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Abstract

We present a wide-ranging correlation expressed in terms of temperature and den-
sity for the viscosity of ethanol based on critically evaluated experimental data.
The correlation is designed to be used with an existing equation of state from the
triple point (159 K) to 620 K and at pressures up to 102 MPa. Comparisons with
experimental data indicate the estimated uncertainty of the correlation is 4.2 % (at
the 95 % confidence level) for the liquid and supercritical phase at pressures up to
102 MPa, and 2 % in the gas phase. Furthermore, for calculating viscosity values
at 0.1 MPa, an additional correlation is proposed, valid from the triple point to the
boiling point with an estimated uncertainty of 2.3 % (at the 95 % confidence level).

Keywords Ethanol - Transport properties - Viscosity

1 Introduction

Ethanol (IUPAC name), also known as ethyl alcohol, has the molecular formula of
C,H;OH. Ethanol is an important chemical with numerous uses; it is used as a sol-
vent, in the synthesis of other organic chemicals, as an additive to automotive gaso-
line, as a renewable transportation fuel, and as an intoxicating ingredient of many
alcoholic beverages and distilled spirits. It is also used as a topical agent to prevent
skin infections, in pharmaceutical preparations (e.g., lotions, colognes, etc.), in cos-
metics, and in perfumes.

In 2013, a new reference correlation for the thermal conductivity of ethanol was
presented by Assael et al. [1], covering for the first time a temperature range from
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the triple point to 600 K and up to 245 MPa. This was made possible following the
development of an accurate equation of state for ethanol by Schroeder et al. [2]. This
correlation is currently employed in REFPROP 10.0 [3].

The current ethanol viscosity correlation employed in REFPROP 10.0 [3], was
developed in 2005 by Kiselev et al. [4], and is based on a generalized SAFT-DFT/
DMT model for the thermodynamic, interfacial, and transport properties of associat-
ing fluids applied to n-alkanols. Its estimated uncertainty in the liquid phase along
the saturation boundary is approximately 3 %, increasing to 10 % at pressures up to
100 MPa, and estimated as 10 % in the vapor phase.

In a series of recent papers, reference correlations for the viscosity of common
fluids [1, 5-14] were developed that cover a wide range of temperature and pres-
sure conditions, including the gas, liquid, and supercritical phases. In this paper, the
methodology adopted in the aforementioned papers is extended to developing a new
reference correlation for the viscosity of ethanol.

The analysis we use is based on the best available experimental viscosity data. A
prerequisite to the analysis is a critical assessment of the experimental data. Here we
define two categories of experimental data: primary data, employed in the develop-
ment of the correlation, and secondary data, used simply for comparison purposes.
According to the recommendation adopted by the Subcommittee on Transport Prop-
erties (now known as The International Association for Transport Properties) of the
International Union of Pure and Applied Chemistry, the primary data are identi-
fied by a well-established set of criteria [15]. These criteria have been successfully
employed to establish standard reference values for the viscosity and thermal con-
ductivity of fluids over wide ranges of conditions, with uncertainties in the range
of 1 %. However, in many cases, such a narrow definition unacceptably limits the
range of the data representation. Consequently, within the primary data set, it is also
necessary to include results that extend over a wide range of conditions, albeit with
a higher uncertainty, provided they are consistent with other lower uncertainty data
or with theory. In all cases, the uncertainty claimed for the final recommended data
must reflect the estimated uncertainty in the primary information.

2 The Correlation

The viscosity 7 can be expressed [1, 5-14] as the sum of four independent contribu-
tions, as

n(p, T) = no(T) + m(T) p + An(p, T) + An.(p, T), (1

where p is the density, 7 is the absolute temperature, and the first term,
no(T)=n(0,T), is the contribution to the viscosity in the dilute-gas limit, where only
two-body molecular interactions occur. The linear-in-density term, n,(T) p, known
as the initial-density dependence term, can be separately established with the use
of the Rainwater—Friend theory [16—18] for the transport properties of moderately
dense gases. The critical enhancement term, Az (p,T), arises from the long-range
density fluctuations that occur in a fluid near its critical point, which contribute to
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divergence of the viscosity at the critical point. This term for viscosity is signifi-
cant only in the region very near the critical point, as shown in Vesovic et al. [19]
and Hend]l et al. [20]. For CO,, Vesovic et al. [19] showed that the enhancement
contributes greater than 1 % to the viscosity only in the small region bounded by
0.986<T,<1.019 and 0.642<p,<1.283 (where 7, and p, denote the reduced tem-
perature and density). Since data close to the critical point are unavailable, Ay (p,T)
will be set to zero in Eq. 1 and not discussed further. Finally, the term A#n(p,T), the
residual term, represents the contribution of all other effects to the viscosity of the
fluid at elevated densities including many-body collisions, molecular-velocity cor-
relations, and collisional transfer.

