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Abstract—Earlier work of the group contribution method presented by Oh and Campbell [Oh and Campbell, 1997]
for prediction of second virial coefficients and dilute gas transport properties has been repeated with a new set of hormal
alkane second virial coefficient data (methane, ethane, propane, and normal pentane critically compiled by Dymond
and Smith [1980], normal hexane recommended by Dymond et al. [1986], and the recommendation for normal butane,
heptane and octane updated by Tsonopoulos and Dymond [1997]). This method has been extended to molecular linear
gases (carbon monoxide, oxygen and hydrogen) and to alkanes-gases mixtures. The functional group parameters were
revised from the simultaneous regression of second virial coefficient and viscosity data. Group parameters yalues (CH
CH,, CH,, CH;, CH,, double-bonded CHdouble-bonded CHN,, and CQgroups) and 8 binary group interaction
paramEterS &KC}—D,GC: kNZ-CHl,GC: kNZ-CHZ,GC: kNZ-CHS,GC; kcoz-cm,ec: kcozcm,ec: kCOZ-CHZ,GC and I&oz-CHP,,Gc) were revised. New
group parameter values are given for gases beyond those presented earliea(@®j)@nd 19 group binary interac-
tion parameter ValueSNQ&Hm.Gc: kNZ-CHZD.GC; kCCQ-CHlD.GCl kCCQ-CHZD.GC; kcc»cm,ec: kcozcm,ec: kCOCHS,GCl kcocmn.ec: kCOCHZD.GC;

kOZ-CHO,GC: kOZ-CHl,GC: kOZ-CHZ,GC: kOZ-CHS,GC; kHZ-CHO,GC: kHZ-CHl,GC: kHZ-CHZ,GC: kHZ-CHS,GC: kHZ-CHlD.GCl kHZ-CHZD.GC) are presenIEd
for hydrocarbon mixtures with gases. Application of the model shows that second virial coefficient data can be re-

presented with results comparable to those obtained by Oh and Campbell [1997] and by the corresponding states
method of Tsonopoulos [1974]. The accuracy of the model in viscosity and diffusion coefficient predictions of dilute
gases is comparable to the methods of Lucas [1980] and of the Fuller method [Fuller et al., 1966].
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INTRODUCTION dict, without additional parameters, second virial cross coefficients
of alkane mixtures. The model was found to perform well, even
The group contribution concept becomes an alternative to thdor such asymmetric systems as methane-eicosane. Based on an
corresponding states framework for the prediction of second virialintermolecular potential function, the group contribution method is
coefficients and dilute gas transport properties. Here, a single setpplicable to the calculation of dilute gas transport properties as well.
of parameters, appearing in an intermolecular potential function, isSwelling models combined with group contribution models (UNI-
assigned to interactions between intermolecular functional groups=AC, ASOG) was introduced to calculate the swelling equilibria
An advantage of this method is that it does not require values foof water(1)/poly(AM-SAS-AA)(2) systems [Kim et al., 2000].
the critical properties and acentric factors, which may not be avail- Yeom et al. [2000] developed a semi-empirical equation of state
able for all of the compounds in question, and that it is applicableor freely jointed square-well chain fluid adopting for the second
with only information of both functional group and van der Waals and third virial coefficients for compressibility factor and the first
volume [Bondi, 1964] in molecules. Since the number of func-two terms of the radial distribution function. Theories based on free-
tional groups is much smaller than the number of possible chemivolume concepts have been developed to characterize the self and
cal species, a relatively small number of group parameters can deautual diffusion coefficients of low molecular weight penetrants in
scribe a large number of different mixtures. This concept forms theubbery and glassy polymer-solvent systems by Ramesh and Duda
basis for the UNIFAC [Fredenslund et al., 1975] and ASOG [Derr[2000]. Oh [1989] and Oh and Campbell [1997] proved the feasi-
and Deal, 1969] activity coefficient models and for the GPSCT [Jinbility of applying the group contribution method to simultaneous
et al., 1986] and GSPHCT [Georgeton and Teja, 1988] equationsepresentation of second virial coefficient, dilute gas viscosity and
of state. dilute gas diffusion coefficient. By introducing the concept of a binary
Campbell [1989] applied a group contribution concept to the Ki- group interaction coefficient, they extended the model to nitrogen-
hara potential function for second virial coefficients of pure gasesand carbon dioxide-alkane mixtures with success. Here, with the
and its mixture. Group parameters for alkane groups, obtained fronexception of n-hexane, second virial coefficient data from ethane
second virial coefficient data for pure alkanes, were used to prethrough n-octane recommended by Dymond et al. [1986] were used
for the evaluation of functional group parameters for alkanes.
*To whom correspondence should be addressed. In the mean time, the extensive 1986 analysis of Dymond et al.
E-mail: sunkist@konyang.ac.kr [1986] was extended to include recent data pG&@lkanes, and
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the recommendation for,&C; alkanes was updated by Tsonopoulos where

and Dymond [1997]. .
In this paper, as a continuation of the previous works on the ap- a11=M (6)

plication of the group contribution method to the intermolecular 2(1+a,)

potentials, a set of functional group parameters for pure alkanes wesgith an analogous expression for a

re-evaluated with revised recommendations of pure alkane second The rules given above express o, and & in terms of group

virial coefficient data in order to improve the reliability of the predic- interaction parametegs ando; and group core parameteys feor

tions. Also, functional group parameters beyond those presentethteractions between two identical groups i, we assume

earlier are extended to industrially important linear molecular gases

(carbon monoxide, oxygen and hydrogen), as well as to a variety of ¢, =qa; +B? (7
mixtures of these gases. As in the 1997 paper [Oh and Campbell,
1997], the group contribution concept applied to the Kihara inter- o, =&V, (8)

molecular potential function was examined for normal and branched . . .
. L whereq; andf3; are group parametetsis an undetermined univer-
alkanes, alkenes, nitrogen and carbon dioxide.

The description for the second virial coefficient derived from the sal van der Waals volume constant, aig,Vss the van der Waals

; : : volume for functional group i as tabulated by Bondi [1964]. The
spherical core potential of Kihara [1978] and the Chapman and Enﬁ(ihara potential function is spherically symmetric and is applied

kog theory [Chapman a'lnd Cowiing, 1939 for the VISCOSIB./ qnd di- here to chain molecules. The reciprocal temperature term in Eq.
fusivity of dilute gases is not made here, but a full description can

be found either in the original paper [Campbell, 1989] or in 1997(7) is used as a rough way of accounting for nonsphericity of the
extension [Oh, 1989]. Also, values of the collision integrals for vis- molfecule [Campbell, 1989 - . .

. o : . ; Finally, we assume the combining rules for interactions between
cosity and diffusion(, andQ,) for Kihara potential function, need- nlike arouns i and i such as normal alkane and nitrogen mixture
ed for the Chapman and Enskog theory, were tabulated in Oh and group J 9 '
Campbell [1997]. & =(1-K; go)WEE; 9

GROUP CONTRIBUTION MODEL 0y =(04+0,)/2 (19)
where k. is a group binary interaction coefficient defined in anal-
The expression for group contribution rules for functional group ogy with the binary interaction coefficient kletermined in cor-
parameters appearing in Kihara potential function was given in theesponding states calculations.
previous paper [Oh and Campbell, 1997]. For better understand- In order to apply the group contribution model, values, Of;,
ing, however, it is necessary to describe it briefly. and & must be known for each functional group within molecules
Group contribution rules for the Kihara potential parameters arel and 2. The value of the constgmnust also be known. Finally,
written for the general case of non-identical molecules 1 and 2. Calvalues of the group interaction coefficieptknust be known for
culations for pure gases are made by setting molecule 2 identicalach interaction between intermolecular groups i and j.
to molecule 1. The rules fer, ando,, are Although the model contains a number of parameters, it is practi-
s _ s cally applicable to pure gases as well as mixtures. Hence, parame-
€012 =3 3 NNy, 0 @ ter values may often be determined from data for pure substances.
and

v %
(NGO H(INGT))” ) Table 1. Properties of the molecular groups examined in this study
012~ 2 @ (universal van der Waals volume constant=1.3627

where N is the number of functional groups of type i in molecule _G"0UP Mowi” & i Bi

1, N, is the number of functional groups of type j in molecule 2, Hydrocarbons:

