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Free-volume viscosity model for fluids in the dense and gaseous states
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A free-volume and friction viscosity model is presented versus pressure and temperature, valid for both
gaseous and dense fluids. This model involves only three adjustable parameters for each pure compound. It is
able to represent the gas-liquid transition and the behavior in the supercritical conditions. The model has been
successfully applied to metha(@85 data points for 0.04 P<200 MPa and 90Z T<600 K) and to propane
(1085 data points for 0.64P<200 MPa and 9& T<600 K) in the gaseous and dense std@gerage absolute
deviation is 2.59% for methane and 2.50% for propane, with maximum deviation of 14.8% for methane and
9.19% for propank It has also been applied to hexane, octane, dodecane, benzene, trans-decaline, and 2,2-
dimethylpropang903 data pointsin a large pressure rangep to 505.5 MPa Considering these compounds
the maximum deviation is 19.5%or octang and the average deviation is 3.51% in the worst ¢dselecane,
which has data points up to 501.6 MPa

DOI: 10.1103/PhysReVE.64.011203 PACS nun®er66.20+d, 51.20+d

INTRODUCTION tions. But if this method is promising the results are not yet
very accurate. In a recent workg,3] Dysthe, Fuchs, and
The dynamic viscosityy of fluids is of great interest in Rousseau found that the viscosity is underestimated at high
various research areas both applied and fundamental. The@nsities(they found up to 80% deviation for decane, 75%
is a need for reliable and accurate analytical method for visfor hexadecane In any case molecular dynamics simula-
cosity calculations. Moreover the theoretical understandingions are not yet a practical mean for calculating viscosity.
of the viscosity behavior is fundamental. A large number of The semitheoretical models for dense gases and liquids are
results are dedicated to the variationspfersus temperature based on the principle of corresponding states or may be
and chemical species, but many experimental studies are cafategorized as applied statistical mechanics models such as
ried out only at normal pressure. The experimental studies d§€ reaction rate theory, hard sphéEmskog theory, square
a function of pressure are less frequent, however their nunivell theory, significant structure theory, or the Lennard-
ber is increasing. In order to understand the results it is neclones model. We mention also some models that Use-&
essary to develop satisfactory models. The problem of th@seudoequation of sta@ is the temperature arfélthe pres-
representation of the pressure-temperature variations of vi§ure.
cosity is widely open and not closed and the literature con- However, many of the viscosity models are only suitable
tains many different viscosity models. Recently, a criticalfor predicting accurately either the liquid or the gas phase
review of predictive and correlative methods for viscosity Viscosity. One of the difficulties in developing a model is to
has been made by Monnery, Svrcek, and Mehrgtrth  describe correctly the transition between the low-density
which considers models with theoretical basis, semitheoretistate(where the dilute gas viscosity is very well described by
cal basis(they have a theoretical basis or framework buttheories with the collision integraaind the high-density state
some parameters are adjustable and determined from expetmethane can be an example for petroleum engineering
mental daty or entirely empirical basis. Various approachesthe following we propose an approach in order to model the
have been presented. For gases there is, for example, tMiscosity of Newtonian fluids, based on the free-volume con-
kinetic theory of gasegdilute gas viscosity modified ki- ~ cept and on the diffusion models of the molecules, which is
netic theory in order to take into account the effects of mo.able to describe accurately such a transition. Let us recall
lecular shape and anisotropic molecular forces, correspondiere that, just as the magsoncentration of tracer, for ex-
ing state relationship. For liquids, few simple and accepte@®mple or heat, the momentum of a fluid can be transported
theories have been developed. Most theoretical models fdy diffusion. Contrary to concentration and heat, momentum
gases or liquids are based on statistical mechanics and mé§y vectorial. However, the diffusion equation of momentum
be classified as the distribution function theory or the correshows that kinematic viscosity/p (p is the densityis like a
