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The viscosities of three pentaerythritol tetraalkanoate ester base oils and one fully formulated lubricant were measured with an
oscillating piston viscometer in the overall temperature range from 275 K to 450 K with pressures up to 137 MPa. The alkanoates
were pentanoate, heptanoate, and nonanoate. Three sensing cylinders covering the combined viscosity range from 1 mPa-s to

100 mPa-s were calibrated with squalane. This required a re-correlation of a squalane viscosity data set in the literature that was
measured with a vibrating wire viscometer, with an estimated extended uncertainty of 2 %, because the squalane viscosity
formulations in the literature did not represent this data set within its experimental uncertainty. In addition, a new formulation for the
viscosity of squalane at atmospheric pressure was developed that represents experimental data from 169.5 K to 473 K within their
estimated uncertainty over a viscosity range of more than eleven orders of magnitude. The viscosity of squalane was measured over
the entire viscometer range, and the results were used together with the squalane correlations to develop accurate calibrating functions
for the instrument. The throughput of the instrument was tripled by a custom-developed LabVIEW application. The measured
viscosity data for the ester base oils and the fully formulated lubricant were tabulated and compared with literature data. An
unpublished viscosity data set for pentaerythritol tetrapentanoate measured in this laboratory in 2006 at atmospheric pressure from
253 K to 373 K agrees with the new data within their experimental uncertainty and confirms the deviations from the literature data.
The density data measured in this project for the three base oils deviate from the literature data in a way that is by sign and magnitude
consistent with the deviations of the viscosity data. This points to differences in the sample compositions as the most likely cause for
the deviations.
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1. Introduction

Lubricants are needed in many industries for numerous tribological applications [1] and viscosity is
their property of paramount importance [2]. A considerable chemical variety of lubricants exists [3], with
esters from natural fats and oils having been used for almost four millennia [4]. Boyde and Randles
summarized the various types of ester lubricants while Bohner et al. [5] focused on the little investigated
polyester liquids (until 1962). Interest in pentaerythritol-derived polyester lubricants was renewed with the
development of refrigeration and air-conditioning technology, when the transition from chlorinated
fluorocarbons (CFCs) to hydrofluorocarbons (HFCs) in the time frame 1995 to 2010 entailed the need for
new compressor lubricants, that were miscible with the HFCs and environmentally compatible [6-10].

In this project, the properties of three pentaerythritol tetraalkanoate esters and a fully formulated,
MIL-PRF-23699—qualified sample were investigated as aviation lubricants. Thermal decomposition
kinetics data and wide-ranging density data have been published previously [11, 12]. This paper reports
about the viscosity measurements that were carried out with an oscillating piston viscometer (OPV) in the
overall temperature range from 275 K to 450 K with pressures up to 137 MPa and in a viscosity range from
1 mPa-s to 100 mPa-s. Modifications of the instrument with regard to thermal insulation, calibration,
sample charging and pressurization, as well as automation and data acquisition are described.

This report continues with considerations of the molecular size, shape, and charge distribution of the
three pentaerythritol tetraalkanoate esters and the related consequences with respect to the macroscopic
properties of these compounds. The purity of the samples is also addressed. The viscometer is described
here in greater detail to explain the unconventional calibration with squalane that was performed in this
work. Comparisons of the measured viscosities with literature data for the three pentaerythritol
tetraalkanoate esters conclude the paper.

2. Sample Liquids
2.1  Molecular Considerations

Macroscopic thermophysical properties of engineering interest arise from molecular size, shape,
charge distribution, and polarizability. Thus, designing higher-performing lubricants requires an
understanding of the effects of these molecular features. For a long time, the relation between molecular
and macroscopic features was abstract and theoretical because molecular properties were rather
inaccessible. The acceleration of computational processing has lowered the barrier to perform molecular
mechanics and quantum chemical calculations. These give not only numerical results, but they also
generate improved visualizations of chemical compounds that facilitate an intuitively more realistic
understanding of the four features mentioned above for individual molecules as well as for the interactions
between like and unlike molecules. Beyond improved static views, computational molecular science has
made animations of molecular dynamics possible, which contribute to a much more realistic understanding
of the timescales of molecular processes.

We have integrated molecular views in our viscosity studies for more than a decade. They are
particularly valuable for more complex molecules such as those that were measured in this work. Figure 1
shows renderings of the three pentaerythritol tetraalkanoates: pentanoate (C2sH40s, POE-5), heptanoate
(Cs3HeoOs, POE-7), and nonanoate (C41H760s, POE-9). Their static shape resembles that of propellers with
blades of different lengths. The renderings are based on ab initio calculations that were performed for POE-
5 and POE-7 with density functional theory at the B3LYP (Becke, three-parameter, Lee-Yang-Parr) level
and with the 6-311++G** basis set [13]. For POE-9, the Hartree-Fock approximation with the 6-31G*
basis set was used to keep computing time on a laptop to within a day. The three molecules are shown as
electron density isosurfaces at a value of 0.002 electrons-au, with 1 atomic unit (au) = 0.05292 nm being

2 https://doi.org/10.6028/jres.124.002


https://doi.org/10.6028/jres.124.002
https://doi.org/10.6028/jres.124.002

Volume 124, Article No. 124002 (2019) https://doi.org/10.6028/jres.124.002
Journal of Research of the National Institute of Standards and Technology

the Bohr radius of hydrogen. At that electron density, this isosurface encloses more than 99 % of a
molecule. The dots on the isosurfaces (visible in magnified view) indicate inaccessible areas! that are not
available for molecular interactions [14]. The electrostatic potential has been color-mapped onto the
isosurfaces to indicate the local charge distribution in the molecules. The scale of the electrostatic potential
is from red (negative charge, -184.4 kJ-mol for POE-9) to blue (positive charge, 111.9 kJ-mol* for
POE-9). The double-bonded oxygens of the ester groups stand out as centers of negative charge. The
intensity of the red color indicates clearly that the oxygens in POE-5 are less polarized than those in POE-7
and POE-9. The difference of its electrostatic potential compared to the above quoted value of POE-9 is
+18.1 kJ-mol. Figure 1 shows three views of each molecule. Frontal views in the top row are flipped
forward in the middle row to show the flatness of the side aspects of the molecules and flipped forward
again to show the back sides of the molecules in the bottom row. Note the crosswise distribution of the
double-bonded oxygens on the front and on the back of the molecules. They can attract, at various
electrostatic strengths, positive partial charges on other molecules and may eventually form associations via
hydrogen bonds. Such attractions increase viscosities compared to nonpolar compounds. For instance, the
very polar water molecule (H20) is much smaller than the nonpolar decane (CioH22) molecule, but its
dynamic viscosity at 293.15 K and 0.1 MPa is 1.0016 mPa-s while that of decane is 0.91348 mPa:s
[15].The visualization of molecular charge distributions is a unique benefit of molecular mechanics and
quantum chemical calculations that is not available with other molecular modeling methods. It facilitates a
much more detailed understanding of the effects of local polarity that can influence macroscopic
thermophysical properties significantly even if a molecule as a whole has no dipole moment, which is the
conventional measure of polarity.

Besides the visualization, the ab initio (from first principles) calculations provide quantitative
information about the size and shape of the molecules. Table 1 lists surface areas, accessible surface areas,
volumes, and ovalities of the isoelectron density surfaces that are shown in Fig. 1. Ovality is the surface
area of an isoelectron density surface relative to the surface area of a sphere that has the same volume as
the isoelectron density surface. The value of these geometric data lies in their relation to steric interactions
between the molecules, providing estimates for close-packed densities that are of interest in free-volume
models of densities and viscosities, and length scale parameters that can be used in collision integrals to
estimate gas-phase transport properties.

Table 1. Calculated geometric properties of the isoelectron density surfaces of the pentaerythritol tetraalkanoate esters shown in Fig. 1.

Surface Area Accessible Surface Area Volume

Compound (nm?) (m?) (m?) Ovality
POE-5 5.7492 3.4914 0.55150 1.88
POE-7 7.2386 4.2604 0.68878 2.02
POE-9 8.8105 5.0857 0.84288 2.15

For completeness it is noted here that a visualization of molecular size, shape, and charge distribution
of the calibration liquid squalane (CsoHs2) Was contributed by one of us (A. L.) to the publication of Bair
and Yamaguchi [16].

1 A region on an electron density isosurface is designated as inaccessible if a sphere of radius 0.1 nm centered on a line normal to the
surface and touching a point in the middle of the region, impinges on any other regions of the surface.
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Fig. 1. Molecular size, shape, and charge distribution of the three base oils measured in this work. The color scale represents the
electrostatic potential ranging from red (negative charge, -184.4 kJ-mol™ for POE-9) to blue (positive charge, 111.9 kJ-mol™* for
POE-9). See text in Sec. 2.1 for more details. Top row: front view., Center row: side view. Bottom row: back view.
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2.2 Sample Preparation and Purity

The samples measured in this work were the same samples used for the density measurements [12, 17].
The liquids were provided by the Naval Air Systems Command (NAVAIR). Compositional analyses of the
sample liquids were performed at NIST Boulder with methods and results being presented in detail by
Urness et al. [11]. The base oils had purities of 96.7 % (POE-5), 97.3 % (POE-7), and 93.0 % (POE-9) by
mole.

The sample liquids were transferred into 300 mL stainless steel cylinders and degassed. We used the
“freeze-pump-thaw” cycling routine described by Outcalt [12] and in previous reports about viscosity
measurements [18-20]. For the viscosity measurements in this work, the sample cylinders were mounted
on the inlet of the thoroughly evacuated viscometer manifold and then samples were drawn into the
viscometer and charged into the high-pressure cell with the syringe pump. More details will be given in the
following sections.

We include in this report results of our earlier viscosity measurements on a POE-5 sample that was
provided to NIST in 2006 from a lubricant producer. This sample was analyzed at that time in our
Thermophysical Properties Division by gas chromatography and mass spectometry which detected one
minor impurity. Based on uncalibrated areas, the purity of the sample was estimated at 99 % by mole.

