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Enthalpies of components in ideal gas mixtures can be Eomputed from existing data. However
the isothermal effects of pressure and composition on partial enthalpies of mixture components
have not been completely characterized. An investigation of the application of the Redlich-
Kwong equation of state to the calculation of partial enthalpies is reported here. Methods are

devel P d for conv

ient hand calculations and for computations on the 1BM-650.

Calculated partial enthalpies are compared with values derived from experimental P-V-T-C
data for binary hydrocarbon mixtures. The calculated values agree fairly well with the derived
data for pressures up to 2,500 Ib./sq. in. abs. Best agreement is generally obtained when the
mixture is well above the critical temperature of the more abundant component. No consistent

bias was indicated however.

Partial enthalpies of mixture com-
ponents cannot be measured directly.
Some calculations are always required,
whether one starts from calorimetric
data, pressure - volume - temperature-
composition (P-V-T-C) data, or when
one uses an equation of state. These
calculations are usually made graphi-
cally or analytically (that is on the
digital computer).

In calculating enthalpies of mixtures
three effects must be evaluated: effect
of temperature, effect of pressure, and
effect of composition. Also a datum or
reference state of zero enthalpy must
be selected. The effect of temperature
on the enthalpy is most conveniently
evaluated at the ideal gas state for any
system, that is pure component or
mixture, and enthalpy values are re-
ferred to zero absolute temperature,
al which temperature the enthalpy of
the ideal gas is arbitrarily taken as
zero,

For hydrocarbons and many other
gases the ideal gas state enthalpy
values have been evaluated and tabu-
lated in reference 6. These compila-
tions have been widely accepted as
standard and are used in calculating
enthalpies of pure components and of
mixtures and also partial enthalpies of
mixture components. This part of the
enthalpy calculation problem has al-
ready been solved, leaving the effects
of pressure and composition on mix-
ture enthalpies undeveloped. Heats of
vaporization and condensation of mix-
tures are other enthalpy values about
which very little is known.

Effects of pressure and composition
on the enthalpy of mixtures in the gas
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phase was the concern of the work re-
ported in this paper. More specifically
the objectives were to develop a gen-
eral and rapid program for computing
the partial enthalpies of gas mixture
components on an IBM-650, and con-
venient generalized charts and pro-
cedure for making these same partial
enthalpy calculations manually.

The versatile and convenient Red-
lich-Kwong equation of state served
as the basis for the development of an
IBM-650 computer program and a set
of charts for estimating the partial
enthalpy differences for components
of gas mixtures. The effect of pressure
on the enthalpy of the entire mixture
is also found in these calculations.

REDLICH-KWONG EQUATION

The Redlich-Kwong equation of
state (5) is an empirical two-constant
equation of the form

RT a

P= —
V—b TV(V+bh)

(1)

where
a = 0.4278 R°T >*/P,
b= 0.0867RT,/P.

The equation was originally devel-
oped for gases, as opposed to vapors,
the arbitrary distinction being that
gases exist above the critical tempera-
ture and vapors below the critical
temperature. Any inadequacies in the
Redlich-Kwong equation will be re-
flected and even magnified in the de-
rived thermodynamic properties.

Equation (1) was rearranged to the
following form for use in deriving
thermodynamic properties:
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where

A2 — a/RzT,'ZB
B = b/RT
h=BP/Z

Equation (2) may be applied to
multicomponent mixtures by the use
of the following combination rules

(5): ]
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B‘:Etht

izl

Inspection of Equations (1) and (2)
shows that solving for V or Z (given
T and P) involves trial-and-error cal-
culations. Equation (2) has the ad-
vantage that Z is expressed as a func-
tion of only two parameters, A’/B and
BP. The latter are calculated easily for
a given problem. Thus a plot of Z as
a function of BP with lines of constant
A*/B allows rapid hand calculations.
Either of Equations (1) and (2) may
be programmed for digital computer
solution.