lation function theory. Monnery, Svrcek, and Mehrofdg  coefficient of diffusion for momentum, similar to the coeffi-
emphasize the fact that the accuracy of the molecular dynangientsD for concentration ot for heat. Our model tries to
ics approach depends on how accurately the intermoleculd&onnect viscosity to molecular structure.
potential energy functions represent the molecular interac-
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address: christian.boned@univ-pau.fr posed by Eyring and collaboratd4] leads to the Arrhenius
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equation typep=A exp®/T). This model describes the be- mixtures. They do not provide indications on the maximum
havior of many low-weight molecular liquids. But it is not absolute deviation. The experimental conditions covered a
satisfactory for many other liquids as various articles havepressure range that reaches, in some cases, 500 MPa. For
stressedsee, for exampld5] and[6]). This is mainly due to pure compounds, the worst result is obtained for water
the fact that it involves only one mechanism of molecular(6.8%9, ethanol(5.4%), andn-propanol(4.8%. Their theory
relaxation. A modification of the model has been proposedises four adjustable parameters for each pure compound and
by Ree, Ree, and Eyrinfi7]. By applying the significant two additional parameters per binary, these last parameters
structure theory of liquids to transport phenomena, the equdiaving to be adjusted at each temperature. Moreover it is
tion for viscosity is derived for hard-sphere systems. Thenecessary to know the density. They modified the theory of
modification consists in expressing viscosity in the followingliquids proposed by Macedo and Litovifs], and instead of
form = n4(vs/v)+ ng(v—vs)/v, Wherevs is the specific  describing the variation gb, (probability that there is suffi-
volume of the solid ana that of the liquid. The authoi&’]  cient local free volume for a jump to ocQuwith an expo-
consider that the liquid consists of “quasisolid” molecules nential expression they assume tpatis proportional to the
having only degrees of freedom for vibration and “quasi- free volume. Moreover they consider the activation energy in
gas” molecules with degrees of freedom for translation. TheEyring’s theory not as a constant but proportional to the
term 7, is a term of “quasigas” viscosity derived from ki- inverse of the molar volume. But they did not give any re-
netic theory. For simple liquids the agreement betweersults at low pressure§.e., low dense fluids probably be-
theory and experiment is satisfactory. cause their relation predicts a zero viscosity while density
Cohen and Turnbu(l8] have developed a transport theory tends towards zero, and this is not in agreement with the
based on free volume. This theory assumes that the fluidiscosity of the dilute gas. They obtaindd,,=4.2% for
consists of hard spheres. This theory is based on the concepiethane(100=T<400K and P<50MPa with 48 data
that statistical redistribution of the free volume occasionallypointy. For propane they obtaine®,,~=3.1% (297<T
opens up voids large enough for diffusive displacement. Mo=<523 K and 5< P<80 MPa with 36 data pointsThey give
lecular diffusion is possible when a vacant voluifi@rger  also results for hexan@p to 50 MPa,D,,= 3.6%), octane
than minimalv*, which allows the displacement of a mol- (up to 50 MPa,D,,=4.2%), dodecane(up to 200 MPa,
eculg is present in the liquid, then a molecule can jump intoD,,=1.8%), and benzenéup to 50 MPa,D,,= 3.0%). Let
the vacancy. The average free volumeis defined as being us state also that Doolittle’s relation allows a good estimate
the difference between the volureof the cage, which con- of the pressure of vitreous transition of compounds such as
tains the molecule, and the hard volumgof the molecule.  glycerol and dibuthylphthalate, a transition that occurs when
The theory leads to InfT)=A'+(B'/v;) wherev;=v viscosity is higher than #8Pas[16]. The concept of free
—vg. This theory has been applied to simple van der Waalyolume has been recently usglf] to interpret the variations
liquids and liquid metals. As the authors have emphasizedyf the viscosity with temperature of various alcoh@en-
their theory justifies the empirical relation proposed bytanol, heptanol, nonanol, and theirs isomeasd of vinyl
Doolittle [9], acetate. These variations are not in agreement with the
Arrhenius law in the temperature range 298.15 to 443.15 K.
n=Ae%", (1)  We should mention the recent work of Qun-Fang, Yu-Chun,
and Rui-Serj18] based on Eyring’s model, which needs two
