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Calculation of transport properties of simple dense fluids
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Abstract

The transport properties of noble gases and of some other simple fluids inclugir@NF,, CO, CGQ, CHy, CRCly, CoHg, C3Hg
and Sk have been calculated by the modified Enskog theory. The density dependence of the radial distribution function has been evaluated
using an analytical equation of state based on the statistical-mechanical perturbation theory. The resultant transport equation of state neec
three temperature-dependent parameters, which can be determined by knowing the intermolecular pair potential, plus the zero-density value
of the transport coefficients. Using a simple Lennard—Jones (12-6) potential for the calculation of temperature-dependent parameters and th
extrapolation of experimental low-density transport coefficient data to the zero-density limit, one can put the transport equation of state in
the predictive mode. In this work the thermal conductivity and the viscosity coefficient of the helium-group gases have been calculated over
a wide range of temperatures and pressures. A comparison of the calculated and experimental values of the thermal conductivity and the
viscosity yields an average absolute deviation of 2.66% for the thermal conductivity and of 3.03% for the viscosity.
0 2002 Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction and momentum over the distance separating the center of
mass of one molecule to the center of mass of the other
The transport properties of fluids are important quantities Molecules on collision [8]. These contributions have been
required in engineering design for production, processing, referredto as collisional transfer contributions. Enskog made
and fluid transformation. These properties for a dense hard-'Wo modifications in his original theory to apply it for
sphere gas were first formulated by Enskog [1], but there rélatively dense fluids [8,9]. In this method that is called
exists no satisfactory theory for real dense gases or liquids.the modified Enskog theory, the actual pressure is replaced
Most of the prediction methods for real fluids are limited PY the thermal pressure, in order to take into account the
to the temperature-dependence of either the dilute gases opitractive forces between molecules, and the covolume is
liquids at atmospheric pressures [2,3]. Meanwhile there are '¢d€fined in terms of the second virial coefficient.
a few attempts, e.g., Latini and Baroncini [4], to describe the ~ OUr knowledge of the transport properties, however, can

transport properties over a wide range of pressures by addingbe simplified when a connection is made Wit_h eq“"ibfi“m
correction terms. Many correlations have been performed properties. In fact, this procedure can sometimes avoid the

following the Enskog theory, in the form of reduced density ’eXP”C“ consideration of a fo_rmal theory of tranqurt prop-
and reduced temperature [5-7]. A compilation of some of erties. The transport properties can be exprt_assed in terms of
these correlations can be found in the book of Reid et al. [3] pressure and temperature, or much better in terms of den-

Although the original Enskog theory was first proposed. sity and tgmperatgre, using an accurate equgtion of gtate
for rigid spherical molecules, Enskog pointed out that the for evaluating the internal pressure. The resulting equation,

. . which describes the temperature and density dependence of
transport properties of a dense gas differ from those of a . .
. ; the transport phenomena, is called the transport equation of
dilute gas because of the instantaneous transfer of energy : )
state. As in the thermal equations of state, the transport equa-
tions of state may be arbitrarily classified as the equations
* Correspondence and reprints. of the virial type for representation of transport properties,
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1290-0729/02/$ — see front mattér 2002 Editions scientifiques et médicales Elsevier SAS. Al rights reserved.
PIl: S1290-0729(02)01387-X



950 N. Mehdipour, H. Eslami / International Journal of Thermal Sciences 41 (2002) 949-954

Nomenclature
b covolume ...t $mol~1 B analogous to the van der Waals
B> second virial coefficient ........... $mol-1 covolume defined by Eq. (11) .. .... Srmol~1
Cy heat capacity at constant volume . ...... K3 X radial distribution function at contact
D self diffusion coefficient.............. #el e potential well-depth ....................... J
k Boltzmannconstant..................:KJ?! r an adjustable parameter in Eq. (12)
. . o
m molecular mass..............c..eveiii... kg 7 viscosity ......... R Bim
Na Avogadronumber.................... mdl A thermal conductivity ............ wh— LK
p PrESSUIE. ...t 2 P molar density...................... mof 3
- intermolecular distance . . . ... nm © molecular diameter...................... nm
R gasconstant................... KIL.mol1 Subscripts
T absolute temperature.............. ... Ko zero-density value
u potentialenergy..............coiiia J :
. Superscripts
uo the repulsive branchof................... J P P
| ! the contribution from translational degrees
Greek symbols of freedom
o contribution of repulsive forces " the contribution from internal degrees
B0 B2 o ettt famol—1 of freedom

purpose of this work is to connect the modified Enskog the- and
ory with an accurate equation of state to predict the transport ) ,
properties of simple fluids over a wide range of temperatures Cv = C, + Cy (6)

and pressures. . -
wherelg and Dg are the dilute gas thermal conductivity and

self diffusion coefficient, respectivelgy is the heat capacity
2. Theory at constant volume, mis the molecular mass, and primed and
double primed quantities represent the contributions from