3.  Viscometer

The measurements were carried out with a commercial oscillating piston viscometer, the ViscoPro
2000 SPL-440, which was purchased from Cambridge Viscosity, Inc., in 2010.2 The instrument was
modified at NIST with regard to thermal insulation, calibration, sample charging, and pressurization, as
well as automation and data acquisition. Initial experiences and measurements of rocket propellant with the
viscometer were reported in a previous paper [21]. The current test stand is shown in Fig. 2. The instrument
uses a variant of the falling cylinder technique [2, 22], except that the motion of the sensing cylinder is not
unidirectional and driven by gravity, but alternating and driven by electromagnetic induction from two
magnetic coils. This electromagnetic drive of the oscillating sensing cylinder led some experimenters to use
the term “electromagnetic viscometer” for the instrument [23]. However, in developing a standard test
method for this viscometer, ASTM decided to use the more appropriate term “oscillating piston
viscometer,” because the viscosity is detected from the fluid dynamics around the alternating cylindrical
sensor [24]. For the same reason, vibrating wire viscometers are not called “electromagnetic viscometers,”
even though the vibration of the wire is initiated by electromagnetic induction. ASTM Standard Test
Method D7483 [24] covers only measurements at atmospheric pressure. No standard test method exists for
measurements with this viscometer at elevated temperatures and pressures. The present paper provides
guidance for such a standard test method because it reports about use of the viscometer in the widest range
of temperature and pressure explored to date. In line with the reference character of the present paper, it is
useful to quote other papers in which oscillating piston viscometers were used for measurements of a wide
variety of liquids and gases [21, 23, 25-61].

2 Certain commercial equipment, instruments, or materials are identified in this paper to describe materials and experimental
procedures adequately. Such identification does not imply endorsement by the National Institute of Standards and Technology (NIST),
nor does it imply that the particular product or equipment is necessarily the best available for the purpose.
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Fig. 2. View of the test stand with the oscillating piston viscometer (® above the drawers of the work bench) and the vacuum system @, sample cylinder ®, circulator ®, and syringe pump ®.
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3.1 Calibration with Squalane

For the lubricants measured in this project, three sensing cylinders were used in the viscosity ranges
(1-20) mPa-s, (2.5-50) mPa-s, and (5-100) mPa-s. Since these sensors had not been used at NIST
previously, they had to be calibrated. Squalane (CsoHes) Was chosen as the reference liquid because its
viscosity had been characterized recently in an international effort. The calibration required viscosity
measurements of squalane with all three sensors in addition to the lubricant measurements. The results of
the international efforts were summarized in two papers. Mylona et al. [62] published two reference
correlations for the viscosity of squalane, one formulated in terms of temperature and density and one
formulated in terms of temperature and pressure. Schmidt et al. [63] published a third reference correlation
in terms of temperature and pressure and an additional viscosity data set that was measured at Imperial
College (IC), London (UK) with a vibrating wire viscometer in the temperature range from 338.2 K to
473 K with pressures up to 200 MPa. This data set is the only one that overlaps with the temperature and
pressure range of the viscometer used at NIST. It is therefore essential for the calibration of the three
sensors. Unfortunately, it was found that none of the three reference correlations [62, 63] represents the IC
data set within its estimated expanded uncertainty of 2 % [63]. Rather, the combined range of deviations
from the three correlations is from —7.8 % to +7.4 %. If these correlations were used for viscometer
calibrations with squalane, systematic errors of that magnitude would be propagated into other
measurements. To avoid such compromising of the uncertainty of our measurements, a new correlation of
the IC data set had to be developed in this project to represent these data within their quoted uncertainty of
2 %.

The correlation of the IC viscosity data set started with thermodynamic scaling, an approach that was
not pursued in the formulation of the three previous correlations [62, 63] but that has been successfully
implemented in many viscosity representations for compressed liquids over wide ranges of temperature,
pressure, and viscosity [64, 65]. Thermodynamic scaling is based on the insight that the relationships
between any three thermophysical properties of monodisperse particles reduce from three-dimensional
surfaces to two-dimensional lines if the particles interact only by repulsive forces. Ashurst and Hoover [66]
were the first to point out this insight for viscosity and showed that the viscosity of the purely repulsive soft
sphere potential can be expressed as a monovariate function of the parameter (T/p”), defined with the
absolute temperature T, density o, and the exponent y, which is directly related to the strength of the
repulsive potential. In 2012, Fomin et al. gave an empirical monovariate formulation for the viscosity of
soft spheres in terms of this parameter [67].

The viscosity representation of the IC data set was formulated initially in terms of the parameter
(T/p7). In a manual process guided by experience and trial it turned out that the parameter required
temperature shift terms in order to correlate the IC data set. The final formulation in terms of reduced
temperature and reduced density is

Tl +a;
0
¢=——"-T7, 1)

(g)a2+a3T—0
Qo

with the reference temperature To = 273.15 K, the reference density go = 826.0088 kg-m at Tp and a
pressure of 10 MPa, and the adjusted parameters a; = -0.6898, a, = 14.6818, and az = -3.3466. The
viscosity of the IC data set is obtained from

b,
= -_— 2
n =g exp {bl + Ot (p)m}' (2)
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with the dimensioning factor 7o = 1 mPa-s and the parameters by, = -2.5214, b, = 4.2516, b; = -0.1209, and
ba =0.3598. The IC viscosity data set is represented by this formulation with an average and standard
deviation of (0.39 + 1.0) %, a maximum positive deviation of 2.5 %, and a maximum negative deviation of
-2.4 %. A more detailed view of the performance of the formulation on each of the seven isotherms is
shown in the deviation plot in Fig. 3. Only two deviation points are outside the estimated expanded
uncertainty band of +2 % of the IC data set. Thus, the correlation represents the IC data set consistently and
qualifies to provide reference data for calibrations of viscometers. It was used in this work to calibrate the
measurements with the oscillating piston viscometer at temperatures of 340 K and above. Densities as input
for Eq. (1) were calculated from the measured temperatures and pressures with the modified Tait-equation
reported by Schmidt et al. [63]. At temperatures below 340 K, the squalane viscosity correlation in terms of
temperature and pressure by Mylona et al. [62] was used for the calibrations.

100 ((7exp/Meorr) = 1)
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Fig. 3. Deviations of the experimental squalane viscosity data reported in Schmidt et al. [63] from values calculated with the
formulation developed in this work, Eq. (1) and Eq. (2). Lines are drawn to aid the viewer to discern the isotherms.

The viscosity of squalane at atmospheric pressure has not only been measured frequently since 1957,
but also over a very wide viscosity range. In their rheometric measurements of subcooled liquids to a
lowest temperature of 169.5 K, Deegan et al. [68] reached a viscosity of 3.740x10% mPa-s for squalane.
This data set was not mentioned in the analyses of Mylona et al. [62] nor those of Schmidt et al. [63]. It was
obtained in this work from the authors and combined with the USC Stabinger data set of Comufias et al.
[69] and the IC data set reported by Schmidt et al. [63] after extrapolating each isotherm back to
0.1 MPa. The following temperature function was developed to represent these viscosity data within their
estimated expanded experimental uncertainties
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1T + T3 +c3T? + ¢y T, + cs} 3

=1 ex
Mo = To p{ T3+ceT? + c; T, + cg

Here, subscript 0.1 indicates the viscosity at 0.1 MPa. The reduced temperature is defined as in Eq.
(1), T, = T/Ty, as is the dimensioning factor 7, = 1 mPa-s. The adjusted parameter values for c; are given in
Table 2.

Table 2. Values of the parameters ¢; in Eq. (3).

i Ci i Ci

1 —0.7816 5 1.8224
2 0.8992 6 —2.0234
3 2.3825 7 1.4502
4 —3.9330 8 —0.3448

The data of Deegan et al. [68] are represented by Eq. (3) within —6.2 % and 9.1 %. The deviations of
the USC Stabinger data set of Comufias et al. [69] range from —0.34 % and 0.48 %, and those of the IC data
set reported by Schmidt et al. [63] vary between —2.7 % and 0.26 %. With this performance over more than
11 orders of magnitude in viscosity, Eq. (3) provides viscosity information over an exceptionally wide
range, which will be useful for future developments. For instance, it might be incorporated as the
atmospheric pressure contribution into a wide-ranging formulation for the viscosity of squalane that
represents all experimental data, including those to gigapascal pressures by Bair et al. [70]. Figure 4 shows
also that Eqg. (3) represents the data more accurately than the viscosity correlations at 0.1 MPa by Mylona et
al. [62] and by Schmidt et al. [63].

The squalane sample was obtained from a commercial source and analyzed at NIST with gas
chromatography (GC) and mass spectrometry (MS) detection. The purity was determined to be greater than
99.1 % by mole from the uncalibrated raw area percent for an average of two repeat injections. The
combined uncertainty was 0.5 %. The impurities were not identified by standards but were other branched
and linear long-chain paraffins. For use in the viscometer, the squalane was transferred to a 300 mL
stainless-steel cylinder and degassed by “freeze-pump-thaw” cycling as described above in Sec. 2.2.

In total, 715 viscosity data points were measured with all three sensing pistons for the calibration
liquid squalane from 277 K to 450 K with pressures to 137 MPa. In an ad hoc approach, calibration
functions in terms of pressure were obtained at each measured temperature. Reference viscosities were
calculated from the VVogel-Fulcher-Tammann (VFT) correlation of Mylona et al. [62] at temperatures
below 340 K, and the correlation in Eq. (1) and in Eq. (2) of the IC data set that was developed in this work
at temperatures above 340 K. The VFT correlation of Mylona et al. [62] represents the experimental data of
other laboratories within £3 %, and the correlation of the IC data set represents these data within their
quoted uncertainty of 2 %. For each isotherm of the squalane measurements with a certain sensing piston,
the deviations of the measured squalane viscosities from the reference squalane viscosities were correlated
empirically as polynomials in terms of pressure, and these deviation polynomials were applied to correct
the measured viscosities of the four sample liquids on the same isotherms.
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Fig. 4. Deviations of the experimental squalane viscosity data from values calculated with the wide-range viscosity-temperature
correlation at 0.1 MPa from Eq. (3). Lines are drawn to aid the viewer to discern trends. Also shown are the deviations of the previous
correlations by Mylona et al. [62] and by Schmidt et al. [63] from the new correlation.