wheref, is the free-volume fraction and wheBe(which is  adjustable parametetand also vapor pressure at each tem-
positive) is characteristic of the free-volume overlap. As it perature, saturated liquid volume, and the heat of vaporiza-
will be shown below there are at least two possibilities totion). The viscosity is expressed as a function of energy of
define this quantity. The basic idea is that the resistance teaporization because they think that the bonds that must be
the flow depends on the relative number of molecules combroken during the movement of the viscous fluid are the
pared to free volume, which is intuitively acceptable. same as those that are broken during the vaporization pro-
A substantial number of developments have been basetess. For 106 compounds and 1473 experimental data they
on the above ideas. Let us state here that the idea of fregbtain an average absolute deviation of 1.51% and the maxi-
volume was naturally used for polymefsee, for example, mum deviation Dy, iS 11.96%. Examination of their re-
[10] and[11]), of course in the liquid state. The interested sults indicates an average absolute deviation of 4.6% for
reader can refer to Ferry’s workl2] on the viscoelastic methane P,,=8.73%), 3.6% for benzenelX,,,=9.7%),
properties of polymers. Besides, some theories combine th27% for 2-propanol Dp,,,=8.5%), 3.4% for water Dy
two approaches of Eyring and Cohen and Turnifidi ex-  =8.0%), and 6.4% fon-butyric acid (Dy,,=12.0%). The
ample,[5]). They generally lead to an evaluation of the freeresults are good but the model is limited to saturated liquids.
volume of the liquids, larger than that suggested by theMixtures were not considered in this work
theory of Cohen and Turnbull. The free-volume idea appears Recently[19] we have proposed an approach in order to
then in various formgfor example [13] and[14]). Among  model the viscosity of Newtonian fluidén the condensed
recently published work Wang Fredenslund, and [1%] phase; density>200kgm %) with small molecules. This
have developed a model based on this idea, which providespproach tried to connect dynamic viscosifto molecular
an average absolute deviati@n, on viscosity of 4.1% for structure. This model has been tes{éd,2( using a data-
1169 experimental data including 25 pure compoupdar  base of 41 compounds of very different chemical species:
and nonpolarand 3.3% for 1142 data including 10 binary alkaneglinear and ramified, light and healyalkylbenzenes,
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cycloalkanes, alcohols, fluoroalkanesfrigeranj, carbon di- PRESENTATION OF THE MODEL
oxide, and water. Unfortunately an analysis showed that for
less dense fluids, i.e., the light alkanes, the results are not
satisfactory enough. For example, in the case of methane, if In the gaseous state or low-density state, when depsity
one considers 703 pointa part of the databad@0]) with ~ tends towards O, our previous model failgtB] because it
90.38<T<600K and 0.:P<200MPa, one obtain®,, indicates that viscosity also tends towards 0. That is not cor-
=38.84% andD,,,,=99.8%. This model fails because it rect. It is well known that the viscosity of dilute gas is cor-
predicts(like other models as already mentionedzero vis- ~ rectly described by the kinetic theory and that of Chapman-
cosity while density tends towards zero and this is not inEnSkOg that forms the theoretical base of a predictive model
agreement with the viscosity of the dilute gas. The deviation®f Viscosity 7, of dilute gas. This theory takes into account
are very high at low pressures and the calculation shows th&orrectly the intermolecular forces at very low density. At
densityp must be higher than a value of the order of abouthigh density, a hard-sphere system behaves like a low-
200 kg m 3. For methane we obtained in this last c48@4  density hard-sphere system except that all the events occur at
points D,,=10.65% andD,,=34.3%. If p>300kgm=> @ faster rate due to the higher rate of collision. That involves
(155 points then D,,=6.29% andD,,,=22.06%. For the @ correction tor,. One possibility is known as the “Modi-
pressure rang@g 110 MPa Wlthp>200 kg m73 there are f|6d EnSkOg Theory” an-d in that theory the effective- colli-
3012 points in the databa§&9] and D,,=2.8% (9.35% for ~ Sion diameter is a function of temperature and density. An-
methane WittD,,,,=37.29%. other possibility, often used, writes dynamic viscosity in the
The basic ideas of the previous models are very generdP™™m
but they consider only the case of fluids in dense state. A
more satisfying model should be able to represent simulta-