€, ando,, are the well depth and collision diameter for interactions  CH, 3.33 0.1665 4.159 -
between molecules 1 and 2, apdindo; are the well depth and CH, 6.78 0.0362 43.2% -
collision diameter for interactions between intermolecular groups i  CH, 10.23 0.0348 62.14 13025
and j, respectively. This rule for the Kihara potentials is also re- cH, 13.67 0.1425 177.% -
quired for the core radius,awhere the group additivity of the re- CH, 17.12 02261 217.1 -
duced core radii is assumed: Double-bonded CH ~ 8.47 - 4550 18187
a,=3 Na; @) Double-bonded CH 11.97 0.1715 166.9 -
Gas:
and N, 15.8 0.2950 150.% -
&, =3 N3 @) Cco, 19.7 0.1866 270.:/3 14594
CcoO 16.2 0.2527 150.7 -
followed by 0, 13.C  0.3373 186.% -
uzm ©) H, 6.34 2.1698 133.% -
2 dvan der Waals volumes,); were taken from Bondi [1964].
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Table 2.Deviations between experimental second virial coefficients and viscosities, and those calculated using the group paran obtained in this study

Average RMSD in B (cf mol™)

RAD inn (%)

Compound Num.ber Present Oh& Tsonop- Data source Numper Present Oh & Data source

of point$ P Campbell of point$ Lucas
study Campbell oulous study Campbell

Normal alkanes bg

A. Regression results: m
Methane 28 2 3 3 1 [Dymond et al., 1986] 31 2.9 4.4 3.1 [Stephan and Lucas, 1%79]
Ethane 22 7 8 5 3 [Dymond et al., 1986] 35 1.3 13 0.9 [Stephan and Lucas, 1279]
Propane 20 3 3 3 12 [Dymond et al., 1986] 29 2.2 2.6 3.6 [Stephan and Lucas, 1979]
n-butane 19 7 13 25 6 [Dymond et al., 1986] 32 1.8 25 1.7 [Stephan and Lucas, 1879]
n-pentane 16 4 9 6 18 [Dymond et al., 1986] 27 1.6 1.8 2.5 [Stephan and Lucas, 1§79]
n-hexane 15 6 16 28 26 [Al-Bizreh and Wormald, 1978;27 1.2 1.7 0.8 [Stephan and Lucas, 197%

Di Zio et al., 1966; g

Strein et al., 1971] =
n-heptane 14 10 10 17 7 [Dymond et al., 1986] 20 3.4 3.0 3.4 [Stephan and Lucas, ]@79]
n-octane 11 13 9 17 14 [Dymond et al., 1986] 23 5.3 5.2 4.1 [Stephan and Lucas, 1§79]
Average 6 8 12 10 2.3 2.7 24 %

Branched alkanes ot

A. Regression results: ;
2-methylpropane 11 11 24 28 37 [Das et al., 1973] 35 17 2.3 6.0 [Stephan and Lucas, %979]
2-methylbutane 7 8 11 25 4 [Das et al., 1973] 9 24 2.0 3.5 [Vargaftik, 1975] §
2,2-dimethylpropane 10 4 3 3 6 [Dymond and Smith, 1980] 4 4.7 2.4 2.3 [Lambert et al., 1955]3
Average 8 13 18 18 21 2.3 5.2 %

B. Prediction results: %
2-methylpentane 4 40 28 38 36 [Waddingston et al., 1949] =
3-methylpenthane 4 39 41 56 30 [Waddingston et al., 1949] 2
2,3-dimethylbuthane 5 20 52 65 23 [Waddingston et al., 1949] g
Average 32 41 54 28 3

Alkenes 2

A. Regression results: ]
Ethylene 9 16 2 1 - [Dymond and Smith, 1980] 21 0.9 15 0.7 [Stephan and Lucas, 1§79]
Propylene 8 10 4 1 - [Dymond and Smith, 1980] 29 0.9 0.6 1.8 [Stephan and Lucas, 1279]
cis-2-butene 5 21 16 33 - [Dymond and Smith, 1980] %
trans-2-butene 5 8 12 25 - [Dymond and Smith, 1980] E
but-1-ene 12 11 8 9 - [Dymond and Smith, 1980]
pent-1-ene 12 11 12 85 - [Dymond and Smith, 1980]
hep-1-ene 10 19 14 33 - [Dymond and Smith, 1980]
oct-1-ene 11 18 18 48 - [Dymond and Smith, 1980]

Average 14 11 29 0.9 1.0 14 ®
(6)]
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Table 2. Continued

98

Average RMSD in B (cimol™) RAD in n (%)
Compound Number Present Oh& Tsono Data source Number P t Ohé& Data source
of points p- Campbell of point$ resen Lucas
study Compbell oulous study Compbell
Gas
A. Regression results:
Nitrogen 9 1.1 1.0 1.9 0.5 [Dymond and Smith, 1980] 33 14 2.1 0.7 [Stephan and Lucas, 1979]
Carbon dioxide 13 0.4 0.3 0.6 - [Dymond and Smith, 1980] 25 2.0 1.8 2.5 [Stephan and Lucas, 1979]
Carbon monoxide 12 0.9 - 2.2 - [Dymond and Smith, 1980] 16 12 - 1.7 [Stephan and Lucas, 1979]
Oxygen 11 2.0 - 4.2 - [Dymond and Smith, 1980] 46 21 - 1.8 [Stephan and Lucas, 1979]
Hydrogen 5 0.4 - 4.3 - [Dymond and Smith, 1980] 7 4.5 - 13[Btephan and Lucas, 1979]
Average 1 2 1.9 2.3
®Number of data points for second virial coefficient.
*Number of data points for viscosity.
Table 3. Deviations between predicted and experimental second virial cross coefficients (hydrocarbons)
Average RMSD in B (cimol™)
. Number . n
Mixtures . Tsonopoulos correlation Data source o
of points Present study Oh & Campbell Campbell A
K=0 K,,20 o
Normal - normal alkanes 2
Methane %
- ethane 16 3 - 17 0.6 - [McElroy and Fang, 1994; T
Siebert and Knobler, 1983; "
Lotfi, 1987] =
- n-butane 21 6 6 8 8 9 [Beattie et al., 1941;
Dantzler et al., 1968;
Wormald et al., 1979]
- n-hexane 10 10 12 26 9 7 [Dantzler et al., 1968;
Wormald et al., 1979]
- n-octane 2 3 3 29 15 12 [Wormald et al., 1979]
- n-decane 4 61 53 119 28 36 [D’'Avila et al., 1976]
- n-dodecane 12 42 29 116 4 5 [D’Avila et al., 1976]
- n-hexadecane 5 95 69 225 32 33 [Kaul and Prausnitz, 1978]
- n-eicosane 4 73 43 189 11 9 [Kaul and Prausnitz, 1978]
Ethane
- n-butane 7 24 14 11 13 12 [Dantzler et al., 1968;
Wormald et al., 1979]
- n-hexane 7 8 8 23 8 11 [Dantzler et al., 1968;
Wormald et al., 1979]
- n-octane 2 6 2 41 10 16 [Wormald et al., 1979]
- n-hexadecane 3 83 31 308 25 39 [Daul and Prausnitz, 1978]

- n-eicosane 4 151 97 341 48 27 [Daul and Prausnitz, 1978]
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Table 3. Continued

Average RMSD in B (cimol™)