FUGACITY COEFFICIENTS
Redlich and Kwong (5) used Equa-

tion (2) to derive an expression for
gas-phase fugacity coefficients:

B,

Ing, = (Z—-l)Tg——ln (Z — BP) —
A2<2A¢ Bl>1 <1+BP) 3)
— P ] n —

B A B Z

Equation (3) can also be program-
med easily for the digital computer.
However for hand "calculations it is
more convenient to rearrange Equa-
tion (3) in the following way (4):

— Ay
logp. =loge—U X~1)+
B, )
—— 4
w(Ber)
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where
log ¢ = 0.4343 (Z — 1) —
A® ( BP )
Z—BP) — — —_—
log ( ) 3 log| 1+ =

o=(2)we(12)

W = 04343 (Z—1) +
& (1+ BP)
B & zZ

The parameters log ¢, U, and W can
be plotted as functions of A’/B and
BP. Data for plotting these diagrams
are presented by Comings (2).

ENTHALPIES

The effect of pressure on enthalpy
is given by

(aln¢.) (H°,—H"\)r

aT /', RT* B
AH,
RT:

(5)

Equation (3) may be differentiated

to obtain an analytical expression for

partial enthalpies (1). Application of

Equation (5) to Equation (3) gives
AH, B ( aZ) 1
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Fig. 2. M as a function of A°/B and BP.
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Fig. 1. [AH/RT] as function of A%/B and BP.

Vol. 9, No. 1

A.l.Ch.E. Journal

e A1
o3 o3 o8 09 .o

P ( aB ) BP ( oZ )
zZ\eor/,, Z \oT
14 BP ©
VA
The ratics A./A and B,/B are inde-
pendent of temperature. The defini-
tions of A and B lead to

(%I;T)M = —B/T (7)

4] -5

The only remaining term needed is
(9Z/9T) »,,, which is evaluated from

CANE
or/ ., NaT /.,

( aZ ) ( oV )
ovV/ NV ey

The term (9V/aT)r, cannot be ob-
tained directly from Equation (1) or

(2). But o
(7).,

(GV) T
T/ ()
oT 7 =,
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Therefore
Z

()., ~(55),.-
(7).,

(%5-),.;‘5?— )

().,

Equations (1) and (2) may now be
used to obtain the required deriva-
tives:

oZ 15a
(_) L T
oT /., RT**(V + b)
( aZ) b
W /., (V—=Db)® +
a
—
gy (Y
( oP ) R 05a
T/, Vb T TwW vt D)
(12)
( aP ) RT
Wi, T T wopr "
a a (13)

+
T*V*(V+b) T*V(V +b)*
Equation (6) can be evaluated by the
use of Equations (7) to (13).

COMPUTER PROGRAM

All  equation-of-state  calculations
for this work were done on an IBM-
650 computer (3). The input data to
the computer program included mix-
ture composition, temperature, pres-
sure, and component critical data.
Output data included component fu-
gacity coefficients, partial enthalpy
differences, and the mixture volume
and enthalpy difference.

Any trial-and-error computation on
the digital computer requires a con-
vergence routine, that is a method
whereby the machine may seek the
correct answer. In this program New-
ton’s method (8) was used. Equation
(18) is written in difference form:

Vo= Vo P —B)
(8P/3V )1,y
A value V, is assumed and P, calcu-
lated by Equation (1). Equation (13)
is used with V, to obtain (9P/0V)r,.
The next value, V.., is calculated by
Equation (14), and the process is re-
peated until (P. — P) is arbitrarily
small. In the event that this method of
convergence fails, a simple step-by-
step procedure is used. The initial as-
sumption is V, = RT/P.

(14)

CHART METHOD

Equations (6) to (13), while suffi-
cient for machine computation, in-
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volve laborious hand calculations. o7 1 1.5k
Yarborough (9) developed a form for <— ) =— +
oT 7 5, T (1 + 1)

jliG+ 1)+ 05k(j + 1)*(j — 1) —

ki(j+1) (j—1)*— 0.5k (j — 1)°]

G=DG+DI=7FG+1)°+kG—1)2G+ 1) + K(j— 17

partial enthalpy differences that is
analogous to that used by Redlich for
component fugacities.