neously the dense and gaseous states and the transition fr(\)Nrﬂere the termi » term characterizes the passade in a dense
low to dense states. Although their model is not linked with 7 P g

the free-volume concept or Eyring’s representation, in ordeistate' Recently, such development has been usgllin23

to further compare the performances of our model with al-and further information can be found in a review bd@].

ready efficient existing models, it is interesting to mentionour model dealls W'th the additional terfy and usesy

here the very recent semiempirical model of Quias- from already existing models. -

Cisneros, Zberg-Mikkelsen, and Stend1] based on fric- The model of Chunget a.I. [25] modifies the Chapman-
tion macroscopic concepts of classical mechanics and thgnskog_ theory to characterize the effects of molecular shape
van der Waals theory of fluids. This semitheoretical modefijd anlsotr.oplc mqleculgr forces. It can_be uged to.evaluate
describes correctly the transition from low-dense to densé/® and gives, Zg'sios'ty expressed in MICropoISte
states. Separating the total viscosity into a dilute gas term 20-785(/MT/VZ°0*)F where the following empirical
and a friction term, a connection between the van der Waalgduations are used to evaluate the reduced integral of colli-
repulsive p,) and attractive |§,) pressure terms and the S'OM:

viscosity friction term z; is proposed: ;= kzPat K, Pr

+ Krrp,2 where the kappa parameters are temperature depen- x — 1'16145+ 0.52487

dent coefficients. The dynamic viscosity 8= 79+ 7 T*O448 " exp(0.773207)

where 7, is the dilute gas viscosity. The quadratic term has

Viscosity of dilute gas

n=mnotAn, (2

been introduced in order to obtain an accurate description of ﬂ

the viscosity for dense fluids at high pressures. This theory exp(2.43787*)

has been applied to some normal alkanes from methane to — 6.435x 10~ 4T*0-14874gjy 18,0323 * ~0.76830
decane in both dense and gaseous states. With five param-

eters, the results they obtained drg,=1.80% for methane —7.27372

(with 0.1=P=<69.9MPa, 2.51% for propangwith 0.11
<P=<b55.2MPa, 1.92% for hexane (with 0.098<P  with T*=1.2593/T.. In 75, the critical volumeV, is in
<100MP3, 1.66% for octangwith 0.1<P<102.1MPa  cm’mol ! and the factoiF. is empirically estimated by,
They do not give the maximum deviation in their article.  =1-0.2756v wherew is the acentric factofat least for the
We propose in the following section, to present an apnonpolar gases presented helé is necessary to know the
proach in order to model the viscosity of Newtonian fluids, critical physical constants of the studied systems.
based on both the free-volume concept and the diffusion
models of the molecules, which is a very different point of
view from the one of thg21] model. Our model tries to
connect viscosity to molecular structure and to describe cor- When a fluid is sheared with a rajt) (t is the time the
rectly the low-dense to dense state transition. The object ofiscosity is defined by the ratig=o(t)/ y(t) whereo(t) is
this article is on the one hand to present this madembi-  the shear stress. For a Newtonian fluid this ratio is time in-
nation of the free-volume and microscopic friction fagtor dependent. The shear stress is a function of the linear vis-
and on the other hand to discuss the numerical results otgoelastic properties of a material as expressed by the Boltz-
tained on various compounds, focusing of course on the trarmann constitutive equationo(t) =" G(t—t")¥(t")dt’
sition between the gas and the dense state. where G(t) is the relaxation function of the fluid. For a

Relation between viscosity and microstructure
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constant shear rate one obtaips [;G(t)dt. It is thus suf-  theory of the free volume, the free volurog can be written
ficient to know the relaxation functioB(t) to determine the [30] in the formu = (4kT/k,)*? wherek, is the stiffness of
dynamic viscosityy. Among the many models d@&(t), the  the background. To calculate this stiffness it is necessary to
dumbbell model and generalized dumbbell models make imake two assumptions: The molecule is in a state such that
possible to connect viscosity to the microstructure. In thehe molecular potential energy of interaction with its neigh-
dumbbell model the molecule is described by spheres corbors isE/N, (N, is Avogadro’'s number The mean dis-
nected by a spring. The molecule moves in a fluid containingplacement of the molecule i3y such thatbg’ocv (total vol-
identical molecules of molar magd. On each sphere are ume of the molecule Notice here that in the low-density
exerted the viscous friction forces associated to Stokes's lawtateby— o and that in the high-density stabd— v .

and the spring force. The assessment of the forces leads to Under these conditions the stiffnesg is defined by

the relaxation functionG(t)=(pRT/M)exp(~t/7,) where 1k .b2=E/N,. This gives v;=b3(2RT/E)®% ie., vy