. Number .
Mixtures . Tsonopoulos correlation Data source
of points Present study Oh & Campbell Campbell
K,=0 K.,20
Propane
- n-hexane 7 5 4 23 5 6 [Dantzler et al., 1968;
Wormald et al., 1979]
- n-heptane 3 13 12 12 15 13 [Wormald et al., 1979]
Butane
- n-hexane 8 13 11 21 11 18 [Dantzler et al., 1968;
Wormald et al., 1979]
- n-octane 3 6 6 20 12 9 [Wormald et al., 1979]
Branched - normal alkanes
Methane
- 2-methylpropane 7 7 6 10 6 5 [Gunn, 1958]
- 2-methylbutane 3 24 16 39 22 24 [Pecsok and Windsor, 1968;
Mason and Eakin, 1961]
- 2-methylpentane 2 69 66 67 68 66 [Pecsok and Windsor, 1968]
- 2,2,5-trimethylhexane 4 35 37 124 53 38 [D’'Avila et al., 1976]
- 2,2-dimethylpropane 36 20 16 32 14 13 [Strein et al.,1971;
Hamann et al., 1955;
Bellm et al., 1974;
Baughman et al., 1975]
- 2,2-dimethylbutane 2 14 13 53 20 13 [Pecsok and Windsor, 1968]
- squalane 2 133 107 686 268 69 [Kaul and Prausnitz, 1978]
Ethane
- squalane 2 265 21¢ 117C 56¢S 158 [Kaul and Prausnitz, 1978]
Alkenes - normal alkanes
Ethylene
- methane 18 5 8 11 10 - [Mason and Eakin, 1961;
McMath and Edmister, 1969;
Lee and Edmister, 1970;
Lee, 1976]
- n-hexadecane 3 75 74 297 11 - [Kaul and Prausnitz, 1978]
Propylene
- ethane 4 1 2 4 4 - [Gunn, 1958]
- propane 1 18 19 13 14 - [Mason and Eakin, 1961]
- n-butane 1 4 13 0.5 5 - [Mason and Eakin, 1961]
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Data used here for the functional group parameter evaluations ar 0
predictions of thermodynamic properties and dilute gas transpor W
properties for pure gases and mixtures are discussed below. -200 -
CH,-nC,
RESULTS AND DISCUSSION fé w00k
1. Normal Alkanes 5
For the determination of group parameat, B; and ¢ for the o 600 | CalHenCe
CH, and CH groups, second virial coefficient and viscosity data &
of pure alkanes from ethane through n-octane were simultaneous  -soo | nC,enCy e ey
regressed. The van der Waals volume cong, evaluated in this C3HgnCq
regression, was used in all subsequent calculations and evaluatior 1000 ) ) )
It should also be noted that the group interaction pararyg: was 300 400 500 600
assumed to be zero for all interactions between hydrocarbon group Temperature (K)
Methane was cons*|dered to consist of a singl; group and pa- Fig. 1. Comparison of observed and predicted second virial cross
rametersq;, 3; and ¢ for the CH group were evaluated from sec- coefficients of normal alkane+alkane mixtures.

ond virial coefficient and viscosity data for pure methane.

Tsonopoulos et al. [1989] made extensive analysis,-C; al-
kanes from earlier recommendation proposed by Dymond et alCampbell [1997] and of Tsonopoulos, showing better predictions
[1986]. Subsequently, the 1989 re-analysis was update¢-Cy C of average deviation of 6 ¢' mol™ than 8 cri mof™ and 12 crh
alkanes by Tsonopoulos and Dymond [1997]. A more recent criti-mol™ on a RMS (root mean square) basis, respectively. For the pre-
cal analysis of the data has been considered prior to this parameidictions of viscosity of pure normal alkanes, resulting devii ohns
estimation. Among ¢-C; alkanes recommended by the 1997 an- 2.3% in RAD (relative average deviation) basis is quite comparable
alysis, data for n-pentane are determined to be less reliable than tito other two methods (Oh and Campbell [1997] and Lucas [1980]).
previous ones from the preliminary regression results, and therefore With the exception that a different set of second virial data for
second virial coefficient data for n-pentane were not ref ffored  pure normal alkanes (normal butane, hexane, heptane and octane)
better evaluations. Since the recommended values for normal hexaiis used in regression, both this method and the previous work [1997]
[Dymond et al., 1986] did not appear to us to be consistent witrare identical. The present study provides lower deviations for sec-
those of the other n-alkanes, smoothed values proposed by Tsond virial coefficients because our previous works evaluated cor-
nopoulos et al. [1989] were used instead. Consequently, data fcresponding parameters from a slightly different data base.
only four alkanes (methane, ethane, propane and pentane), recom-An advantage of this group contribution method is that proper-
mended by the compilation of Dymond et al. [1986], were equiva-ties of alkane mixtures can be predicted by using the parameter values
lent to those used in the previous work [Oh and Campbell, 1997]obtained from properties of pure substances. Comparisons between
All viscosity data used here were taken from Stephan and Lucameasured second virial cross coefficients and those predicted from
[1979]. the group contribution model are shown for several alkane-alkane

The parametep; for the CH group was assumed a priori to be systems in Fig. 1. Deviations between experimental and predicted
zero since methane molecules are essentially spherical. The 95 pwalues for alkane mixtures are given in Table 3, showing that the
cent confidence region f3; of the CH group bracketed zero ito present work is somewhat worse than Oh and Campbell, which may
was set to zero and the regression was repeated to obtail ofaluesbe originated by the weight factors used in the parameter estima-
the other parameters. tion procedure as an objective function. Weighting factors fer-dif

The group parameters were obtained using a non-linear least squent set of pure alkanes used in this study were calculated by the
parameter estimation program based on the Levenberg-Marguardt estatistical analysis of the 95% confidence region for all observed
gorithm supplied by IMSL stat library. Each data point was weight- values, while those used in Oh and Campbell are taken from the
ec by its estimated experimental uncertainty. suggestion made by Dymond and Smith [1980].

Resulting parameter values for the,, CH, and CH groups Results from application of the Tsonopoulos correlation are in-
are given in Table 1 and the sources of data used are indicated cluded for comparison. The Tsonopoulos correlation requires a value
Table 2. Resulting deviations between experimental and calculateof the binary interaction coefficient, when extended to second
second virial coefficients and viscosities for n-alkanes up to n-octanevirial cross coefficients and two cases of this method are examined
along with previous work of the author, are given in Table 2. Alsoin Table 3: one in which,} is assumed to be zero and one in which
included is a comparison of the present model to the Tsonopoulck,, is calculated as recommended for alkane-alkane mixtures by
correlation for second virial coefficient [Tsonopoulos, 1974] and Chueh and Prausnitz [1967]:
the Lucas method for dilute gas viscosity [Lucas, 1980], which re- , s
quire the critical temperature and pressure of the pure species in ques-k,, =1—[—j (11)
tion. The results from Campbell [1989] listed in Table 2 are the same ( )
group contribution model applied here except that parameters werwhere \%, and \%, are the critical volumes of alkanes 1 and 2. More
obtained only from second virial coefficient data. The prediction generally, this equation has been applied by Tarakad and Danner
results obtained here are also compared to those of both Oh ai[1977] to systems in which both species were hydrocarbons.
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The group contribution model does not require interaction coef-od based on group additivity rather than group interactions. Slightly
ficients for this type of symmetric mixture and it is observed, for larger deviation between predicted and observed mixture viscosities
mixtures where the size difference between two alkanes is smalthan those of Oh and Campbell [1997] is yielded, but this method
to be comparable in accuracy to the Tsonopoulos correlation withs still more attractive than the Lucas method. Predictions of binary
binary interaction coefficients calculated from Eq. (11). As the sizediffusion coefficients are within what is commonly estimated to be
difference increases, the present study becomes somewhat less agperimental error. Comparisons of measured and predicted vis-

curate than the Tsonopoulos correlation witiad but is much more
accurate than the Tsonopoulos correlation with(

cosities for alkane mixtures are shown in Fig. 2. Predicted self dif-
fusivity of methane not included in parameter estimations is shown

The obtained group parameters were used next to predict trangi Fig. 3, in order to demonstrate predictive capability of the group
port properties for n-alkane mixtures. Relative percent deviationscontribution method. Better agreement with both experimental data
between measured and predicted values are given in Table 4 fand predictions was found in this model, compared to those from
viscosity and in Table 5 for diffusivity. Included for comparison in Oh and Campbell [1997] and Fuller method [Fuller et al., 1966].
Table 4 are results from the Lucas method for mixture viscosity,2. Branched Alkanes and Alkenes

and results from the method of Fuller et al. [1966] for diffusivity are

The group contribution method was next extended to branched al-

included in Table 5, along with those obtained from Oh and Campkanes and alkenes. The Giid CH group parameters for branched
bell [1997]. The method of Fuller et al. is a group contribution meth-alkanes and the double-bonded, @Hd double-bonded Glgroup

Table 4. Deviations between experimental and predicted mixture viscosities

RAD inn (%)

