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Abstract. The evaluation of experimental data is based on the disclosure of 
essential information related to data measurement. A recent paper published in 
the journal Oil Shale presented experimental viscosity data on narrow boiling 
range fractions, prepared by distillation from a wide gasoline fraction of 
Kukersite oil shale pyrolysis oil (from an industrial plant). However, the article 
suffers from a deficiency of experimental description coupled with somewhat of 
an oversimplification of derivation of viscosity data from capillary viscometer 
measurements. Therefore, this addendum or short commentary supplemental 
article provides additional experimental information desirable for data 
evaluation and interpretation, along with corresponding corrections to the 
data.

Keywords: kukersite oil shale retort oil, straight run naphtha boiling range 
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Introduction

The present short paper is intended to complement the article by Baird et 
al. ˮViscosity data for kukersite shale gasoline fractionsˮ [1] (whose author 
list includes also the author of this paper) and provides missing experimental 
information related to the evaluation and interpretation of the data and viscosity 
estimation methods presented in the original article. The current paper 
also contains slightly corrected (refined) viscosity data based on additional 
information made available. Therefore, it is essential that this paper should be 
viewed as an addendum, rather than a stand-alone article.
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Supplement to subchapter 2.1. Sample preparation

Narrow boiling range fractions (distillation cuts) for viscosity measurements 
were prepared by distillation from a straight run naphtha boiling range 
fraction of Kukersite oil shale retort oil (pyrolysis oil from Galoter process 
[2, 3, 4]). The straight run naphtha boiling range fraction, or the so-called 
technical gasoline fraction (about 20% by weight of the total oil and with a 
molecular weight ranging from about 50 to about 150 g/mol), was separated 
by a fractional condensation of the total retort oil (with a molecular weight of 
about 50 to 900 g/mol [5, 6]) in the aboveground industrial plant. Technical 
gasoline fractions taken at two different times from the plant, which operated 
under the same plant regime, were used for sample preparation by distillation. 
The distillations to narrow boiling range fractions were performed at 
atmospheric pressure. One set of samples (from the technical fraction with 
a density of 0.78998 g/cm3 at 20 °C) was prepared using a simple batch 
distillation equipment (non-standard setup due larger glass flask/sample size, 
otherwise following the basic procedure of ASTM D86 [7, 8]). The second 
set of samples (from the technical fraction with a density of 0.79025 g/cm3 
at 20 °C) employed a batch rectification equipment (following the basic 
procedure of ASTM D2892 [9, 10]). A cooling temperature between about a 
few degrees and –10 °C was applied for sample collection to minimise the loss 
of volatiles. After preparation, the narrow boiling range samples were stored 
in an inert gas environment (in hermetically sealable sample bottles, closed 
in an inert gas glove-box) in a dark cabinet at room temperature or below 
to minimize sample aging. The narrow boiling point fractions were viewed 
as pseudocomponents and were characterised by average properties [11–14]. 
The “pseudo” concept is a simplified approach where a fraction with a narrow 
boiling range is viewed as a single substance.

Supplement to subchapter 2.2 Viscosity measurements 

The kinematic viscosity measurement setup, designed to measure the 
kinematic viscosity of one sample at a time, was constructed in-house. A 
Fungilab Cannon-Fenske routine capillary viscometer (size 25; recommended 
measurement range 0.5–2 cSt) with a manufacturer certificate (conversion 
factors at +40 °C and +100 °C for calculation of the kinematic viscosity 
directly from the flow time; stated viscometer expanded uncertainty of 
0.3%) was applied to measure the kinematic viscosity of Kukersite gasoline 
narrow boiling range fractions (fluids with Newtonian flow behaviour). The 
viscometer was filled at room temperature. The flow time of each sample was 
the generally average of 2–3 consecutive measurements. Flow time was taken 
manually with a digital stopwatch with a resolution of 10 ms (measurement 
uncertainty of 0.1 s, taking into account the human factor).
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To minimise chemical changes of the samples at elevated temperatures, 
the setup was supplemented by providing an inert gas environment above the 
capillary viscometer (nitrogen with a purity of 99.999% was used as an inert 
gas). For this, the same balloon (a common party balloon) was connected to 
both viscometer tubes (a capillary tube and a filling tube) using silicone tubes. 
The pressure, under which the measurements were performed, was therefore 
the sum of the atmospheric pressure and the pressure created by the balloon 
(ca 0.07 bar). It also allowed the silicone tubes to be closed (with clamps) near 
the viscometer tubes to minimize compositional changes due to evaporation 
during sample thermal equilibration periods.

Kinematic viscosity measurements were performed in the overall 
temperature range of from –10 to 160 °C. The highest measurement temperature 
for a particular sample was conventionally determined by the minimum flow 
time of about 200 seconds (about 20% lower than the value recommended 
by the manufacturer). The temperature control and measurement subsystem 
consisted of a glycerin-filled temperature-controlled bath. The bath was a 
glass vessel containing a cooling coil, a mixer, a heating element and two 
temperature measuring probes. The temperature of the bath was controlled 
by heating (temperature stability in the vicinity of the viscometer better than 
±0.1 °C, by Julabo temperature controller LC4) and the temperature in the 
vicinity of the viscometer was measured with a PT100 (standard uncertainty 
±0.1 °C; temperature recording resolution 0.01 °C). For the given test setup, 
the standard uncertainty of the kinematic viscosities measured was found to 
be ±0.2%. The performance of the viscosity measurement system was tested 
against distilled water and n-octane, which supported the uncertainty of 0.2%.

