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This article presents a model based on the free volume concept, which describes the
variations of dynamic viscosity and density versus temperature and pressure for the
dense fluids (density > 200 kg-m~%). This model involves 6 constants for each pure
compound: 3 for viscosity and 4 for density (1 constant is common to both quantities).
Moreover if the viscosity and the density are known at a pressure and temperature of
reference, it is sufficient to use 4 constants per pure compound.

If the density is assumed to be known the model fits the viscosity data with an average
absolute deviation of 3.8% for 3297 data corresponding to 41 very different pure com-
pounds (alkanes, alkylbenzenes, cycloalkanes, alcohols, carbon dioxide, refrigerants).
If the pressure is lower than 110 MPa the average absolute deviation is 2.8% for visco-
sity (2977 points). The model gives also good results for water (3.6%).

If the density is unknown, for pressures lower than 110 MPa the model represents
viscosity with an average absolute deviation of 3.5% and for the density the average
absolute deviation is 1.5%.

Keywords: Transport; Dense fluids under pressure

INTRODUCTION

The very well known model of dynamic viscosity proposed by Eyring
and his collaborators [1] leads to the Arrhenius equation type

*Corresponding author.
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n = Aexp(B/T). This model describes the behavior of many low-
weight molecular liquids. However it is not satisfactory for many other
liquids as various articles have stressed (see for example [2] and [3]).
This is mainly due to the fact that it involves only one mechanism
of molecular relaxation. A modification of the model [4] consists in
expressing viscosity in the following form 7 = 7,(vy/v) + ng(v — v5)/v
where v, is the specific volume of the solid, v that of the liquid. The
authors [4] consider that the liquid consists of “‘quasi-solid” molecules
having only degrees of freedom for vibration, and “quasi-gas™ mol-
ecules with degrees of freedom for translation. The term 7, is a term
of *“‘quasi-gas” viscosity derived from kinetic theory.

Cohen and Turnbull [5] have developed a theory based on free
volume. This theory assumes that the liquid consists of hard spheres.
Molecular diffusion is possible when a vacant volume (larger than
minimal volume v* which allows the displacement of a molecule) is
present in the liquid. Then a molecule can jump into the vacancy. The
average free volume v, is defined as being the volume of the cage
which contains the molecule, less the hard volume vy of the molecule.
The theory leads to In(n/vT) = A’ + (B'/v;) where vy=v—v, was
expressed as being the difference between the specific molecular vol-
ume and the molecular volume of reference vg (hard volume). This
theory is interesting because it justifies (at constant temperature) the
empirical relation of Doolittle [6]

n = Ae® (1)

where f, = vs/vg is the free volume fraction. The basic idea is that
resistance to the flow depends on the relative number of molecules
compared to free volume, which is intuitively acceptable.

A substantial number of developments have been based on the
above ideas. Let us state here that the idea of free volume was natu-
rally used for polymers (see for example {7] and [8]). The interested
reader can refer to Ferry’s work [9] on the viscoelastic properties of
polymers. Besides, certain theories combine the two approaches of
Eyring and Cohen and Turnbull (for example [2]). They generally
lead to an evaluation of the free volume of the liquids, larger than
that suggested by the theory of Cohen and Turnbull. The free vol-
ume idea appears then in various forms (for example [10] and [11]).
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Among recently published work Wang et al. [12] develop a model
which provides an average absolute deviation of 4.1% for 1169 experi-
mental data relating to 25 pure compounds (polar and nonpolar)
and 3.3% for 1142 data relating to 10 binaries. They do not provide
indications on the maximum absolute deviation DMax. They cover
the field of pressure in some cases up to S00 MPa. For pure com-
pounds, they have the worst representation for water (6.8%), ethanol
(5.4%) and N-propanol (4.8%). They obtain 1.4% for the system
N-octane + N-dodecane between 0.1 and 500 MPa and T = 298,323,
348 K. Their theory uses 4 adjustable parameters for each pure com-
pound and two additional parameters per binary, these last parameters
having to be adjusted with each temperature. Moreover it is neces-
sary to know the density. Also let us state that Doolittle’s relation
allows a good estimate of the pressure of vitreous transition of com-
pounds such as glycerol and dibuthylphthalate, a transition which
occurs when viscosity is higher than 10'° P [13]. The concept of free
volume has been recently employed [14] to interpret the temperature
variations of the viscosity of various alcohols (pentanol, heptanol,
nonanol and their isomers) and of vinyl acetate. These variations are
not in agreement with the Arrhenius law in the temperature range
298.15K to 443.15K. Finally we should mention the recent work of
Lei Qun Fang ef al. [15] based on Eyring’s model, which needs two
adjustable parameters (and also vapor pressure, saturated liquid vol-
ume and the heat of vaporization) but is limited to saturated liquids.
These authors develop viscosity in the following form:

RT aAUvap + PV
nN=—exp|————
044 RT

where AU,,, is the energy of vaporization at the temperature T, V
the volume of the saturated liquid and P the vapor pressure. The
adjustable parameters are a and ~. It is expressed as a function of
AUyqp because they think that the bonds which must be broken dur-
ing the movement of the viscous fluid are the same as those which
are broken at vaporization. However, the introduction of the param-
eter a reduces the interest of this assumption because this param-
eter depends on each compound and does not have a universal
value. For 106 compounds and 1473 experimental data they obtain an
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average absolute deviation of 1.51% and the maximum value
DMax = 11.96%. Examination of their results indicates 4.6% for
methane (DMax = 8.73%), 3.6% for benzene (DMax = 9.7%), 2.7%
for 2-propanol (DMax = 8.5%), 3.4% for water (DMax = 8.0%) and
6.4% for N-butyric acid (DMax = 12.0%). Mixtures were not con-
sidered in this work.

The basic ideas of the previous models are very general and the
problem of the representation of the pressure-temperature variations
of viscosity is largely open and not closed. In what follows we propose
to present an approach in order to model the viscosity of Newtonian
fluids (condensed a priori) with small molecules. This approach is
based on the free volume concept and on the diffusion models of the
linear molecules. Let us recall here that, just as the mass (concentra-
tion of a tracer for example) or heat, the momentum of a fluid can be
transported by diffusion. Contrary to concentration and heat, mo-
mentum is vectorial. However the diffusion equation of momentum
shows that kinematic viscosity v = 5/p is like a coefficient of diffu-
sion for momentum, similar to the coefficients D for concentration
or « for heat. Qur model tries to connect viscosity to molecular struc-
ture. We will see moreover that the free volume calculated for viscosity
leads also to the determination of density, according to pressure and
temperature.

PRESENTATION OF THE MODEL

Relation Between Viscosity and the Microstructure

When a fluid is sheared with a rate 4(¢) («:time) the viscosity is de-
fined by the ratio n = (o(f)/4(¢)) where o(¢) is the shear stress. For a
Newtonian fluid 5 = Cte. The shear stress is a function of the linear
viscoelastic properties of a material as expressed by the Boltzmann
constitutive equation o(f) = [*__ G(t— t')(¢')df where G(f) is the
relaxation function of the fluid. For a constant shear rate one obtains
n= j;' * G(f)dt. 1t is thus sufficient to know the relaxation function
G(1) to determine the dynamic viscosity 7. Among the many models
of G(t), the dumbell model and generalized dumbell models make it
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possible to connect viscosity to the microstructure. In the dumbell
model the molecule is described by spheres connected by a spring. The
molecule moves in a fluid with identical molecules of molar mass M.
On each sphere are exerted the viscous friction forces associated to
Stockes’s law and the spring force. The assessment of the forces
leads to the relaxation function G(¢)=(pRT/M) exp(—t/Ty) where 75
is the average time necessary for the molecule to change its confor-
mation. It is the characteristic relaxation time and it is given by 74 =
(€b*/12kT) where b* is the average quadratic length of the spring,
i.e., of the molecule, and £ the friction coefficient of a sphere. Then
n= _[;r ® G(t)dt = (pN,£b*/12M) where N, is the Avogadro number.
In the model of the generalized dumbell (or Rouse model for
polymers), a molecule is considered as a succession of N dumbells
(length b) joined to each other and able to take different orientations.
Calculation leads to G(f) = (pRT/M) -0, exp(—tp?/mg) with 75 =
(¢b°N*/67°k T). The integration of G(f) provides n = (pN£b°N?/36M).
In both cases one can write viscosity in the form:

N, £L?
g=fial @

where L appears as an average quadratic length. For a linear mol-
ecule, calculation shows that L2 = 5%/12 and for a Gaussian molecule
L* = (r)N/36 where (r*) is the mean quadratic end to end distance
of the molecule. For a spherical molecule L? = 3(r?)/5 = 3(d*)/20
where d is the diameter. The friction coefficient £ is related to the
mobility of the molecule and to the diffusion process. The interested
reader will find a more detailed presentation of these results, espe-
cially used for polymers, in a reference work [16].

Free Volume

This concept was introduced previously. The free volume fraction
defined by f, = vs/vo is characteristic of the empty space between
molecules. To determine it, Allal et al. [17] use the results obtained
by Nechitailo [18], which show that free volume v, can be written in
the form v, = (4kT/k,)*"* where k, is the stiffness of the background.
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To calculate this stiffness it necessary to make two assumptions:

o The molecule is in a state such that the molecular potential energy
of interaction with its neighbors is E/N, (N,: Avogadro number).
e The mean displacement of the molecule is b; such that vy = bz.