The transport properties of a dense fluid can be relatedtranSIa,tional and interna_l degrges of. freedom, respectively.
to that of the dilute gas by Enskog theory. For a dense gas '€ dilute-gas expressions given in the fourth. Enskog
of rigid spherical molecules, the pertinent expression for the @PProximation fomo andio of hard spheres read as:

viscosity coefficient is as follow [8,9]: 5 (rmkT)Y2

no=121016x ——— (7
n=1 [1 + gbpx + 0.76](19,0)()2} (1) 16 mo?
X and
wherenq is the dilute-gas viscosity coefficientjs the molar 12
densityp = 27 Nao®/3 i the covolumey is the molecular ;' _ 1 025 75k (emkT) (8)
diameter,Na is the Avogadro number, ang is the value 64n  mwo?

of equilibrium radial distribution function at a distanee

from a center of an individual molecule. The expression for
thermal conductivity takes a similar form to Eq. (1), but for
polyatomic molecules the contribution from both internal

wherek is the Boltzmann constant arid is the absolute
temperature.
For a hard-sphere system, the Carnahan-Starling [10]

. . formula
and translational degrees of freedom should be taken into
account, i.e., 1-0p/8
= A bp/a7 ©
A 6 1A 1—>bp/8)
A:—O[l—i-—b,ox +0.755(bp x) }+— ) _ _ _ o
X 5 X provides one with a quite accurate approximation for evalu-
with ating the transport coefficients. However, the interaction be-
. tween real molecules is not of a rigid-sphere type and the
Ay = § n S (3) above equation cannot be applied directly.
2" m , By attributing effective values to the covolurheand the
3= pDoNa —Y 4) raqlal distribution functiony, deduced from compressibil
m ity isotherms for real gases, Eqgs. (1) and (2) can be used for

*o=Ay+ A (5) real gases. Enskog suggested thagt should be determined
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from compressibility measurements using the thermal pres-with

sure [8,9] dB
b=By+T—2 (17)
bpy = = <ﬂ) 1 (10) a7
pR\OT /, Here, we will calculate Egs. (1) and (2) for viscosity coef-

ficient and thermal conductivity, respectively, from Egs. (16)

where R is the gas constant, ang is the pressure. The
and (17).

modified Boltzmann equation introduced by Enskog will be
reduced to the ordinary Boltzmann equation at low densities
provided that

lim (x) =1 (11)
p—0

3. Resultsand discussion

heref h lem i h ificat f1h Our calculations are based on Egs. (16) and (17)for
Therefore, the problem is reduced to the specification of the andb, respectively. A simple Lennard—Jones (12-6) potential

Fhetr)mgl pressure, whicg,. in thurn, ir;volves det(_at;qjining tﬁhe is used to evaluate the temperature-dependent parameters of
Isobaric expansivity an Isotherma compressi llity coetfi- equation of state from Egs. (13)—(15). The LJ (12-6)
cients. These properties have been stut_jledzfalkanes by potential parameters together with the values foffor

Elory et al_. [11,12] and gene_ral correlations for a great va- compounds studied in this work are listed in Table 1. For
riety o,f fluids have been obtained by BVOSI_OW etal. [13,14]. most of the compounds studied in this work the valueg of
Amoros et al. [15,16] analyzed_ th_e behavior o_f the therma_l are earlier reported by Ihm et al. [19]. For the others, we
pressure for several type_s of |Iq.UIdS. and qpp!led the modi- have obtained the best valuesioffrom experimentappT

fied Enskog theory to various fluids in the liquid range. Us- data. Once the temperature-dependent parameters have been

ing the Peng-Robinson equation of state, Sheng et al. [17]determined, the thermal conductivity and the viscosity can
calculated the transport properties of dense gases. be calculated by knowing the values/af andso

Here, we W|Il_try to obta_ln the parametarandy dlrecftly_ The values of.g andng differ from their corresponding
from an_analytlcal equatlon of state based on statistical- values at ordinary pressures. Departures of the transport co-
T;jc?_i';'Zalup;{;%rg?g?géhg;gé gﬁposed by Song etal. [18’eﬁicients at atmospheric pressures from their values at zero-