Identification of these four separate contributions to the viscosity allows one, to
some extent, to treat 7,(7), and #,(7) theoretically. In addition, it is possible to derive
information about both #y(7) and #,(7T) from experiment. In contrast, there is little
theoretical guidance concerning the residual contribution, An(p,T), and its evalua-
tion is usually based entirely on an empirical equation obtained by fitting experi-
mental data.

Table 1 summarizes, to the best of our knowledge, all the available experimental
measurements of the viscosity of ethanol reported in the literature. Table 1 displays
the experimental technique, purity, uncertainty as reported by the original authors,
number of measurements, as well as the range of temperatures and pressures inves-
tigated. From the 275 measurement sets shown in total, 14 were performed at pres-
sures above atmospheric, while the remaining 261 were performed at 0.1 MPa (or
near saturation pressure), and mostly over a limited temperature range, at about
room temperature.

In this particular case, and because of the very large number of measurements at
0.1 MPa, the primary data were separated into two subcategories: (a) primary data
above atmopsheric pressure, and (b) primary data at 0.1 MPa.

In the first data set, we included all measurements performed above atmospheric
pressure, the only exceptions being the very high-pressure measurements of (a) Yusa
et al. [253] performed in a falling-cylinder viscometer in 1977, and (b) the 1926
Bridgman [282] and 1914 Faust [286] measurements performed in a capillary vis-
cometer, as they deviate more than 20 % from the remaining measurements. There-
fore, the primary data set at pressures above atmospheric consists of 11 sets.

In relation to the primary data set of measurements at 0.1 MPa presented in
Table 1, the following criteria were employed for selection. As already mentioned
in the introduction, ethanol is extensively employed in experimental studies on
volumetric and viscometric properties of binary and ternary mixtures, phase equi-
libria studies, or even acoustical studies. In such studies, although the viscosity of
pure ethanol is also measured, the emphasis is on the properties of the mixture,
the solution, and the effect of the change in concentration. Hence, in recent litera-
ture, there are a very large number of papers that include a single measurement
of the viscosity of ethanol at room temperature with inadequate assessments of
uncertainty. Therefore, we did not include in the primary data set such articles
with a single viscosity measurement at room temperature or near it. Furthermore,
as water is the only liquid whose viscosity is known to an uncertainty as low as
0.17 % (at the 95 % confidence level) [15], all measurements in which the authors
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quote uncertainties of less than 0.2 % (e.g., 0.005 %!), characteristic of investiga-
tors that do not understand how to assess their measurement uncertainty, have
been placed in the secondary data set. Since we are also interested in low-uncer-
tainty measurements, we also did not consider for the primary data set measure-
ments with quoted uncertainty larger than 2 %.

In conclusion, the viscosity measurements in 0.1 MPa, to be included in the
primary data set,

1. must not be a single measurement at room temperature,
2. their quoted uncertainty must be between 0.2 % and 2 %, and
3. the purity of the sample and the technique employed must be stated.

Additionally, we included the vapor-measurements of Reid and Belenyessy [94],
Titani [95], Vogel [96], Rappenecker [97] and Pedersen [98] as they are the only
ones in the vapor phase. Here we note that Uchiyama [272] reported also 4 measure-
ments in the vapor phase, but they were more than 20 % lower than the aforemen-
tioned values, so they were not considered as part of the primary dataset.

We also did not include in the primary data set at 0.1 MPa measurements per-
formed by the cone and plate technique as this is an excellent technique for non-
Newtonian fluids, but not particularly accurate for Newtonian ones. We also did not
include the one set performed in a moving piston viscometer, as this technique is
not fully backed by theory. Moreover, we also excluded 9 sets of measurements that,
although satisfied the above criteria, showed very large, unexplainable deviations
which were higher than the quoted uncertainty, from the remaining sets: Kumari
et al. [111] 10 % deviation, Hema et al. [118] 10 %, Zhang et al. [145] 7 %, Gong
etal. [153]5 %, Liet al. [167] 10 %, Domanska and Laskowska [170] 10 %, Awwad
et al. [178] 8 %, Romano et al. [208] 5 %, and Das and Jha [235] 48 %.