Under these conditions the stiffness k, is defined by (1/2) kb3 =
(E/N,). This gives vy = b?l,(ZRT/E)’/2 ie, v= vo(2RT/E)*/2. Thus the
free volume fraction is defined in [17] by:

2RT\*?
== (%) ®

If the variations in temperature are small one can develop Eq. (3) in
first order in T and write f,(T) = f(To)+as(T — Ty) and one obtains
oy = (3/2To)(2RT,/E)*? the thermal coefficient of expansion of the
free volume fraction.

In addition f, is also a priori a function of the pressure P. The
energy E is the potential energy of molecular interaction. Taking
for E the average of interaction energies of an individual molecule
one has from a thermodynamic point of view an internal energy. We
assume E = Eg+ PN,v = Ey+ PV where N,v =V is the volume M/p
of the fluid and v the volume occupied by a molecule (hard volume
plus free volume: v = wo+v,). A similar assumption was presented
in the model [15], where PV is connected to the energy necessary to
form the vacant vacuums available for the diffusion of the molecules
and where E; is connected to the barrier energy which the molecule
must cross to diffuse. Moreover as the connections which must be
broken are the same ones as those broken in the process of vaporiza-
tion these authors [15] think that E, is related to the internal energy
of vaporization (they propose a relation of proportionality). Also let
us state that in the theory of Macedo et al. [2], the energy term which
appears in viscosity is in the form Ey+ PvN, = Eo+ PV — PN,y
similar to the one which we propose. Mention here that in Flory’s
[16] statistical thermodynamic model of fluids £ = —8/V = —fp/M.
In the following numerical calculations this possibility will also been
considered. Taking into account our assumption, Eq. (2) changes into:

2RT 1\
5= (et @
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The Coefficient of Friction and Viscosity

Equation (2) shows that viscosity is connected to the molecular fric-
tion coefficient. In addition Eq. (1) indicates that it is also related to
the free volume fraction f,. The combination of both leads us to
write £ = §yexp(B/f,) and thus:

L2
n= Napﬁfo exp(B/f)) (5)

It is possible to determine the quantity £. The term &; is the value of
the friction coefficient when f,>> B i.e., when f, becomes very large. It
will be noticed that independently of the pressure, this is the case for
high temperatures (the system is in a not dense state). For a molecule
we already indicated that the potential energy is E/N,. We assume that
this energy is dissipated by a friction force F defined by the relation
F = £&,v where v is the molecular velocity. This dissipation corresponds
to a length b, which is of the order of v'”* = (V/N,)'? = (M/pN,)"".
Notice here that v'? is the length of the side of the cubic cage which
surrounds the molecule. This length is equivalent to the diameter d of
the associated molecular sphere. Allal et al. [17] obtain (E/N,) = &vby.
By also assuming that all the thermal energy of activation is transform-
ed into kinetic energy (3kT/2) = (1/2)(M/Na)¥ i.e., ¥* = (3RT/M).
By combining these relations £, = (E/N,,bf)(M/3RT)”2. The Eq. (5)
gives:

_ pL*(Eo + (PM/p)) Eo+ (PM/p)\
= b/ 3RTM exp[B(T) ]

Writing ¢, = (L2/bf), homogeneous with a length, one sees that the
equation involves 3 parameters which are ¢,,, Ey, and B which are
characteristic of the molecule. Moreover it is necessary to know the
density p.

(6)

Density

Density is defined by the ratio of the mass to total volume occupied
v = vr+ vo. Therefore p = M/(N,v). The molar mass M is perfectly
definite for a given molecule. The volume v occupied by a molecule
is the sum of two contributions.
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The first contribution is the hard volume vy of the molecule. It
corresponds to the electronic cloud systems of the atoms of the mol-
ecule which define an impenetrable volume called “Van der Waals’s
volume” noted v, independent of the pressure and temperature. To
obtain the hard volume v, it is necessary to correct the volume v,
by adding the volume induced by the vibrations and elongations
of the atomic bonds and one uses vy = Cv,, where the multiplying
factor C depends on the temperature and the pressure. The simplest
assumption is C = (14 z7T)(1 — zpP) where z7 and z, are to be ad-
justed, like v,. This assumption (first approximation) is valid only
if density varies little with pressure and temperature i.e., far from the
critical point.

