.
C2 -3765.0  -L115.5
C3 ~-5546.1 -7140.
nCy, -7h413.
nCsg =902},
nCg -10503
nC7 0.040L4  -11841.
299.7 psia
C1 0.831L -10L.2 =799
Cz ‘hh808 -h9h08
C3 -718.1 -879.5
nCj, 0.1686  -100L.lL
nCy -1269.6
n06 ‘153505
nCy -1772.5
, 1000.0 psia
C1 0.7728 -280.2 -135.1
Co -1813.9 -18L9.
Csq 0.2272 -2979.4 -3468.5
nch —h21h09
nCg -5341.9
nCg -6419.
nCy ~74L5.
80.0 psia
C1 0.7782 -18.7 -2.0
C2 ”11907 _lhBOh
C3 =199.5 -278.3
nC), ‘ -28L.4
nCg 0.2218 -363.3
nC? -51307
522.6 psia
C1 0.6333 -66.9 35.7
Cy -920,7  =1026.
03 0.3667 -1583.2 -1999.0
nCj, ~2287.1
nCg -2936.0
nCg -3560.4
nC7 ~h16009

i

Mg g
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AHgygr

- 0.1710

0.8290

0.973L

0.0266

0.6990

0.3010

0.5743

0.4257

0.8167
0.1833

191.6 psia

80.4
—90ho9
-1669.L
~2181.7
«3230.2
-3950.6
=642.9

200.3 psia

27.3
-318.7
-591.0
~-880.8

-llh9o9
-1410.1

31.9
~6l1.6
'l)-llol
~22247
~-298.6
~372.L
=LL3.8

124.6 psia

118.7
-158.9
-378.3
-611.9
~829.3

=1039.8
-1243.6

136.3 psia

236.6
"'128.6
-hl7o2
=72L..4

=1010.2
~1286.8
-1554.5

169.
-997.1
~2061.0

§9.8
”35203
'77107

91.7
“53rl
-195.2

254.6
~141.9
’SzhoB

525.0
=36.8
-578.5



TABLE XII (Continued)

100°F
| 783.7 psia
1 0.399L -21.9 51.5
Co 0.6006  =1547.2 -1629,
C3 =2712.9 -3190.0
nCh —39)49 ° 6
nCg -5081.,0
nCé ~6165.
nCy ~7199.
200°F
35240 psia
Cy1 0.7673 -728.3 ~405.7
Co -3233.2 ~3423,
C3 -L967.6 -5611,
nCj; ~6597.
nCg -8033.
nCg -9324.
nCy 0.2327  -10L56.
: 1200,2 psia
C1 1796.7 1222,
Co 0.9776 -1774.1 2250,
C3 -L186.9  -5008.5
nCj, -7090.
nCy -951k.
nCg -11791.
nCqy 0.022y -1391k.
. 799.2 psia
Cq 2886.8 3L431.
C2 008327 "59001 _39301
C3 -3296.7  -3736.
nCj, © =5907.0
nCg 0.1673 -8370.
nCg -10705.
nCy -12910,
610,6 psia
C1 _ ~ L629.3 5782.
Co 0.5743 680.7 -301.9
C3 ' -2419.1 ~28Ll.
nCj, 0.4257  -5413.7
nCg -8252,
nCg -10951.
nCy -13510.

i

AﬁR—K
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A EBWR

0.4157
0.58L43

73.0 psia

137.2

-51.8
-201.7
-361.5
~510.3
-654.5
=794k

313.8
Wl
"'303 03

0. 5601
0.4399

0.6062
0.3938

0.5456
0.L5hk

0.62L5

0.3755

128.0 psia

L83.7
1ih.2
-190.9
-488.6
=777.6
-10570)4
-1328.6

L3.9 psia
176.0
56.9
=}42.,0
-138.6
=232,6
~323,.9
=412.5

1608 ESia
88.2
39.3
"‘lo)-l»

-41.3
-80.1
~117.8
"’15)40)4

867.2 psia

~1188.1
-2386.9
=3548.1
-L4655.8
-5714.3
=672k .

998.6
Lh2.6
-980 l

1439.8
252.7
68.5

215.

137.2
60.0

488.1
-1229,
-2717.



TABIE XII (Continued)

Compo yi. AHBPK AHBWR
200°F
199.4 psia
C1 269.1 L57.
Co -135.7 -65.4
03 Oo9h58 ‘h?OOB _55609
nCj, ~795.6
nCg ~1110.9
nCé "'lhlS- 7
nCq 0.0542 -1710.6
457.3 psia '
C1 3584.7 sL5k.
Co 879.9 1719.
C3 0.8167  -1279.5  -1L77.
ncj, 0.1833 -3372.7
nCg =-5373.1
nCg ~7287.
nCy -9116.
3L49.9 psia
Gy 3083.2 7122.
Co 1052,6 3238,
C3 0.4157 ~58l.7 -20.3
nCj, 0.5843 -2175.1
nCg -3702.2
nC¢g ~-5£168.7
nC7 -6576.
300°F
1899,0 psia
Cq 0.831L -55.3 108.9
Co =1744.0 -1768.
CB -30h007 “291205
nCh "',4-2 87 ° 5
nCS “5h55.8
nCg ~-6557.
nCy 0.1686 ~7590.
~ 2003.4 psia
Cy 0. 6650 620.2 982.2
Co -1937.5  -1829.
C3 -3817.7 =4002,
nCj, -5608.6
nCg ~72L47.
nC3 0.3350  ~876L.
nC7 -10151.

i

8Ly
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AHp g

0.8327

0.1673

0.8097

0.1903

888.5 psia

4668.1
’h2905
~4310.0
~-803L.
-11508
-14772
-17819.