In conclusion, from the 275 sets of measurements shown in Table 1, the pri-
mary set is composed of 11 sets under pressure, and 67 sets at 0.1 MPa. Figures 1
and 2 show the ranges of the primary measurements outlined in Table 1, and the
phase boundary.

1000.0

[e]ee]

[elNeloc12¢ )

10.0

felcrrvelecine]
OUBIE g0
eluniselocirel
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Temperature, 7/ K

Fig. 1 Temperature—pressure ranges of the primary experimental viscosity data for ethanol. (—) satura-
tion curve
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Fig.2 Temperature—density ranges of the primary experimental viscosity data for ethanol. (—) saturation
curve

The development of the correlation requires densities; Schroeder et al. [2] in 2014
reviewed the thermodynamic properties of ethanol and developed an accurate, wide-
ranging equation of state valid for single-phase and saturation states from 160 K to
650 K at pressures up to 280 MPa, with an uncertainty in density of 0.2 %. We also
adopt the values for the critical point and triple point from his equation of state;
the critical temperature, T, and the critical density, p,, were taken to be equal to
514.71 K and 273.186 kg:m~>, respectively [2]. The triple point temperature is
159.0 K [2].

2.1 The Dilute-Gas Limit Viscosity Term

The dilute-gas limit viscosity, #,(7) is a function only of temperature and can be
analyzed independently of all other contributions in Eq. 1. Employing the Chapman-
Enskog theory [297], the dilute-gas limit viscosity of a gas of spherical molecules is
given as

no(T) = o.oz%gw‘/@, ®
where M (46.0684 g~m01_1) is the molar mass, the collision diameter ¢ in nm is the
smallest separation distance where the intermolecular potential function is equal to
zero, T is the temperature in K, and the resulting viscosity is in pPa-s. 2% is a col-
lision integral that depends upon the potential function.

In the case of nonpolar gases, Neufeld et al. [298] developed an empirical cor-
relation for the Lennard—Jones (12-6), 2% collision integral, as a function of the
dimensionless temperature 7% =T/(¢/kg) (Where kg is Boltzmann’s constant and ¢ is
the Lennard—Jones energy parameter), as

QEA(T*) = 1.16145(T%)~ 1457 1 0.52487 e 771" 4216178 e 243787

3
- 6.435 x 1074(T*)*1*¥™ sin [18.0323(T™*)"7%% - 7.27371]. )
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The subscript LJ refers to the Lennard—Jones potential.
For polar gases, it is more appropriate [299] to employ the Stockmayer (12-6-3)

potential @g,(r)
"’SM(’)=4€[<%>12‘(%)6”(%)3]' 4)

Here, 8, accounts for the anisotropic charge distribution from which the polar-
ity of a particle characterized by its dipole moment p arises, as well as the angles
of inclination of the dipole axis to the line joining the centers of the two mol-
ecules and the azimuthal angle between them [299].

Xiang et al. [300] fitted the values for the Stockmayer (12-6-3) collision inte-
gral, Q(Szl\’f), tabulated by Monchick and Mason [301], to an empirical function that
reduces to the Lennard—Jones (12-6) form when the dipole moment, y, is zero and
obtained.

22) _ 22 52 .2
Pow =S| F 1+a15695 ’ ©)
with Q7 = a,(T*) + ay exp (asT*) + ag exp (a;T*), (6)

with coefficients a; — a,, given in Table 2.
In Eq. 5, the parameter ¢ can be obtained by the expression [301]

_3.622042
" o3(e/ky)’

where the dipole moment 4 is in Debyes, ¢ in nm, and ¢/kg in K.

Equations 2, 3, 5 to 7, form a consistent scheme for the calculation of the
dilute-gas limit viscosity as a function of the temperature. The only unknowns
(as u=1.6909 Debyes [302]), are the o and ¢ parameters, which can be obtained
by fitting all the available experimental vapor viscosity data at very low pressures
(Reid and Belenyessy [94], Golubev [31], Titani [95], Vogel [96], Rappenecker
[97], Pedersen [98]), and also the vapor-measurements of Khalilov [279] from
the secondary set). The values obtained are 6=0.479 nm and e/kz =265 K (also
shown in Table 2). Figure 3 shows the gas phase low-pressure data and the calcu-
lated results for 7, using Eqs. 2, 3, 5 to 7. The values calculated by the correlation
of Kiselev et al. [4], as presented in REFPROP 10 [3], agree very well within the
range of the experimental data, but deviate by up to 5 % outside this range—see
also Fig. 4). The dilute-gas contribution in the Kiselev et al. [4] correlation was
developed by fitting a polynomial to the experimental data. As the range of exper-
imental data is limited, having theoretical guidance provides physically reason-
able behavior upon extrapolation outside of the range of data.