Mixtures Num_ber Present study Oh & Campbell Data source
of points S
Kio=0 K720 Ki.o=0  K; 470
Normal - normal alkanes
Methane
- ethane 28 1.9 - 1.1 - 3.2 [Trautz and Sorg, 1931]
- ethane 24 1.6 - 0.9 - 1.9 [Golubey, 1959]
- propane 20 25 - 1.4 - 3.6 [Trautz and Sorg, 1931]
- propane 24 2.7 - 15 - 4.3 [Golubev, 1959]
- propane 14 3.1 - 1.9 - 2.3 [Golubev and Petrov, 1953]
- propane 18 0.9 - - - 2.6 [Giddings et al., 1966]
- propane 12 2.6 - - - 3.7  [Bircher, 1943]
- butane 10 1.8 - - - 4.3 [Kestin and Yata, 1968]
Ethane
- propane 20 1.2 - 0.8 - 3.4 [Trautz and Sorg, 1931]
- propane 24 0.9 - 0.6 - 3.1 [Golubev and Petrov, 1953]
Alkenens - normal alkanes
Ethylene
- ethane 12 2.1 - 1.7 - 0.7 [Golubev, 1959]
Propylene
- ethane 9 46 - 0.4 - 2.9 [Golubev, 1959]
- propane 24 1.0 - 1.9 - 2.3 [Landolt-Bornstein, 1927]
Gas - hydrocarbons
Nitrogen
- methane 3 3.6 - - - 25.7 [Golubev and Petrov, 1953]
- n-heptane 4 3.1 4.2 2.4 3.4 6.7 [Golubev, 1959]
Carbon Dioxide
- methane 10 3.3 - - - 27.8 [Kestin and Yata, 1968]
- propane 24 2.0 1.6 15 15 2.4  [Golubev and Petrov, 1953]
- propane 24 20 1.6 1.6 13 5.3 [Trautz and Sorg, 1931]
Gas - gas
Nitrogen
- carbon dioxide 5 4.2 - - - 0.8 [Kestin and Leidenfrost, 1959]
- hydrogen 5 29 - - - 23.1 [Pal and Barua, 1967,
Trautz and Baumann, 1929]
- hydrogen 15 1.9 - - - 30.4 [Kestin and Yata, 1968]

Korean J. Chem. Eng.(Vol. 19, No. 5)
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Table 5. Deviations between predicted and experimental binary diffusion coefficients

RAD in D (%)

Mixtures Num_b er Present study Oh & Campbell Data source
of points Fuller
Ki om0 Kj4#0 Kioe=0  Kig
Normal - normal alkanes
Methane
- methane 5 5.9 - 7.3 - 12.8[Weissman, 1974]
- ethane 3 2.2 - 29 - 2.2 [Gotohetal., 1974]
- ethane 5 3.8 - - - 2.8 [Weissman, 1974;
Wilke and Lee, 1955]
- propane 4 0.8 - 1.7 - 2.2 [Gotohetal., 1974]
- propane 4 11 - - - 2.0 [Weissman, 1974]
- n-butane 3 0.9 - 0.6 - 4.7 [Gotoh et al., 1974]
- n-butane 2 2.6 - - - 10.1 [Kestin and Yata, 1968]
- n-hexane 4 1.7 - 0.8 - 11 2 [Wilhelm and Battino, 1972]
- n-heptane 5 2.2 - 1.9 - 10.6[Wilhelm and Battino, 1972]
- n-octane 5 24 - 1.9 - 12 .9 [Wilhelm and Battino, 1972]
Ethane
- propane 8 15.2 - 6.8 - 16.5 [Weissman, 1974;
Gotoh et al., 1974,
Chen and Othmer, 1972]
- n-butane 3 25 - 25 - 11.0 [Gotoh et al., 1974]
- n-hexane 1 35.4 - 27.1 - 60.2 [Carmichael et al., 1955]
Propane
- n-butane 2 23 - 2.2 - 14.4 [Weissman, 1974]
n-heptane
- n-octane 2 63.3 - - - 116.& [Weissman, 1974]
Branched alkanes
Methane
- 2-methylpropane 3 2.6 - 2.8 - 2.7 [Chen and Othmer, 1972]
- 2,2-dimethylpropane 3 20 - 2.7 - 6.0 [Gotohetal, 1974]
- 2-methylheptane 5 20 - 11 - 10.9[Gotoh et al., 1974]
Ethane
- 2-methylpropane 3 5.0 - 4.6 - 5.0 [Gotohetal., 1974]
- 2,2-dimethylpropane 3 2.0 - 2.7 - 10.5Gotoh et al., 1974]
Propane
- 2-methylpropane 3 4.3 - 4.2 - 9.8 [Gotohetal., 1974]
- 2,2-dimethylpropane 3 2.7 - 29 - 12.9Gotoh et al., 1974]
n-butane
- 2,2-dimethylpropane 3 106 - 8.0 - 3.8 [Gotohetal., 1974]
2-methylpropane
- 2,2-dimethylpropane 3 2.8 - 6.3 - 15.9/Gotoh et al., 1974]
Alkenes
Propylene
- propane 4 58 - 2.6 - 5.4 [Adzumi, 1937]

parameters for alkenes were evaluated by using the same approaett CH and double-bonded Gldgroups are shown in Table 1. The

as those for normal alkanes. Along with the universal van der Waalparametef; value for the Ckigroups and double-bonded CH
volume constar previously evaluated, parameter values for the groups and avalue for double-bonded Clgroups were found to

CH, and CH functional groups were supplied to these regressionsbe zero by the same reason as applied to théuBetional group.
Resulting root mean square deviations between observed and

as inputs, providing different set of G;KCH,, double-bonded CH

and double-bonded Cigroup parameters.

Obtained group parameters values for thg CH,, double-bond-

September, 2002

calculated second virial coefficients and viscosities of pure alkenes
and branched alkanes are given in Table 2. Several comparisons
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Table 5. Continued

851

RAD in D (%)

Number of

Mixtures ;
points

Present study

Oh & Campbell Data source

Fuller

Ki =0 K70 K; =0 K; ,#0

ij, gc™

ij, gc

ij.gc™ ij, gc

Gas - hydrocarbons

Nitrogen
- n-butane 4 3.7 0.9
- n-heptane 4 4.4 0.7
- n-octane 2 9.1 4.6
- n-nonane 1 3.0 81
- n-decane 1 6.8 12.2
- n-dodecane 1 5.8 112
- 2-methylpropane 1 5.4 6.8
- 2,3-dimethylbutane 1 4.9 3.3
- 2,4-dimethylpentane 1 3.8 1.6
- 2,2, 4-trimethylpentane 3 5.3 3.9
- 2,3,3-trimethylheptane 1 21.2 23.&
Carbon Dioxide
- methane 2 5.1 -
- propane 5 8.7 3.9
- propane 1 8.4 29
- propane 1 8.7 3.3
Oxygen
- hexane 2 9.4 0.0
- octane 2 9.1 0.0
Gas - gas
Nitrogen
- carbon dioxide 1 12.4 -
- carbon monoxide 1 7.5 -
- hydrogen 2 3.0 -
- hydrogen 2 7.9 -

5.0 2.0 2.0 [Gotoh et al., 1974]
55 1.4 2.4 [Fuller et al., 1966;
McD. Cummings et al., 1955;
McD. Cummings and Ubbelohde, 1955;
Clarke and Ubbelohde, 1957]
[McD. Cummings et al., 1955;
McD. Cummings and Ubbelohde, 1955]
1.9 6.6 9.4 [McD. Cummings et al., 1955]
5.0 5.3 7.2 [McD. Cummings and Ubbelohde, 1953]
5.8 10.5 11.4 [McD. Cummings and Ubbelohde, 1953]
- - 10.1McD. Cummings and Ubbelohde, 1953]
6.1 3.9 0.4 [McD. Cummings and Ubbelohde, 1953]
4.9 2.4 1.5 [Clarke and Ubbelohde, 1957]
6.7 5.5 1.1 [McD. Cummings and Ubbelohde, 1955]
204 228 25.4 [McD.Cummings and Ubbelohde, 1955]

100 5.9 21

- - 4.0 [Kestin and Yata, 1968]
8.6 3.7 3.2 [Wall and Kidder, 1946]
- - 7.3 [Fuller et al., 1966]

- - 7.0 [Wilke and Lee, 1955]

- - 3.2 [Fuller et al., 1966;
McD. Cummings and Ubbelohde, 1955]

[Fuller et al., 1966;

McD. Cummings and Ubbelohde, 1955]

- - 2.7

- - 3.0
- - 42
- - 3.2
- - 07

[Walker and Westenberg, 1958]
[Amdur and Shuler, 1963]
[Kestin and Yata, 1968]
[Scott and Cox, 1960]

between measured and predicted second virial coefficients for branci®h and Campbell [1997].

ed alkanes are also included in this table. Second virial coefficient As shown in Table 3, the results for mixtures of methane and
and viscosity data for pure branched alkanes and alkenes are equithane with squalane (2,6,10,15,19,23 hexamethyltetracosane) are
alent to those used in the previous work Oh and Campbell [1997]of particular interest, showing the same comments as those in previ-
It is indicated that the group contribution method is comparable toous works. This comments point to an advantage of group contri-
both the previous work and the Tsonopoulos [1974] method forbution methods in which critical properties are not required as input
second virial coefficient, and to the Lucas method [Lucas, 1980]data.

for viscosity.

