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Abstract

Viscosity and liquid density measurements were performed, at atmospheric
pressure, in pure and mixed decane, eicosane, docosane and tetracosane from 293.15 K
(or above the melting point) up to 343.15 K.

Viscosity was determined with a rolling ball viscometer and liquid densities with a
vibrating U tube densimeter. Pure component results agreed, in average, with literature
values within 0.2 % for liquid density and 3 % for viscosity.

The measured data was used to evaluate the performance of two models for their
estimation: the friction theory coupled with the Peng-Robinson equation of state and a
corresponding states model recently proposed for surface tension, viscosity, vapor
pressure and liquid densities of the series of the n-alkanes. Advantages, and
shortcoming of these models are discussed.
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1. Introduction

Due to the vast number and nature of the producing chemicals, the interest in
asymmetric mixtures is emerging. These mixtures, containing lighter and heavier
components, can easily be found among several industries such as those producing
paints and polymers.

Asymmetric systems are particularly important for the oil industry, since due to
the increasing depletion of oil reservoirs, advances in extraction technology are
allowing for the additional recovery of heavier oil fractions, not extracted before. For
the correct design of the extraction process, experimental data or accurate models for
their prediction are required. Since the industrial interest in most of the heavier
components was small till recently, the available experimental data is particularly
reduced, and so the models for their prediction require an additional evaluation before
their application for these specific systems are performed.

This work is part of a broader project that involves measurement and modelling of
surface tension, viscosity and liquid density of mixtures of a paraffin such as n-eicosane
(n-C0H4z), n-docosane (n-Cy,Hy6) and n-tetracosane (n-Cp4Hsp) with a smaller n-alkane,
such as n-heptane (n-C7H;s), n-decane (CoHz2), or n-hexadecane (n-C;¢Hs4) [1-3].

Viscosity and liquid density are key properties in the design of oil extraction and
processing. In this paper, the viscosity and corresponding liquid density measurements
and modelling of four binary and one ternary mixtures are reported: n-decane + n-
eicosane, n-decane + n-docosane, n-decane + n-tetracosane, n-hexadecane + n-eicosane,
and n-decane + n-eicosane + n-tetracosane.



2. Experimental

The following chemicals were used for the measurements: n-decane (Rathburn, > 99
wt. %), n-hexadecane (Aldrich, > 99 wt. %), n-eicosane (Aldrich, > 99 wt. %), n-
docosane (Aldrich, > 99 wt. %) and n-tetracosane (Aldrich, > 99 wt %). No further
purification was carried out. Mixtures were carefully prepared by weighing the
components on a Sartorius analytical balance (+ 0.0001 g). After preparation, solutions
were kept in the refrigerator between measurements.

An Anton PAAR AMYV 200 rolling ball microviscometer was used to obtain the
viscosity results. This apparatus measures the time that a steel ball needs to roll down
inside a glass capillary filled with sample. Combinations of ball/capillary of different
diameters can be selected, giving the possibility of measuring viscosities from 0.5 to
800 mPas, using very small amounts of sample (0.12 - 2.5 cm”). A built-in temperature
sensor, placed on a thermostatic capillary block on whose walls thermostatic water
circulates, measures temperature with an uncertainty of = 0.01 K.

Viscosity is calculated from the liquid density and the rolling time using the
following equation:

n= K(a)t(pball - pliquid) (1)

where 1 is the viscosity, mPa-s, K is a calibration constant which only depends on the
angle ., ¢ is the rolling time, s, and p is the density, Kg'm™.

The parameter k has to be determined, for each angle a, with liquids of known
density and viscosity. Distilled water, Cannon Instruments Co. and HAAKE Medingen
Gmbh standards were used for calibration and were selected so that the entire measuring
range was covered.

Previous measurements in this viscometer have already shown the ability of this
apparatus to measure viscosity accurately [1, 4]. Other details about this equipment can
be found elsewhere [1].