Ty is the average time necessary for the molecule to change, (2RT/E)®? and thus the free-volume fraction is defined
its conformation and wher® is the perfect gas constant. Itis py

the characteristic relaxation time and it is given by

=[b?/(12kT) whereb? is the average quadratic length of RT) 3?2
the spring and; the friction coefficient of the sphere associ- fyor E
ated to the dumbbell. The friction coefficiefits related to

the mobility of the molecule and to the diffusion processWe assume thdt=E,+PM/p (P is the pressunenvhere the
(diffusion of the momentum for viscosity Then n  term PM/p=PV is connected to the energy necessary to
= [5G(t)dt=pN,,b?/(12M), where N, is the Avogadro form the vacant vacuums available for the diffusion of the
number. In the generalized moder Rouse model for poly- molecules and whergg is connected to the barrier energy
mer [26]), a molecule is considered as a successioiNof that the molecule must cross to diffugeis the gas constant.
dumbbells(length b) joined to each other and able to take

different  orientations. Calculation leads toG(t) The coefficient of friction and viscosity
=(pRT/M)X_, exp(~tp*/7g) with 7r={b*N?/(67°KkT)
for large N. The integration of G(t) provides 7

®

Using the combination of Eq$3) and(4) leads to write/

=pN,Zb?N?/(36M) (see, for instancg27]). In both cases in the form
one can write that the viscosity in the dense state is in the {={yexpB/f,) (6)
form
and thus
PNang
v ) _ pNaL?¢oexp(B/f,)

An

T @)

whereL appears as an average quadratic length. For a linear ) ) ] o

molecule, calculations shows that=(r2N/36 where(r2)  Itis possible to determine the quantify, which is the value
is the mean quadratic end to end distance of the molecul®f the friction coefficient wherf,>B. For a molecule we
For a spherical molecule?=3(r?)/5. The interested reader alréady indicated that the potential energyEifN,. We as-
will find a more detailed presentation of these known resultsSUme that this energy is dissipated by a friction fofcee-

ity. This dissipation corresponds to a length. But

(E/Ny) =bZyv. Assuming that all the thermal energy of ac-

tivation is transformed into kinetic energy, kT
The free-volume fractior, is characteristic of the empty =1(M/N,)7?, i.e.,7?=(3RT/M). By combining these re-

space between molecules. Using the DoolftdeEq. (1) we  lations[31],

assume

Free volume

E M 32
= =<+ |35<| - 8

Ap=AexpB/f,) 4 £ N,by (3RT)

where B (which is positive is characteristic of the free- whereb; is the dissipation length of the energy

volume overlap. It is important to recall that this relation has

been theoretically justifiefB,29] for the molecular transport The viscosity

in liquids and glasses. We choo$ge=v:/v as the free-

volume fraction(v is the specific molecular volume,, is

molecular volume of reference or hard volume, anev

Combining Eqgs(5), (7), and(8) one obtains the expres-
sion

—v,) definition used, for example, 4y.1,12,3Q. It is inter- PM 72
esting to point out here that alternatively may be defined | Ent — m

asv¢/vy as pointed out by10,12. A simple calculation P "o p Eot p

shows that the form of the Doolittle’s equation does not n=not ————expg B\ ———— 9
change using this definition. Using the fluctuation-dissipation V3RTM RT
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wherel =L?/b; is homogeneous with a length. Moreover, as 50
already indicated, in the expression of enefgythe term .
PV=PM/p is linked to the energy necessary to form the . .
vacant vacuums available for the diffusion of the molecules .,
and the termE, is connected to the barrier of energy that a S Y

. s~ 300
molecule must cross to diffuse. In the dense state, for a sma'
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0.15
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density variation, at first approximatiof, is almost con-

stant. However, this is not valid any more for the dilute state

for which it seems normal to admit th&,—0 whenp

—0, as there are no more interactions between the molecule o0

in the system. Therefor&,, is expressed as,= ap and Eq.
(9) is then modified as follows:

PM PM 3/2
pl| ap+— ap+—
p p
7= 10+ ——=—==6X —
3RTM RT
(10)

0.10

Viscosity (mPa s)

=
<
Z
3
£
]
o

200 .

0.05

L:”.'...““‘ sas5sn,

0 0.00
50 150 250 350 450 550 650

TK

FIG. 1. Variations versu$ at P=5 MPa, of the literaturéRef.
[33]) methane dynamic viscosityh) and densit(®).

=72.150gmoll) (Ref. [42], 94 data points and <P
<56 MPa and 31%T=<444K) because in the previous

modynamic model of fluids developed by Flory, Orwoll, and (Doy=3.27% andD,,,,=40.93%). For these six compounds
Vrij [32], the potential energy of interaction of a molecule isthe total number of data points is 903.

given by Eqx1/v, i.e., Eqxp, an assumption similar to our
hypothesis. Moreover, ip—0 thenE=ap+PM/p—RT
and f,—1 in agreement with the definitiorf,=v;/v.
Hence, the coefficient factor in E¢p) is equal to unity. One
sees that Eq(10) involves the three parametersa, and B
that are characteristic of the considered molecule.