' q ' density limit have been discussed by Bich and Vogel [21]
P (B2 —a)p op (12) and it has been shown that the differences amount to several
okT 14+022rgp 1-—TrBp percent. The transport coefficients at zero-density limit can
where B, is the second virial coefficienty is the contri- P& obtained from the Chapman-Enskog theory [1], from the
bution of the repulsive forces to the second virial coeffi- Principle of corresponding states [22-25], or from the linear
cient, 8 is a temperature-dependent parameter analogous tg®Xtrapolation of experimental low-density data. In this work
the van der Waals covolume, adis an adjustable para- the experimental viscosity data of Kr and the thermal con-
meter, equal to 0.454 for noble gases. All the temperature-ductivity data of Krand Xe are taken from Van den Berg and
dependent parameters can be determined knowing the interTrappeniers [26] and Kestin et al. [27], respectively. The ex-

molecular potentiak, by the following three integrals: perimental viscosity data of Xe and the transport properties
of the other noble gases,2ND2,F2,CO, CG,CHy4,CoHg

o0
and GHs are taken from Vargaftik [28]. The transport prop-
Bo(T) =2m /(1 — ef“/kT)rzdr (13) (28] POTLRTOP
0 Table 1
fm Lennard—Jones (12-6) potential parameters and the valugsfof com-
a(T) =2n /(1 _ efuo/kT)rZ dr (14) pounds studied
0 Substance o (nm) e/k (K) r
He 0.2556 1@2 0.454
and Ne 0.2780 30 0.454
m " Ar 0.3405 1198 0.454
B(T) =2n / [1 _ (1 + _Oe—uo/kT)}VZ dr (15) Kr 0.3827 164 0.454
kT Xe 0.4100 2210 0.454
0 N» 0.3677 9514 0.418
where ug(r) is the repulsive branch ai(r) according to 0, 0.3580 1% 0.421
the Weeks—Chandler—Andersen [20] decomposition(ef. ('::20 %'3;,235‘(13 1gg 5 g-j;g
Substituting Egs. (10) and (11) into Eq. (12) one may obtain: oy 0.4124 1B 0.359
dBy . o da do CHy 0.3808 152 0.418
by = Bo+T g —a—Tg a+Tqr CRCly 0.5160 2860 0.386
1+0.22I'8p 1-TBp CoHg 0.4384 236 0.449
dg _ dg CzHg 0.5239 2060 0.409
FapTgr  0.22Ip(B2 — )T gr (16) SFs 0.5910 1887 0.351