First change all the parameters into
terms in A°/B and BP. This can be
done since a = A*R°T*® and b = BRT:

A’1

15

()
oT /y, B T (Z/BP+1)
(10a)

(%), -~
av /.,  BRT(Z/BP—1)*
A? 1

— (11a)
B BRT(Z/BP + 1)*

( P ) _ R

or / ,, BRT(Z/BP —1)
A 5R
— 0 (12a)
B BRT(Z/BP)(Z/BP + 1)

( oP ) B RT N
ov/.,  (BRT)*(Z/BP—1)*
A RT N
B (BRT)*(Z/BP)*(Z/BP + 1)

A RT (130)

B (BRT)*(Z/BP) (Z/BP + 1)*

Let Z/BP = j = 1/h and A’/B = k.
Substitute j and k into Equations (10a)
to (13a), and then substitute the latter
into Equation (9):
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(15)

15k

or
(__a ) _L [-——+L] 15
T/ ., TLj+1 (15a)

where Equation (15) defines L.
Equation (6) can be rearranged to
the following form:

(B +]
(%), ~m=w L), -
(Z) ]-[2(5-1)-
(%_1)+1][1n(1+BZ—P)]
[Z22] -5
(&)= (Bar) ]
(%), = Gr),
BP

1+ —
+Z

- (6a)

Collect terms multiplied by (AJ/A —
1) and (B.,/B — 1) and substitute
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Equations (7), (8), and (15a) into
Equation (6a):
AH, 1 [ 1
R* T L (zZ—BpP)
(L+BP)+15kln (1 +h) +

1+ L/Z 1 (A
o) L+ (5-)
1+h T VA

[Skl (1+h) +2kh(1+L/Z)]
" 1+h

AH

Component A A, B.
Methane 0.000306 0.0175 0.0000961
Ethane 0.000945 0.0308 0.0001461

The A and B for the mixture were
calculated with A = Zy,A, and B =
4

Sy.Bi; A = 0.0210; A® = 0.000441,

B = 0.0001090, A*/B = 4.02, BP =
0.1086.
From Figures 1, 2 ,and 3

[ — ] =129, M=6.30, N=—130

RT

V:, 0.0
AH, ~1.29+( 175—1)
0.0210

= 129 —1.05 4+ 0.15 = 0.39

( 0.0000961

————— 1) — 1.30
0.0001090 ( )

= (—0.39) (460) (1.987) = — 356 B.t.u./lb. mole

. 0.030
A, 1094 ( 8 8—1)
0.0210
— 1.29 + 2.94— 0.44 = 3.79

( 0.0001461

l) — 1.30
0.0001090 ( )

AH, = (— 3.79) (460) (1.987) = — 3,460 B.t.u./Ib. mole
AH = (0.742) (— 356) + (0.258) (— 8,460) = — 1,178 B.t.u./Ib. mole Mix.

or

AH = — RT[AH/RT] = — (1.987) (460) (1.29)

+i(ﬂ_1)[ L—15kIn(l+h)

)]
1+h

or

—%_[RT] (ﬁ_l)

M+(%—1)N (16a)

where equation (16) defines [AH/RT],
M and N, which are all functions of
A*/B and BP only. Note that [AH/RT]
gives the mixture enthalpy difference
directly.

Equation (162) was programmed
for the IBM-650 computer (9). The
values of [AH/RT], M, and N were
computed as functions of A*/B and
BP. Figures 1, 2, and 8 are diagrams
ot these data.

SAMPLE CALCULATION

A sample calculation is shown for
the system methane-ethane at O°F.
and 950 1b./sq. in. abs. The composi-
tion of the mixture is 0.742 mole
fraction methane (component 1) and
0.258 mole fraction ethane (compo-
nent 2). A; and B for each compo-
nent are calculated from the relations
shown in Equations (1) and (2),
that is from the critical temperature
and critical pressure of the component
and the system temperature.
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= — 1,178 B.t.u./1b. mole Mix.