DATABASE AND CHARACTERISATION
OF THE RESULTS

In order to evaluate the performances of this model it is
necessary to introduce quantities characteristic of the results
obtained.z,, is the experimental value of viscosity amgy
the value calculated using the model. For each point we de-
fine the following quantities, wher® is the deviation an®
is the absolute deviation:

D=1001— nca/ 77exp) (%)

D=|D| (%).

The main purpose of this paper is to show that this vis- -
cosity theory is applicable to all states and is able to covefrhese quantities are expressed as percentages. For all the
the entire low- to high-pressure range. So, in a first step w¢goints considered we define the three following characteristic

used a database built up on the basis of methane and prguantities(Ny, is the total number of experimental points

pane, in the gaseous and dense states. For metiGite

M=16.043gmol') [33] we have considered 885 data

points in the pressure and temperature intervals €¥P@1
<200MPa and 90ZT=<600K. For propanegCsHg, M

=44.096 g mol'?) [22] there are 1085 data points in the pres-

sure and temperature intervals 0sOR<100 MPa and 90

<T=<600K. In a second step we have considered such sub-

stances as follows: hexan&CgH;,, M =86.177 gmol?)
(Refs.[34-36, 292 data points, 02P=<250.02 MPa and
273.15< T<423.5K); octane(CgH;5, M =114.230 g mol?)
(Refs.[34, 37-39, 347 data points, 0&2P=<505.5 MPa and
273.15<T<448K); dodecane (CqoH2g, M
=170.337 gmol!) (Refs.[37,38, 53 data points, 0P
<501.6 MPa and 298.¥5T<373.21K); trans-decaline
(CioH18, M=136.252 gmol?) (Ref.[6], 51 data points and
0.1=P<360MPa and 288.AT<388.15K: benzene
(CeHg, M=78.113gmol?) (Refs.[40,41], 56 data points
and 0..kP=<402.2 MPa and 298.38T<373.17 K, which
are generally in the dense stafgome data points at low
pressure and high temperature are in the gaseous biatte

i=Nb

Dav: J—

Ny i=1 bl

Drnax= Max{ D(i)]

i=Nb

> D(i)
=1

o L
Ny

The average absolute deviatio®) characterizes the fact
that the experimental points are more or less close to the
calculated curve. The average deviation or Biis charac-
terizes the quality of the distribution of the experimental
points on either side of the calculated curvesD}f=15 then

all the experimental points are above the calculated curves. If
D= — B then all the experimental points are below the cal-
culated curves. Finallp,., characterizes the maximum de-
viation produced by the model.

RESULTS OF THE NUMERICAL ANALYSIS

for which the pressure reaches 505.5 MPa, in order to verify
also our model at very high pressures. We have also consid- For methane, Fig. 1 shows the variations versus tempera-
ered the case of the 2,2-dimethylpropanesHG, M ture atP=>5 MPa, on the same graph of the dynamic viscos-
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FIG. 2. Variations of the methane dynamic viscosity verBas FIG. 4. Variations of the methane dynamic viscosity verBas

P=2 MPa. (@, experimental;—, calculated curve. P=10 MPa.(®, experimental;—, calculated curve.

ity and density. This figure shows that there is no obviousering only the values restricted to 8P <200 MPa andp
relationship between dynamic viscosity and density. For=200kgm 3, as was considered in the previous work for
methane we have obtaindd,,=2.59%, Dp,,=14.8% (at  dense fluidd19]. We obtainedD,,= 2.69%), Dy.=9.31%,

P=200MPa and T=300K) and B=1.02% with |  and B=0.64% with the new equatiofiL0) instead ofD,,
=0.590803A, «a=37.8049Jmol*m®kg™!, and B  =11.18%, D,,,=33.7%, andB=1.41% with the model
=9.002163< 10 3. Figures 2—5 show the variations of dy- valid only for dense fluids.

namic viscosity versus temperature at, respectiviely,2, 5 In the case of propanritical point atP,=4.25 MPa and
(see also Fig. )1 10, and 100 MPa. Note here that for meth- T,=369.7 K) we obtainedD,,=2.50%), Dy,,,=9.19% (at P
ane the critical point is aP,=4.63MPa andl,=190.7K. = =40MPa and T=600K) and B=-0.95% with |