Liquid densities were determined in an Anton PAAR DMA 58 unit, based on the
vibrating U-tube method. Air and degassed distilled water were used as calibrating
fluids. Temperature is kept constant with a built-in Peltier element and is displayed with
an accuracy of + 0.01 K. Density values are displayed within + 10% Kg'm™.

Following the measurements, the viscometer capillary and the densimeter cell
were carefully cleaned with toluene and ethanol. In the end they were dried with
vacuum and compressed air, respectively.

3. Modelling

In this work, the friction theory viscosity model [1, 5, 6] coupled with the Peng-
Robinson equation of state (PR EOS) [7] and a new three-reference fluid corresponding
states model, previously developed to model liquid density, viscosity, vapor pressure
and surface tension of the series of the n-alkanes will be evaluated for the estimation of
the reported data.



3.1 friction-theory

In the friction theory, viscosity is modelled from a mechanical viewpoint,
considering two contributions: one arising from the dilute gas and the other from
friction between layers, respectively, 77p and 7, [1, 6]:

n=mn,+n, (2)
where 7 represents the viscosity, in mPa-s.

The dilute gas viscosity is calculated as a function of temperature, T/K, using the
critical volume, v, /m3-mol'1, the critical temperature, T,/K, the molecular weight,
MW/Kgmol™, and the acentric factor, o [1, 6]. The friction contribution is related to
the Peng-Robinson EOS repulsive and attractive pressures by means of temperature-

dependent friction coefficients, « .
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where p stands for the pressure (Pa), both subscripts r and rr represent repulsive, and ¢
and a critical and attractive, respectively. 1. is a pure component characteristic critical
viscosity for which the following equation was used [6]:
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where mx stands for a mixture property, n is the number of components, and X; is the
mole fraction of the i component.

3.2. Corresponding States

Corresponding States models have proved to be able to estimate several equilibrium
[8-15] and transport properties [1, 16, 17] in broad temperature and pressure conditions.
In spite of their mathematical simplicity, Corresponding States, lie behind a strong
theoretical basis and are able to produce very accurate estimates based on a small
amount of experimental information.

In this work, a new Corresponding States model [18] is extended for the prediction of
the reported liquid densities and viscosities. Like the Teja approach [10, 12, 13, 16] it is
based on a Taylor series expansion of the evaluating reduced property (X;) on the Pitzer
acentric factor (®), where the second (numerical) derivative (D;) is also taken into
account:

Xr:Xrl+D1(a)_a)l)+D2(a)_wl)(a)_a)2) (12)
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where Tc ,Vc and MW are the critical temperature, critical volume and molecular
weight.

The extension to mixtures follows from the properties of the pure components:
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where indexes i and j in the above equations represent pure components.

This model has already proved to be able to accurately estimate vapor pressures,
liquid densities and viscosities of both lighter and heavier n-alkanes [18] and surface
tensions of pure and mixed n-alkanes [2, 3, 15].



4. Results and discussion

In Tables I and II pure component results are compared with literature values
[19-25]. Previous measurements, using 50
the same equipment and reported
elsewhere [1], are also included. Very T
low average absolute deviations, 3332K
below 0.3 %, were found for the liquid 307 by
densities. Viscosity deviations are
higher, but still below 5 % with the
maximum deviation found for n-
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to the liquid densities [1] in order to better describe both the liquid densities and the
viscosity results, since a good EOS pressure description is required within the f-theory.

The fitted critical properties are reported
in Table VI. Table V shows how the
Peng-Robinson EOS with these new
critical parameters can adequately
represent the liquid density of the
mixtures.

For the corresponding states model,
experimental critical properties were
collected from the literature, when
available [26]. Otherwise, previous
assessed correlations were employed

[15]. In Table V and figures 5-8 it is
shown how these very simple model can

return liquid density estimates that
deviate from the experimental data as
much as different sets of data can deviate
between themselves (Table II). The
previously suggested reference system
CH4+C5H3+CosHss  was  selected  to
obtain the reported results. Viscosity
results obtained from this model shall be
presented during the meeting and
included on the journal version of this
paper.