3960.
“837 ah
_h'?h?o

L57.5 psia
-38.L 65.4

=55k 14 -578.9
-974.0 -~1161,
~1382.3

~1775.9

-2155,0

-2520,2

0.6304

0.3696

0.8377

0.1623

309.9 psia

1098.5
27L.9
~396.2
-1049.3
""1679 L 6
~2287.0
-2872.6

1715.
665.5
~216.6

235.Y psia
911.3 1602,
268.8 78L.3
=247, 8 32,7
=723.,0
=1205,0
-1670.2
-2119.8



TABLE XII (Continued)

Comp. ¥y AHp g AHgyn
300°F
1405.2 psia
Cy1 0.5252 1832.4 1986.
Co -1147.3  -112L.
05 3373, -3562.5
nCh —SSOlql
nCc 0.4748 ~7L66,
nCé -9297i
nC7 -10988.
1247.0 psia
C1 3086.4 3288.
Co 0.799L -5h2,7 =421.5
C3 =3227.7 -3L465.
nCj, -5788.7
nCg ~-8140.
nCé : -10323.
nC7 0.2006 -12328.
220.0 psia
Cl 238-3 hohou
Co 0.7103 -107.0 -16,2
03 _39Ooh -h07oh
nCj, =666,7 .
nCg -93k.1
nCg ~1192.6
nCy 0.2897 ~1Lh2.h
550.3 psia
C1 1485.1 2057.5
Co 0,6557 62,3 367.5
C3 -1078,6  -1113.
nC), ~2185.5
nCg -3245.6
nCq 0.34Lk3  -L261.5
nGy -5231;,2
159.6 psia
C1 ] 235.1 ‘ L418.5
c2 - 0.6212 -36.7 76,1
C3 ~260,5 -2146.0
nCh °h78.8
nCg -690.5
nCg 0.3788 ~895.2
-1093.4

i
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AﬁﬁwR

0.6062
0.3938

0.5926

0.LOTL

- 0.7616

0.238lL

0.7032

0.2968

0.8272

0.1728

153.1 psia
837.2
36L.5
11.7
-35109
'7Oh05
-10L5.4
-137506

801.7 psia
1158.0
-489.2
-179309
~3056.7
-4258.8
=51,05.9
~6498.

' 800.5 psia

1655.1

-29L.L
-1832.3
—331906
-4732.5
-6079.
-7358.

1,56.8 psia
194.6
~388.2
=-861.6
-1322.0
-1765.7
-2192,7
'260309

452.6 psia
1631.9
323.3
’731@3‘
“175505
=2738.7
-3682,7
‘“h588oh

1618.
990.8
372.7

1687,
-218.0
~1908.

2032,
_1h3¢3
~1970.

378.5
”337n5
-982,2

2218,
672,
=410.6



CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS

The comparison of the partial enthalpy differences of methane and
propane calculated from PVTx data in this work and calculated from
Joule-Thomson coefficient and heat capacity data (1) is shown in Table
IT, Most of the comparisons of the partial enthalpy differences cal-
culated by the two methods compare within the error given for these
values (20 to 25 Btu/lb mole). The partial enthalpy differences of
propane calculated by the two methods do not compare within the given
error in the high pressure range for the low temperatures. At the
higher temperatures the comparison for propane is better. The com~
périson of the pure methane enthalpy differences (Table ITII) between
the values calculated by the two methods are not within the error given
for the values. The results of the comparisons in Tables II and III
show that the énthalpy differences calculated from PVIx data and Joule-
Thomson coefficient and heat capacity data are not always consistent.

For process or design calculations the mixture enthalpy difference
correlation for methane binaries developed in this work is preferred
over the partial enthalpy difference correlation for methane. The
mixture enthalpy difference correlation can be used for both pure
components and binary mixtures containing methane and another normal
paraffin. This correlation should not Be used for a pure component or

mixture that has an acentric factor or pseudo acentric factor greater
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than 0.15. The partial enthalpy difference correlation for methane
should not be used for a pseudo acentric factor greater than 0.12.

More mixture and partial enthalpy difference data are needed for
methane binaries in order to check the proposed correlation methods;
The data that would place a stringent requirement on the proposed
correlation methods are data for the complete composition range of a
system where the acentric factors of the components are widely sep—
arated. Data for the methane - n-pentane system would be an example of
such a system. If the proposed correlation methods prove to be ade-
quate, the correlations can be extended to higher values of the pseudo
acentric factor, pseudo reduced temperature and pseudo reduced pressure
as well as lower values of the pseudo reduced temperature.

The primsry advantage of using the Redlich-Kwong equation of state
to calculate the mixture and partial enthalpy differences of superheated
vapor is that it affords a quick and easy way to obtain values by hand
calculations. The calculations can be made by using the critical con~
stants and compositions of the components in the mixture and the temp-
erature and pressure of the system in conjunction with Figures 19, 20
and 21. However, the comparisons of the mixture enthalpy differences
shown in Tables IX and Xi and the partial enthalpy differences shown in
Tables IX and XII indicate that the Benedict-Webb-Rubin equation values
compare better with the values calculated from PVIx data than do the
Redlich-Kwong equation values. The mixture enthalpy difference wvalues
calculated from PVTx data and the correlation obtained from these values
are recommended over either equation of state. When no enthalpy dif-
ference values or correlations are available for mixtures, estimation

methods can be used. Equations of state can be used or pure component



correlations can be extended to mixtures (3,6) in order to obtain an
estimate of the enthalpy difference. These estimation methods must be

used with caution.
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APPENDIX A
NOMENCLATURE

parameters for the Redlich-Kwong equation of state
parameters for the Redlich-Kwong equation of state
Gibbs free energy, energy/mole

enthalpy, energy/mole

enthalypy, energy

- partial enthalpy of a component, energy/mole

mixture enthalpy difference from an ideal gas or the effect
of pressure on the mixture enthalpy, energy/mole. ..
partial enthelpy difference of a component from an ideal
gas or the effect of pressure on the partial enthalpy of a
component, energy/mole

