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dimple equation of state accurately

predicts hydrocarhon tensities

Mohammad-Reza Riazi, G. Ali Mansoori University of Illinois at Chicago Chicago

A simple, cubic equation
of state (EOS) for hy-
drocarbon systems ac-
curately predicts densitie~ of
a variety of hvdrocarbons
ranging from C,; to Cy.

The equation is simpler
than typical industrial equa-
tions of state currently uscd.
It produces an average error
of 1.3% for density predic-
tions of pure C, -Cy hvdro-
carbons and 1.7% for hvdm-
carbon mixtures (C;-Cy) at
pressures as high as 700 har
and temperatures of 1,000 K.
or less.

A recent article discus~ed
uses for such equations of
state (OG]J, Feb. 15, p. 7n).

Usefulness

Accurate equations of
state for predicting vapor
pressure and pressure-yol-
ume-temperature (PV'T)
properties of hydrocarbons
are vital to the design and
operation of equipment in
natural gas and other petro-
leum-related industries.!

A generalized equation for
predicting vapor pressures
of hvdrocarbons was recent-
ly reported (OGJ, Feb. 1 p.
39). A simple, new equation
of state can be used for I'VT
calculations of light, as well
as heavy, hydrocarbons with
readily available input para-
meters and greater accuracy
than existing methods.

Because of their availability
and high accuracy for I'VT
calculations involving hydro-
carbons, the necessary input
parameters are the critical prop-
erties dnd refragtne index.
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Kwong equation of state

Equation 1 is the Redlich-

P = RTAv — b) - &/[T"(v + b)}

a = 0.42748 RZT2%P,

b = 0.08664 RT/P,

w = (-—bg P e-07-1

Re = (4uNJ3)[a + (M) = (1/p)(n*- 1)/(n+ 2)
b = (0.08664 RT/P.) B (R*, T))

-1 =1+ {0.02[1 - 0.92exp(-1,000|T, — 1})] —
0.038 (T, - HHR" - 1)

Ton = (SIXXTPe) /(EExX Ty Poy)
Pon = (10T Po) /(DA Ty Paf
= TZxxR%y
= TaTa)™ (1 - K
Py = 8Ty (Ta/Pa)"™ + (TyPy'"*P
R' = (R4 + R*"?)8

n

(RK-EOS)—a simple and
widely used EOS (see Equa-
tions and Nomenclature). In
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Constant (see Equation 2)
Constant (see Equation 3)
Reduced temperature (= T/T.)
Acentric factor (see Equation 4)
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Dipole moment (almost zero for nonpolar compounds)
=80dtum-Dhgh1rs'racbvemdexothmdat20°C and 1 atm

fovnm\e(amnchonofb as defined in Equation 6)

= The value of molar refraction for a reference fluid (here taken to
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this equation, “a” and “b”
are constants defined as
shown in Equations 2 and 3.

Although Equation 1 is
quite accurate for the gas
phase, it is not accurate
enough for liquid systems or
for the saturated region.’
Many modifications of this
equation—most designed to
improve its accuracy for lig-
uid-state calculations—have
been reported in the litera-
ture.

A modified RK-EOS pro-
posed by Soave, named
SRK, and another cubic
equation by Peng and Rob-
inson (PR) typically are used
for hydrocarbons.?* The
SRK and PR equations, how-
ever, break down for C;y and
heavier hydrocarbons.

In all these equations, pa-
rameter “a” generally is con-
sidered a functlon of the re-
duced temperature and the
acentric factor (Equation 4),
while parameter “b” is kept
constant. Parameter “b,”
however, is more effective
for calculating liquid densi-
ties because it represents the
volume of molecules.

For liquid systems in
which the free space be-
tween molecules decreases,
the role of “b” becomes
more important than that of
“a.” Parameter “b” is also
important for PVT predic-
tion of dense gases and lig-
uids.