Generally, good viscosity
predictions are obtained with the friction
theory. Larger errors are obtained for the
ternary system, as previously noted [1],
but we should remember that no mixture
information was used in either the EOS
or in the f-theory. The largest deviations
were again found for the lowest
temperatures, but at these temperatures
the PR EOS also showed the largest
deviations for the liquid densities. It is
thus expected that the viscosity
deviations might result from incorrect
values from the equation of state.
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Table I: Pure component viscosity and comparison with literature (mPa-s).

n-alkane  T/K  Exp. DIPPR[19]' Wakefield etal. [20]® Ducoulombier et al. [25] Cooper et al. [23] Vargaftik [21] AAD (%)’

293.2 0.8994 0.907 0.924 0.9151 0.907
303.2 0.7665 0.791
) 313.2 0.6659 0.691 0.696 2.99
m-Cioblz2 3735 05871 0.610
333.2 0.5224 0.543 0.546
343.2 04715 0.487
313.2 4.010 4.06 4.072
3232 3.195 3.26 3.259 506
n-CoHe 3332 2611 2.68 2.665 '
3432 2.171 2.23 2.220
3232 4.128
D-C22H46 333.2 3.342
3432 2.754
333.2 4477 4.23 4.32 451
n-CouHso 3432 3.666 o
AAD (%) * 3.01 3.51 3.77 1.77 1.74
"average of reported experimental values. ? interpolation of reported values at 328.16 and 338.16 K.

X

xmeasured exp

; 100
AAD (%) =
(%) » > .

n exp



Table II: Pure component liquid density and comparison with literature (Kg'm™).

n-alkane T/K Exp. DIPPR[19]' Dutouretal. [22] Vargaftik. [21] Cooper etal. [23] Aralaguppi et al. [24] AAD (%)

293.15 72882 729.84 729.9 729.95
303.15 72235 726.26 7222 722.5

n-CiHp 313.15 71475 71478 714.5 0.22
323.15 707.07  713.13 706.7
333.15 699.32  699.63 698.9
343.13 691.64  697.58 691.0
313.15 77513 775.89 775.6
323.15 768.33  769.17 769.0

n-CoHe 33315 76172 762.49 762.4 0.10
343.13  755.07  755.98 755.8

323.15 774.25 774.63
n-CooHye 333.15 767.67 768.45 0.10
343.13 761.12 762.24

33315 772.72 772.81 773.77
n-Caullso 34313 76624 766.25 766.66 0.05
AAD? (%) 0.24 0.10 0.07 0.15 0.02
x e - xex
" average of reported experimental values. > AAD (%) = 100 > 4 Tow
n

n exp



Table II1: Mixture viscosities (mPa-s).

Mixture x(1) x(@) 2932K 3032K 3132K 3232K 3332K 3432K
0.800 0.200  1.556 1.310 1.120 09685  0.8497  0.7537
0.602 0.398 2.008 1.679 1.422 1.226 1.067
n-CioHas (1) + n-CaoHaz (2) 0.500 0.500 2.395 1.951 1.662 1.415 1.230
0.400 0.600 2.378 1.957 1.684 1.440
0.201 0.799 3.145 2.582 2.203 1.863
0.799 0.201 1.474 1.237 1.042 09053  0.7811
0.600 0.400 2.050 1.711 1.454 1.264
n-C1oHas (1) + n-CaoHag (2) 0.500 0.500 2.623 2.184 1.842 1.578
0.400 0.600 2.926 2.426 2.042 1.736
0.200 0.800 3.174 2.607 2.338
0.800 0.200 1.481 1272 1.107  0.9662
0.601 0.399 2.093 1.777 1.530
n-C1oHas (1) + n-CaqHso (2) 0.501 0.499 2.540 2.128 1.812
0.400 0.600 3.108 2.589 2.179
0.203 0.797 4.260 3.471 2.890
0.801 0.099 1.429 1.203 1.033  0.8963  0.7886
0.600 0.200 1.985 1.662 1.414 1217
n-C1oHa (1) + n-CaoHar (2) + n-CaqHso (3)  0.504 0.248 2.364 2.001 1.691 1.451
0.201 0.399 3.559 2.940 2.448
0.000 0.500 4.134 3.334 2.750
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Table IV: Mixture liquid densities (Kgm™).