distance between equally spaced temperatures in equations
34, 35 and 36

parameﬁer for the Redlich-Kwong equation of state
parameters for the Redlich~Kwong equation of state
parameters for the Redlich-Kwong equation of state

number of moles

absolute pressure

vapor preséure of a component

heat put into a system, energy/mole

universal gas constant
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entropy, energy/degree-mole

absolute temperature

internal energy, energy/mole

volume/mole

work done on a system, energy/mole

general term indicating composition

mole fraction of a component in the vapor
compressibility factor

residual volume, volume/mole

dimensionless parameter defined by equation 16
increase or decrease of an extensive property
gas phase fugacity coefficient of a crompOnent

acentric factor
Superscripts

value at the system pressure

value in the ideal gas state

universal function of reduced temperature and pressure
at W= 0

universal function of reduced temperature and pressure

that is dependent on the acentric factor

Subscripts

- refers to component 1 (light component) and component 2

(heavy component) in a binary system, respectively
critical ﬁalues

value of component i



pc

pr

T,P,n,y

]

il

I

pseudo critical values
pseudo reduced values
reduced values

values being held constant
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APPENDIX B

PVTx DATA FOR THE METHANE - PROPANE BINARY

TABLE XIII 1 of 3
COMPRESSIBILITY DATA FOR THE METHANE - PROPANE BINARY (15)
P, psia 100°F  160°F  220°F  280°F  34O°F  LOO°F  L6O°F
0.10 Mole Fraction Methane
200 0.7918 0.8629 0.9020 0.9271 0.9439 0.9567 0.9669
Loo 0.6705 0.7887 0.8L98 0.8880 0.91L3 0.93LL
600 0.6L83 0.7671 0.8321 0.,8736 0,9040
800 0,6810 0.7779 0.8349 0.8754
1000 0.5976 0.7250 0.7990 0,8501
1250 0.5277 0.6678 0.7605 0,8228
1500 0.4975 0,6295 0.7301 0,799
1750 0.5079 0,6128 0,7100 0.,7839
2000 0.531L 0.6145 0.7021 0.7765
0.20 Mole Fraction Methane

200 0.8279 0.8840 0.9159 0.9371 ©.9518 0.9627 0.9717
400 0.7391 0.8237 0.8724 0,90LLy 0.9270 0.9440
600 0.7209 0,8059 0.8584 0.8929 0.9188
800 0.6105 0.7407 0.8151 0.8619 0.8959
1000 0.5002 0.6803 0.7752 0.8338 0.8760
1250 0.4291 0.6163 0.,7300 0.8034 0.8548
1500 0.4339 0.573L 0.6960 0.7788 0.8376
1750 0.4610 0.,5629 0.6747 0.7617 0.8248
2000 0.4970 0.5727 0.6695 0.7529 0.8166

9k
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TABLE XIII (Continued) 2 of 3
P, psia 100°F  160°F  220°F  280°F  340°F  LOOSF  L6O°F

0,30 Mole Fraction Methane

200 0.8590 0.9032 0.,9288 0.946L 0.9592 0.9689 0.9763
400 0.7923 0,8542 0,8928 0.9198 0.9391 0.9539
600 0.6552 0,7763 0.8391 0.8820 0.,9110 0,9332
800 0.6989 0.7880 0.8473 0.8862 0.9150
1000 0.6185 0.7416 0.,8161 0.8639 0.8993
1250 0.5291 0.6911 0.7803 0.8402 0.8832
1500 0,5038 0.,6528 0.753L 0.8224 0.8701
1750 0,5112 0,6308 0.734hL 0.8092  0.8600
2000 0.5349 0,629 0.7257 0.7997 0.8537
0,40 Mole Fraction Methane
200 0.8860 0,9207 0.9408 0.9553 0.9663 0.97L6  0.9810
Loo 0.8348 0.8812 0.9111 0,9341 0.9506 0.9633
600 0.7LO0  0.8213 0.8686 0.9035 0.,9278 0.9469
800 0.6358 0,7637 0.8287 0.8755 0.9082 0.9326
1000 0.5379 0.7092 0,7925 0.8511 0.8912 0.9204
1250 O.h652  0.6483 0,7543 0.82L3 0.8728 0,9083
1500 O.l533 0.,6071 0.,7249 0.8038 0.8597 0.8991
1750 0.4715 0.,5890 0.7046 0.7900 0.8497 0.8911
2000 0.5019 0.5928 0.6961 0,7800 0.8426 0.8875
0.50 Mole Fraction. Methane
200 0.9086 0.9351 0,9520 0.,9636 0.,9729 0.9799 0.9850
400 0.8063 0,8692 0,9048 0.9281 0.9470 0.9608 0.9715
600 0.8019 0.8586 0.8947 0,9232 0.9430 0.9590
800 0,7313 0.8149 0.8640 0.9005 0.9277 0.9480
1000 0.6670 0.77hl  0.8365 0.8821 0.9146 0.9390
1250 0.5880 0.7306 0.8078 0.8624 0.9004 0.930L
1500 0.5450 0.6970 0.7853 0.8469 0.8907 0.92L42
1750 0.5373 0.6752 0.7692 0.8361 0.8835 0,9183
2000 0.55L42 0,6663 0.7616 0.8289 0.8799 0.9165
: 0.60 Mole Fraction Methane
200 0.9283 0.9482  0.9622 00,9716 0.9790 0.9846  0.9899
1,00 0.8531 0.898L 0.9257 0.94h1  0.9591 0.9702 0.9789
600 0.7692 0.8470 0.,8901 0.9184 0.9410 0.9571 00,9700
800 0.7979 0.8573 0.8951 0,9238 0.9453 0.9620
1000 0.7502 0,8269 0.8748 0.9100 0,9353 0.9557
1250 0.6941  0.79Lky  0.853L4 0.8956  0.925L  0.9498
1500 0.6519 00,7688 0.836L 0.8841 0.9181 0.9455
1750 0.6322 0,7500 0.8243 0,8766 0.9136 0.9423