The computer solution gives AH, =
—383 B.t.u./Ib. mole, AH, = —3443
B.tu./lb. mole, and AH = —1,173
B.tu./Ib. mole.

EVALUATION OF REDLICH-KWONG
ENTHALPIES

Gas-phase partial enthalpy differ-

ences (AH) calculated by the Redlich-
Kwong equation of state were com-
pared with partial enthalpy differences
calculated from P-V-T-C data. AH
values calculated from P-V-T-C data
were available for four binary mixtures:
the methane-propane binary (9), the
methane-ethane binary (7), the meth-
ane-n-butane binary (7), and the
methane-n-pentane binary (7). The
conditions (temperature, pressure, and
composition) covered in the compari-
son are shown in Table 1. A discussion
of the results of the comparison fol-
lows.

The AH values for methane calcu-
lated by the Redlich-Kwong equation
of state agrees better with the AH
values derived from P-V-T-C data at
high concentrations of methane than
at low concentrations of methane. This
trend was evident in the methane-
ethane, methane-propane, and meth-
ane-n-butane comparisons. The overall
trend of the comparisons may be seen
in the statistical comparison shown in
Table 2. The only other noticeable
trend in the methane AH values was
in the methane-propane binary, which
was the only set of P-V-T-C based aH
values that covered the complete com-
position range of the binary. This
trend showed that at low methane
concentrations the Redlich-Kwong AH
values for methane were lower than
the P-V-T-C AH values at low tem-
peratures, while they were higher at
high temperatures.

The AH values for the heavy com-
ponents calculated by the Redlich-
Kwong equation agreed better with
the P-V-T-C based AH values at high
concentrations of the heavy compo-
nent than at low concentrations of the
heavy component. This trend can be
seen in Table 2. The comparison also
showed that at a given mole fraction of
the heavy component the deviation
between the Redlich-Kwong AH val-
ues and the P-V-T-C AH values in-
creased as the molecular weight of the
component increased.

A point worth mentioning is that no
definite trend with respect to tempera-
ture or pressure was noted other than
the one pointed out above. In other
words the equation of state AH values
compared with the P-V-T-C AH values
as well at low temperature as at high
temperature, and compared as well at
high pressure as at low pressure, pro-
vided saturated vapor was not ap-
proached. In the few cases where the
conditions  (temperature, pressure,
composition) approached those of
saturated vapor the equation of state
AH values became very unreliable.

Tasrg 1. Conprrions Coverep IN CoMPARISON OF AH VALUES

Temper- Pressure, Composition,
Binary ature, °F. Ib./sq. in. abs. mole % methane
Methane-ethane 100, 160, 220 200, 600, 1,000, 2,000 60, 80 for methane
20, 40, 60 for ethane
Methane-propane 100, 180, 220 200, 400, 800 20, 40, 60, 80
340, 400, 460 1,500, 2,000
Methane-n-butane 100, 160,220 200, 600, 1,000 85, 90, 95
1,500, 2,000, 2,500
Methane-n-pentane 100, 160, 220 200, 600, 1,000 96
1,500, 2,000, 2,500, 3,000
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TaBLE 2. SuMMARY OF COMPARISON OF AH VALUES

Methane: absolute average difference® = | AHpvro — AHzx |

Comparison for y = 60 mole % methane

number of points == 102

absolute average difference = 26 B.t.u./Ib.-mole

All comparisons (y = 20 mole % methane)

number of points = 131

absolute average difference = 50 B.t.u./lb.-mole

Heavy components (ethane, propane, n-butane, n-pentane):

absolute average % deviation =

| AHpvro — AHrx |
‘ AHpvro |

100

Comparison for y = 80 mole % methane

number of points = 95

absolute average % deviation = 8.0%

Comparison for y == 90 mole % methane

number of points = 109

absolute average % deviation = 8.6%

All comparisons (y = 96 mole % methane)

number of points = 143

absolute average % deviation = 10.9%

* Did not show % deviation because methane Aﬁ is positive at low
concentrations and is negative at high concentrations of methane {at

one composition methane AH = 0).