The second contribution corresponds to the free volume v, such
that f, = v/vy and then vy=vof,. Thus v = ve+vo = v(1+f)) =
C(P, T)v,(1 + (2RT/E)*?) and

M
# = Novw(1L + 2T)(1 — 2pP)(1 + (2RT/E)P)

(7

where E = Eg+ PV = Eg+PM/p (or E= —fFp/M). The density
appears also in the right term of the equation. Thus Eq. (7) can be
used to determine p using the 4 parameters v,,z7,zp and E,. As g
also depends on p (Eq. (6)) it follows from there that the theory de-
veloped above makes it possible to determine simultaneously n and
p using the 6 parameters £, Ey, B, v, zr and zp.

Finally, it will be noted that if 7. and p.r are the dynamic visco-
sity and the density at the reference pressure P, and the reference
temperature T,.c then we obtain:

Y ( Ey + (PM/p) ) [Tret
N = Nreft —— -
Pref Eo + (P retM / Pref ) T

x exp[B((Eo +2S;’71f4/P))3/2

()] e
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and

_ (1 + ZTTref) (1 — szref) [1 + (2RTmf/(E0 + (MPref/Pref)))S/z]
PEP Tk eT) (1—2P) (14 (2RT/(Eo+ (MP/p))"
)

It is interesting to notice that in these relations the parameter £, no
longer appears. Thus, if one knows the P-T variations of p, and
the value 7er at Prer and Tyer, then n depends only on two param-
eters Fy and B (Eq. (8)). Likewise if one knows prer at Prer and Trer,
then p depends only on the three parameters Ey, z7 and zp (Eq. (9)).
By combining the two relations one needs the four parameters E,
B, z and zp to represent simultaneously p and 7.

DATABASE AND CHARACTERIZATION
OF THE RESULTS

We constituted a database with 41 pure compounds from very dif-
ferent chemical families: alkanes (linear and ramified, light and heavy),
alkylbenzenes, cycloalkanes, alcohols, carbon dioxide, fluoroalkanes
(refrigerants). In Table I we present for each pure compound its
name, the molar mass, the enthalpy of vaporization at 25°C [19, 20]
and an estimate of the Van der Waals volume, noted v,, calculated
using a group contribution method (see for example [21]). We indi-
cate also the bibliographical references which provide the » and p
data. The case of water has been considered separately (Ref. [48] for
viscosity and [49] for density).

In order to evaluate the performances of these models, it is necessary
to introduce quantities characteristic of the results obtained. One notes
Texp the experimental value of viscosity and 7, the value calculated
using the model. For each point we define the following quantities:

Deviation = 100(1 — 7ca1/7exp) (%)
Absolute deviation = |Deviation| (%)

These quantities are expressed as a percentage (we define identical
quantities for the density). Then for all the points considered we define
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TABLE 1 Database used for the analysis

Enthalpy of

Molar mass  vaporization at  Volume N,v,
Compound Reference (Kg/mole)  25°C (Jjmole)  (cm®/mole)
Methane 45 0.016043 * 17.1087
Ethane 26 0.03007 5048 27.3394
Propane 32 0.044097 14604 37.5700
Butane 37 0.058124 20910 47.8007
Pentane 26+37 0.07215 26433 58.0313
Hexane 26+24+35 0.086177 31537 68.2620
Heptane 25 0.100205 36366 78.4926
Octane 26+27+35 0.11423 41051 88.7233
Nonane 26 0.1283 46430 98.9539
Decane 36+39 0.142284 49914 109.1846
Dodecane 27 0.170337 58003 129.6459
Tetradecane 34 0.198391 65727 150.1072
Hexadecane 40 0.226 72646 170.5684
Isobutane 30 0.058124 19085 47.7885
2,2,Dimethylpropane 3 0.07215 21835 58.0086
2,2,4,4,6,8,8 Hepta- 29 0.226 Unknown 170.4880
methylnonane
2,6,10,14,Tetra- 29 0.269 Unknown 211.2013
methylpentadécane
Benzene 22428 0.078113 33628 48.3589
Toluene 29 0.09214 37793 59.5089
orto-Xylene 29 0.106167 43580 70.6588
meta-Xylene 29 0.106167 42964 70.6588
para-Xylene 29 0.106167 42502 70.6588
Buthylbenzene 34 0.134221 48806 90.2008
Nonylbenzene 34 0.204335 68090 141.3541
Phenyldodecane 29 0.246 79852 172.0460
cis-Decaline 3 0.138252 48434 95.4041
trans-Decaline 3 0.138252 47262 95.4041
1-Methyinaphtaléne 25 0.142201 58314 Unknown
Cyclohexane 40 0.084161 32896 61.3839
Methylcyclohexane 25+29 0.0981888 35211 71.6024
2-Propanol 38 0.0601 44713 49.2885
Diacetone alcohol 38 0.11616 Unknown 81.4401
Methanol 24 0.032042 38093 28.8397
Ethanol 24 0.046069 43107 39.0703
n-Propanol 24 0.0601 47884 49.3010
n-Butanol 24 0.074122 50795 59.5316
Trichlorofluoro- 23 0.13737 24712 46.0501
methane (R11)
Dichlorodifluoro- 23 0.12091 16570 37.2590
methane (R12)
1,1,Difluoroethane 23 0.06605 17947 44.9290
(R152a)
Carbon Tetrachloride 47 0.153823 32654 51.4263
Carbon dioxide 26+ 46 0.04402 5546 20.9346