Deviations between measured and predicted properties are given

In order to show predictive capabilities, the obtained group pa-for mixture viscosity in Table 4 and for binary diffusion coefficient
rameters were next used to predict second virial cross coefficientdn Table 5. Comparison with observed and calculated mixture vis-
mixture viscosities, and binary diffusion coefficients for mixtures cosity for propylene-propane mixture was made in Fig. 4, while those
of normal and branched alkanes and mixtures of alkenes with nomf diffusion coefficients for methane-branched alkane mixtures were
mal alkanes. Table 3 shows deviations between predicted and olfeund in Fig. 5. In Fig. 4, calculated values by the Lucas method
served second virial cross coefficients. The group contribution modehre higher than the observed data and those by Oh and Campbell
is observed to be as accurate as the Tsonopoulos correlation witire lower than the observed ones for all mole fractions of propane,
k., evaluated from Eq. (11) and is almost identical to the results oshowing the overall bias. And the present work is becoming worse

Korean J. Chem. Eng.(Vol. 19, No. 5)
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Symbols Experimental
Present study
Oh and Camp bell

523(K)

Viscosity (uP)

1 1
0.0 0.2 0.4 0.6 0.8 1.0
Mole fraction of CH,

Fig. 2. Comparison of observed and predicted mixture viscosities
of normal alkane+alkane mixtures.

Symbol Experimental [ ]
03} Present study
—————— Fuller et al. 7
——~ Ohand Campbell &
9
3 0.2fF
B
£
S
[m]
0.1
0.0 . ' '

200
Temperature (K)

300

Fig. 3. Comparison of observed and predicted self diffusivity of
methane.

as the mole fractions of propane increase.

propane by Landolt-Borntein [1927] are about @) higher than

for pure propylene. And it is found that the group contribution meth-

Table 6. Group binary interaction coefficients (K ;)

S.-K. Oh and C.-H. Sim

Symbols Experimental
Present study
Oh and Campbell
-~ - Lucas

Viscosity (uP)
8

0.0 0.2 0.4 0.8 0.8 1.0

Mole fraction of C;Hg

Fig. 4. Comparison of observed and predicted mixture viscosity
for propylene+propane mixture.

Symbols Experimental
Present study

0.20F -=----- Oh and Campbell

——— Fulleretal.

-

CH,-2-methylheptane

350 400 450

Temperature (K)

Fig. 5. Comparison of observed and predicted diffusion coefficients
for methane-branched alkane mixtures.

those of the Lucas method [Lucas, 1980] for mixture viscosities.
Comparisons of observed viscosity data for pure propylene an@®. Linear Molecular Gases
propane, taken from Stephan and Lucas [1979] used in the param- Here, as a part of systematic program of research on linear mole-
eter estimations and from Landolt-Borntein [1927] used in the pre-cular gases gNCQO,, CO, Q, and H), functional group parameters
dictions of mixture viscosities, show that the observed values of purand group interaction coefficients for these gases were evaluated
by the group contribution model. It is noted here that carbon di-
those by Stephan and Lucas [1979], while there is no inconsistenagxide and nitrogen were considered in our previous work.
Regarding to consist of a single group for all gases, parameters
od compares favorably to the Fuller method [Fuller et al., 1966]for these five gas groups were obtained by using second virial co-
for binary diffusion coefficients, and that predictions of this method efficient and viscosity data of gas, all of which data were taken from
were comparable to those of Oh and Campbell, and quite better thdbymond and Smith [1980]. The evaluated parameter values are

CH, CH, CH, CH, DB-CH, DB-CH,
N, 0.18120714 0.01184874 0.22094482 0.238548 0.32771862 0.11860204
Co, 0.18195991 0.11083865 6.80840972 1.1681387 0.34242607 0.35155945
Co 0.14037653 0.01998343 - —0.4399703 0.40309055 0.27761217
0, 0.16278568 0.00703636 0.32451504 0.0792222 - -
H, 0.2461055 0.2769978 0.22331828 0.04371495 0.020958786 0.40811768
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also included in Table 1. With the exception of carbon dioxide, thedicted pure viscosities of linear molecular gases were 1.9% and 2.3%
potential well depth for all gas groups was assumed independerty this method and by Lucas, respectively, indicating that this work
of temperature since the molecule is essentially spherical. Regress more reliable than the Lucas method.

sion results proved it, as expected. Table 2 presents resulting de- The obtained group parameters for gases were then used to pre-
viations between calculated and experimental second virial coeffidict second virial cross coefficients, mixture viscosities, and binary
cients and viscosities for five gases (pure nitrogen, carbon dioxidedliffusion coefficients for gas-gas mixtures. It is assumed here that
carbon monoxide, oxygen, and hydrogen). As shown in Table 2group binary interaction coefficients are equal to zero for all gas-
average root mean square deviation of second virial coefficientgias mixtures. Resulting deviations between experimental data and
for five pure gases was 1 &mol™ and 2 crimol™ for this meth- predictions are shown in Tables4, 5 and 7 for mixture viscosity
od and for Tsonopoulos, respectively. For the predictions of viscosand binary diffusion coefficient, and second virial cross coefficient,
ity, percent relative average deviation between observed and préa order.

Table 7. Deviations between calculated and experimental second virial cross coefficients for gas-hydrocarbon and gas-gas mixtures
Average RMSD in B (crhmol™)
) Number
Mixtures of paints Present study Oh & Campbell ~ Tsonopoul@sata source
Kio=0 K; 70 K; =0 K;,#0 K;=0 K;#0

Nitrogen - normal alkanes
A. Regression results:

- ethane 5 5 4 5 5 5 5 [Gunn, 1958]
- n-butane 6 16 5 16 4 20 6 [Gunn, 1958; Hicks and Young, 1968]
- n-pentane 5 25 7 24 7 33 17 [Hicks and Young, 1968;
Young, 1968]
- n-hexane 14 33 9 31 10 46 20 [Hicks and Young, 1968;
Young, 1968; Cruikshank et al., 1966;
Letcher and Marsicano, 1974]
- n-heptane 2 33 2 31 3 50 15 [Young, 1968]
- n-octane 2 40 7 36 8 62 17 [Young, 1968]
- n-decane 6 56 5 48 6 88 20 [D'Avilaetal., 1976;
Prausnitz and Benson, 1959]
- n-dodecane 4 59 6 48 5 95 10 [D'Avilaetal., 1976]
B. Prediction results:
- methane 3 3 - - - 3 - [Martin et al., 1982]
- methane 7 4 - - - 5 - [Mason and Eakin, 1961; Roe, 1972]

- ethane 5 5 3 - - 8 6 [Achtermann et al., 1991]
Nitrogen - branched alkanes
A. Regression results:
- 2,2-dimethylpropane 7 13 15 14 14 49 12 [Baughman et al., 1975]
- 2,2-dimethylpropane 7 19 14 - - 62 34 [Baughman et al., 1975]
- 2,2-dimethylpropane 7 17 12 - - 60 32 [Baughman et al., 1975]
- 2,2-dimethylbutane 5 27 18 29 22 66 19 [Cruikshank et al., 1966;
Desty et al., 1962; Everett, 1965;
Cruikshank et al., 1968]
- 2,2-dimethylpentane 2 41 54 40 50 38 41 [Desty etal., 1962;
Gainey and Pecsok, 1970]
- 3,3-dimethylpentane 2 4 15 6 9 56 6 [Desty etal., 1962;
Gainey and Pecsok, 1970]
- 2,2-dimethylhexane 1 13 37 12 32 43 33 [Gainey and Pecsok, 1970]
- 2,2,3,3-tetramethylbutane 1 18 24 17 15 64 9 [Gainey and Pecsok, 1970]
- 2-methylbutane 5 14 8 15 9 29 8 [Young, 1968; Desty et al., 1962;
Gainey and Pecsok, 1970]
- 2-methylpentane 4 30 13 31 12 51 12 [Desty et al., 1962;