(1-TBp)2  (1+0.22I'Bp)2
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Table 2 Table 4
Comparison of the calculated thermal conductivity of noble gases with Comparison of the calculated viscosity coefficients for noble gases with
experiment [28] experiment [26,28]
Substance T (K)  Ap (molm=3) NP? AADP (%) MDC (%) Substance AT (K)  Ap (molm=3) NP  AAD (%) MD (%)
He 27000 45-11749 7 0.32 0.79 He 7735 161-45189 7 2.23 3.66
30000 40-10672 7 0.38 0.88 15715  83-27718 6 4.60 8.72
40000 32-8414 7 0.56 1.11 194.65 63—-23551 7 4.15 7.39
50000 24-6709 7 0.75 1.30 27315  44-26159 8 3.59 6.48
60000 21-5804 7 0.80 1.39 37315 32-20548 7 2.87 5.36
70000 18-4901 7 0.86 1.49 47315 25-16941 7 2.42 471
80000 16-4389 7 0.72 1.41 77315 16-7304 3 1.28 2.55
90000 14-3856 7 0.78 1.38 127315  9-4531 3 0.71 1.47
100000 12-3519 7 0.64 1.01
110000 10-3181 7 0.52 0.92 Ne 5000 241-6056 3 1.65 3.10
120000 10-2952 7 0.56 0.92 10000 124-12132 5 1.00 1.76
130000 9-2714 7 0.58 0.93 16000 75-7156 5 098 243
140000 9-2545 7 0.49 0.82 20000  64-5702 5 0.95 2.89
150000 8-2356 7 0.46 0.71 29815 43-33607 16 4.40 6.66
32315 42-34646 17 4.73 6.98
Ne 29815 40-46367 18 0.89 2.45 34815 41-35543 19 5.51 8.27
32315 37-44532 18 1.05 2.19
34815 35-42841 18 1.48 241 Ar 200.00 64-8441 11 0.46 1.85
30000 43-8389 16 0.50 2.63
Ar 150.00 81-5234 5 2.47 4.72 40000 32-16072 23 0.84 3.28
20000 60-4391 7 2.15 5.20 50000 24-16606 26 0.41 0.71
30000 40-6342 11 1.11 3.08 60000  20-14407 26 0.89 181
40000 30-8456 10 1.77 4.84 70000 17-12781 26 1.25 2.99
50000 24-11783 15 1.12 3.87 80000  15-11388 26 1.33 3.41
60000 20-10207 17 0.98 2.23 90000 13-10321 26 1.53 4.35
70000 17-8611 17 0.75 1.27 100000 12-9462 26 1.54 4.50
80000 15-7618 16 1.21 1.86 110000 11-8744 26 1.55 4.67
90000 13-6859 16 1.58 2.96 120000 10-8121 26 1.52 4.59
100000 12-6246 13 1.72 3.37 130000 9-7589 26 1.50 4.52
110000 11-5732 13 2.10 4.12
120000 10-5293 13 217 4.06 Kr 298.15 122-3174 18 1.74 4.00
130000  9-4921 13 2.23 3.98 Xe 37315  28-12947 4 2.99 7.51
140000 84547 13 2.34 3.67 42315  27-11641 5 2.79 7.81
aNumber of points. 47315  27-15718 6 3.31 7.45
baverage absolute deviation.
CMaximum deviation.
Table 5
Comparison of the calculated viscosities with experiment [28,29]
Table 3
Comparison of the calculated thermal conductivities with experiment Substance AT (K) Ap (mokm™S) NP AAD  MD
(%) (%)
[28,29]
Swsawe AT00 seewmd W mD W0 L golw  rEE g0 m o
(%) (%) Fo 200-500 24-7234 63 2.83 6.97
N2 100-1300 9-27233 560 1.38 .8 co 273.15-523.15  23-15870 60 249 6.28
O 200-1300 9-19201 325 189 3B CO, 273.15-1273.15  9.5-3429 475 359 9.35
COy 280-1300 9-25182 485 382 .98 CHy 200-500 24-17019 423 3.70 853
CHgy 213.15-573.15  21-22825 456 3.83 .69 CRCl, 250-575 7-8162 245 3.49 7.33
CRCl, 250-600 7-8162 281 346 A CoHg  312.50-473.15  26-15148 105 426 9.09
CoHg 313.15-473.15 25-11110 71 411 2D CgHg 297.50-474.15 25-11544 92 2.69 7.25
Sk 250-400 7-6243 78 3.57 A

are compared with the experimental values [26—29]. The

erty data of CECl, and the thermal conductivity of SFare average absolute deviation and the maximum deviation
taken from the recommended values by Heckenberger andoetween our calculated thermal conductivities for He, Ne,
Stephan [29]. For the sake of consistency we have used theand Ar over a wide range of temperatures and pressures are
same experimental data sources to obtain the zero-densitylisted in Table 2. Also, the calculated thermal conductivity of
parametersig andrng, at each temperature. N2, Oz, COp, CHy, CRCly, CoHg, and Sk are compared

Following the above-mentioned procedure, the viscosity with experiment [28,29] as average absolute deviation and
coefficient and the thermal conductivity of some simple maximum deviation in Table 3. The overall average absolute
fluids have been calculated with Egs. (1) and (2) and error for 2587 data points examined is 2.66% compared
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= P critical point of Ar) and Xe at 325.15 K compared with ex-
" o ° periment [28] are also shown in Fig. 2. The higher deviations
b at low temperatures, Figs. 1 and 2, may partly be attributed
0 - to the larger inaccuracies in the predicted second virial coef-
ficients, by Eq. (13), compared to the high temperatures.
Finally, we have combined the modified Enskog theory
with an analytical equation of state based on the statistical—
mechanical perturbation theory. The parameters of the equa-
tion of state can be determined from the intermolecular pair
potential. Our proposed transport equation of state can pre-
dict the transport coefficients in a broad fluid range. Consid-
12 . . . ering the overall good agreement with experimental values,
0 10 20 30 40 iF seems that our work meets demands for a simple gstima—
tion method for transport properties in terms of density and
b x10° (mol.m™) temperature. It is worth nothing that even the experimental
values of the transport coefficients have some uncertainties,

Fig. 1. Deviation plot for the thermal conductivity of Kr at 150.334j &nd especially in the critical region.
300.65 K (0) and that of Xe at 235.05 Kl{) and 300.65 K ¢) compared
with experiment [27].
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