Mixture x(1) x(2) 293.15K 303.15K 313.15K 323.15K 333.15K 343.13K

0.800 0.200  748.59 741.43 734.23 726.82 719.47 712.13

0.602 0.398 75539 74834 74128  734.19  726.89
n-CioHas (1) + n-CaoHaz (2) 0.500 0.500 761.50 75451  747.44 74049  733.52
0.400 0.600 759.42 75246 74548  738.69
0.201 0.799 768.00  761.15 75434  747.66
0.799 0.201 744.68 73751 73024 72295  715.69
0.600 0.400 75374 74742 739.83  732.81
n-C1oHas (1) + n-CaoHag (2) 0.500 0.500 759.50  752.95  746.11  739.29
0.400 0.600 765.03  758.09 75129  744.17
0.200 0.800 767.13 76049  753.93
0.800 0.200 740.97 73376 72659  720.06
0.601 0.399 750.41 74273 735.89
n-C1oHas (1) + n-CaqHso (2) 0.501 0.499 75719 750.04 74222
0.400 0.600 763.04 75639  749.61
0.203 0.797 77216 765.65  759.08
0.801 0.099 74460 73737 730.11  722.87  715.55
0.600 0.200 753.40 74644 73930  732.32
n-C1oHa (1) + n-CaoHar (2) + n-CaqHso (3)  0.504 0.248 75936 75229 74540  738.08
0.201 0.399 766.45  759.88 75137
0.000 0.500 77431 76769  760.43

11
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Table V: Modeling results with pure component properties for the f-theory and the PR

EOS reported on table VI.
average absolute deviation (AAD) (%)
Mixture Viscosity Liquid density
f-theory CSmodel PR EOS CS model

n—C10H22 - n—C20H42 39 0.52 0.12
n-C10H22 — n-C22H46 4.4 0.43 0.15
n—C10H22 - Il—C24H50 3.8 0.37 0.21
n-C10H22 — n-C20H42 — n-C24H50 94 0.54 0.18
Average (all data points) 5.2 0.47 0.15

Table VI: Pure component properties used within the f-theory and the PR EOS.
n-alkane T.(K) P.(Pax10°) V. (m’mol'x10) o MW (Kg'mol'x 10%)
n-CioHy, 614.6 22.49 0.57326 0.49 142.285
n-CyoHy, 751.14 14.10 0.99043 0.865 282.554
n-CpHs4e 763.76 13.07 1.0624 0.963 310.607
n-Cr4Hsp  783.98 12.29 1.1334 1.032 338.661
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5. Conclusion

Three additional binary and one ternary n-alkane data are presented, increasing the
available experimental database for asymmetric systems. Comparison with pure
component data confirmed that our equipment is able to reproduce literature data with a
good accuracy.

The ternary mixture, n-C;oHz, + n-CyoHay + n-CpsHsp, was compared with the
analogous binary, n-CjoHy; + n-C;Hase. Results confirmed a previous work were
although the corresponding liquid densities are quite similar, the viscosity of the binary
mixture tends to be higher.

The friction theory, in combination with the Peng —Robinson equation of state,
and a corresponding states model were used to describe the measured data. After fitting
the pure component critical properties to improve the description of the liquid densities,
a good fit of the experimental viscosities resulted from the f-theory. Very good liquid
density results were obtained from the corresponding states model. Viscosity results
using this framework shall be presented during the meeting.
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