2000 0.6297 0,7389 0.8186 0.8716 0.9120 0.9408
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TABLE XIII (Continued) 3 of 3
P, psia 100°F  160°F  220°F  280°F  3L0°F  LOOPF  L6O°F
J

0.70 Mole Fraction Methane

200 0.94U8  0.9606 0.971 0.9789 0.9847 0.9892 0.9925

- 400 0.8878 049222  0.9439 0.9590 0,9703 0.9791 0.9857
600 0.8279 0.8836 0.9172 0.9401 0.9572 0.9700 0.9796
800 10,7692  0.,8473 0.8928 0.9229  0.94h9  0.961Ly 0.9742
1000 0.7127 0.8126 0.,8705 00,9078 0.9351 0.9542 0,9700
1250 0.7728  0.8470 008921 0.,9249 049477 0.9661
1500 0.7508  0,8270 0.,8802 049168 0.9430 0.9640
1750 067192 048113 0.871h 0,9113 0.9398 0.9631
2000 0.,7089 0,801k 0.8652 0.9079 0.9395 0.9625

0,80 Mole Fraction Methane =--
200 0.9588 0,9716 0.9792 069853 0,9896 0.9931 0,9966
400 0.9159 0.9421 0.9593 0,9716 0.9800 0.9870 0.9917
600 0.8718 00,9143 0.9402 0,958L 0.9713 0.9810 0,9880
800 0.8307 0,8875 0,9226 0.9468 0.963L 0,9759  0,9851
1000 0,791  0,8627 0,9069 0.936L 0.9570 0,9713 0.9828
1250 0.7L85 00,8361 0,8899 0.9257 0.9501 0.9677 0,9808
1500 0.,7146 0.8131 0.8750 0.9169 0.9449 0.,9650 0.9804
1750 0.6893  0.7965 0.8642 0.910L 0,941l 0.9632 0,9812
2000 0.6781  0,7862 0.8563 0.,9065 0.9399 0.96L0 0.9827
0.90 Mole Fraction Methane

200 0.9700 00,9802 0.9858 0,990k 0,9938 0.996L 0.9980
1400 0.9398 0.9589 0.9722 0.9816 0,988l 0.9931 0.9965
600 0.9086 00,9400 0,959 0.9732 0,9828 0.9901 0.9951
800 0.8809 0.9220 0,9478 0.,9659 0,9786 0,9877 0.9943
1000 0.8541 = 0,9048  0,9375 0.9595 0.9751 0.9858 0.9940
1250 0.8225 048866  0.9259 0.9533 0,9716 0,98L5 0.99L0
1500 0.7977 048733 0.916L  0.9481 0,9692 0,984l  0.9953
1750 0.7768  0.8626 0,9102 0.9450 0.,9683 0.98L9 0.9979

2000 0.7660 0.8550 0.905h  0.9L30 0.9690 0.9868  1.000kL



APPENDIX C
DATA FROM LITERATURE USED IN ENTHALPY DIFFERENCE CORRELATIONS

TABLE XIV ' 10f 7
PARTIAL ENTHALPY DIFFERENCES FROM LITERATURE (15)
Btu/1b mole
P, §sia 70°F  100°F  130°F  160°F  190°F  220°F  250°F
=wem——mmem——— Partial Enthalpy Difference of Methane in Ethane ==—e————===e
0,50 Mole Fraction Methane

200 =62 -58 ~-58 ~52 =42 =35 =35
400 ~100 =101 -103 -9k =79 =70 =72
600 -63 =105 =119 -115 =11} -101 -104
800 e ~107 =143 ~142 ~137 -133 =135
1000 8 =70 -128 -149 -154 =161 ~155
1250 148 35 =120 - =166 =174 -182 ~186
1500 147 178 -102 ~152 -189 -201 =216
1750 =)l 329 =115 =182 -218 =24l =247
2000 -282 =151 =171 -225 ~2Uh =281 =296
2250 -500 -176 =271 ~285 =295 =32 =337
2500 =712 =204 =385 ~349 ~351 =376 =388
2750 =91l =462 ~1489 =130 -419 ~436 =457
3000 -1109 ~718 =57k ~507 -1482 -498 526
0.60 Mole Fraction Methane

200 =69 =74 =71 - =58 =51 =39 =37
400 =128 -133 -128 =113 ~100 -86 =8l
600 -184 =193 -185 -162 -1i45 ~-128 =118
800 -221 -225 226 =205 =187 =170 =156
1000 =231 =256 =270 =24l -225 -211 =193
1250 -2},2 =272 ~296 287 =273 =252 =237
1500 -352 -308  -328  -33L, =319 =293  =~268L
1750 -558 ~l25 -38L ~371  -363 =337 -327
2000 =779 ~556 =455 =422 =409 ~382 =375
2250 =9h7 =6l1 =531 =483 =457 =429 =22
2500 =1103 =789 =627 ~554 =512 =)482 =48l
2750 ~1213 -883 ~700 ~608 =577 -533 -546
3000 ~13L6 -929 =790 =674 =643 =600 ~60L
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TABIE XIV (Continued) 2 of 7
P, psia 7T0°F  100°F  130°F  160°%F  190°F  220°F  250°F

=—mm=mmw-—e Partial Enthalpy Difference of Methane in Ethane —-——————we-
0,70 Mole Fraction Methane