Cruikshank et al., 1968;
Gainey and Pecsok, 1970;
Young, 1967]

Korean J. Chem. Eng.(Vol. 19, No. 5)
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Table 7. Continued

S.-K. Oh and C.-H. Sim

Average RMSD in B (crhmol™)

Mixtures g‘upn;it;\?; Present study Oh & Campbell ~ Tsonopoulo®ata source
Ki =0 K #0 K; =0 K;,#0 K;=0 K;#0
- 3-methylpentane 2 25 3 26 3 55 3 [Desty etal., 1962;
Gainey and Pecsok, 1970]
- 2,3-dimethylbutane 2 14 0.3 16 4 47 0 [Desty et al., 1962;
Gainey and Pecsok, 1970]
- 2-methylhexane 2 29 4 29 6 57 7 [Desty et al., 1962;
Gainey and Pecsok, 1970]
- 3-methylhexane 2 34 7 34 7 61 8 [Desty et al., 1962;
Gainey and Pecsok, 1970]
- 3-ethylpentane 1 19 14 20 16 56 17 [Desty et al., 1962]
- 2,3-dimethylpentane 2 20 5 21 7 61 5 [Desty et al., 1962;
Gainey and Pecsok, 1970]
- 2,4-dimethylpentane 4 25 7 27 7 38 7 [Desty et al., 1962;
Cruikshank et al., 1968;
Gainey and Pecsok, 1970;
Uoung, 1967]
B. Prediction results:
- 2,2,3-trimethylbutane 2 7 5 - - 64 30 [Destyetal., 1962;
Gainey and Pecsok, 1970]
- 2,2,4-trimethylpentane 2 33 19 - - 88 48  [Prausnitz and Benson, 1959]
Nitrogen - alkenes
A. Regression results:
- ethylene 1 43 8 - - 10 11  [Edwards and Roseveare, 1942]
- Cis-pent-1,3-diene 1 59 2 - - 22 8*" [Letcher and Marsicano, 1974]
- n-pent-1-ene 1 22 50 - - 57 40" [Cruikshank et al., 1968]
- trans-pent-2-ene 1 75 13 - - 31 15" [Letcher and Marsicano, 1974]
- trans-hexa-1,3-diene 5 60 13 - - 21 8*" [Letcher and Marsicano, 1974]
- trans-hexa-1,4-diene 2 53 21 - - 30 12*  [Letcher and Marsicano, 1974]
- cis-hexa-1,3,5-triene 6 60 10 - - 27 40%* [Letcher and Marsicano, 1974]
- hexa-1,5-diene 3 58 6 - - 25 5*'  [Letcher and Marsicano, 1974]
- trans-hexa-2,4-diene 4 69 15 - - 12 21* [Letcher and Marsicano, 1974]
- n-hexa-1-ene 5 78 9 - - 33 10 [Letcher and Marsicano, 1974;
Cruikshank et al., 1968]
- trans-hexa-2-ene 2 76 12 - - 39 16  [Letcher and Marsicano, 1974]
- trans-hexa-3-ene 3 76 7 - - 40 15 [Letcher and Marsicano, 1974]
- n-hept-1-ene 2 87 13 - - 42 13  [Young, 1968;
Cruikshank et al., 1968]
Carbon dioxide - normal alkanes
A. Regression results:
- ethane 7 18 4 16 4 19 18 [Zaalishvili, 1956]
- propane 6 28 4 27 4 35 28  [Gunn, 1958]
- n-butane 4 32 4 31 4 45 31  [Gunn, 1958]
- n-pentane 2 10z 26 98 28 142 96 [Massoudi and King, 1973;
Sie et al., 1966]
- n-decane 2 164 14 139 14 335 120  [Prausnitz and Benson, 1959]

Higher deviations than those of Lucas were found feC®,
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than those from the Lucas method. Table 5 presents that resulting
mixture, while for NNCO, mixture excellent agreement was achieved deviations from this method are worse than those of the Fuller meth-
for mixture viscosity predictions. Fig. 6 presents prediction resultsod for binary diffusion coefficients. Prediction results of second virial

of mixture viscosity for I¥H, mixtures, showing better predictions cross coefficient for gas-gas mixtures, in the end of Table 7, show
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Table 7. Continued

Average RMSD in B (cimol™)

Mixtures :J\]I‘upr’éwit;]?; Present study Oh & Campbell  TsonopouloBata source
Ki =0 K;#0 K;,=0 K;,#0 K;=0 K;#0
B. Prediction results:
- methane 2 10 - - - 8 - [Brugge et al., 1989]
- methane 2 10 - - - 8 - [Esper, 1987]
- methane 5 7 - - - 5 - [McElroy et al., 1990]
- methane 3 10 - - - 8 - [Martin et al., 1987]
- methane 1 18 - - - 16 - [Mason and Eakin, 1961]
- ethane 1 20 8 - - 23 21 [Jaeschke, 1987]
- ethane 1 20 7 - - 24 21 [Jaeschke, 1988]
- ethane 2 23 7 - - 27 24 [Brugge et al., 1989]
- ethane 5 17 10 - - 22 20  [McElroy et al., 1990]
- ethane 1 22 6 - - 25 23 [Weber, 1992]
- ethane 6 28 9 - - 35 32  [Holste et al., 1982]
- propane 8 33 14 - - 44 34  [McElroy et al., 1990]
Carbon dioxide - branched alkanes
A. Regression results:
- 2,2-dimethylbutane 1 167 26 184 24 283 212 [Desty etal., 1962]
- 2,2-dimethylpentane 1 191 12 165 13 29& 19€ [Desty etal., 1962]
- 3,3-dimethylpentane 1 18¢€ 9 16& 10 312 20€ [Desty etal., 1962]
- 2-methylbutane 1 18t 36 168 34 219 173 [Desty etal., 1962]
- 2-methylpentane 1 170 37 189 35 271 191 [Desty etal., 1962]
- 3-methylpentane 1 192 32 184 30 26& 19C [Desty etal., 1962]
- 2,3-dimethylbutane 1 18¢ 13 205 12 283 188 [Desty etal., 1962]
- 2-methylhexane 1 173 15 18& 13 305 188 [Desty etal., 1962]
- 3-methylhexane 1 16¢ 11 184 9 29& 18¢ [Desty et al., 1962]
- 3-ethylpentane 1 173 5 167 8 284 171 [Desty et al., 1962]
- 2,3-dimethylpentane 1 18¢& 34 171 44 28% 195  [Desty et al., 1962]
- 2,4-dimethylpentane 1 172 19 186 29 302 194 [Desty etal., 1962]
B. Prediction results:
- 2,2,3-trimethylbutane 1 172 36 - - 319 21¢ [Desty etal., 1962]
- 2,2,4-trimethylpentane 2 66 115 - - 197 91  [Prausnitz and Benson, 1959]
Carbon dioxide - alkenes
A. Regression results:
- 1,3-butadiene 1 78 58 - - 102 85 [Sieetal., 1966]
Carbon monoxide - normal
alkanes
A. Regression results:
- propane 11 1 1 - - 5 1 [McElroy and Moser, 1995]
- n-butane 2 4 1 - - 10 2 [McElroy and Moser, 1995]
- n-butane 3 2 6 - - 9 2 [McElroy, 1994]
- n-octane 7 22 5 - - 40 7 [Everette et al., 1968;
Connolly, 1964]
B. Prediction results:
- methane 1 26 - - - 18 - [Mason and Eakin, 1961]
- ethane 6 1 3 - - 2 1  [McElory and Ababio, 1994]

comparability of both the present method and Tsonopoulos methd. Mixtures of Hydrocarbons with Linear Molecular Gases

855

od. Presents prediction results of second virial cross coefficient for As a continuation of our systematic research on asymmetric mix-

N,-H, mixture are shown in Fig. 7 with those of the Tsonopoulos tures containing hydrocarbons with linear molecular gase€@O!
CO, Q, and H), functional group parameters and group interac-

method.