Most of the trends noticed in the

Redlich-Kwong AH values were to be
expected. The equation of state should
describe the partial quantities (vol-
ume, enthalpy, etc.) of the more
abundant component more accurately
than the partial quantities of the less
abundant component. The Redlich-
Kwong equation for mixtures requires
arbitrary combination of the constants
of the pure components. The most
exacting test for such an equation of
state would be for it to accurately de-
scribe the partial quantities of a com-
ponent that is present in very small
concentrations in a mixture. Another
point is that the Redlich-Kwong equa-
tion of state was developed for gaseous
substances. The heaviest components
used in the original development of
the equation of state were n-butane
and iso-butane. Thus one would ex-
pect the equation of state to describe
the behavior of light components bet-
ter than heavy components.

In spite of some relatively large dis-
crepancies between the Redlich-

Kwong AH values and the P-V-T-C AH
values the mixture enthalpy differ-

ences (AH) compare rather well. In
several cases the pressure correction to
the methane partial enthalpy calcu-
lated by the Redlich-Kwong equation
was too large. However this was partly
compensated for by the fact that the
pressure correction to the partial en-
thalpy of the heavier component cal-
culated by the Redlich-Kwong equa-
tion is usually smaller that that calcu-
lated from P-V-T-C data. Also the

greatest discrepancies in the AH val-
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ves for any component occurred when
the component was present in low con-
centration as noted in Table 2. Hence
the error in the AH (= y,AH, + y.AH))
value was reduced by multiplying the
inaccurate AH value by its small mole
fraction; that is the greatest contribu-
tion to the AH was made by the more
accurate AH value.

The absolute average deviations be-
tween the AH calculated by the Red-
lich-Kwong equation and by the use
of P-V-T-C data are as follows for the
four binary systems considered:

1. Methane-ethane binary—4.6%

2. Methane-propane binary—6.6%

3. Methane-n-butane binary—5.1%

4. Methane-n-pentane binary—
10.2%

CONCLUSIONS

Component and mixture enthalpies
computed by the Redlich-Kwong equa-
tion of state agree fairly well with those
calculated from experimental P-V-T-C
data for binary hydrocarbon gas mix-
tures. Thus the Redlich-Kwong equa-
tion would appear to be useful for
process enthalpy balance calculations.

NOTATION

A,a,B,b =constants in Redlich-Kwong

equation of state

C = general composition parameter

AH, = isothermal effect of pressure
on the partial enthalpy or the
partial enthalpy difference of
component i, (H*, — H®;),

AH = isothermal effect of pressure
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on the mixture enthalpy or
the mixture enthalpy differ-
ence, (HF — H®),
H°,, = ideal gas enthalpy of com-
ponent ¢ at temperature T
H?;, = partial enthalpy of compo-
nent i at temperature T and
pressure P
H°, = ideal gas enthalpy of the mix-
ture at temperature T
enthalpy of the mixture at
temperature T and pressure P
h,j,k,L = parameters in the Redlich-
Kwong equation of state

AH
[-———] ,M,N = functions of A*>/B and

RT

BP in the Redlich-Kwong
general enthalpy equation
absolute pressure
universal gas constant
absolute temperature
specific volume
functions of A’/B and BP in
the Redlich-Kwong general
fugacity equation
mole fraction of a component
in the gas phase
compressiblity factor
function of A’/B and BP in
the Redlich-Kwong general
fugacity equation
¢: = fugacity coeflicient of compo-

nent i, f./Py,

H"; =

i

E
I

N <
[

Superscripts
° = value in the ideal gas state

Subscripts

c = critical values

i value for component i

n value of nth trial

T,P,V,y = values held constant dur-
ing an operation

I [
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