200 -80 -83 -79 -6l -56 =l =40
100 -157 -153 -143 -12) -113 -98 -92
600 =231 ~226 =221 -185 -163 =141 -131
800 ~306 -288 -268 ~2)2 ~21; -188 -173
1000 -368 =352 -331 -29h -263 =236 =215
1250 -558 =430 -390 -362 -327 -290 ~266
1500 -580 ~523 =152 -L28 -386 ~340 =316
1750 -730 -6L1 =526 ~L87 =4h2 ~392 =370
2000 =901 =741 -606 -552 ~L99 ~L Ly 420
2250 -1059 ~8LL -687 -6l -553 =501 - =L7h
2500 -1167 -972 -768 -685 =611 -554 =534
2750 -1277  =1057 8Lk -738 =673 -603 =591
3000 -1379  -1148 ~919 -798 -730 =657 -6L6
' 0,80 Mole Fraction Methane
200 -89 -89 =81 -69 =62 -48 =45
40O ~179 -163 -151 -132 -121 -102 -96
600 =260 -239 -232 =201 -175 =152 143
800 -352 -319 -288 -262 =230 =202 -187
1000 e =397 =355 -322 -283 =259 -235
1250 =56l -506 =437 =102 -358 -318 =292
1500 -699 ~61L =521 =477 =42 =379 ~356
1750 -818 =723 ~603 =552 -491 -436 -L05
2000 =942 -836 -692 =622 -553 -L95 -L56
2250 -1061 -929 =775 -690 -611 -553 =513
2500 -1170 -1029 -848 =762 =673 ~609 =566
2750 1266  =1113 -923 -821 =731 -658 ~619
3000 -1365  -1188 =996 -877 -787 -701 =676
, 0,90 Mole Fraction Methane

200 =92 =91 =83 =73 -63 -52 -L7
400 -190 -166 -159 =140 ~130 =110 -105
600 =279 =253 ~238 -213 =190 ~169 -155
800 =379 =339 ~307 -280 -248 -225 -206
1000 =479 ~423 -375 =3Lk =305 ~285 =257
1250 -616 -536'  =L68 -L29 -335 =345 -317
1500 -751 -6L6 =56l -512 ~1i59 -h12 =376
1750 ~-869 ~751 -6L8 ~589 -52l =l72 =136
2000 =982 -857 ~738 ~660 -596 -532 ~L187
2250 -1080 ~951 -819 ~73L -661 -598 ~5L7
2500 -1182  -1035 -891 -800 ~713 ~651 -596
2750 -1271  -1117 -958 -867 an =700 -650

3000 -1358  =1183  ~1030 -922 -833 -7L8 -699
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TABLE XIV (Continued) 3 0f. 7
P, psia 70°¢°  100°F  130°F  160°F  190°F  220%F  250°F
wmmwme—m——em Partial Enthalpy Difference of Ethane in Methane =——e—me—mw=

0.50 Mole Fraction Methane

200 -29] =269 =251 =216 =206 =243 =171
1,00 =652 -585 -537 =474 =422 =Lh3 -352
600 =1160 -9L7 -872 -76l4 -671 =669 =539
800 -1842 -1415 -1266 ~1067 ~-948 -903 ~733
1000 ~255L4  -1995  -1674h -1 -1238  -11L8 =941
1250 -2L7h  -2779  -2190  -1860  -1613  -14Sh  -1202
1500 -L450L -3455 -2759 ~2312 -1971 -1761 -1456
1750 =1,865 -3929 -3263 ~2754 ~2302 «2043 -1706
2000 =1997 4212 -3656  -3125  =2601  =2310  -1951
2250 -5030  -4392 -3879 ~3412 -282)  =2551 2159
2500 =4991  -Lhé9 <4016  ~3614  -3006  ~2746  -23L3
2750 -L88L =4490 -4129 =3737 -3172 ~2891 =2509
3000 -L737  -hh98  =h232  -3836  -3261  -3026 <2661
0.60 Mole Fraction Methane '
200 -286 ~262 =21 =210 ~196 -239 ~166
1,00 =626 =561, ~510 =45k =402 =428 =341
600 1067 -879 -816 ~720 -635 =639 =522
800 -1651 ~1296 =1173 -99L -889 ~856 ~704
1000 -2255  =1810  =1526  =1310  =1152 ~1083 =901
1250 =2996 =225 -1989 =1705 =149k -1373 =1152
1500 ~3666 =2912 -21,85 =2081 -1621 =1661 -1381
1750 =4167 -330L =2916 ~2508 =2130 =193L ~1616
2000 =434l =3599  =3286  -2907 2401  -2196  =1857
2250 -3730 -3551 =3185 =2636 =22l =2049
2500 -LL55 -3863 =3701 -3)36 -2816 -2633 =2233
2750 =395 =388Y4 -355 -2992 -2768 =220

3000 ~LL67 -4L035 =3997 ~370L ~309L =2920 ~2586



P, psia

200
1,00
600
800
1000
1250
1500
1750
2000
2500
3000

200
ele}
600
800
1000
1250
1500
1750
2000
2500
3000

200
100
600
800

1000
1250
1500
1750
2000
2500
~ 3000

100°F

100

TABIE XIV (Continued) b of 7

130°F 160°F 220°F 250°F

Partial Enthalpy Difference of

-86
-86

=126
-186

-156
=236
-326
=416
-516
=616
=716
=806
=976
=1006

0.85 Mole Fraction

Methane in n-Bubane =———m=commm——

=90
-150
-210
-290
-390
=190
=590
-690
-880
=860

0,90 Mole Fraction

~120
~190
=260
-340
-430
-530
-620
-710
=860
~1000

0,95 Mole Fraction

-150
=220
~300
=370
=70
=560
=650
-730
=890
-1020

Methane
-10 0]
=140 =30 _ ~20
-80 ~60 =40
=130 =90 =70
=180 =120 =100
=260 =160 =10
=340 =220 -190
=130 270 ~250
~516 =340 =290
=690 =160 =390
=860 -570 ~190