3.2 Experimental Setup and Procedure

Figure 2 shows the experimental setup with the vacuum system, the sample cylinder mount, the
circulator, the syringe pump, and the viscometer. The tubular cell containing the sample and a viscosity
sensing cylinder is rated to 20,000 psia (pounds per square inch absolute) or 137 MPa. The temperature of
the cell can be set and controlled between 270 K and 450 K with polydimethylsiloxane heat transfer liquid
that is pumped from the small laboratory circulator through a thermal jacket around the high-pressure cell.
The temperature of the tubular cell is measured with a commercial 100 Q platinum resistance temperature
detector (RTD) that was calibrated and mounted on the outside of the pressure vessel by the manufacturer.
The RTD is in a sealed space and cannot be removed from the pressure vessel to check its calibration. The
manufacturer-quoted uncertainty of the temperature measurement is 0.1 K. This uncertainty component
contributes at most an uncertainty of 0.47 % to the present measurements of the viscosity of POE-9 at
290 K and 4.8 MPa where the maximum gradient (077/0T), occurred.

The pressure in the viscometer is generated with a high-pressure syringe pump rated to 137 MPa with
a maximum sample volume of 65 mL. Pressure was measured with a commercial transducer rated to
207 MPa with a full-scale uncertainty of 0.05 % or 0.1035 MPa. Prior to this project, the transducer
calibration had been checked with a primary pressure balance at 55.2 MPa, 41.4 MPa, 27.6 MPa and
13.8 MPa, and the highest deviation was —0.17 % at the lowest calibration pressure, as opposed to 0.8 %
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based on the full-scale uncertainty. This uncertainty component contributes negligibly to the present
measurements, because the gradients (077/0p)r are rather flat for compressed liquids.

After degassing, sample cylinders were mounted on the inlet of the viscometer manifold, and the entire
manifold was evacuated with the mechanical pump and with the diffusion pump. The piston of the syringe
pump was cycled during the vacuum pumping to remove residues on the walls of the syringe pump
cylinder. With the syringe pump piston at the top position, the vacuum system was valved off, and the
sample cylinder valve was opened. Sample liquid was drawn into the syringe pump cylinder until its
volume of 65 mL was filled. After closing the sample cylinder valve, the valve between the syringe pump
and the high-pressure cell was opened and sample was pumped into the viscometer manifold until it began
to drain from the outlet of the manifold. Then, pumping was stopped, the outlet valve was closed, and the
measurement of an isotherm commenced. Customized LabVIEW software was used to program the
circulator to the desired temperature, to set the appropriate equilibration time and the desired pressures, and
to set the measurement duration at each pressure.

In the beginning of the project, viscosity data acquisition and scheduling were performed with software
from the viscometer manufacturer. This was supplemented by a custom-developed LabVIEW utility that
was adapted from the automated vibrating-tube densimeter [71] to control and schedule the pressures to be
generated by the high-pressure syringe pump. The manufacturer software became increasingly unreliable
during the measurement campaign, with more and more frequent crashes, and associated data losses and
time losses requiring measurement series to be repeated. The software had also very limited capabilities to
schedule the viscometer outside regular business hours. These problems were thoroughly eliminated by
replacing the manufacturer software with a sophisticated custom-developed LabVIEW virtual instrument
(V1) that included all the capabilities for an efficient, accurate, and automated operation of the viscometer
based on our operational experiences. This LabVIEW VI accelerated the viscometer throughput by a factor
of three so that three isotherms could be measured to 137 MPa per day. Due to its agility, the LabVIEW VI
provides much more transparency of the internal viscometer state to the user. For instance, the presence of
sample liquid or solvent in the viscometer cell is indicated when the RTD registers a corresponding
temperature change. Figure 5 shows the front panel of the LabVVIEW VI for an entire isotherm. The
custom-developed LabVVIEW VI can be obtained from coauthor Damian Lauria upon reasonable request.

The viscosity measurements were carried out in the sequence POE-9, squalane, POE-7, squalane,
POE-5, MIL-PRF-23699—qualified sample, squalane, with extensive rinsing of the viscometer in between
each sample. The solvent was a mixture of hexane isomers. During the rinsing, the high-pressure cell was
set to 35 °C. The volume of rinsing solvent was at least 300 mL, which provided for 4.6 fillings of the
cylinder of the high-pressure syringe pump. The internal volume of the high pressure cell is approximately
8 mL, and the volume of the remaining parts of the viscometer manifold is approximately 5 mL. Thus, the
solvent volume was sufficient to rinse the viscometer volume several times over.

The MIL-PRF-23699—qualified sample was measured last because previous in-house density
measurements found the sample was difficult to handle and remove from measurement equipment. [12].
During the viscosity measurements, it was observed that the MIL-PRF-23699—qualified sample diffused
through the polytetrafluoroethylene tape seals on the top and the bottom of the sample cylinder as these
showed the brown color of the sample liquid after a few days. In addition, after the measurements of the
MIL-PRF-23699—qualified sample, it was observed that the solvent hexanes (a mixture of hexane isomers)
was not miscible with that sample. Therefore, the viscometer was rinsed in addition with dodecane and then
again with hexanes. Despite the more extensive rinsing with two solvents, the following repeat squalane
calibration measurements at 360 K and 370 K with the sensing piston (5-100) mPa-s turned out to be
invalid and could not be repeated again within the duration of the project. Therefore, it was not possible to
report calibrated viscosity data from measurements with this piston at these two temperatures. When results
are reported at these two temperatures they were obtained with one of the other two sensing pistons.
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3.3 Data Analysis

As an example for the 1942 measurements that were carried out in this work on the four lubricants and
squalane and to illustrate the data analysis that was applied to each such record, Fig. 6 shows the graphical
record of the measurement of the MIL-PRF-23699—qualified sample at 370 K with the sensing piston (5-
100) mPa-s from 0.083 MPa to 137.31 MPa. Raw viscosity (green dots) was derived from the measured
cycling period of the sensing piston. Pressure corrected viscosity (blue dots) was obtained from raw
viscosity by applying proprietary correction functions from the manufacturer for thermal expansion and
pressure effects on the geometry of the cell and the sensing pistons. The green and blue dots exhibit two
phenomena. The first is a slow equilibration to the next pressure at low pressures which becomes sharper
with increasing pressures. This is due to the decreasing compressibility of the liquid with increasing
pressure. The variable equilibration time requires averaging the recorded viscosity over a variable time
interval during the data analysis. The second phenomenon is the scattering of the viscosity recordings at
constant pressures, which varied in strength and can be much greater than shown in Fig. 6. The cause of
this seemingly random scatter could not be determined unequivocally. It is suspected to result from
interferences from magnetics research that is conducted in the same laboratory building. Nevertheless, the
scatter could be filtered so that it did not deteriorate the reproducibility of the measurements. To assure the
highest possible data quality, this manual inspection and data analysis was processed for all 1942
experimental records. The trace in Fig. 5 shows an experimental record with very little scattering, which is
typical for about half of the measurements.

4. Results

The viscosity measurement results for the lubricants are reported in Tables 3 to 6 in the sequence in
which they were measured both with respect to the sample liquids as well as with respect to the
temperatures. The listed temperatures Tqo, pressures p, and viscosities 7 are averages over the durations of
the measurements, as shown in the examples of Figs. 5 and 6. The standard deviations sr, sp, and s, /77 are
given to indicate the repeatability of the measurements as a component towards their uncertainty which will
be assessed below. In total, 368 data points were measured for POE-9, of which 196 are reported in Table
3. Due to solidification of the sample, the lowest temperature of these measurements was limited to 290 K.
In total, 407 data points were measured for POE-7, of which 281 are reported in Table 4. The lowest
temperature of these data is 280 K. In total, 407 data points were measured for POE-5, of which 268 are
reported in Table 5. The lowest temperature of these data is 275 K. In total, 300 data points were measured
for the MIL-PRF-23699—qualified sample of which 202 are reported in Table 6. The lowest temperature of
these data is 290 K. The number of measured and reported data points varies from sample to sample due to
the variation of their viscosities, while the experimental viscosity range of the instrument was fixed
between 1 mPa-s and 100 mPa-s. POE-9 has the highest viscosity because, as Fig. 1 shows, it is the largest
and most complex molecule with strong interlocking possibilities of the nonanoate side chains. As the
length of these side chains decreases from POE-9 to POE-7 and POE-5, so decreases the viscosity of the
compounds. The viscosity data of the MIL-PRF-23699—qualified sample are of the most practical interest.
They are shown in Fig. 7 as a function of pressure. Comparisons of these data showed that the viscosity of
the MIL-PRF-23699—qualified sample is approximately 10 % higher than that of POE-7 at pressures below
50 MPa, while it increases faster with increasing temperature and pressure, eventually exceeding the POE-7
viscosity by up to 55 % at 450 K and 137 MPa. Compared to the viscosity of POE-9 it was approximately
20 % lower across all temperatures and pressures of the present investigation.
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While the calibration with squalane ensures the mutual consistency of the measurements with the three
sensing pistons within +3 % below 340 K and within +2 % above 340 K, it is difficult to rigorously assess
the total expanded estimated uncertainty of the viscosity measurements with this instrument. This would
require an in-depth analysis of the fluid mechanics and secondary flows around the alternating sensing
pistons as was done for falling body viscometers by Schaschke et al. [72]. Next, it would be necessary to
derive the working equation that relates the period of the piston alternation to the viscosity of the sample,
taking into account the effect of thermal expansion and of sample compression on the viscometer tube and
the sensing pistons. Absent such analysis, and based on our experience with falling body viscometers [18,
19], the expanded uncertainty of the present measurements is estimated conservatively from 5 % at
atmospheric pressure to 10 % at the maximum pressure of 137 MPa. More clues will be learned in the next
section, where the present results are compared with experimental viscosity data from other investigations.