Korean J. Chem. Eng.(Vol. 19, No. 5)
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Table 7. Continued

Average RMSD in B (cdmol™)
Mixtures :J\]I‘upr’éwit;]?; Present study Oh & Campbell  TsonopoulBsta source
Ki =0 K;#0 K;,=0 K;.#0 K;=0 K;#0

ij.gc™ ij, gc ij, gc™ ij, gc

Carbon monoxide - branched alkanes
A. Regression results:
- 2-methylpropane 5 9 5 - - 7 8 [McElroy and Moser, 1995;
McElroy, 1994]

Carbon monoxide - alkenes
A. Regression results:
- ethylene 1 39 0.3 - - 20 20 [Mason and Eakin, 1961]
- propylene 1 42 0.2 - - 24 20 [Mason and Eakin, 1961]
Oxygen - normal alkanes
A. Regression results:
- n-pentane 1 13 10 - - 10 19 [Desty et al., 1962]

- n-hexane 1 3 2 - - 35 9 [Desty etal., 1962]
- n-heptane 1 10 6 - - 52 9 [Desty etal., 1962]

Oxygen - branched alkanes

A. Regression results:
- 2,2-dimethylbutane 1 35 30 - - 38 0 [Desty etal., 1962]
- 3,3-dimethylpentane 1 26 37 - - 56 2 [Desty etal., 1962]
- 2-methylbutane 1 9 11 - - 31 4 [Desty etal., 1962]
- 2-methylpentane 1 22 24 - - 36 6 [Desty etal., 1962]
- 3-methylpentane 1 30 32 - - 30 12 [Desty et al., 1962]
- 2,3-dimethylbutane 1 18 22 - - 36 4 [Desty etal., 1962]
- 2-methylhexane 1 25 27 - - 52 5 [Desty etal., 1962]
- 3-methylhexane 1 30 32 - - 46 8 [Desty etal., 1962]
- 3-ethylpentane 1 26 28 - - 52 5 [Desty etal., 1962]
- 2,3-dimethylpentane 1 17 20 - - 56 4 [Desty etal., 1962]
- 2,4-dimethylpentane 1 15 18 - - 54 0.2 [Desty et al., 1962]

B. Prediction results:

- 2,2,3-trimethylbutane 1 26 23 - - 57 7 [Desty etal., 1962]
Hydrogen - normal alkanes
A. Regression results:

- ethane 1 16 2 - - 9 7 [Mason and Eakin, 1961]
- propane 1 18 2 - - 8 4 [Mason and Eakin, 1961]
- n-butane 1 29 4 - - 17 10 [Mason and Eakin, 1961]
- n-pentane 4 30 4 - - 16 7 [Mason and Eakin, 1966;
Cruikshank et al., 1996;
Desty et al., 1962; Everett, 1965]
- n-hexane 2 33 3 - - 17 4 [Cruikshank et al., 1966;
Desty et al., 1962]
- h-octane 11 25 4 - - 12 7 [Everette et al., 1968; Connelly, 1961]
B. Prediction results:
- methane 1 5 - - - 0.3 - [Mason and Eakin, 1961]
- methane 6 3 - - - 7 - [Mueller et al., 1961]
- n-heptane 1 72 25 - - 18 37 [Desty et al., 1962]
- n-decane 2 85 57 - - 97 66 [Prausnitz and Benson, 1959]

tion coefficients for such mixtures were evaluated by the group conwhen one of the compounds in the mixture is not a hydrocarbon.
tribution model. Up to this point, the group interaction coefficients In this event, a group binary interaction coefficient is required for
k;..c Wwere assumed to zero for all hydrocarbon mixtures, as indievery possible interaction between a hydrocarbon and a non-hydro-
cated by Eq. (9). This assumption would not be expected to applgarbon group.
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Table 7. Continued

Average RMSD in B (cimol™)
Present study Oh & Campbell
Ki =0 K, 20 K, =0 K

ij.gc™ ij, gc ij, gc™ ij, gc

Number

Mixtures ;
of points

TsonopouloBata source
#0 K;=0 K;#0

Hydrogen - branched alkanes

A. Regression results:

- 2,2-dimethylbutane 2 34 8 - - 31 19  [Cruikshank et al., 1966;
Desty et al., 1962]
- 2,2-dimethylpentane 1 9 33 - - 3 15 [Desty et al., 1962]
- 3,3-dimethylpentane 1 14 31 - - 7 10 [Desty et al., 1962]
- 2-methylbutane 1 42 17 - - 35 25  [Desty etal., 1962]
- 2-methylpentane 1 14 15 - - 6 8 [Desty etal., 1962]
- 3-methylpentane 1 24 5 - - 17 3 [Desty et al., 1962]
- 2,3-dimethylbutane 1 17 3 - - 23 10 [Desty et al., 1962]
- 2-methylhexane 1 23 17 - - 18 36 [Desty etal., 1962]
- 3-methylhexane 1 8 17 - - 15 32 [Desty etal., 1962]
- 3-ethylpentane 1 5 42 - - 18 35 [Desty etal., 1962]
- 2,3-dimethylpentane 1 2 39 - - 12 4  [Desty etal., 1962]
- 2,4-dimethylpentane 1 13 43 - - 11 6 [Destyetal, 1962]
B. Prediction results:
- 2,2,3-trimethylbutane 1 0.3 29 - - 12 4  [Desty etal., 1962]
- 2,2, 4-trimethylpentane 4 22 21 - - 38 24 [Prausnitz and Benson, 1959;
Everette et al., 1968]
Hydrogen - alkenes
A. Regression results:
- ethylene 1 27 8 - - 11 10 [Mason and Eakin, 1961]
- propylene 1 37 17 - - 16 13  [Mason and Eakin, 1961]
- n-pent-1-ene 1 10 17 - - 13 22 [Cruikshank et al., 1968]
- n-hex-1-ene 1 21 10 - - 4 16 [Cruikshank et al., 1968]
- n-hept-1-ene 1 38 2 - - 10 6  [Cruikshank et al., 1968]
Gas - gas
Nitrogen
- carbon dioxide 2 2.2 - - - 0.8 - [Brugge et al., 1989]
- carbon dioxide 2 2.3 - - - 0.8 - [Esper, 1987]
- carbon dioxide 1 3.9 - - - 7.3 - [Edwards and Roseveare, 1942]
- carbon dioxide 1 1.0 - - - 0.4 - [Gorski and Miller, 1953]
- carbon dioxide 1 14 - - - 1.9 - [Pfefferle et al., 1955]
- carbon dioxide 3 4.2 - - - 6.7 - [Cottrell et al., 1956]
- carbon dioxide 1 4.7 - - - 1.2 - [Mason and Eakin, 1961]
- carbon dioxide 5 1.2 - - - 3.6 - [Gunn, 1958]
Nitrogen
- oxygen 1 10.2 - - - 0.2 - [Gorski and Miller, 1953]
- oxygen 3 1.6 - - - 0.7 - [Martin et al., 1982]
Nitrogen
- hydrogen 1 4.2 - - - 1.3 - [Edwards and Roseveare, 1942]
- hydrogen 4 3.3 - - - 6.7 - [Ostronov et al., 1967]
- hydrogen 11 2.7 - 3.3 - [Zandbergen and Beenakker, 1967]
- hydrogen 8 3.8 - - - 3.3 - [Brewer and Vaughn, 1969]
Carbon dioxide
- oxygen 1 6.6 - - - 8.0 - [Edwards and Roseveare, 1942]
- oxygen 1 6.3 - - - 4.9 - [Gorski and Miller, 1953)]
- oxygen 3 8.1 - - - 7.1 - [Cottrell et al., 1956]
Carbon dioxide
- hydrogen 3 29 - - - 9.3 - [Cottrell et al., 1956]

*Critical properties were taken form [http://www.pirika.com/chem/TCPEE/TCPE.htm].
T Acentric factors were taken form [http://data-books.com/bussei_e/bs_index.html].
*Acentric factors were taken form [http://www.aist.go.jp/RIODB/db030/hy/estimate.html].
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the group binary interaction coefficients satisfy this condition. The
unrealistically out-bounded values for these three interactions may
be due either to uncertainties in the data or to the propagation of
uncertainties in previously determined parameter values, as indi-
cated by Oh [1989], or to few data used for parameter estimation,
for instance, only two points used fQp.Ki5, oc @nd Kpy.cren oc IN

the same regression.

Resulting deviations between calculated and measured second
virial cross coefficients of gas-hydrocarbon mixtures are given in
Table 7. Also included in this table is one column indicating results
of assuming thatk_ is equal to zero. As shown in Table 7, predic-
tion results with non-zero values of binary interaction coefficient
are superior to those with k=0 for all gas mixtures especially for
gas-normal mixtures. But no appreciable improvements were found
for mixtures of gas-branched alkane and gas-alkene, which may
be due to the same reasons mentioned above.