Methane
=40 =50
-~100 ~-80 =80
=160 -120 =110
-220 ~170 -160
-290 -220 =200
-370 -290 -250
1460 -350 =310
=510 =420 ~360
-620 =180 =120
~760 -590 ~520
-870 -700 =620

Methane
. ~60 =60
=130 =110 =100
=200 =170 =150
=270 =230 =200
=340 =290 =210
=130 =360 =310
-510 =430 ~380
-590 -4L90 =430
-670 ~560 =}90
-810 =660 ~600
=920 ~770 =700



P, psia

mmmmme—w—= Partial Enthalpy Difference of n-Butane in

200
400
600
800

1000

1250
1500
1750
2000
2500
3000

200
- Loo
600
800

- 1000
1250
1500
1750
2000
2500
3000

200
Loo
600
800
1000
1250
1500
1750
2000
2500
3000

'100%F

-230
-1L40

-620
-1270

=470
=970
-=1470
-1990
-2540
-3140
=3760
=4250
=770
=5630
-6310

TABIE XIV (Continued)

130°F

0.85 Mole Fraction Methane

160°F

=710 -680
-1430 -1370
=2120 -2050
2750 =2690
-3340 -3290
-3970 -3940
=1,500 -4520
-4920 -4990
~5260 ~-5390
-5660 ~5940
-5750 -6230

0,90 Mole Fraction Methane

-550 =480
-1110 =990
-1710 1500
-2300 =2020
-2870 ~2530
~3720 -3130
14130 ~3700
-L670 ~5200
=5130 =L6L0
~5860 ~5320
-6290 -5870

0.95 Mole Fraction Methane
=420 ~360
=830 ~760

=1320 =1200
~1810 =1670
=2330 ~2130
-2960 =2750
<3550 -3340
-4130 ~-3880
-4730 ~14380
=5630 -5230
=6260 -5830

220°F
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250CF

Methane ==—mme—em—-

-610
-1220
-1850
~21460
~3050
=3740
-4360
=14920
=5390
-6110
-6550

-390
=810
-1260

=~1710

~2160
-2720
-3250
=3740
=170
<1900
~5400

=290

~620

=990
~1,00
-1840
=2380
~2910
-3420
~3890
=};614,0
=5180

-550
-1110
-1680
~2250
-2810

=3470

<4080
=1120
~5110
=5890
-6390

=360

=760
=1170
~1600
=~2030
-2560
-3110
=3590
=L030
~L730
=5210

=270

=580

=920
=1310
=1710
=2230
-2730
=3200
=3660
=LL50
-4870



TABLE XIV (Continued)
P, psia 100°F 160°F 220°F

__ Partial Enthalpy Difference
of Methane in n-Pentane

i e - e o ey ias

0.96 Mole Fraction Methane

200 -89 -75 -l
Mele) ~182 -148 =111
600 =272 226 -163
800 =367 -293 =216
1000 =463 ~365 -271
1250 -582 =19

1500 =689 -532 =399
1750 -789 ~617 =} 62
2000 -878 =697 =52l
2500 ~1042 ~835 -6l2
3000 -1173 =961 =7hl

Partial Enthalpy Difference
of n-Pentane in Methane

0,96 Mole Fraction Methane

200 =940 -870 =782
1,00 -1885 -1705 =7l
600 -2765 -2545 =217k
800 ~3715 -3280 -2851
1000 =14500 ~lj115 -3473
1250 ~5405 -5L80 ~4273
1500 -6255 -5840 -1998
1750 6965 -6590 -56kLk
2000 ~7505 ~7180 6207
2500 -8L05 =8100 -7098

3000 ~8885 -8775 =7751
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TABLE XIV (Continued) 7 of 7

P, psia 100°F  160°F  220°F  280°F  3LOOF  LOOOF  L6OOF

Enthalpy Difference of Methane

200 -87.1  =73.5 -62,0 52,2 -43.6 -36.1 -30.5
400 -174.6 © =146.8 <124.9 =103.8 -86.6 ~72.2 -60.5
600 -262,6 -219.5 ~185,2 =154.7 -128.8 -107.3 =90.0
800 -350.3 =-291.,3 =2L45.) =204.y -170.0 -141.5 =118.7
1000 -437.7 =362.,1 =30h.4 -253.0 -210.2 =174.7 -146.6
1250 -5h6.2  =4h8.y -376.0 -311.7 -258.8 =215.0 .=181.0
1500 -652.,9 -531.8 -L45.0 -368.,2 -305.3 -253.3 -213.2
1750 -756.0 -=612.2 =510.7 =422.3 -=349.9 -290.0 =2L}.2
2000 -852,9 -688.,5 -573.5 =473.7 -392.h -32L.9 -273.5

Enthalpy Difference of Propane

200 -593.5 =466.1 =390.2 =3L40.4 -305.5 -283.6
100 -1115.6 -858,5 =712.2 -619.9 -570.2
600 ~2149.6 =1436,2 -1122,7 =950.2 =858.6
800 =4722,1 -2191.1 -158h.4 -1299.0 -1148.3
1000 =5107.5 =3160.7 =-2099.L4 =1664.1 =-1L44l.1
1250 -5290.0 -4055.8 -2755.5 =-2131.1 -1805.3
1500 =5393.7 -Lh27.6 =-3335.8 -2579.1 =2160.7
1750 -5456,3 -46LB.O ~3732.7 =2972.0 =2493.6

2000 -5499.5 =L788.7 =3991.9 =3290.3 =-2789.1



APPENDIX D

REARRANGEMENT OF REDLICH-KWONG EQUATION OF STATE FOR

HAND CALCULATIONS OF THE ENTHALFY DIFFERENCES

Erbar and Thompsoh (7) used the thermodynamic relationship

S1ng; AE;
<_5T_1>P,y =~ (59)

where @4 is the gas phase fugacity coefficient of component i.

to calculate the partial enthalpy difference of component i from the

equation presented by Redlich and Kwong (13),

i 2 fop. .
= o= 0o - BBk D) @

The partial enthalpy difference equation derived by Erbar and Thompson
is shown below. This equation was programmed for use on the IBM 650.

digital computer.