Water 48 +-49 0.018015 43990 13.9564
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the three following characteristic quantities:

Nb

Average absolute deviation = DAM = %Z Absolute deviation (i)
i=1

Maximum deviation = DMax = MAX(Absolute deviation (7))

- , L&
Average deviation = Bias = m; Deviation (i)

The average absolute deviation characterizes the fact that the ex-
perimental points are more or less close to the calculated curve. The
average deviation characterizes the more or less good distribution of
the experimental points on both sides of the calculated curve. Finally
DMax characterizes the maximum deviation produced by the model.

RESULTS OF NUMERICAL ANALYSIS

The Density p is Assumed Known

Initially we used the (Eqs. (6) and (8)) where the density p appears
explicitly. To calculate the viscosity we need to determine the param-
eters £,,, Eo, B (Eq. (6)) or the two parameters E, and B (Eq. (8)).
Let us specify here that during the fit process we minimized DAM.,
A first analysis showed that for the least dense fluids, i.e., the light
alkanes, the results are not very satisfactory. For example in the
case of methane if one considers the 703 points of the database [45]
with 90.38K < T < 600K and 0.1 MPa < P < 200 MPa, one obtains
DAM =38.84%, DMax = 99.8%, Bias = 30.6%. The deviations are
very high at low pressures. Calculation indicates that the density p
must be higher than a value of the order of about 200kg-m~3. For
methane we obtained in this last case (274 points) DAM = 10.65%,
DMax = 34.3% and Bias = 1.79%. If p is higher than 300kg-m™>
(155 points) then DAM = 6.29%, DMax = 22.06% and Bias =
0.05%. Therefore we carried out calculations imposing for all the
data that p > 200kg-m~>. Table II indicates for each pure com-
pound the pressure and temperature intervals which correspond to
this condition as well as the number of associated data points. There
are in all 3297 values (plus 35 values for water). Table III shows the



07:57 28 January 2011

Downl oaded At:

12 A. ALLAL et al.

TABLE I Pressure and temperature intervals for the points which satisfy the condi-
tion p > 200kg-m~ (3332 data points)

P min F, max
Compound Nb points  (MPa) (MPa) Tonin (K)  Topax (K)
Methane 274 0.1 200 90.38 600
Ethane 156 25 50 273.15 423.15
Propane 26 6.89 3447 173.15 273.15
Butane 135 0.69 68.95 310.93 510.93
Pentane 413 0.1 55.16 273.15 510.93
Hexane 292 0.1 500 273.15 4438
Heptane 18 0.1 100 303.15 343.15
Octane 324 0.1 505.5 273.15 448
Nonane 240 0.1 50 273.15 423.15
Decane 80 0.1 231.8 292.62 423.75
Dodecane 32 0.1 501.6 298.27 373.21
Tetradecane 18 0.1 100 313.15 353.15
Hexadecane 16 0.1 150.5 298.15 348.15
Isobutane 66 0.69 55.16 31093 510.93
2,2,Dimethylpropane 94 0.69 55.16 310.93 444.26
2,2,4,4,6,8,8 Hepta- 30 0.1 100 298.15 363.15
methylnonane
2,6,10,14,Tetra- 29 0.1 100 298.15 363.15
methylpentadécane
Benzene 56 0.1 402.2 298.38 373.17
Toluene 30 0.1 100 298.15 363.15
orto-Xylene 30 0.1 100 298.15 363.15
meta-Xylene 24 0.1 100 298.15 363.15
para-Xylene 15 0.1 100 313.15 353.15
Buthylbenzene 18 0.1 100 313.15 353.15
Nonylbenzene 18 0.1 100 313.15 353.15
Phenyldodecane 30 0.1 100 298.15 363.15
cis-Decaline 45 0.1 360 288.71 372.04
trans-Decaline 51 0.1 360 288.71 388.15
1-Methylnaphtaléne 18 0.1 100 303.15 343.15
Cyclohexane 26 0.1 100 298.15 348.15
Methylcyclohexane 48 0.1 100 298.15 363.15
2-Propanol 18 0.1 100 303.15 343.15
Diacetone alcohol 18 0.1 100 303.15 343.15
Methanol 18 0.1 2543 298.15 323.15
Ethanol 20 0.1 27.56  298.15 323.15
n-Propanol 20 0.1 27.86  298.15 323.15
n-Butanol 20 0.1 28.27 298.15 323.15
Trichlorofluoro- 32 14 18.9 273.15 333.15
methane (R11)
Dichlorodiftuoro- 32 1.15 15.1 273.15 333.15
methane (R12)
1,1,Difluoroethane (R152a) 32 1.45 17.7 273.15 333.15
Carbon Tetrachloride 27 0.1 147.5 283.2 328.3
Carbon dioxide 408 0.56 453.2  220.01 373.15