5. Comparison with Other Measurements

Literature data could only be found for the three pure polyolesters measured in this work. Bohner et al.
[5] reported for each of them two viscosity points at 310.93 K and 372.04 K at atmospheric pressure
without specifying the purity of the samples. The uncertainty of the viscosity data can be inferred from
ASTM D445-53T Standard Test Method for Kinematic Viscosity of Transparent and Opaque Liquids (and
Calculation of Dynamic Viscosity), which was followed by Bohner et al. Kishore and Shohba [73] reported
for all three compounds Newtonian viscosities from 300 K to 410 K that were obtained at atmospheric
pressure with a rotational rheometer by extrapolation to zero shear. They estimated an uncertainty of 2.5 %
for their results. The purity of their samples was not quantified. Wahlstrém and VVamling [7] reported three
viscosity data for POE-5 that were determined, also at atmospheric pressure, with an Ubbelohde-type
gravitational capillary viscometer. The uncertainty was quoted as smaller than 2 % and the purity of the
sample was quoted as higher than 95 %. Pensado et al. reported measurement results with a rolling-sphere
viscometer at temperatures from 303.15 K to 353.15 K and pressures from 0.1 MPa to 60 MPa. The
uncertainty of the viscosities was quoted as 3 %. The first paper [8] contained the results for a self-
synthesized POE-9 sample the purity of which was estimated to be higher than 95 %. The second paper [9]
contained the viscosity data for POE-5 and POE-7. The POE-5 and POE-7 samples were the same that
Fandifio et al. [74] had prepared for density measurements with an estimated purity of higher than 95 %.
Pensado et al. reported in both papers viscosity formulations in terms of temperature and pressure that
represented their experimental results within their estimated experimental uncertainty. These formulations
are used in the following comparisons of the various data sets as lines of reference.

Another set included in the comparison is a viscosity data set on a POE-5 sample that was mentioned
in Sec. 2.2 and measured in our laboratory in 2006. The temperature range was from 253.15 K to 373.15 K
at the atmospheric pressure of 0.08235 MPa in Boulder, Colorado, USA. The instrument was a first-
generation rotating concentric cylinder viscometer. The performance of a second generation device of this
type, which could be calibrated to a viscosity as low as 0.6 mPa-s, was quantified in detail in our
publication of 2012 [75]. Our extensive comparisons with certified viscosity reference standards revealed a
deteriorating performance of the first-generation instrument below 4 mPa-s. Based on these performance
verifications, we assigned to the POE-5 experimental viscosity data in Table 7 an expanded estimated
uncertainty of 1 % at viscosities above 4 mPa-s and 2 % below.

Percent deviations of the POE-viscosity data measured in this work and tabulated in Tables 3 to 5 from
values calculated with the viscosity formulations by Pensado et al. [8, 9] are shown as a function of
pressure in Figs. 8 to 10. The pattern of the deviations is similar for all three POEs. They are systematically
lower than the correlations at low pressures and spread between —5.7 % at 320 K and —23.5 % at 430 K for
POE-5, between —0.4 % at 280 K and —16 % at 340 K for POE-7, and between —6.6 % at 320 K and
15.7 % at 290 K for POE-9. The deviations exhibit a strong fanning out with increasing pressure and range
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at 137 MPa from —21 % at 330 K to 52 % at 430 K for POE-5, from —34 % at 330 K to 80 % at 450 K for
POE-7, and from —31 % at 330 K to 45 % at 450 K for POE-9. The magnitude of these deviations may be
disconcerting but they can be rationalized straight forwardly for a number of reasons. The formulations of
Pensado et al. [8, 9] were based on their experimental data in the temperature range from 303.15 K to
353.15 K with pressures from 0.1 MPa to 60 MPa. These are both considerably smaller than the combined
range of the measurements carried out in the present study from 275 K to 450 K with pressures up to

137 MPa. Furthermore, Pensado et al. incorporated an exponential Vogel-Fulcher-Tammann (VFT) term to
represent the viscosity-temperature dependence of their data. Thus, comparing the present measurement
results with the formulations involves significant extrapolations beyond the range of their data basis. The
convex VFT-temperature function is known to fail when extrapolated because of the strong viscosity-
temperature dependence of liquids. The comparisons for the three base oils show that it overpredicts their
viscosities when extrapolated to lower temperatures and underpredicts them when extrapolated to higher
temperatures.

This behavior is confirmed in Fig. 11, which shows a comparison of POE-5 viscosities at near-
atmospheric pressure as a function of temperature. The data of Pensado et al. [9] deviate between —1.7 %
and 2.3 % from their formulation. The two data points of Bohner et al. [5] are both —5 % lower, while the
three values of Wahlstrom and VVamling [7] are between 1.9 % and 2.9 % higher. The data series of Kishore
and Shohba [73] exhibits strong scatter with mostly negative deviations. The measurements of Laesecke
and Morrison of 2006 deviate systematically from 46 % at 253.15 K to a minimum of 6.2 % at 313.15 K
and 323.15 K, followed by a further increase to 12.4 % at 373.15 K. This trend of the deviations is typical
for the viscosity overprediction by the formulation below 303.15 K and the underprediction above
353.15 K. The systematic offset of —6 % is likely due to differences in sample compositions as will be
discussed below. Figure 11 shows that the deviations of the low-pressure viscosities measured in the
present study with the oscillating piston viscometer for POE-5 are consistent with those of the data
measured by Laesecke and Morrison in 2006 with a different viscometer and a different sample. The values
agree within their estimated experimental uncertainty from 275 K to 330 K but are systematically lower
from 340 K to 430 K where a different sensing piston was employed. Thus, part of this offset may result
from differences in the manufacturer calibrations of the two sensing pistons.

The two POE-5 measurements that were carried out in this laboratory years apart and on different
samples agree in the systematic negative offset of our results for all three base oils from the formulations of
Pensado et al. [8, 9]. In our view, these differences are due to differences in sample compositions. In our
previous measurements of two lots of a perfluoropolyether oil at ambient pressure [76], we found
differences in density between 0.08 % and 0.14 % while the measured viscosities of the two lots differed
between 7.5 % and 15 %. The density measurements that were conducted during this project in our
laboratory on the same base oil samples as the viscosity measurements are between 0.4 % and 0.7 %
systematically lower than the density measurements that were conducted on the samples that Pensado et al.
used for their viscosity measurements [12]. These density deviations are by sign and magnitude consistent
with the deviations of our viscosity measurements from those of Pensado et al. [8, 9]. As we have found for
ionic liquids [77] and with perfluoropolyether oils [76], our experiences with the pentaerythritol esters in
this work suggest that many deviations between viscosity data for liquids in the literature may be due to
differences in sample compositions that were not analyzed and/or not reported because their relevance on
viscosity was not recognized adequately.
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6. Concluding Remarks

This work reports about comprehensive viscosity measurements of three pentaerythritol tetraalkanoate
esters and one MIL-PRF-23699—qualified lubricant in the compressed liquid state at temperatures from
275 K to 450 K with pressures to 137 MPa and in the viscosity range from 1 mPa-s to 100 mPa-s.
According to our knowledge, this is the widest temperature and pressure range in which an oscillating
piston viscometer has been used so far. Therefore, our experiences and results provide orientation and
guidance for other users of this metrology and for extending the current ASTM Standard Test method for
this instrument to higher than atmospheric pressures.

As with most viscometers, the viscosity range of the oscillating piston method is tied to the geometry
of the flow impedance, i.e., the size of the annular gap between the piston surface and the inner wall of the
high-pressure cell. Sensing pistons with three outer diameters were needed in our measurements for the
viscosity range from 1 mPa-s to 100 mPa-s. Each sensor change required the removal of the sample from
the high-pressure cell, removal of the high-pressure cell from the insulating enclosure, opening of the high-
pressure cell to exchange the sensing piston, re-assembly in the reverse sequence, completion of a high-
temperature leak test of the thermal jacket, evacuation of the high-pressure cell and downstream manifold,
and reloading of the sample liquid into the viscometer manifold for continued measurements. Besides being
inconvenient and time-consuming, this procedure bears the risk of sample contamination. Obviously, a
viscosity sensor with a wider viscosity range would be advantageous to avoid these problems. The
torsionally vibrating quartz sensor (TVQ) offers two distinct advantages from which our measurements
would have benefitted considerably [20]. First, the TVQ sensor can probe three orders of magnitude in
viscosity, so that no sensor exchange would be needed. Second, the TVQ sensor is routinely used for
absolute measurements which would have negated the need for extensive calibration measurements of
squalane that were required for this project. Clearly, developing the TVQ sensor to further maturity will
meet the numerous measurement needs in science and industry with higher accuracy and shorter
measurement durations, i.e., higher productivity.

The existence of these measurement needs is beyond dispute. They are indicated here in the
comparison of our experimental data with extrapolations of the viscosity formulations established by
Pensado et al. [8, 9] to represent their narrower range in viscosity measurements of the POE base oils. The
formulations turned out to be unsuitable for extrapolation beyond the temperature range of their
experimental data base, particularly to lower temperatures, and to the higher pressures of our experimental
data. The formulations of Pensado et al. include a Tait-like term for the viscosity-pressure dependence,
which is considered well behaved for that relationship. Despite that, the extrapolations were not successful.
Had the formulations included free-volume terms, the extrapolations would have been much worse [18]. As
long as the current viscosity models for liquids are not improved significantly, the need for measurements
will remain unabated. Neither will it be reduced by advances of ab initio quantum-chemical calculations of
potential energy surfaces and the subsequent calculation of viscosities in the limit of zero density. Such
calculations did indeed supersede the accuracy of measurements, but only for small molecules of spherical
shape such as noble gases, (see Ref. [78] and references therein), or simple structures up to propane [79] or
carbon dioxide [80] and in dilute gas states. Quantitative calculations of the properties of liquids with
complex molecular structures, such as studied in this work, are not yet within reach of ab initio methods.
Measurements will remain the primary path to knowledge in the foreseeable future [81].
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7. Appendix

Tables 3 to 7 list the experimental viscosity data that were measured in this project.