- _A_EF-_A; - 21] \:g(%?%)}’,y - Eg(a;)l’,} ' .(61)
B LA B 1 + BP

10k
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e (), @
P(%%@]P,y . | (63)
. @

o\,
o (&), = 22 %@fﬂb) (68)
(%')T,y R RTl,g(f; e (66)
(%%)V,y =i e 5 (61
(%;)T:V T Gy BRI (68)

First change all the parameters into terms of A2/B and B. This

can be done since a = A2R2T2-5 and b = BRT,

S _A° 1 1.5
(3%)V,y "B T (2/BF + 1) (69)
Sz 1 42 1
(BV)T,y =~ BRT(z/BP - 1)2 © B BRI(5/BP + 1)2 (70)
(&) - R a2 _0.5R (1)
8T)y,y BRI(z/BP - 1) ~ B BRI(z/BP)(z/BP + 1) :
(6?) - BT L. A2 BT
&y (BRT)2(z/BP - 1)2 B (BRT)2(z/BP)2(z/BP + 1)

LA R
B (BRT)2(z/BP)(z/BP + 1)¢

(72)

Let z/BP = j = 1/h and A2/B = k. Using these definitions in equations
69, 70, 71 and 72 and substituting these equations into equation 6k

gives upon simplification,
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(62) _ 1/ 1.5k
3T P,y - T ZJ + 1)
30303+ D3 + 0.8k(g + D3 - 1) - kj(§ + DG = 1?2 = 0.565(34 = 1>3])
(3 -1+ 1) [~ 523 + 12 +k(§ = 1)2(3 + 1) + kj(j - 1))

(73)
. (%)P,}y = %[(?]‘“%klj * I‘] (74)

where equation T4 defines L.

Equation 61 can be rearranged to the following form.

. [%—-u -t -8

{ = o 1 - — - 1) + 1} {1:1(1 + BP/Z)il [ﬁ%;@)-}?’y

"B {2 (%i - 1) ) @i - 1) ¥ 1} F@g)r’iy;gi@%)&% (75)

Collecting terms that are multiplied by (Aj/A - 1) and (Bi/B -"1) and

substituting equations 62, 63 and 7L into equation 75 gives

_ AH 1[1, - '('z'%""'BP)'(L + BP) + 1.5k In(l + h) - kh(wﬂ

1 T h
- 3 e w ]
+ H{EL - i) [L - 1.5c 1n(1 + b) - kh(ll—“l—Léz')} (76)
or
- AR =S (- s (B n

where equation 77 defines the quantities ExH/Rﬂ, M and N which are
functions of A2/B and BP. Equation 77 was programmed for the IBM 650

digital computer.



APPENDIX E
VALUES FOR CENERAL ENTHALFY PLOT BASED ON THE REDLICH-KWONG EQUATION

TABIE XV 1lof?2

VALUES OF [AH/RT, M AND N AS FUNCTIONS OF A2/B AND BP

BP [an/RT] M N [H/RT] M N
cmmmemm B2/B = 0,5 ¥ e A%/B = 1,0 mmmemm-
0,02 0,00 0.049 -0,021 0,029 0,100 -0,022
0.0k 0.007 0.095  -0.0LL 0.055 0,198 =0.048
0006 0.008 Oal,.l.o ""00068 00080 0029)4 ‘09078
0,08 0,008 0.181 -0.,094 0,102 0.387 -0.111
0.10 0,007 0.220  =0,120 0.121 O.475  =0.1Lh6
0,15 =0, 002 0.308  -0,190 0.159 0.678 -0.24)
0.20 ~0,017 0.383 =0.262 0.185 0.850 -0.3L9
0.25 -0.037 O.Lhé  -0.335 0.198 0.993  =0.455
0630 -0,062 0.500 -0.408 0,202 1,111 -0.559
0.L0 ~0.120 0.585 ~0.5L9 0.186 1.288 -0.754
0,60 ~0,26l 0.697 ~-0,816 0.098 1.501 -1,096
0,80 ~0.428 0.766  =1,065 -0,03L 1,621  =1.390
1,00 =0,603 0,812 -1.302 -0,188 1.698 -1.657
e A2/B = 1,5 e e A2/B = 2,0 ——mmmmm
0.02 0.054 0.152 ~0.,023 0.080 0.208 ~0.02l
0.0k 0.106 0.309 -0,053 0.158 0.429 0,059
0006 00155 Oo).l.é? ""00089 00236 Oe663 =-0.10)_1
0,08 0,202 0.62L -0.132 0,310 0.906 =0,160
0,10 0.2L45 0,778 =0,181 0.382 1.151  =0,228
0.15 0,338 1.138 =0.321 0.541 1.7L3 =0.438
0,20 0.L10 1.443 ~0.U476 0,669 2,238  =0.675
0.25 0.L62 1,688 ~0,631 0.765 2.609 ~0,90)
0.30 0.496 1,879 =0.779 0.831 2.870  =1.,107
0,40 0.526 2,143 -1.039 0,903 3.18L =143
0.60 0.487 2,122 =1.451 0.905 3.L59 -1,890
0.80 0.382 2.56L =1.779 0,820 3,585  =2,230
1.00 0.245 2.651 =2 ,06l 0.695 3.662 -2.521