Considering the above, the supplementary commentary article provides 
slightly corrected kinematic viscosity data in Appendix. The kinematic 
viscosity data in Appendix (Tables A1 and A2) are derived using the 
temperature dependence of the viscometer conversion factor (determined 
from the manufacturer provided conversion factors at 40 °C and 100 °C). 
In the initial article [1], only the manufacturer provided conversion factor 
at 40 °C was used to derive kinematic viscosity data over the temperature 
range measured and therefore a systematic error larger than “The expanded 
uncertainty of the capillary viscometer was +/–0.3% [1]” was introduced.

Kinematic viscosity was converted to dynamic viscosity based on density 
data measured with a DMA 5000 M densiometer (Anton Paar GmbH, 
Switzerland). The density measurement temperature range for samples with 
a molecular weight greater than 100 g/mol (or specific gravity greater than 
0.76) was between 15.6 °C and 80 °C, but the measurement range for lighter 
fractions (i.e. the first three fractions) was shifted to a lower temperature. 
To find the density at the viscosity measurement temperature, a density 
temperature dependence equation (empirical equation) was derived from 
the data for each sample. The estimated standard uncertainty of the densities 
found by curve fitting was 0.0002 g/cm3. (For gasoline fractions, the estimated 
standard uncertainty of the densities measured was 0.0001 g/cm3 [15]).
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Supplement to subchapter 2.3. Other characterisation data

Different properties were measured/determined for pseudocomponents, 
i.e. fractions with a narrow boiling range obtained during distillation. In 
connection with the derivation of viscosity determination equations, number 
average molecular weight, carbon number, hydrogen-carbon ratio, density 
(as specific gravity) and refractive index (as refractive index parameter) 
could be highligthed from the measured properties of all fractions [11]. In 
addition, average boiling points were determined experimentally for all the 
fractions obtained by rectification. The average boiling point, a definition-
based property for pseudocomponent characterisation, was calculated for 
the rectification samples as arithmetic means of initial and final collecting 
temperatures (condensing temperatures) of the fractions with narrow boiling 
ranges during rectification (i.e. as arithmetic means of temperatures measured 
in the condenser by a K-type thermocouple, giving a standard uncertainty 
of these average boiling points of ±0.5 °C) [14, 16]. Note that neither the 
average boiling point nor the initial collecting temperature of the cut has a 
direct quantitative relation with the boiling point of the fraction, which is 
also a parameter applied in viscosity estimation methods [15, 17]. Note also 
that for some fractions obtained by rectification, the boiling points have been 
determined from measured vapor pressure curves as well [17]. For simple 
batch distillation narrow boiling range fractions, average boiling points were 
not given as the above approach is not reliable for simple batch distillation 
(more specifically, without an empirical correcting equation [11]), although 
the initial and final collecting temperatures of fractions were recorded [18].

Supplement to chapter 3. Results and discussion 

The viscosity temperature dependence of the measured samples follows well 
the Arrhenius-type behaviour (a two-parameter exponential equation known 
as Andrade viscosity equation [19]) over the temperature ranges measured. 
This linear relationship, when the natural logarithm of viscosity is plotted 
against the reciprocal value of the temperature, is illustrated in the Figure. 
It should be noted here that for several fractions, only the viscosity values 
at the highest measurement temperatures of these fractions slightly deviated 
from the straight line. Since this occurred randomly among the samples 
studied, these deviations were likely experimental artifacts caused by changes 
in the composition of the samples due to the more intense evaporation near 
the boiling point in these cases. Therefore, in general, the application of a 
three-parameter exponential equation (an Antoine-type correlation) or 
double-exponential equations (i.e. double-logarithmic regressions) could be 
considered as somewhat of an overcomplication of the analysis.

To develop easy to use empirical equations for estimating viscosity, 
the corresponding constants of Andrade’s equation or other more complex 
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empirical forms, which are applied to represent the variation of liquid viscosity 
upon temperature, can be given as a function of the properties/characteristics 
of the fraction (one or more properties/characteristics, which may include 
among others also viscosity at a certain temperature or combined/calculated 
properties such as the Watson characterisation factor or API gravity). There 
are several dozen regression equations that have been proposed to model 
viscosity of liquids, including petroleum fractions, from which to choose 
[19–22]. Conventionally, the best-fitting model with the simplest form (that 
adequately describes the change in viscosity with temperature) is chosen. 
When applying these empirical estimation methods (or evaluating their 
application), one should consider not only statistical evaluation parameters 
(for example, percent average absolute deviation), but also application-
specific recommendations and information, such as the application range and 
background information about the data used to develop these methods (type 
or family of compounds, number of data points, range and distribution of their 
values, etc.).

Note that due to the different separation efficiencies of simple distillation 
and rectification, these distillation methods give samples (narrow boiling 
range gasoline fractions) with somewhat different chemical composition and 
properties. Firstly, while the distribution of boiling temperatures of the fractions 
obtained by rectification is narrower and more like a Gaussian distribution, 
then the fractions obtained by simple distillation have a wider distribution of 
boiling temperatures and the shape is more skewed to the right [8, 15, 16]. 
Secondly, unlike fractions from simple distillation, there is no monotonic 
change in the so-called energy properties (such as density or refractive 
index [11, 13]) in the successive series of rectification fractions, because 

Figure. Natural logarithm of dynamic viscosity of rectification fractions 4, 12 and 15 
as a function of the reciprocal value of temperature. The coefficient, R-Squared, is 
shown as goodness-of-fit.
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different classes of compounds dominate the fractions as a result of separation 
efficiency. It is more dominant in the lower boiling fractions and levels off in 
the higher boiling fractions. Therefore, based on the above, empirical equation 
constants that are a function of more than one pseudocomponent’s property 
are in principle more appropriate, on the basis of improving the predictability 
of viscosity estimation [11, 13].
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Addendum to the article ˮViscosity data for kukersite shale gasoline fractionsˮ