@)
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Table 2 Coefficients and

parameters for Eqs. 5. 6, 8, M (grmol™)  46.0684 elkg (K) 265
and 11 T, (K) 514.71 o (nm) 0.479
p. (kgm™) 273.186 u (D) 1.6909
Coefficients a; (-) for Eqs. 5 and  Coefficients c; (-) for Eq. 8
6 [300]
1 0.95976x107 0 —0.0281703
2 0.10225 1 1.00
3 —0.97346
4 0.10657 Coefficients d; (-) for Eq. 11
[304]
5 —0.34528 0 — 19572881 x 10!
6 — 0.44557 1 2.1973999 x 10°
7 — 2.58055 2 - 1.0153226x 10°
3 2.4710125x 10°
Coefficients b; (uPa-s) for Eq. 8 4 —3.3751717x 10
0 0.422373 5 24916597 x 10°
1 — 3.78868 6 — 7.8726086 % 10*
2 23.8708 7 1.4085455% 10"
3 —7.89204 8 —3.4664158x 107!
4 2.09783
5 —0.247702

20

Dilute-gas viscosity 7,/ uPas

150 250 350 450 550 650 750
Temperature 7/ K

Fig. 3 Dilute-gas viscosity, 7, as a function of the temperature: Reid and Belenyessy [94] (O0), Golubev

[31] (@), Titani [95] (O), Vogel [96] (M), Rappenecker [97] (A), Pedersen [98] (), Khalilov [279] ((}),
and correlation of Kiselev et al. [4] (- -), Egs. 2,3,5t0 7 (—)
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4
3
5 & 7
o ,/
= " o
s 1 . e ® O
E 4 .
2 - O O
s 0 ’-\'_;ﬂ—i ’ e T
! + 7 O, 44+t
g 1 /+,*Z+++Q+§.O++++++
2 e 4O
-3 //
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5 !
150 250 350 450 550 650 750

Temperature 7'/ K

Fig. 4 Dilute-gas viscosity deviations from the values obtained by the scheme of Egs. 2, 3, 5to 7, as a
function of the temperature: Reid and Belenyessy [94] (), Golubev [31] (@), Titani [95] (O), Vogel
[96] (M), Rappenecker [97] (A), Pedersen [98] (), Touloukian et al. [303] (+), Khalilov [279] ((}), and
values calculated from Eq. 8 (mm), and correlation of Kiselev et al. [4] (- -)

For ease of use in calculations, 7, was fitted as:

5
X b
i=0

no(T) = =—, ®)

)y CiTri
i=0

where the units for 7, are pPa-s, the reduced temperature is 7,=(7/T,), and the coef-
ficients b; and c; are in Table 2. Equation 8 reproduces the values calculated by
Eqgs. 2, 3, 5 to 7 to within 0.05 % up to 1000 K, and thus it will be employed hereaf-
ter. Figure 4 shows the deviations of the measurements from the scheme of Egs. 2,
3, 5 to 7. In the same figure the values obtained by Eq. 8 are shown, as well as the
values proposed in 1975 by Touloukian et al. [303]. The values in Touloukian et al.
[303] are tabulated recommended values based on analysis of experimental data.
The agreement in the range of existing data, is within 2 %.

2.2 The Initial-Density Dependence Viscosity Term
To represent the initial-density dependence of viscosity term, 7,p, in Eq. 1, we use the

model proposed by Vogel et al. [305] which expresses the second viscosity virial coef-
ficient B,(T) in m3-kg_1, as

@ Springer



40 Page 22 of 42 International Journal of Thermophysics (2023) 44:40

m(T)
’70(T).