Table 3. Experimental viscosity data for POE-9 measured in this project at temperatures from 289.89 K to 450.13 K with pressures to
137.70 MPa.

Too St p Sp n syln
(K) (K) (MPa) (MPa) (mPa-s) (%)
300.11 0.01 0.025 0.004 48.73 0.4
300.11 0.01 0.839 0.007 49.65 0.3
300.12 0.01 4.823 0.007 53.24 0.2
300.12 0.01 9.810 0.006 58.37 0.3
300.13 0.01 19.819 0.007 69.18 0.2
300.12 0.01 29.860 0.007 81.03 0.3
300.12 0.01 39.886 0.007 94.35 0.2
289.89 0.01 0.181 0.012 80.78 0.3
289.94 0.02 4.824 0.005 88.09 0.2
295.07 0.01 0.317 0.007 64.31 0.4
295.09 0.01 4.819 0.005 69.57 0.2
295.10 0.01 9.819 0.007 75.97 0.2
295.10 0.01 19.375 0.009 89.09 0.1
305.03 0.01 0.150 0.006 39.43 0.5
305.04 0.01 4.820 0.005 42.77 0.3
305.06 0.01 9.813 0.006 46.85 0.6
305.08 0.01 19.822 0.006 55.39 0.5
305.10 0.02 29.825 0.006 64.80 0.3
305.10 0.01 39.849 0.006 75.62 1.0
305.09 0.01 49.881 0.009 87.16 0.3
309.97 0.01 0.446 0.009 31.64 0.2
310.00 0.01 4,788 0.005 34.03 0.5
310.02 0.01 9.777 0.006 37.20 0.4
310.03 0.01 19.788 0.007 44.05 0.3
310.04 0.01 29.801 0.008 51.60 0.3
310.05 0.01 39.811 0.007 60.01 0.4
310.06 0.01 49.841 0.010 69.26 0.2
310.06 0.01 49.888 0.006 69.29 0.4
310.06 0.01 59.913 0.005 79.60 0.2
310.06 0.01 69.950 0.005 91.10 0.4
320.05 0.02 0.313 0.006 22.69 0.6
320.07 0.01 4.806 0.005 24.29 0.2
320.08 0.02 9.798 0.006 26.28 0.4
320.08 0.01 19.810 0.007 30.44 0.3
320.09 0.01 29.826 0.004 34.93 0.3
320.09 0.01 39.856 0.007 40.28 0.3
320.10 0.01 49.892 0.006 46.45 0.4
320.10 0.01 59.935 0.007 53.08 0.2
320.10 0.01 69.999 0.009 60.44 0.2
320.10 0.01 80.053 0.007 68.41 0.2
320.11 0.01 90.112 0.007 77.19 0.2
320.10 0.01 100.180 0.007 86.85 0.2
320.10 0.01 110.255 0.008 97.30 0.2
330.11 0.01 0.344 0.005 15.87 0.2
330.10 0.01 4.805 0.006 17.04 0.6
330.10 0.01 9.814 0.006 18.40 0.6
330.12 0.01 19.817 0.006 21.30 0.5
330.14 0.02 29.836 0.006 24.34 0.2
330.17 0.02 39.836 0.007 27.62 0.3
330.19 0.01 49.849 0.005 31.33 0.2
330.20 0.01 59.876 0.006 35.36 0.6
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Too St p Sp n syl
(K) (K) (MPa) (MPa) (mPa-s) (%)
330.20 0.02 70.179 0.007 40.23 0.5
330.21 0.02 79.996 0.006 45.58 0.3
330.22 0.02 90.052 0.006 51.35 0.3
330.23 0.01 100.117 0.005 57.48 0.2
330.23 0.02 110.184 0.009 64.23 0.2
330.23 0.02 120.265 0.005 7172 0.3
330.24 0.01 130.340 0.007 79.87 0.1
330.23 0.02 137.405 0.009 86.05 0.1
340.06 0.01 1.367 0.005 11.72 1.0
340.08 0.01 4.748 0.005 12.31 0.8
340.10 0.01 9.759 0.005 13.25 0.8
340.10 0.01 19.772 0.005 15.30 1.0
340.11 0.02 29.782 0.005 17.50 0.6
340.12 0.01 39.806 0.007 19.94 0.5
340.13 0.01 49.829 0.006 22.61 0.4
340.13 0.01 59.878 0.004 25.48 0.4
340.14 0.02 69.918 0.006 28.55 0.4
340.14 0.02 79.978 0.005 31.96 0.5
340.14 0.02 90.031 0.007 35.65 0.5
340.15 0.02 100.102 0.004 39.59 0.4
340.15 0.02 110.176 0.005 44.38 0.3
340.16 0.01 120.240 0.005 49.61 0.3
340.16 0.02 130.311 0.008 55.47 0.3
340.16 0.02 137.153 0.020 59.40 0.2
350.16 0.01 9.421 0.006 10.56 1.3
350.17 0.01 19.732 0.006 11.94 1.1
350.18 0.01 29.736 0.007 13.43 0.9
350.18 0.01 39.750 0.008 15.00 0.8
350.19 0.01 49.781 0.007 16.77 0.7
350.20 0.01 59.825 0.007 18.69 0.7
350.20 0.01 69.874 0.006 20.82 0.6
350.20 0.02 79.934 0.008 23.08 0.4
350.20 0.02 89.999 0.008 25.68 0.5
350.20 0.01 100.059 0.006 28.53 0.6
350.20 0.01 110.139 0.007 31.73 0.5
350.21 0.01 120.220 0.008 35.22 0.3
350.20 0.01 130.234 0.008 39.32 0.3
350.20 0.01 137.274 0.010 42.54 0.3
390.05 0.02 30.245 0.007 5.588 0.3
390.06 0.02 40.268 0.006 6.261 0.3
390.07 0.01 60.339 0.006 7.817 0.2
390.07 0.01 70.386 0.007 8.693 0.2
390.07 0.02 80.446 0.005 9.621 0.2
390.08 0.02 90.494 0.008 10.59 0.1
390.09 0.01 100.567 0.009 11.59 0.1
390.09 0.02 110.658 0.007 12.67 0.1
390.10 0.02 120.724 0.008 13.79 0.1
390.10 0.02 130.790 0.007 14.95 0.2
390.10 0.02 137.825 0.024 15.80 0.2
390.07 0.02 50.379 0.006 7.032 0.3
400.09 0.02 40.256 0.006 5.245 0.6
400.09 0.02 50.290 0.005 5.811 0.3
400.09 0.01 60.335 0.006 6.405 0.4
400.09 0.02 70.386 0.007 7.087 0.4
400.09 0.02 80.435 0.008 7.826 0.3
400.09 0.02 90.494 0.009 8.640 0.2
400.10 0.01 100.550 0.007 9.434 0.2
400.11 0.02 110.637 0.007 10.24 0.2
400.10 0.02 120.707 0.008 11.14 0.3
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Too St p Sp n syl
(K) (K) (MPa) (MPa) (mPa-s) (%)
400.11 0.02 130.783 0.007 12.06 0.3
400.11 0.02 137.835 0.012 12.68 0.2
409.99 0.02 60.309 0.007 5.342 0.4
409.99 0.02 70.361 0.008 5.853 0.3
410.00 0.02 80.414 0.008 6.399 0.3
410.01 0.02 90.468 0.010 7.064 0.2
410.00 0.02 100.520 0.008 7.747 0.3
410.00 0.02 110.605 0.008 8.464 0.1
410.02 0.02 137.792 0.007 10.61 0.2
420.15 0.02 70.340 0.006 5.017 0.5
420.15 0.02 80.396 0.007 5.427 0.5
420.16 0.01 90.444 0.007 5.867 0.3
420.16 0.02 100.509 0.009 6.376 0.3
420.18 0.01 110.578 0.011 6.942 0.3
420.18 0.02 120.654 0.008 7.537 0.2
420.18 0.02 130.724 0.008 8.179 0.1
420.18 0.02 137.771 0.008 8.649 0.1
359.99 0.01 0.220 0.005 7.794 0.3
360.02 0.02 5.114 0.007 8.261 0.2
360.03 0.01 10.114 0.006 8.765 0.2
360.04 0.02 20.125 0.005 9.882 0.4
360.05 0.01 30.135 0.006 11.07 0.2
360.06 0.02 40.142 0.006 12.37 0.1
360.06 0.02 50.170 0.007 13.78 0.2
360.08 0.02 60.216 0.006 15.32 0.3
360.08 0.02 70.268 0.009 16.99 0.2
360.09 0.02 80.317 0.006 18.80 0.2
360.10 0.02 90.374 0.006 20.77 0.2
360.10 0.01 100.429 0.006 22.89 0.1
360.10 0.01 110.503 0.008 25.48 0.2
360.11 0.01 120.584 0.010 28.18 0.2
360.12 0.01 130.664 0.008 31.08 0.1
360.12 0.01 137.703 0.009 33.22 0.2
369.83 0.02 0.123 0.008 6.371 0.4
369.89 0.01 5.015 0.006 6.773 0.3
369.93 0.01 10.012 0.005 7.165 0.2
369.97 0.02 20.023 0.005 8.051 0.1
370.00 0.02 30.029 0.007 8.998 0.1
370.02 0.02 40.055 0.007 10.02 0.2
370.04 0.02 50.084 0.006 11.13 0.1
370.04 0.01 60.120 0.006 12.30 0.2
370.06 0.01 70.168 0.007 13.55 0.3
370.07 0.02 80.227 0.008 14.87 0.1
370.08 0.02 90.283 0.007 16.34 0.2
370.08 0.02 100.332 0.010 17.92 0.1
370.08 0.01 110.402 0.010 19.68 0.1
370.09 0.01 120.476 0.007 21.59 0.1
370.10 0.01 130.555 0.006 23.70 0.1
370.10 0.02 137.602 0.007 25.45 0.2
379.98 0.02 0.151 0.005 5.306 0.2
379.99 0.02 5.018 0.006 5.606 0.1
379.99 0.02 10.024 0.007 5.942 0.1
380.00 0.02 20.014 0.008 6.649 0.1
380.02 0.02 30.030 0.007 7.405 0.1
380.01 0.02 40.047 0.006 8.209 0.2
380.02 0.02 50.061 0.007 9.089 0.3
380.03 0.02 60.116 0.009 9.991 0.1
380.03 0.02 70.169 0.010 10.99 0.1
380.03 0.02 80.220 0.008 12.04 0.1
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Too St p Sp n syl
(K) (K) (MPa) (MPa) (mPa-s) (%)
380.05 0.02 90.285 0.007 13.21 0.2
380.05 0.01 100.335 0.008 14.44 0.2
380.06 0.01 110.410 0.008 15.80 0.2
380.07 0.02 120.483 0.007 17.24 0.2
380.07 0.02 130.567 0.007 18.79 0.2
380.08 0.02 137.599 0.009 19.90 0.2
440.03 0.02 40.107 0.008 3.081 0.2
440.03 0.02 50.129 0.008 3.454 0.2
440.03 0.01 60.172 0.008 3.849 0.2
440.02 0.02 70.227 0.008 4.239 0.2
440.02 0.02 80.274 0.007 4.641 0.2
440.01 0.02 90.335 0.009 5.038 0.2
440.02 0.01 100.384 0.011 5.448 0.2
440.02 0.02 110.468 0.005 5.860 0.2
440.02 0.01 120.548 0.009 6.250 0.2
440.02 0.02 130.625 0.011 6.644 0.2
440.03 0.02 137.675 0.008 6.915 0.2
450.12 0.02 50.112 0.007 3.060 0.2
450.13 0.02 60.151 0.007 3.398 0.3
450.12 0.01 70.204 0.006 3.751 0.2
450.12 0.02 80.262 0.010 4.130 0.2
450.11 0.02 90.320 0.009 4.490 0.2
450.11 0.02 100.380 0.011 4.843 0.2
450.11 0.02 110.450 0.006 5.167 0.2
450.11 0.02 120.533 0.007 5.482 0.2
450.11 0.02 130.613 0.008 5.802 0.2
450.12 0.02 137.677 0.009 6.028 0.1