Water 35 0.1 100 273.15 373.15
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results obtained. It is noted that if the fit is very satisfactory for
certain compounds up to 400 MPa (benzene, decaline, octane, car-
bon dioxide), it is sometimes unsatisfactory at very high pressures
(hexane). This is undoubtedly related to the fact that the develop-
ment of energy was written in the form of Ey+ PV and that the term
PV is not the best term to represent variations of E with pressure.
The proximity of the critical point is sometime an explanation. How-
ever if one restricts the pressure to the experimental conditions of
many references, ie., P < 110MPa (there are then 2977 points
and 35 additional points for water), the representation of 7 is then
very satisfactory, comparable with that of other recent models
[12,15]. The results are provided in Table IV. It is for the 2,2-
dimethylpropane that the maximum deviation is highest (40.93%)
with an average absolute deviation for this compound of 3.27%. It
will be noted that methane has the highest absolute average devia-
tion DAM (9.35%) which is partly related to the fact that the repre-
sentation of the methane molecule by a dumbell model is too far away
from reality. Except for methane and carbon dioxide the abso-
lute average deviation of each other compounds is smaller than 4%.
Mention here that for water we found DAM = 3.63%, DMax =
17.35% and Bias = 1.03%.

In addition, the variations of E; versus the enthalpy of vaporiza-
tion E, at 25°C (Fig. 1) correspond to a regular curve of the form
Ey = aE? + bE, + ¢. Note that the E,-RT quantity corresponds to
what is called the cohesion energy, which is consistent with the re-
mark made above on the nature of the bonds broken during the mol-
ecular diffusion process. The only exception of the database is water
for which Ej is too high. This is certainly due to the very polar char-
acter of water. So we carried out the numerical analysis (with the
same statistical weight for each compound) by supposing E; =
aE? + bE, + ¢ adjusting for each compound (except water) the pa-
rameters £,, and B. For certain compounds the value of E, at 25°C
(Tab. I) is not known and there are in this case 2699 values in the
database. We obtained DAM = 2.65%, DMax = 41.57%, Bias =
—0.38% and it is still for the 2,2-dimethylpropane that the maximum
deviation is largest (DAM = 3.28% and DMax = 41.57%). The in-
terested reader will be supplied with detailed results for each com-
pound upon request. We found a = 3.37839. 107>, b = —0.27818303,
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¢ = 16889.36 (Eyand E,, inJ - mol'l). There is of course a small varia-
tion on £, and B. For example in the case of heptane one obtains
£, = 0.89761212A instead of 0.7103977A and B = 0.03573292 in-
stead of 0.0352772.

Using E= —(p/M gives AAD = 9.55%, DMax = 82.8% (car-
bon dioxide) and Bias = 2.98% and using E = —f8p/M + PV gives
AAD = 2.79%, DMax = 76.91% and Bias = 0.83%. For water we
obtained AAD=7.46%, DMax = 32.60% and Bias = 2.86%. Com-
pared to the values indicated in Table IV there is no improvement.

Next, we tested the model using Eq. (8), which uses the reference
VISCOSItY 7jrer (Prer, Trer). There are then 2936 points after exclusion of
the 41 reference points. Initially we adjusted E, for every compound
(DAM = 3.34%, DMax = 50.72%, Bias = —0.24%). For water we
obtained DAM = 3.95%, DMax = 11.69%, Bias = —0.40%. Then
we assumed that Ey = aE? + bE, + ¢ (except water). In this last case,
where there is no more than one characteristic constant per com-
pound (B) and three identical constants for all the compounds
(a = 2.14502-107°,b = 0.5428218, ¢ = 6342.8676), one notes the
very good fit (DAM = 3.47%,DMax = 42.78%,Bias = —0.10%)
for the 2662 values (p > 200kg-m~> and P < 110 MPa). The results
concerning each compound will be supplied upon request.