Figure 6 shows the variations of the deviationPat 5 MPa  =0.847825A, «=59.4963Jmol* m*kg~*, and B=7.392
(close to the critical pressurerersus temperaturésee also  x 10 3. Figures 10 and 11 represent the variations of dy-
Fig. 3). Figures 7—-9 show the variations of dynamic viscos-namic viscosity versus temperature near the critical pressure,
ity versus pressure at, respectivelys- 190 (close to critical at P=4 MPa in normal and logarithmic scal¢i® order to
temperaturg 150, and 300 K. In Fig. 7 the circles are ex- see the variations near the critical poirffigures 12 and 13
perimental points used for the fitting and the triangles are@epresent the variations of dynamic viscosity versus pressure
experimental points that were not used for the fittitttgere  at T=160 and 370 K. Figure 13 shows that, evenTat

are thousands points concerning the dynamic viscosity 0&£370K very close to the critical isothernT {=369.7 K),
methane in Ref[32]). It is very interesting to notice that the model still gives a good performance.

these points are very near the calculated curve and the cur- In both cases the results are good in dense and gaseous
vature between 2 and 5 MPa is very well estimated. For thistate. Notice that for methane the claimed experimental ac-
isothermD,,=1.78% andDy,,—=4.98% (at P=4 MPa, in-  curacy is 2% except in the critical region where it is 5%, and
cluding also the triangle points. In the case of Fig. 8, belowfor propane the accuracy is 0.4% in the dilute gas region,
P=1 MPa there are in fact several points in the gaseous stat5% up to 30 MPa and 180T<475K, and 4% outside this
(not seen on the figuyeWe made also a calculation consid- range. The model is able to represent the gas-liquid transition

0.25

0.30
[ ]
020 0.25 ]
0.20
@ 015 @
& g
£ £ o015
§ 0.10 g
s > o010
005 0.05
0.00 0.00
50 150 250 350 450 550 650 50 150 250 350 450 550 650
T(K) TK
FIG. 3. Variations of the methane dynamic viscosity verEad FIG. 5. Variations of the methane dynamic viscosity verEad
P=5 MPa. (@, experimental;—, calculated curve. P=100 MPa.(®, experimental;—, calculated curve.
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FIG. 6. Variations of the deviation &=5 MPa versug for the FIG. 8. Variations of the methane dynamic viscosity veiRu
methane dynamic viscosity. T=150K. (@, experimental;—, calculated curvé.

and the behavior in the supercritical conditions. It is possible=1.09%, D,,=6.50% (at P=249.2MPa and T

to improve the values ofD,, putting a corrective factor =303.15K), andB=0.07%.

(1+cP)/(1+dT) in front of the Ay expression. For meth- (3) For trans-decalin€s1 data points up to 360 MPave
ane we obtained with five parametefy,,=0.99%, D,,.x  ObtainedD,,=2.03%, Dy.,=8.34% (at P=0.1 MPa andl
=16.76%, andB=0.53% and for propan®,~=1.97%, =288.7K), andB=—0.37%.

Dmax=16.18%, and B=—-0.42%. This corrective term (4) For octane(347 data points up to 505.5 MPa with 3
might be representative of possible variations of tHerm  points in gaseous state &=0.1MP3a we obtainedD,,
versus pressure and temperat(we have obtained for meth- =2.51%, D,,,,,=19.6% (at P=503 MPa andl =348.29 K),
anec=—1.98143<10 °Pa ! andd=3.9646710 “K™!  and5=0.53%.

and for propanec=2.167 0310 °Pa ! and d=3.19811 (5) For 2,2-dimethylpropand94 data points up to 56

X107 4K™Y. MPa) we obtainedD,,= 3.23%), Dy,.=15.6% (P=5.6 MPa
For the other compounds EqLl0) gives the following and T=444.26K), and B=1.49%. Notice in that case the
results. improvement of the representatid®,,=3.27% but Dy,

(1) For benzeng56 data points up to 402.2 MPave  =40.93%, and3=—1.38% with the previous model
obtainedD,,=0.72%, D,,.x=6.56% (at P=402.2 MPa and (6) For dodecang53 data points up to 501.6 MpPave
T=373.17K, and B=0.70%. It should be pointed out that obtainedD,,=3.51%, D;.,—=18.5% (at P=501.6 MPa and
the maximum deviation occurs at the highest pressure for=373.21K), andB= —1.40%.
which there is only one experimental poitwnly for T As an illustration, Fig. 14 shows the variations of the
=373.17 K, which may explain a bad precision of the fitting dynamic viscosity of hexane versilisat P=0.1 MPa, where
procedure in this region. It is generally the same for the othehexane is either in gaseous or liquid state, depending on the
compoundgthere are few points at the highest pressures value of temperaturéboiling point at 341.9 K Figure 15