Table 4. Experimental viscosity data for POE-7 measured in this project at temperatures from 280.04 K to 450.12 K with pressures to
137.55 MPa.

Too St p Sp n syln
(K) (K) (MPa) (MPa) (mPa-s) (%)
290.01 0.01 0.251 0.005 49.56 0.2
290.02 0.01 9.931 0.007 59.34 0.2
290.01 0.01 19.939 0.006 70.87 0.2
290.01 0.01 29.938 0.007 83.96 0.3
295.01 0.01 0.247 0.005 39.75 0.4
295.03 0.01 9.927 0.006 47.19 0.3
295.03 0.01 19.934 0.004 55.88 0.2
295.02 0.02 29.944 0.007 65.78 0.2
295.02 0.01 39.968 0.007 76.83 0.2
295.03 0.02 49.996 0.007 89.27 0.1
300.04 0.02 0.259 0.011 30.87 0.4
300.04 0.01 9.918 0.008 36.47 04
300.04 0.01 19.927 0.006 43.50 04
300.02 0.01 29.934 0.007 51.17 0.3
300.02 0.01 39.958 0.007 59.69 0.3
300.02 0.01 49.996 0.006 69.11 0.3
300.02 0.01 60.040 0.006 79.87 0.2
300.01 0.01 70.097 0.009 91.65 0.2
305.03 0.01 0.234 0.009 25.66 0.5
305.03 0.01 9.929 0.006 29.94 0.4
305.03 0.01 19.927 0.006 34.96 0.4
305.03 0.01 29.935 0.008 40.98 04
305.03 0.01 39.953 0.007 47.92 0.2
305.03 0.01 49.983 0.008 55.31 0.2
305.03 0.01 60.025 0.010 63.75 0.2
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Too St p Sp n syln
(K) (K) (MPa) (MPa) (mPa-s) (%)
305.03 0.01 70.082 0.010 72.91 0.3
305.03 0.01 80.144 0.008 82.91 0.2
305.03 0.01 90.202 0.006 94.13 0.1
309.98 0.01 0.246 0.007 21.03 0.5
309.99 0.01 9.917 0.006 24.53 0.5
309.99 0.01 29.931 0.007 32.84 0.3
309.99 0.01 39.947 0.007 38.17 0.3
310.00 0.01 49.980 0.007 44.15 0.3
309.99 0.01 60.019 0.007 50.72 0.2
310.00 0.01 70.071 0.007 58.09 0.3
310.00 0.01 80.111 0.008 66.12 0.3
310.00 0.01 90.179 0.011 75.26 0.2
310.01 0.02 100.222 0.007 84.96 0.2
310.01 0.01 110.281 0.008 95.79 0.1
280.04 0.02 0.266 0.008 86.54 0.3
284.96 0.01 0.251 0.008 66.09 0.3
284.96 0.01 9.935 0.005 79.44 0.2
315.03 0.01 0.282 0.006 17.84 0.6
315.03 0.01 9.952 0.007 20.65 0.4
315.04 0.01 19.954 0.008 23.91 0.5
315.03 0.01 29.964 0.007 27.54 0.5
315.04 0.01 39.988 0.008 31.46 0.2
315.03 0.01 50.017 0.008 36.08 0.8
315.03 0.01 60.061 0.008 41.40 0.2
315.03 0.01 70.118 0.007 47.36 0.3
315.03 0.01 80.168 0.008 53.78 0.2
315.03 0.01 90.228 0.007 61.17 0.2
315.03 0.01 100.283 0.008 69.02 0.1
315.03 0.01 110.358 0.007 78.01 0.2
315.04 0.01 120.424 0.007 87.38 0.2
315.04 0.01 130.486 0.006 97.66 0.2
320.03 0.02 0.262 0.012 1541 0.4
320.03 0.02 9.935 0.007 17.74 0.2
320.03 0.02 19.928 0.006 20.52 0.2
320.03 0.01 29.941 0.007 23.60 0.2
320.03 0.02 39.959 0.008 26.88 0.1
320.03 0.02 49.982 0.007 30.51 0.1
320.04 0.02 60.030 0.007 34.36 0.2
320.04 0.02 70.070 0.010 38.84 0.1
320.04 0.01 80.122 0.006 44.00 0.1
320.05 0.02 90.176 0.005 49.83 0.2
325.04 0.01 0.263 0.007 12.93 0.3
325.05 0.01 9.942 0.006 14.97 0.3
325.05 0.01 19.944 0.006 17.26 0.3
325.05 0.01 29.954 0.007 19.75 0.2
325.06 0.01 39.979 0.007 22.55 0.2
325.06 0.01 50.001 0.008 25.53 0.2
325.06 0.01 60.043 0.007 28.76 0.2
325.06 0.01 70.099 0.007 32.33 0.2
325.05 0.01 80.154 0.011 36.17 0.2
325.04 0.01 90.219 0.008 40.66 0.2
325.04 0.01 100.281 0.009 45.77 0.2
325.05 0.01 110.355 0.008 51.41 0.2
325.04 0.01 120.430 0.009 57.51 0.2
325.03 0.01 130.502 0.008 63.99 0.2
325.03 0.01 137.543 0.006 68.89 0.2
319.99 0.01 0.269 0.005 15.37 0.6
320.01 0.01 80.160 0.007 44.45 0.3
320.03 0.01 90.220 0.006 50.14 0.2
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Too St p Sp n syln
(K) (K) (MPa) (MPa) (mPa-s) (%)
320.03 0.02 100.281 0.009 56.49 0.2
320.04 0.02 110.347 0.010 63.52 0.2
320.04 0.02 120.417 0.007 70.83 0.2
320.05 0.02 130.479 0.009 79.14 0.2
320.04 0.02 137.533 0.007 85.39 0.4
329.99 0.01 0.275 0.005 11.09 0.3
330.00 0.01 9.955 0.008 12.83 0.2
330.00 0.01 19.958 0.008 14.71 0.2
330.01 0.01 29.961 0.005 16.88 0.3
330.01 0.01 39.977 0.007 19.15 0.1
330.01 0.01 50.017 0.008 21.72 0.2
330.01 0.01 60.064 0.008 24.48 0.2
330.01 0.01 70.110 0.007 27.44 0.2
330.02 0.01 80.158 0.007 30.61 0.1
330.03 0.01 90.216 0.008 34.24 0.1
330.03 0.01 100.280 0.007 37.99 0.1
330.03 0.01 110.341 0.008 42.61 0.2
330.03 0.01 120.413 0.007 47.42 0.1
330.03 0.01 130.485 0.008 52.87 0.2
330.03 0.01 137.529 0.009 56.91 0.1
339.96 0.02 0.274 0.007 8.022 0.6
339.98 0.01 9.961 0.007 9.284 0.2
339.98 0.02 19.967 0.007 10.74 0.4
339.99 0.01 29.978 0.008 12.33 0.4
340.00 0.01 39.993 0.006 14.01 0.2
340.01 0.02 50.023 0.009 15.88 0.2
340.02 0.02 60.068 0.008 17.93 0.2
340.02 0.02 70.113 0.008 20.15 0.2
340.02 0.02 80.176 0.008 22,53 0.2
340.02 0.01 90.233 0.007 25.14 0.2
340.02 0.02 100.290 0.006 27.84 0.2
340.03 0.02 110.362 0.009 30.85 0.2
340.03 0.01 120.422 0.008 34.07 0.2
340.04 0.01 130.497 0.009 37.57 0.1
340.03 0.01 137.545 0.006 39.81 0.2
349.97 0.02 0.266 0.005 6.777 0.5
350.00 0.01 9.959 0.006 7.521 0.3
350.01 0.01 19.962 0.006 8.498 0.4
350.02 0.01 29.965 0.007 9.524 0.4
350.03 0.01 39.985 0.007 10.70 0.4
350.04 0.01 50.022 0.008 11.94 0.3
350.05 0.01 60.053 0.007 13.28 0.3
350.05 0.01 70.103 0.006 14.81 0.4
350.06 0.01 80.169 0.007 16.49 0.3
350.05 0.01 90.225 0.009 18.26 0.2
350.06 0.01 100.284 0.008 20.24 0.2
350.07 0.02 110.348 0.008 2251 0.3
350.07 0.02 120.415 0.010 25.00 0.2
350.08 0.02 130.499 0.009 27.76 0.2
350.07 0.01 137.549 0.009 29.92 0.2
360.02 0.01 0.178 0.004 5.120 0.3
360.03 0.02 9.854 0.006 5.822 0.3
360.04 0.01 19.860 0.006 6.601 0.2
360.03 0.01 29.863 0.008 7.451 0.2
360.04 0.02 39.875 0.006 8.398 0.3
360.04 0.01 49.903 0.008 9.425 0.2
360.05 0.01 59.942 0.007 10.56 0.1