In Eq. 9, when the dilute-gas limit viscosity, 74(7), is expressed in pPa-s, the initial-
density dependence viscosity term, 7,(T), has units pPa-s'm>-kg~'. The second viscos-
ity virial coefficient can be obtained according to the theory of Rainwater and Friend
[16, 17] as a function of a reduced second viscosity virial coefficient, B;(T*), as

B,(T) =

9

e B,()M
ST = N (10)

6
where B(T*) = Z d(T*)™ 0% 4 d(T*)™° + dg(T*) ™. (11

=0

In Eq. 10, M is the molar mass 46.0684 g-mol~!, the scaled temperature is 7" =17/
(e/kg), and N, is the Avogadro constant. The coefficients d; from Vogel et al. [304] are
given in Table 2.

2.3 The Residual Term

The residual viscosity term, An(p,T), represents the contribution of all other effects to
the viscosity of the fluid at elevated densities including many-body collisions, molecu-
lar-velocity correlations, and collisional transfer. An attempt to employ the hard-sphere
model proposed by Assael et al. [306] was not very successful, as the present data cover
the gas, liquid, and supercritical regions. Hence, it was preferred to evaluate this term
almost entirely on experimentally obtained data, as discussed in the next paragraph.

The procedure adopted during this analysis used symbolic regression software [307]
to fit all the primary data to the residual viscosity as a function of the reduced tempera-
ture, T,=T/T, and reduced density, p.=p/p.. In addition, we adopted a form suggested
by the hard-sphere model employed by Assael et al. [306] An(p,T,)=(p,*T."*)F(p,.T,
), where the fitting software was used to determine the functional form for F(p,T,). For
this task, the dilute-gas limit and the initial density dependence term were calculated for
each experimental point, employing Egs. 8 to 11, and subtracted from the experimental
viscosity to obtain the residual term, Ar(p,,T,). The density values were obtained by the
Schroeder et al. [2] equation of state. The final equation was

8
_ (23 1)2 _2—pr
An(p,T) = (pr/ Tr/ ){8.32575272;;r + 9.66535242 x 10 Ta+m-1 [
T T T
(12)

where Ay is in pPa-s.
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2.4 Comparison with Data

The final correlation model consists of Eqgs. 1, and 8 to 12 with the critical
enhancement term set to zero. Tables 3 and 4 summarize comparisons of the pri-
mary data with the correlation—Table 3 for the primary data under pressure, and
Table 4 for the primary data at 0.1 MPa. We define the percent deviation as PCT-
DEV =100(1¢y, — 15)/Ms. Where n,, is the experimental value of the viscosity
and 7, is the value calculated from the correlation. The average absolute per-
cent deviation (AAD) is found with the expression AAD = (}.IPCTDEVI/n, where
the summation is over all n points, the bias percent is found with the expression
BIAS =()PCTDEV)/n.

The average absolute percentage deviation of the fit for the primary data under
pressure is 1.46 %, with a bias of 0.44 %, while for the primary data at 0.1 MPa
is 1.12 %, with a bias of 0.07 %, respectively. The estimated uncertainty of the
correlation in the temperature range 160 to 620 K and up to 102 MPa is 4.2 % (at
the 95 % confidence level). Due to the omission of a critical enhancement term,
in the near vicinity of the critical point the uncertainty can be very large since the
viscosity becomes infinite at the critical point.

As the primary dataset is composed of 11 sets under pressure and 67 sets at
0.1 MPa, we decided to show only the primary datasets under pressure in figure
form. Hence, Fig. 5 shows the relative deviations of the primary viscosity data
under pressure, of ethanol from the values calculated by Eqgs. 1, 8 to 12, as a func-
tion of temperature, while Figs. 6 and 7 show the same deviations but as a func-
tion of the pressure and the density. It should be noted that in these three figures
we also included the measurements at 0.1 MPa of Komarenko et al. [93] as they
are the only ones going down to 160 K.

Table 5 shows the average absolute percent deviation (AAD) and the bias for
the secondary data. In most cases the agreement is within the uncertainty of the

Table 3 Evaluation of the ethanol viscosity correlation for the primary data at pressures above atmos-
pheric