% For A°/B = 0; [AH/RT]=-BP, M = O and N = = BP
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TABIE XV (Continued) 2 of 2

[AH/RT] M N [aB/RT] M N
SRS ) : i Y J— N Uy R W —
0,106 0.265 -0.026 0.133 0.325 =0.027
0,213 06562 =0,065 0,271 0.709 =0,073
0.321 06892 ~0,122 0.L41L 1,16,  =0.145
0.429 1.252 =0,198 0,562 1,699 ~-0.253
0.535 1.635 -0.297 0.712 2,312 ~01407
0.779 2,600 =0,629 1,071 3.96L =0990
0.976 3.377 -1.,009 1.355 5,113 ~1.617
1.120 3.870 -1.341 1.545 5.589 =2 045
1.218 o154 ~-1.601 1.665 5.7L5 -2 ,308
1.323 L.L18 -1.961 1,786 5.798 2,619
1.351 h.592  =2.409 1.822 5.785  =2.993
1.278 h.667 2,736 1.753 5,787  =3.283
1.160 Le717 -3,018 1.638 5800 -3, 546
S——— A2/B = 3,5 cmmmmmee N V- RE 1o J—
0,160 0.389 -0,029 0,188 0.455  =0.030
0.332 0.875 -0.082 0.396 1,065 -0.093
0.516 1,502 ~0,176 0,630 1,941  =0.222
00715 2:323 -Ot339 00899 30313 "“'Oo}-l-95
0.927 3.391 =0.610 1.21h 5.605  =1,102
1.461 6.523 -1,813 2,049 11.70L =3.975
1.841 7.710 -2.729 2,451 10,510 =4.253
2,053 7669 =3.055 2,630 9.589 ~l1.161
2,173 7.485  -3,196 2,726 9,08  =lL.111
2.286 7.220 ""3-358 25813 80576 “"}.I.alOB
2,310 6,998 =3,61l 2,820 8,297 =l o 206
2.24h1 6,92\ «3,856 2,741 8,062 =l L2
2,126 6.899  ~L.O%L 2,622 8,004  <L,655
mmceiminin AC /B = 1B cmmn S Uy - BN o J—
0,217 0,526 =0,03 0247 0,600 =0,03L
0.L465 1.287  =0,107 0.5L0 1.553  =0,125
0.761 2.563 =0,292 0.920 3,576  «0.421
l.1Lh 5.362 =0, 869 1,605 17,724  =3,685
1,732 15.481  =3.90L 3,35L 22,674 =10,130
2,873 15,159 -6.376 3.659 14.595 =6.787
3,122 12,075 ~5.406 3,780 12,818 -6,069
30238 100973 "‘50070 308}43 110992 -50761
3,301 10.L403 ~L6919 3.878 11,510 =5,603
3,355 9.823 =l 817 3,902 10,972 =5.1473
3.337 9.367 -1, 873 3.860 10.50L =5.485
3.248 94190 =~5,030 3.761 10.305 -5,615

3.126 9.106 ~5.220 3.634 10.203 =5.786



AFPENDIX F

SAMPLE HAND CALCULATION OF ENTHALPY DIFFERENCES

USING THE REDLICH-KWONG EQUATICN

The sample calculation will be performed for a methane - ethane
binary system at 0% (L59.7°R) and 950 psia. The composition is
0.742 mole fraction methane (component 1) and 0.258 mole fraction
eﬁhane (component 2).

g A]z_ = OQ)J‘ZTBR/PCJ'-T%S and Bi = 0°0867/P03‘_Trj_

ComEonent Ag Ay Bs
Methane 0,000306 0.0175 0.0000961
‘Ethane 0.000945 0,0308 0.0001L61

.A = 0,0210, A2 = 0.000L41, B = 0,0001090, ‘AZ/B = },02, BP = 0.1036
From Figures 19, 20 and 21,
AHMRE = 1.29  M=6.30  N=-1.30

i

AHy _ 0.0175 0.0000961
e (0.02"10‘ - 1) 6.3+ (o.ooo' 1090 = 1) (-2-30

= 1,29 = 1.05 + 0.15 = 0,39, afly = -356 Btu/1b mole

SAR a9 (0,0308 - 1)6.3 + (9:.2.‘09_1_1*95& 1) (-1.30)

0.0210 0,0001090
= 1.29 + 2,9L = 0.4k = 3,79, AHy = =3460 Btu/1b mole
AH _ — :
-5 = 1.29, AH = =1178 Btu/1b mole

The IBM 650 computer values are Aﬁl = ~383 Btu/1b mole, Aﬁz = =343

Btu/1b mole and AH = =1173 Btu/lb mole.

109



VITA

Iyman Yarborough
Candidate for the Degree of

Master of Science

Thesiss THE EEFFECT OF PRESSURE AND COMPOSITION ON THE ENTHALFY
OF METHANE BINARIES IN THE VAPOR PHASE

Major Fields: Chemical Bngineering

Biographicals
Personal Data: Born in Cushing, Oklahoma, February 13, 1937, the
son of Lyle and Bessie W. Yarborough. '

BEducations Attended grade school in Lawton, Tecumseh and Guthrie,
Cklahoma; attended high school in Pawhuska and Vinita, Ckla-
homa; graduated from Vinita High School in May, 1955; attended
Oklahoma State University, Stillwater, Oklahoma, 1955 to 1959;
received the degree of Bachelor of Science in Chemical Engi-
neering, May, 1959; completed the requirements for the Master
of Science degree in May, 1961.

Professional Experiences Employed as an oilfield roustabout for
three months with Humble 0il and Refining Company, 1957.
Employed as a student process engineer for three months with
Texaco, Inc., 1958. Bmployed for three months in Planning
Engineering with Esso Research and Engineering Company, 1959.
Employed for three months in Process Development Division
with Phillips Petroleum Company, 1960.