360.05 0.01 69.986 0.006 11.72 0.2
360.05 0.01 80.037 0.007 12.98 0.2
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Too St p Sp n syln
(K) (K) (MPa) (MPa) (mPa-s) (%)
360.06 0.02 90.100 0.009 14.33 0.1
360.07 0.01 100.150 0.008 15.78 0.1
360.08 0.02 110.220 0.008 17.33 0.2
369.99 0.01 9.843 0.006 5.241 0.3
370.00 0.01 19.836 0.007 5.948 0.3
370.00 0.02 29.844 0.006 6.589 0.4
370.00 0.01 39.864 0.008 7.207 0.3
369.99 0.02 49.900 0.007 7.952 0.2
369.99 0.02 59.931 0.005 8.839 0.1
369.98 0.02 69.974 0.029 9.717 0.2
369.98 0.02 80.019 0.009 10.66 0.2
369.98 0.02 90.082 0.008 11.71 0.3
369.99 0.01 100.151 0.007 12.81 0.2
369.99 0.02 110.216 0.011 13.97 0.2
370.00 0.02 120.291 0.008 15.14 0.2
370.00 0.01 130.361 0.007 16.42 0.1
370.00 0.01 137.397 0.008 17.36 0.1
380.00 0.02 0.195 0.005 3.660 0.3
380.01 0.01 9.874 0.007 4.175 0.4
380.01 0.02 19.886 0.008 4.720 0.3
380.02 0.02 29.888 0.007 5.213 0.3
380.02 0.02 49.946 0.007 6.295 0.2
380.02 0.01 59.995 0.007 6.883 0.2
380.03 0.02 70.033 0.007 7.539 0.3
380.03 0.02 80.088 0.006 8.255 0.2
380.04 0.02 90.142 0.008 9.025 0.2
380.05 0.01 100.200 0.009 9.850 0.1
380.05 0.01 110.268 0.006 10.72 0.1
380.05 0.01 120.338 0.008 11.65 0.1
380.06 0.02 130.406 0.012 12.67 0.1
380.06 0.01 137.466 0.008 13.45 0.1
380.02 0.02 40.035 0.012 5.667 0.3
390.04 0.02 69.958 0.007 6.609 0.3
390.04 0.02 80.008 0.007 7.186 0.3
390.04 0.01 90.064 0.006 7.773 0.2
390.05 0.01 100.115 0.009 8.408 0.2
390.05 0.01 110.189 0.007 9.109 0.2
390.06 0.01 120.249 0.007 9.915 0.2
390.06 0.02 130.331 0.010 10.75 0.2
390.06 0.02 137.377 0.007 11.37 0.1
390.01 0.01 0.176 0.005 3.057 0.1
390.00 0.01 9.845 0.009 3.459 0.3
390.01 0.01 19.861 0.006 3.907 0.2
390.01 0.01 29.872 0.006 4.365 0.2
390.02 0.01 39.885 0.008 4.843 0.3
390.03 0.01 49.909 0.007 5.363 0.1
390.03 0.01 59.950 0.007 5.894 0.1
400.01 0.02 0.216 0.008 2.562 0.1
399.98 0.02 9.885 0.005 2.930 0.2
399.96 0.01 19.876 0.006 3.337 0.2
399.97 0.02 29.879 0.007 3.749 0.2
399.97 0.01 39.898 0.006 4.186 0.2
399.99 0.01 49.921 0.020 4.607 0.2
399.99 0.01 59.963 0.010 5.088 0.1
400.00 0.02 70.002 0.006 5.575 0.1
400.00 0.02 80.054 0.009 6.085 0.1
400.01 0.02 90.106 0.006 6.624 0.1
400.01 0.02 100.153 0.006 7.205 0.1
400.02 0.02 110.215 0.006 7.800 0.1
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Too St p Sp n syln
(K) (K) (MPa) (MPa) (mPa-s) (%)
400.00 0.02 120.294 0.010 8.531 0.8
399.99 0.01 130.353 0.008 9.280 0.1
399.98 0.02 137.408 0.008 9.635 0.1
410.02 0.01 0.151 0.004 2.342 0.2
410.02 0.01 9.821 0.007 2.669 0.2
410.01 0.01 19.837 0.007 3.026 0.2
410.02 0.02 29.846 0.007 3.388 0.2
410.03 0.01 39.861 0.009 3.776 0.1
410.03 0.02 49.885 0.007 4.138 0.1
410.03 0.01 59.921 0.005 4.568 0.2
410.04 0.02 69.971 0.008 4.980 0.1
410.03 0.01 80.029 0.005 5.441 0.1
410.04 0.02 90.091 0.007 6.030 0.2
410.04 0.02 100.152 0.008 6.545 0.1
410.03 0.02 110.208 0.007 7.079 0.1
410.04 0.02 120.277 0.008 7.572 0.2
410.05 0.02 130.341 0.008 8.120 0.1
410.05 0.02 137.393 0.008 8.461 0.1
420.01 0.02 0.201 0.010 2.064 0.3
420.02 0.01 9.893 0.007 2.351 0.2
420.03 0.02 19.891 0.005 2.635 0.2
420.02 0.01 29.907 0.006 2,917 0.2
420.02 0.02 39.921 0.007 3.284 0.2
420.03 0.02 49.936 0.008 3.596 0.2
420.03 0.02 59.971 0.005 3.912 0.2
420.02 0.02 70.021 0.007 4.279 0.2
419.98 0.01 80.068 0.007 4.666 0.2
419.97 0.02 90.122 0.006 5.105 0.3
420.03 0.02 100.177 0.006 5.512 0.2
420.07 0.02 110.236 0.006 5.931 0.2
420.06 0.02 120.315 0.009 6.331 0.1
420.07 0.02 130.382 0.007 6.764 0.2
420.08 0.01 137.431 0.007 7.064 0.2
430.04 0.02 0.190 0.006 1.680 0.3
430.03 0.01 9.858 0.008 1.929 0.4
430.03 0.02 19.869 0.007 2.202 0.4
430.02 0.02 29.875 0.005 2.464 0.2
430.02 0.02 39.894 0.006 2.747 0.2
430.02 0.02 49.929 0.008 3.045 0.2
430.03 0.02 59.967 0.007 3.352 0.2
430.03 0.01 70.016 0.006 3.710 0.4
430.03 0.02 80.067 0.009 4.079 0.1
430.04 0.02 90.123 0.005 4.441 0.2
430.04 0.02 100.181 0.009 4.789 0.1
430.03 0.02 110.240 0.007 5.163 0.2
430.04 0.02 120.318 0.010 5.541 0.1
430.04 0.02 130.396 0.010 5.942 0.1
430.05 0.01 137.451 0.010 6.240 0.1
440.08 0.02 0.175 0.006 1.638 0.3
440.06 0.02 9.850 0.006 1.885 0.3
440.07 0.02 19.855 0.007 2.097 0.2
440.07 0.02 29.869 0.007 2.325 0.4
440.06 0.02 39.882 0.006 2.564 0.2
440.08 0.02 49.908 0.007 2.818 0.2
440.09 0.02 59.945 0.008 3.099 0.2
440.11 0.01 69.997 0.006 3.387 0.2
440.11 0.02 80.034 0.005 3.722 0.5
440.10 0.02 90.083 0.009 4.054 0.1
440.09 0.02 100.143 0.006 4.402 0.2
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Too St p Sp n syln
(K) (K) (MPa) (MPa) (mPa-s) (%)
440.10 0.01 110.208 0.006 4.728 0.2
440.09 0.01 120.272 0.006 5.056 0.2
440.09 0.01 130.352 0.008 5.440 0.1
440.09 0.01 137.415 0.008 5.710 0.1
450.09 0.02 0.177 0.006 1.398 0.2
450.09 0.02 9.844 0.007 1.600 0.3
450.10 0.01 19.846 0.006 1.803 0.3
450.10 0.01 29.851 0.007 2.004 0.5
450.10 0.02 39.875 0.007 2.205 0.2
450.10 0.02 49.909 0.006 2.433 0.2
450.11 0.02 59.946 0.008 2.663 0.2
450.10 0.02 69.994 0.007 2.968 0.2
450.11 0.02 80.042 0.007 3.218 0.2
450.10 0.02 90.100 0.008 3.503 0.1
450.11 0.02 100.146 0.007 3.778 0.2
450.11 0.02 110.212 0.006 4.073 0.1
450.11 0.02 120.281 0.007 4.361 0.2
450.11 0.01 130.350 0.006 4.677 0.1
450.12 0.02 137.400 0.007 4.904 0.1

Table 5. Experimental viscosity data for POE-5 measured in this project at temperatures from 275.06 K to 430.07 K with pressures to
137.41 MPa.