Investigators/reference Year publ AAD (%) BIAS (%)
Mendo-Sanchez et al. [21] 2020 0.96 0.70
Zhu et al. [22] 2020 0.73 — 045
Ono et al. [23] 2017 443 1.07
Ono et al. [24] 2016 1.71 0.84
Pimentel-Rodas et al. [25] 2016 0.68 0.50
Zéberg-Mikkelsen et al. [26] 2005 2.46 2.40
Assael and Polimatidou [27] 1994 0.61 0.29
Papaioannou and Panayiotou [28] 1994 1.28 0.89
Papaioannou et al. [29] 1993 1.38 1.31
Tanaka et al. [30] 1987 2.66 2.00
Golubev [31] 1953 2.76 -0.17
Data set 1.46 0.44
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Fig.5 Relative deviations of primary experimental data under pressure of ethanol from the values calcu-
lated by the present model, Egs. 1, 8 to 12, as a function of temperature. Mendo-Sanchez et al. [21] (A),
Zhu et al. [22] (A), Ono et al. [23] ((}), Ono et al. [24] (@), Pimentel-Rodas et al. [25] (<), Zéberg-
Mikkelsen et al. [26] (@), Assael and Polimatidou [27] (O), Papaioannou and Panayiotou [28] (()), Papa-
ioannou et al. [29] (), Tanaka et al. [30] (O), Golubev [31] (X). The values of Komarenko et al. [93]
(+) at 0.1 MPa are also included
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Fig. 6 Relative deviations of primary experimental data under pressure of ethanol from the values cal-
culated by the present model, Egs. 1, 8 to 12, as a function of pressure. Mendo-Sanchez et al. [21] (A),
Zhu et al. [22] (A), Ono et al. [23] ({)), Ono et al. [24] (@), Pimentel-Rodas et al. [25] (<), Zéberg-
Mikkelsen et al. [26] (@), Assael and Polimatidou [27] (O), Papaioannou and Panayiotou [28] (¢p), Papa-
ioannou et al. [29] (@), Tanaka et al. [30] (), Golubev [31] (X). The values of Komarenko et al. [93]
(+) at 0.1 MPa are also included
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Fig. 7 Relative deviations of primary experimental data under pressure of ethanol from the values calcu-
lated by the present model, Egs. 1, 8 to 12, as a function of density. Mendo-Sanchez et al. [21] (A), Zhu
et al. [22] (A), Ono et al. [23] ({)), Ono et al. [24] (@), Pimentel-Rodas et al. [25] (<), Zéberg-Mik-
kelsen et al. [26] (@), Assael and Polimatidou [27] (O), Papaioannou and Panayiotou [28] ((p), Papaioan-
nou et al. [29] (@), Tanaka et al. [30] (O), Golubev [31] (X). The values of Komarenko et al. [93] (+) at
0.1 MPa are also included

proposed correlation. Finally, Fig. 8 shows a plot of the viscosity of ethanol as
a function of the temperature for different pressures. The plot demonstrates the
physically reasonable extrapolation behavior at pressures higher than 102 MPa,
and at temperatures that exceed the 620 K limit of the current measurements.

2.5 A Correlation for the Primary Data at 0.1 MPa

As the viscosity of ethanol at 0.1 MPa, n(7,0.1 MPa), is very often used, the primary
data at 0.1 MPa were fitted to the following equation

n(T,0.1 MPa) = exp (—0.721846 6* + 5.91281 ° — 15.0092 6° + 20.9305 6 — 3.62716),
13)
where the viscosity is in (pPa-s) and §=273.15/T. The above equation is valid from
the triple point (159 K) to the 0.1 MPa boiling temperature of 351.57 K, with an
estimated uncertainty of 2.3 % (at the 95 % confidence level). Figure 9 shows the
relative deviations of primary experimental data at 0.1 MPa of ethanol from the val-
ues calculated by Eq. 13, as a function of temperature.

3 Recommended Values
In Table 6, viscosity values are given along the saturated liquid and vapor curves, cal-
culated from the full correlation given by Eq. 1 and Egs. 8 to 12 between 160 K and

510 K, while in Table 7 viscosity values are given for temperatures between 180 K
and 600 K at selected pressures. Saturation pressure and saturation density values for

@ Springer
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Fig. 8 Viscosity of ethanol as a function of the temperature for different pressures

selected temperatures, as well as the density values for the selected temperature and
pressure, are obtained from the equation of state of Schroeder et al. [2]. The calcula-
tions in Tables 6 and 7 are performed at the given temperatures and densities. For com-
puter verification of values, the following points may be used for the given T, p condi-
tions: 7=300 K, p=0kg-m~>, n=8.9893 pPa-s, T=300 K, p=10.0 kg-m >, =8.9382
pPa-s, T=300 K, p=850.0 kg-m 3, =1682.72 pPa:s.