For low-pressure gases,
however, “b” becomes less
important than “a” because
the spacing between mole-
cules increases and, as a re-

Qit & Gas Journal e July 12, 1993




TEGHNOLOGY

HYDROCARBON PROPERTIES

Table 1

Rm@ 20°C,, . of Temperature Data source
Compound T, K. P, bar cu R* data points range, K. range, ber {Reference No.)
Methane (C,) 190.4 46.0 6.987 1.000 135 90-500 0.5-700 10
Ethane (C,) 305.4 48.8 11.319 1.620 157 90-700 0.1-700 1
Propane (C,) 369.8 425 15.781 2.259 130 85-700 0.1-700 12
Ethylene (C,H.) 2824 50.4 10.508 1.504 90 100-500 1-400 13
Isobutane (i-Cy) 408.2 36.5 20.647 2.955 115 110-700 0.1-700 14
n-Butane (n-Cy) 4252 38.0 20.462 2.929 183 130-700 0.1-700 15
n-Hexane (n-C,) 507.5 30.1 29.910 4.281 100 298-1,000 1-500 8
Cyclohexane (CeHi,) 553.5 40.7 27.709 3.966 140 320-1,000 1-500 8
Benzene (CeHs) 562.2 48.9 26.186 3.748 110 310-1,000 1-500 8
Toluene (C,Hs) 591.8 41.0 31.093 4.450 110 330-1,000 1-500 8
n-Heptane (n-C;) 540.3 274 34.554 4.945 100 300-1000 1-500 8
n-Octane (n-Cy) 568.8 24.9 39.187 5.608 80 320-1,000 1-500 8
2.2.4-Tnmethylpentane (Cyg) 544 0 25.7 39.261 5.619 70 340-1,000 1-500 8
[iso-octane]
n-Heptane (n-C;) 540.3 27.4 34.554 4.945 35 303-373 50-500 21
n-Nonane (n-C) 594.6 229 43.840 6.274 35 303-373 50-500 21
n-Undecane (n-C,.) 638.8 19.7 53.135 7.605 35 303-373 50-500 21
n-Tridecane (n-C.,) 676.0 17.2 62.427 8.935 30 303-373 50-500 21
n-Heptadecane (n-C,;) 733.0 13.0 80.948 11.585 30 323-573 50-500 21
n-Eicosane (n-Cmé 767.0 11 95.418 13.656 20 373-573 50-500 1
n-Triacontane (n-Cy) 842.0 6.7 141.298 20.223 20 373-573 50-500 21
n-Tetracontane (n-C) 887.0 44 187.690 26.862 20 423-573 50-500 21

COMPARISONS OF CRITICAL COMPRESSIBILITY

Table 2

(dP/dV)y, (FPIAV?)y,
Z. _[bar-molicm] [ber-mol?/cm®)
Compound Experimental RX & SRK PR New RK, SRK & PR New RK, SRK & PR New
Methane 0.288 0.333 0.307 0.333 0.0 0.0 0.0 0.0
Ethane 0.285 0.333 0.307 0.293 0.0 -0.0203 0.0 0.0027
Propane 0.281 0.333 0.307 0.282 0.0 - 0.0235 0.0 0.0002
Ethylene 0.276 0.333 0.307 0.295 0.0 -0.0208 0.0 0.0032
Isobutane 0.283 0.333 0.307 0.274 0.0 - 0.0232 0.0 0.0014
n-Butane 0.274 0.333 0.307 0.275 0.0 -0.0229 0.0 0.0014
n-Hexane 0.260 0.333 0.307 0.264 0.0 -0.0190 0.0 0.0007
Cyclohexane 0.273 0.333 0.307 0.266 0.0 - 0.0301 0.0 0.0014
Benzene 0.271 0.333 0.307 0.268 0.0 0.0392 0.0 0.0022
Toluene 0.264 0.333 0.307 0.263 0.0 0.0325 0.0 0.0014
n-Heptane 0.263 0.333 0.307 0.260 0.0 0.0178 0.0 0.0005
n-Octane 0.259 0.333 0.307 0.256 0.0 -0.0164 0.0 0.0004
n-Nonane 0.260 0.333 0.307 0.253 0.0 -0.0149 0.0 0.0003
n-C,, 0.240 0.333 0.307 0.247 0.0 0.0124 0.0 0.0002
n-Cyy 0.240 0.333 0.307 0.241 0.0 -0.0111 0.0 0.0001
n-Cs 0.230 0.333 0.307 0.237 0.0 0.0950 0.0 0.0001
n-C,, 0.220 0.333 0.307 0.233 0.0 0.0080 0.0 0.0001
AAD* - 28.2% 18.2% 2.3% 0.0 0.0189 0.0 0.0010
*Absolute average deviation
Table 3 | sult, the attraction energy