Finally, in Eq. (6) we have assumed that L% = 3(d?)/20 (see Ref.
[S0]) with d = v'* = (V/N,)'/* = (M/pN,)'"® (hypothesis of spherical
molecule, as already indicated above), and that by= A4-d (4 is the
friction dissipation length expressed in number of molecular spher-
ical diameter). In that case £,, = (L2/bf) = (3v'3/204) is now a func-
tion of the pressure and of the temperature because v depends on p.
It is necessary to adjust 4, B and E,. The results are presented in
Table V and should be compared with those of Table IV. Although
still satisfactory, the total result is less good than that of Table
IV because if the assumption of spherical molecules is fulfilled for
many compounds for other compounds this assumption is not ful-
filled and is consequently a rude approximation.

The Density p is not Known

In this case the equations to be used are the Eqs. (6) and (7). We de-
termine simultaneously 7 and p with six parameters, the parameter
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E, being common to both quantities. The numerical analysis was done
by minimizing § = DAM,+ DAM,. However, with carbon dioxide
we noticed that the density deviation increases at the lowest densi-
ties near the critical conditions (P, = 7.39MPa, T, = 304.2K, p. =
464 kg-m™3). It is important to point here that if the density is
known there is no problem for viscosity even near the critical con-
ditions (see Tab. IV). So in this part of the paper we have taken
into account for carbon dioxide only the highest values of density
p > 880kg-m~> (152 values from Ref. [46]). At T = 303.05K, very
near of T,, this implies P > 20 MPa~ 3P, (see Ref. [46]). Table VI
presents the values obtained for the six parameters and Table VII
presents the values of DAM, DMax and Bias for 5, and p. With
regard to 7, there is always an excellent representation (DAM =
3.51%). It will be observed that it is still the 2,2-dimethylpropane
which corresponds to the maximum value of DMax. With regard to
p the overall average deviation is 1.51%. The maximum deviation
45.3% is for 2,2-dimethylpropane at the lowest value of density:
306kg - m~2 (p, = 238 kg - m™>). The results are comparable with those
obtained using an equation of state. A comparative analysis of the
performances presented by various equations of state was carried
out by [41]. One of the most powerful equations is that of Lee and
Kesler [42]. With this equation, Ye obtained 2.4% for benzene
between 0.1 MPa and 170 MPa, and from 203.15 to 323,15K, whereas
we obtain 0.27%. In the same way for dodecane we obtain 0.54%
whereas Ye obtained 0.7%. For cyclohexane we have 0.27% and Ye
indicates 0.2%. For 1009 experimental points and 12 pure compounds
he obtains an average deviation of 1.2%. However there are much
more precise representations of the density (for example [43]). If
one considers this last model for 606 points it has DAM = 0.17% and
DMax = 1.09%. For example for benzene (up to 400 MPa) it has
DAM = 0.27% and DMax = 0.83%. For hexadecane the model ob-
tained 0.08% and 0.19% at pressures up to 425 MPa (whereas we
have 0.27% and 1.1% up to 100 MPa). We should mention briefly
that this model, developed for the density of alkanes and alkylben-
zenes only, is a model with 12 universal parameters (they are the same
for all the compounds of these two chemical families) where the com-
pounds are broken up into internal chain segments, end-chain segments
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TABLE VII Results obtained for the points which satisfy the condition p >
200kg-m~> and P < 110MPa. The density is assumed to be unknown. Values of the
average absolute deviations, deviations maximum and bias obtained after simultaneous
adjustment on p and 7 from the 6 characteristic parameters of each compound