4 Conclusions

A new wide-ranging correlation for the viscosity of ethanol was developed based on
critically evaluated experimental data and theoretical results. The average absolute
percentage deviation of the fit for the primary data under pressure is 1.46 %, with
a bias of 0.44 %, while for the primary data at 0.1 MPa is 1.12 %, with a bias of
0.07 %, respectively. The estimated uncertainty of the correlation in the liquid and
supercritical regions for the temperature range 160 K to 620 K and up to 102 MPa
is 4.2 % (at the 95 % confidence level). The estimated uncertainty in the gas phase
at atmospheric pressure is 2 %. Furthermore, for calculating viscosity values at
0.1 MPa, an additional correlation is proposed, valid from the triple point (159 K) to
the boiling point (351.57 K), at 0.1 MPa, with an estimated uncertainty of 2.3 % (at
the 95 % confidence level).
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Fig.9 Relative deviations of primary experimental data at 0.1 MPa of ethanol from the values calculated
by Eq. 13, as a function of temperature

Table 6 Viscosity values of ethanol along the saturation curve, calculated by the present scheme

T (K) p (MPa) Piiq (kg-m™) Prap (kg-m™) Miiq (HPa-s) Myap (HPa:s)
160 9.0145%x 10710 907.9 3.1217x1078 112802 4716
180 4.8122x1078 887.9 1.4813%x107° 30896 5.316
200 1.1018x107° 869.5 3.0523%x107° 13,445 5.929
220 1.3694x 107> 851.8 3.4489% 1074 6971 6.548
240 1.0804x 107* 834.5 2.4948x 1073 3989 7.166
260 6.0233%x107* 817.5 0.012846 2439 7.780
280 2.5697 %1073 800.5 0.05078 1569 8.388
300 8.7679%x 1073 783.5 0.1629 1051 8.988
320 2.5238% 1072 765.9 0.4426 728.3 9.582
340 6.3033%x 1072 747.6 1.052 520.1 10.17
360 0.14003 727.9 2.246 381.1 10.75
380 0.28215 706.4 4.393 285.7 11.33
400 0.52368 682.1 8.010 218.1 11.93
420 0.90636 654.2 13.80 168.9 12.55
440 1.4776 621.8 22.77 132.3 13.21
460 2.2890 584.0 36.47 104.4 13.97
480 3.3976 537.8 57.90 81.94 14.91
500 4.8720 467.4 96.62 59.51 16.41
510 5.7767 386.1 141.9 42.35 18.31
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Table 7 Viscosity values of ethanol at selected temperatures and pressures, calculated by the present
scheme

TX) p n P n P n p n
(kgm™)  (uPas) (kgm™)  (pPas) (kgm™)  (uPas) (kgm™)  (pPas)
0.1 MPa 25 MPa 50 MPa 75 MPa
180  887.9 30,901 899.5 31,955
200  869.5 13448 882.0 14,286 893.1 15,090 903.2 15869
220 851.8 6974 865.5 7550 877.5 8095 888.2 8617
240 8346 3990 849.6 4394 862.6 4772 874.1 5133
260 817.5 2441 834.2 2732 848.2 3003 860.6 3260
280  800.6 1570 818.9 1785 834.1 1985 847.3 2174
300 7835 1051 803.7 1216 820.2 1366 834.3 1509
320 766.0 728.7 788.4 857.0 806.2 973.6 821.3 1083
340  747.6 520.2 772.6 622.9 791.9 715.2 808.1 801.5
360  1.584 10.75 756.1 465.4 7773 540.1 794.6 609.4
380 1.490 11.32 738.6 356.5 761.9 4183 780.6 4752
400 1.409 11.88 719.6 279.3 745.7 331.6 766.1 379.3
420  1.337 12.42 699.0 2233 728.4 268.7 750.7 309.4
440 1272 12.96 676.3 181.8 709.8 222.1 734.5 257.6
460  1.215 13.49 651.6 150.7 690.1 187.1 7175 218.6
480 1.162 14.01 624.9 127.1 669.4 160.5 699.7 188.9
500 1.114 14.53 596.4 108.6 647.8 140.1 681.4 166.0
520 1.070 15.03 565.4 93.67 625.6 124.1 662.7 148.2
540 1.030 15.53 531.2 80.90 602.8 111.1 643.7 133.9
560  0.9926 16.01 493.1 69.58 579.4 100.5 624.6 122.4
580  0.9579 16.49 451.7 59.62 555.4 91.38 605.3 112.8

600  0.9256 16.97 409.9 51.36 531.1 83.54 586.0 104.6
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