In the event that binary interaction coefficients were assumed
to non-zero, prediction results are comparable for both the group
contribution method and the corresponding states method of Tso-
nopoulos. Results for the Tsonopoulos method with the assump-
tion that k,=0 are also given in Table 7. It is interesting to note that
the group contribution method with J&0 has turned out to be a
better predictor of second virial cross coefficients than the Tsonop-
oulos method with k=0. This is becausg k in the group contri-
bution model depends only on energetic interactions between groups
i and j. It is assumed that values of binary interaction coefficients
between methane-gas groups are zero. If critical properties and ac-
entric factors needed for the Tsonopoulos method are not available,
they must be estimated. For instance, critical properties for several
alkenes indicated in Table 7 were estimated by the Joback method
from the www site [http:/Mww.pirilca.com/chem/TCPEE/crip/jo
back.htm] and acentric factors for the corresponding alkanes were
also obtained from the www site [http://data-books.com/bussei_e/
bs_index.html] and [http:/AMww.aist.go.jp/RIODB/db030/hy/esti
mate.html] As for the case of j¢0 for all five gas mixtures, devia-
tion between experimental data and predictions is almost identical

As mentioned earlier, the use of non-zero values of interactiorto that obtained from the previous work. In order to show improved
coefficient between unlike functional groups is needed for bettempredictions with the assumption that the binary interaction coeffi-

predictions. Values of the group interaction coefficigntk were

cient is not zero, a comparison of predicted and measured mixture

evaluated by regressing second virial cross coefficient data for al

kane-gas mixtures. For instance, values,gf Kz and Kp.cps.oc

were obtained from the experimental data for nitrogen-normal al-

kane mixtures. Using these obtained valugggl o Was next ob-

tained from second virial cross coefficient data of gas-alkane mix-

ture in which the alkane contained one or morg @blps. Next,

second virial cross coefficient data for gas-alkane mixtures in whict s

the alkane contains one or more @jrbups were used to obtain
the value of Kuscro.oc- Finally, a similar procedure was followed
for gas-alkene mixtures to evaluatgskip, cc aNd Kascrzn, ac SIM-

ultaneously, which were not examined in the our previous work

[1997].

With the exceptions of three cases in which no second virial cros

coefficient data are available faok o ccr Kozoecr e @Nd Kops.

cnree 27 group binary interaction coefficients obtained in this man-
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ner are given in Table 6. It is expected that numerical values of the Temperature (K)
group interaction coefficients would vary from zero to unity. With Fig. 8. Comparison of observed and predicted mixture viscosities
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for nitrogen-normal alkane mixtures.
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viscosities is shown in Fig. 8 for nitrogen-normal alkane systems. noted that values for the group interaction coefficiepfs kere

For the prediction of mixture viscosities and binary diffusion co- sometimes physically unrealistic, which may be due to uncertain-
efficients for mixtures of hydrocarbons (normal and branched alkanegies in experimental data, or to the propagated errors of regression
and alkenes) with linear molecular gases, the group binary interacwvhen parameter values were evaluated in advance. Although two
tion coefficients given in Table 6 were used. Table 4 indicates thabf these interaction coefficients had unrealistic values, they were
predicted and experimental mixture viscosities are in very good agresstill predicted accurate property values.
ment, showing better predictions with non-zero values of binary in- A strong advantage of the method is that it is capable of repre-
teraction coefficient, and that accuracy of the group contributionsenting several different properties with one set of parameter val-
method exceeds that of the corresponding states method of Lucages. Thus, it may use data for one property to predict a different pro-
In Table 5, binary diffusion coefficients were predicted with an ac- perty. On top of that, since this method does not require the critical
curacy, comparable to both the Fuller method and the previous worlproperties and acentric factor, it may be used to predict properties
No effect of binary interaction coefficient on predictions was found of substances in question for which no data are available in the litera-
in mixtures of nitrogen and alkanes above n-octane and nitrogerture.
2,2, 3-trimethylheptane mixture, which indicates that experimental
data might be in doubt since both the previous work and the Fuller ACKNOWLEDGEMENTS
method yield similar results. But in mixtures of carbon dioxide, non-
zero values of binary interaction coefficient improve predictions well.  This work was supported by the grants from Sang-Ji University

in the year of 2001.
CONCLUSIONS
NOMENCLATURE

The group contribution method proposed by Oh and Campbell
[1997] for prediction of second virial coefficients and dilute gas a : core radius [A]
transport properties has been repeated with a new set of normal &- : reduced core radius [2aX 2a)]
kane second virial coefficient data either from the recent data foB : second virial coefficient [chrrmol™]
normal G by Dymond et al. [1986], or from the recommendation D : diffusion coefficient [crisec]
for C,, C, and G alkanes updated by Tsonopoulos and Dymond k;, : binary interaction coefficient for Tsonopoulos method
[1997]. This method has been extended to molecular linear gasds ..  : group binary interaction coefficient for interactions be-
(carbon monoxide, oxygen and hydrogen) and to mixtures of alkanes tween intermolecular groups i and j
and those gases. n : number of data points

The functional group parameters are revised from the simultaN;;  : number of groups i in molecule 1
neous regression of second virial coefficient and viscosity data. Groupl,  : number of groups j in molecule 2
parameters values (GHCH,, CH,, CH,, CH,, double-bonded CH P : pressure [atm]

double-bonded CKIN,, and CQ groups) and 8 binary group in- 00 — 5
teraction parameters fluocor Kuecinoor Koo Kooz ecr RAD(%). relative average deviation (0/{]%— /Z”%ﬂmﬁ_rlmg
exp i

kCOZCHO,GCl kCOZCHl, GCy kCCQCHZ,GC and I&OZCH&GC) were reVised'

New group parameter values are given for gases beyond those o " (Bow:~B..)’
presented earlier (CO,@nd H) and 19 group binary interaction RMSD: root mean square deviatiof== ex;’ —
parameter values h@%HlD, GG kNZCHZD,GC; kCOZCHlD,GC! kCOZ»CHZD, e
kCO-CHl,GC! kc02<:H2,GCv kCOCH3,GC! kCO-CHlD, GCr kco-CHzD, e koz»CHo,Gc: T - temperature [K]
kOZCHl,GC' k02<:H2,Gcr k02<:H3,Gc; kHZCHO,GCl kHZCHl,GC' kHZ»CHZ,GC! T : reduced temperature, leT/

Kiiocrs.cor Kizcr, sor Kizcrn, o) @re presented for hydrocarbon mix- VvV : molar volume [crimol™]

tures with gases. Three group binary interaction parameter valueg,,; :van der Waals volume of group i [Emol™]
(Keocro,aor Kozcrn, s @NA Koo, 6c) €N NOt be estimated since no X : mole fraction

second virial cross coefficient data are available.

Application of the model shows that second virial coefficient dataGreek Letters
can be represented with results comparable to those obtained oy : functional group well depth parameter [J]
Oh and Campbell [1997] and by the corresponding states methofi : functional group well depth parameter [J K]
of Tsonopoulos [1974]. The accuracy of the model in viscosity ande : potential well depth [J]
diffusion coefficient predictions is comparable to both methods ofn : viscosity uP]

Lucas [1980] and of Fuller [Fuller et al., 1966], respectively. & : universal van der Waals volume constant (1.3627) in Eq.

Prediction results show that the accuracy of the model decreases (18)
as molecular size increases. This may be due to the fact that the Chap- : collision diameter [A]
man-Enskog theory used here does not account for inelastic colli€2,  : collision integral for viscosity
sions which become more pronounced with increased number d?,  : collision integral for diffusivity

groups in a molecule. It is also possible that the empirical modifi-
cation used to extend the Kihara spherical core potential to chaisubscripts
molecules is not accurate as the length of the chain increases. Itis 11 : property of molecule 1

Korean J. Chem. Eng.(Vol. 19, No. 5)



860

2,22 :property of molecule 2

12 : interaction property for molecules 1 and 2

ij : interaction property for intermolecular groups i and j

AB :interaction property for molecule A and B

C : critical property

CHA1D : property of double-bonded CH1 group

CH2D : property of double-bonded CH2 group

GAS : property of gas group

GC : propenty of binary interaction coefficient of group contri-
bution

mix : mixture property
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