(2) For hexane(292 data points up to 250 MPa with 9 shows the curve corresponding to the experimental dynamic
points in gaseous state &=0.1MPa we obtainedD,, viscosity versus calculated dynamic viscosity for hexane.

The line is practically the bisectrix line. Figure 16 shows the
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FIG. 7. Variations of the methane dynamic viscosity ver3ug
T=190K. (@, experimental points used for the fittind;, experi- FIG. 9. Variations of the methane dynamic viscosity veriBud
mental points not used for the fitting;—, calculated curve. T=300K. (@, experimental;—, calculated curve.
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=5.71% (at T=250K andP=10 MP3 with the three pa-

same curve in the case of the dodecane, which is the Worgl \eers previously determined without restriction RIiP
case forD,(3.51%) and for which the experimental accu- up to 200 MP& A new fitting with P<70 MPa givesD,,
= \Y

racy is 2%. We mention here that foY,,,,, the worst case is _ 1.39% andD,,.,=8.17% (at T=105K andP=60MPa
: ; ; : max— ©- :
octane for which the experimental accuracy is 2—8Pfax  For octane, if we restrict tP<104MPa we obtainD,,
=19.6% W|thDaV:251%), but with our preViOUS model in =2.250% andD =15.2% (atT:448 K andP=19.4 MPa
. . . . . . max " )
the liquid state(so excluding Othe points in the gaseous state i, the three parameters previously determined without re-
Day=4.82% andDps—=31.14%. Figure 17 is related to ben- giction onp (P up to 505.5 MPa A new fitting with P

zene, which is the best case. The points with the maximunl ;g4 mpa givesD,,=1.56% andD,,.,=15.2% (still at T
deviation are indicated on the figures with the corresponding_ s 48 kK andp=19 4 MP‘E)- mex

coordinates. Finally the use of a correction factor fon
improves the results. For instance, with five parameters, for
benzeneD,, ., is 3.94%(instead of 6.50% with three param-
eterg, the value ofD,,=1.06% (instead of 1.09% being This model, based on the relation between free volume,
nearly the same. For octane we obtairfeg—=1.78% and friction coefficient, and viscosity, seems to be quite represen-
Dmax—=17.4% with five parameters instead of 2.51% andtative of the variations of the dynamic viscosity versus pres-
19.63% with three parameters. sure and temperature in both the low-density and dense

As already pointed out it is interesting to compare herestates. It takes very correctly into account the transition be-
our results with the very recent model of Qaies-Cisneros, tween gas and liquid. It seems to be applicable from very
Zeberg-Mikkelsen, and Stenlf1] based on friction macro- low pressuregaround 0.01 MPgato high pressuregup to
scopic concepts of classical mechanics and the van des00 MPa for various chemical compounds. It involves only
Waals theory of fluids. This theory has been applied to soméhree parameters characteristic of the considered compound.
alkanes from methane to decane in both dense and gaseolisis model emphasizes the relation between microstructure,
states. With five parameters, the results they obtained amynamic viscosity, and free volume in the understanding of
Da=1.80% for methandwith 0.1<P<69.9MP3g, 2.51% such a complex property as dynamic viscosity. It is now
for propane(with 0.11<P<55.2MP3, 1.92% for hexane necessary to study the possibility of extending the model to
(with 0.098<P<100MPg, 1.66% for octandwith 0.1<P the mixtures and to other properties. For instance, the appli-
<102.1 MPa. They do not give the maximum deviation in cation to self-diffusion coefficienD is obvious as it is well
their article. Our results, with three parameters, extended tknown thatD=kT/{ and following Eq.(6) it follows that
much higher pressures and based on a very different point @ «exp(-B/f,) (see also the theoretical Rg8)). In a future
view are comparable to theirs. Moreover, for methane, if wework the relationship between free volume, dynamic viscos-
restrict to P<70MPa we obtainD,,=2.02% andD,. ity, and self-diffusion coefficient will be considered.

CONCLUSION
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