No. of AAD, %
Compound data points T New RK “SRK PR
Methane 135 09 0.9 1.0 45
Ethane 157 1.1 23 24 4.2
Propane 130 14 34 35 39
Ethylene 90 1.3 24 34 45
Isobutane 115 1.4 47 3.9 49
n-Butane 183 1.1 5.0 47 34
n-Hexane 100 20 6.2 7.7 1.8
Cyclohexane 140 1.1 54 7.0 3.7
Benzene 110 1.1 54 43 1.6
Toluene 110 11 7.8 7.5 1.6
n-Heptane 135 11 8.9 9.0 1.8
n-Octane 80 1.7 9.2 9.9 2.5
2.2.4-Trimethylpentane 70 2.8 6.9 6.9 3.2
n-Nonane 35 0.6 155 134 34
n-Undecane 35 1.7 18.0 155 54
n-Tridecane 30 28 20.3 17.7 7.9
n-Heptadecane 30 1.2 273 248 16.0
n-Eicosane 20 2.8 29.5 26.7 18.2
n-Triacontane 20 0.6 414 39.4 32.5
n-Tetracontane 20 4.1 50.9 49.4 444
| Overall 1,745 133 7.38 7.28 4.59

prevails.® In the new RK-
EOS modification presented
here, “a” is kept constant
while “b” is modified using
the molecular theories of
perturbations and refractive
index.

Molar refraction (Rp),
which represents the vol-
ume occupied by molecules
per unit mole, is defined by
Equation 5. Because “b” and
“Rm” have the same physical
meaning, it can be conclud-
ed that “b” must be a func-
tion of Ry,. As a result, Equa-
tion 3 can be replaced with
Equation 6—a general ex-
pression for “b” in terms of
Rn and temperature.

Equation 7 is obtained for
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Table 4

B, based on dense fluid data
for C;-Cys compounds. This
equation satisfies the condi-
tionp = 1 atR" = 1.7 Both
“p” and “n” in Equation 7
vary with temperature, but
R is nearly independent of
temperature.

In deriving Equation 7, it
was assumed that, at any
given temperature, the devi-
ation of B from unity is pro-
portional to the deviation of
R’ from unity. For all com-
pounds, B is less than unity
and, as a fluid becomes
more complex, the value of
B decreases.

Appiication to mixtures

Equations 1, 2, 6, and 7
can be applied to mixtures of
known composition using
the van der Waals one-fluid
mixing rules.” This tech-
nique produces Equations 8,
9, and 10.

In these relations, summa-
tions are over all compo-
nents of the mixture and x, is
the mole fraction of compo-
nents i and j. Equations 11,
12, and 13 are used to repre-
sent the interaction of the
terms Tdi’ Pdil and R'ii. In
Equations 11-13, the term k;
is the interaction parameter
which, for simplicity, is con-
sidered zero in these calcula-
tions.

Equation

For methane—the refer-
ence fluid here—the RK-
EOS is more accurate than
most other equations of
state. This is demonstrated
by calculating density of

No. of AAD, %

Mixtures dsta points " New K SAK PR Reference
n-Hexane + n-heptane 26 15 15.2 129 1.8 16
Benzene + cyclohexane 5 25 9.0 10.0 1.7 17
Benzene + n-hexane 1 0.7 12.2 10.1 1.6 18
Benzene + n-heptane 10 0.9 122 9.9 1.7 18
Benzene + n-octane 1 2.2 1.7 8.8 27 18
Toluene + n-octane 1 0.9 15.1 121 1.9 18
n-Octane + n-nonane 9 0.1 18.2 14.9 4.4 17
n-Octane + n-decane 9 05 19.2 15.9 5.2 17
n-Nonane + n-decane 9 0.6 19.6 16.3 54 17
n-Nonane + n-dodecane 3 08 215 18.0 9.6 17
n-Nonane + n-tetradecane 3 20 32.1 228 14.2 17
n-Nonane + n-hexadecane 3 1.8 488 245 17.6 17
Toluene + n-hexadecane 5 3.2 20.2 31.0 21.1 17
Methane + n-eicosane 13 28 30.5 27.2 19.2 19
Ethane + n-eicosane 13 0.3 19.2 15.6 13.9 19
Methane t propane + n-decane 44 3.1 7.9 85 49 20
Methane + propane + n-decant

(at the critical state) 17 241 28 38 3.6 20
Total 200 1.8 148 13.0 6.1

methane using the RK, SRK,
and PR equations of state for
135 data points of methane
at 90-500 K. and 0.7-700 bar.