n p
Compound Nb points DAM  DMax  Bias DAM DMax Bias
Methane 201 12.87 5782 —0.68 630 3899 -291
Ethane 156 6.59 4539 246 540 49.12 -2.89
Propane 26 1.32 492 -0.44 0.31 1.9 -0.17
Butane 135 1.63 817 -0.44 0.68 313  -028
Pentane 413 3.28 2585 —0.83 1.19 13.06 -0.54
Hexane 285 2.79 2721  -043 095 18.23 -047
Heptane 18 1.64 622 —-0.30 0.46 1.68 -0.15
Octane 295 2.21 2130  -1.01 0.66 1220 -0.12
Nonane 240 1.60 9.69 —0.55 0.45 246 -0.18
Decane 67 1.62 928 -0.67 0.62 3.74 -0.16
Dodecane 14 1.69 3.78 -0.03 0.54 243 038
Tetradecane 18 1.97 831 -1.05 0.38 1.54 —-0.20
Hexadecane 12 1.62 394 -o0.10 0.27 1.08 0.04
Isobutane 66 2.12 1001 -0.67 1.02 453 -042
2,2,Dimethyl- 94 571 100.1 -3.4 389 4526 -1.36
propane
2,244,688 Hepta- 30 1.52 701 —0.46 0.34 L5t -0.18
methylnonane
2,6,10,14,Tetra- 29 3.70 11.04 0.86 0.30 .38 —0.12
methylpentadécane
Benzene 44 0.61 259  -0.15 0.27 285 -0.14
Toluene 30 1.06 348 -0.18 0.37 1.36 —0.16
orto-Xylene 30 1.80 515 -022 0.36 145 -0.16
meta-Xylene 24 0.86 4.41 0.14 0.33 1.14 -0.14
para-Xylene 15 1.05 434 0.08 0.26 1.08 -0.10
Buthylbenzene 18 2.85 1046 —0.16 0.33 117  -0.05
Nonylbenzene 18 2.14 848 —-0.94 0.25 077 -0.02
Phenyldodecane 30 1.65 4.08 0.25 0.31 .34 -0.13
cis-Decaline 15 2.48 887 -0.06 0.31 1.07 -0.09
trans-Decaline 18 1.53 2.96 0.23 0.45 191 —-0.22
1-Methylnaph- 18 1.79 6.18 0.36 0.20 089 -0.14
taléne
Cyclohexane 26 0.86 233 -0.01 0.27 0.68 0.02
Methylcyclohexane 48 2.46 1448 —1.00 0.44 148 -0.14
2-Propanol 18 1.89 582 -0.72 0.48 223  -0.08
Diacetone alcohol 18 111 450 -0.27 0.22 087 —0.07
Methanol 18 0.22 073 -0.13 0.06 025 —0.04
Ethanol 20 0.42 .77 -0.25 0.05 0.15 —-0.02
n-Propanol 20 0.28 1.08 -0.06 0.11 1.34 -0.10
n-Butanol 20 0.31 111 -0.14 0.05 0.17 -0.03
Trichiorofluoro- 32 0.41 1.75  -0.19 0.14 062 —0.05
methane (R11)
Dichlorodifluoro- 32 1.13 5.88 -0.57 0.48 251 -0.25

methane (R12)
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TABLEVII (Continued)

n 4

Compound Nb points DAM  DMax  Bias DAM DMax  Bias
1,1,Difluoroethane 32 0.97 526 -0.51 0.53 261 021
(R152a)

Carbon Tetra- 21 1.22 394 —-068 026 079 -0.03
chloride

Carbon dioxide 152 697 1771 4.67 1.88 1297 -1.01
Total 2816 3.51  100.1 -0.49 1.51 49.12  -0.68
Water 35 343 16.64 0.87 0.25 096 —0.08

and benzene rings segments, and where the interactions take place
between these various elements. We can thus conclude that the method
that we propose, although comparable for its results with the classical
equations of state, is less efficient from the performance point of view
than specific methods relating to the density (but limited to particular
chemical families). The interest of our work is however that its high-
lights the relation between 7 and p. Mention here that for water we
obtained good results in this way (DAM, = 0.25% and DAM, =
3.43%).

For the p determination, Eq. (7) needs the van der Waals volume
vy. It i8 possible, by a group contribution method (detailed for exam-
ple in [21] and [44]) to estimate this quantity. We noted v, the value
thus estimated (Tab. I). It is only for l-methylnaphtalene that the
estimate was not possible. Figure 2 represents the numerical values
of v,, (Tab. VI) according to the v, values (Tab. I). The representative
curve is linear, i.e., v, = av, where o appears as a universal param-
eter, identical for all the compounds considered (o = 1.270159). The
difference between v, and v, is of the same order as the differences
which can be observed on polymers (where the factor is sometimes
about 1.6).

One can also use jointly Eqs. (8) and (9) utilizing prer and 7.
There are then four characteristic parameters per pure compound:
¢y, B, zp and zp. The values obtained on viscosity are generally
comparable to the values of Table IV. For water we obtained
DAM, =0.26% and DAM, = 3.86%. For 2,2-dimethylpropane
DAM, = 4.16% and DAM,, = 6.03%. For benzene DAM, = 0.28%
and DAM, = 0.61%.
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CONCLUSION

A new correlation scheme for the dynamic viscosity of the pure com-
pounds, based on the free volume concept is proposed. It represents
the viscosity-temperature-pressure relation in a very satisfactory way
in a broad interval of pressures and temperatures and it applies to
very varied compounds. Moreover the model provides a satisfactory
representation of the density (far from the critical conditions). It is
now necessary to study the possibility of extending the model to the
mixtures and to other properties (auto-diffusion coefficient). In a fu-
ture work those aspects will be considered.
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