The percentage average
absolute deviation (AAD) of
the density calculations us-
ing the RK equation is 0.9%.
The AAD for the SRK and
PR equations are 1.0% and
4.5%, respectively. The RK-
EOS is therefore used as the
reference EOS because it
best satisfies the require-

ments for a simple reference
fluid for hydrocarbon sys-
tems.

Table 1 presents the val-
ues of R, (taken from TRC
tables) and R, plus critical
properties and liquid and
vapor PVT data for the 20
hydrocarbons used in this
study, which range from C,
to Cw.s

A summary of the com-
parison of the new EOS with
the RK, SRK, and PR equa-

THe AUTHORS

Riazi

Mohammad-Reza Riazi is a consultant and instructor specializing
in applied thermodynamics, prediction of physical and transport
properties, characterization of petroleum fractions, transport phe-
nomena, mathematical modeling, and kinetics.

Riazi is a visiting associate professor of chemical engineering at
the University of lllinois at Chicago. He was formerly an assistant
professor at Penn State University, where he received MS and PhD
degrees in chemical engineering. He is a member of AIChE, ACS, and
the Scientific Research Society of North America.

G. Ali Mansoori is a professor of chemical engineering at the
Unrversity of Hllinois, Chicago. He was a postdoctoral fellow at Rice
University, Houston, from 1960 to 1970. Mansoori has been a
consultant to the United Nations, Argonne National Laboratory, U.S.
Department of Commerce, and numerous chemical, petroleum, and
natural gas companies. He has a PhD from the University of
Oklahoma, an MS from the University of Minnesota, and a BS from
the University of Teheran, all in chemical engineering.

Mansoori

tions is given in Tables 2 and
3. In these tables, “New”
refers to calculations using
Equations 1, 6, and 7.

Table 2 shows the predic-
tions for Z. (dP/dV)y. and
(d*P/dV?)y, for various hy-
drocarbons. According to
Table 2, the new equation
predicts the critical com-
pressibility factor of hydro-
carbons much more accu-
rately than the other equa-
tions.

The errors of predicting
the first and second deriva-
tives of pressure, with re-
spect to volume, at the criti-
cal point, however, are
slightly increased compared
to the other equations of
state (Table 2).

Table 3 shows a summary
of results for density calcula-
tions using the four equa-
tions of state on more than
1,700 data points. The pro-
posed equation achieves an
average error for density
predictions of hydrocarbon
systems, from methane to n-
tetracontane (n-C,), of
1.33%, for pressures as high
as 700 bar.

According to Tables 2 and
3, this new modification of
the RK-EOS is superior to
the other equations of state
for all the hydrocarbons
studied. The proposed equa-
tion is also simple and more
accurate than any other con-
ventional cubic equations
currently used.

A bank of density data for
some binary and ternary hy-
drocarbon mixtures has been
collected from the literature
(Table 4)."*% The proposed
EOS, along with Equations
8-13 for mixture properties,
was evaluated using this
data base. Results are given
in Table 4.

For the 17 binary and ter-
nary mixtures used in this
evaluation, the new EQOS
gives an average absolute
deviation of 1.8%, which is
far better than the other
equations tested. The Peng-
Robinson equation, for ex-
ample, gives an error of
6.1% for these mixtures.

Note that the last set of
data in Table 4 is taken from
the mixture of methane, pro-
pane, and n-decane at the
critical state. Equation 4 was
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used for the evaluations shown in
Table 4 because the exponential term
in Equation 6 disappears, even for
mixtures at the critical state.

A major advantage of the new EOS
is that, when it is applied to mixtures
of undefined petroleum fractions and
direct experimental data are available
for molecular weight, refractive index,
and density at 20° C., there i~ no need
to calculate the mixture molar refrac-
tion. In such cases, acentric factors
may not be calculated accurately.

This research is supported in part
by Gas Research Institute Contract
No. 5090-260-2085.
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