Teo St p Sp n syln
(K) (K) (MPa) (MPa) (mPa-s) (%)
350.03 0.01 0.137 0.006 5.225 0.3
350.03 0.01 9.827 0.009 5.950 0.2
350.03 0.01 19.828 0.006 6.740 0.1
350.03 0.01 29.842 0.006 7.603 0.3
350.04 0.01 39.859 0.009 8.632 0.5
350.04 0.01 49.893 0.009 9.649 0.1
350.04 0.01 59.928 0.009 10.78 0.2
350.05 0.01 69.986 0.010 12.00 0.1
350.05 0.01 80.043 0.008 13.32 0.1
350.05 0.01 90.090 0.007 14.74 0.1
350.06 0.01 100.160 0.006 16.24 0.1
350.06 0.01 110.223 0.009 17.85 0.1
350.06 0.01 120.297 0.010 19.55 0.1
360.04 0.01 0.154 0.006 4.156 0.3
360.05 0.01 9.822 0.006 4.756 0.3
360.05 0.01 19.817 0.007 5.347 0.1
360.06 0.02 29.820 0.006 6.020 0.3
360.07 0.01 39.838 0.007 6.727 0.2
360.07 0.01 49.865 0.006 7.475 0.2
360.07 0.02 59.911 0.006 8.306 0.3
360.07 0.01 69.946 0.007 9.205 0.1
360.07 0.02 79.989 0.008 10.19 0.1
360.07 0.02 90.042 0.007 11.26 0.1
360.08 0.01 100.115 0.007 12.40 0.2
360.08 0.01 110.191 0.010 13.59 0.2
360.09 0.01 120.245 0.007 14.86 0.2
360.08 0.01 130.316 0.009 16.23 0.1
360.08 0.01 137.352 0.006 17.27 0.1
369.98 0.02 0.131 0.007 3.629 0.4
369.98 0.02 9.798 0.007 4.102 0.2
369.99 0.02 19.800 0.008 4.623 0.2
370.00 0.01 29.803 0.007 5.165 0.2
370.00 0.01 39.827 0.007 5.702 0.1
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Too St p Sp n syl
(K) (K) (MPa) (MPa) (mPa-s) (%)
370.00 0.01 49.861 0.009 6.342 0.1
370.01 0.01 59.906 0.009 6.967 0.2
370.01 0.02 69.949 0.007 7.612 0.1
370.02 0.01 79.999 0.008 8.290 0.2
370.02 0.01 90.058 0.008 9.037 0.2
370.03 0.01 100.140 0.005 9.862 0.1
370.04 0.01 110.197 0.008 10.76 0.1
370.04 0.01 120.266 0.008 11.70 0.1
370.04 0.02 130.336 0.006 12.70 0.1
370.04 0.01 137.395 0.009 13.46 0.1
380.01 0.02 0.139 0.006 2.896 0.2
380.02 0.02 9.816 0.006 3.278 0.1
380.02 0.01 19.814 0.007 3.691 0.2
380.02 0.02 29.814 0.007 4124 0.2
380.03 0.01 39.838 0.009 4.594 0.2
380.03 0.02 49.874 0.006 5.067 0.2
380.04 0.02 59.913 0.009 5.558 0.1
380.03 0.02 69.958 0.007 6.088 0.1
380.04 0.02 79.990 0.006 6.657 0.2
380.04 0.02 90.044 0.008 7.242 0.2
380.05 0.01 100.123 0.009 7.846 0.1
380.05 0.01 110.186 0.007 8.507 0.2
380.00 0.02 120.265 0.008 9.148 0.1
379.97 0.02 130.367 0.010 9.950 0.1
389.95 0.02 0.142 0.005 2.494 0.3
389.98 0.01 29.821 0.007 3.532 0.1
389.99 0.01 39.842 0.005 3.926 0.2
390.00 0.01 49.876 0.006 4.353 0.2
390.01 0.02 59.915 0.007 4.812 0.7
390.02 0.01 90.075 0.006 6.168 0.3
390.02 0.01 100.138 0.009 6.726 0.7
390.03 0.01 110.205 0.010 7.228 0.2
390.03 0.01 120.273 0.006 7.786 0.2
390.03 0.01 130.341 0.007 8.350 0.1
390.04 0.01 137.389 0.007 8.797 0.2
390.01 0.01 70.073 0.008 5.257 0.3
390.00 0.01 19.872 0.009 3.171 0.4
390.01 0.01 9.864 0.006 2.799 14
399.93 0.02 0.151 0.013 2.136 0.3
399.93 0.02 9.831 0.006 2.390 0.2
399.92 0.02 19.832 0.008 2.699 0.2
399.93 0.01 29.832 0.006 3.034 0.3
399.93 0.02 39.851 0.005 3.370 0.2
399.94 0.02 49.882 0.008 3.732 0.1
399.95 0.01 59.932 0.007 4.113 0.1
399.94 0.01 69.965 0.010 4.471 0.2
399.94 0.02 80.016 0.005 4.857 0.2
399.94 0.02 90.074 0.006 5.315 0.1
399.95 0.01 100.134 0.007 5.738 0.1
399.96 0.01 110.208 0.007 6.235 0.1
399.96 0.01 120.267 0.009 6.687 0.1
399.97 0.01 130.345 0.009 7.212 0.1
399.97 0.01 137.390 0.006 7.585 0.1
419.97 0.01 0.131 0.006 1.698 0.5
419.96 0.01 9.807 0.007 1.903 0.4
419.96 0.01 19.810 0.007 2.116 0.6
419.96 0.01 29.807 0.005 2.367 0.3
419.97 0.01 39.831 0.005 2.594 0.3
419.96 0.01 49.859 0.008 2.838 0.2
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Too St p Sp n syl
(K) (K) (MPa) (MPa) (mPa-s) (%)
419.95 0.02 59.908 0.009 3.102 0.2
419.95 0.02 69.950 0.011 3.354 0.2
419.96 0.02 79.988 0.007 3.616 0.3
419.96 0.01 90.057 0.005 3.881 0.1
419.96 0.01 100.121 0.009 4.164 0.2
419.98 0.01 110.197 0.009 4.459 0.2
419.98 0.01 120.262 0.008 4.773 0.1
419.98 0.01 130.326 0.006 5.062 0.2
419.98 0.01 137.362 0.009 5.296 0.1
430.04 0.01 0.172 0.008 1.467 0.2
430.02 0.01 9.821 0.006 1.674 0.2
430.03 0.01 19.810 0.007 1.880 0.2
430.03 0.01 29.819 0.006 2.111 0.3
430.04 0.02 39.839 0.006 2.341 0.2
430.03 0.02 49.850 0.007 2.595 0.1
430.04 0.02 59.890 0.007 2.694 0.2
430.03 0.02 69.936 0.006 2.920 0.2
430.02 0.02 79.987 0.009 3.143 0.2
430.03 0.02 90.042 0.008 3.448 0.2
430.04 0.02 100.109 0.008 3.674 0.2
430.04 0.01 110.163 0.010 3.987 0.2
430.05 0.02 120.225 0.012 4.304 0.1
430.06 0.02 130.297 0.008 4.605 0.1
430.07 0.02 137.350 0.008 4.823 0.1
410.03 0.02 0.144 0.005 1.839 0.3
410.03 0.02 9.822 0.008 2.101 0.4
410.00 0.01 19.822 0.007 2.369 0.2
410.00 0.02 39.849 0.007 2.950 0.1
410.00 0.02 49.872 0.007 3.259 0.4
410.00 0.02 59.914 0.008 3.601 0.2
410.01 0.01 69.960 0.007 3.987 0.3
410.01 0.02 80.008 0.008 4.326 0.2
410.02 0.02 90.064 0.007 4.681 0.3
410.02 0.02 100.132 0.010 5.036 0.2
410.02 0.01 110.200 0.008 5.444 0.2
410.01 0.02 120.267 0.009 5.802 0.2
410.01 0.02 130.324 0.006 6.275 0.2
410.03 0.02 137.369 0.009 6.653 0.1
310.02 0.01 0.111 0.005 16.65 0.3
310.02 0.02 9.781 0.005 19.43 0.2
310.02 0.02 19.790 0.010 22.36 0.1
310.00 0.01 29.803 0.009 25.75 0.2
309.99 0.01 39.826 0.007 29.57 0.2
310.02 0.01 49.838 0.006 33.69 0.3
310.02 0.01 59.889 0.007 38.56 0.1
310.03 0.01 69.928 0.008 44.05 0.1
310.03 0.01 79.984 0.010 50.18 0.2
310.04 0.01 90.024 0.012 56.75 0.2
310.04 0.01 100.092 0.009 64.09 0.1
310.04 0.01 110.149 0.007 72.22 0.2
310.01 0.01 120.246 0.010 81.36 0.1
309.97 0.01 130.335 0.012 91.00 0.1
309.96 0.01 137.408 0.009 98.51 0.2
300.03 0.01 0.120 0.006 24.33 0.3
300.04 0.01 9.797 0.006 28.53 0.4
300.04 0.01 19.791 0.007 33.22 0.2
300.05 0.01 29.795 0.007 38.41 0.2
300.04 0.01 39.803 0.007 44.84 0.1
300.04 0.01 49.837 0.008 52.04 0.1
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(K) (K) (MPa) (MPa) (mPa-s) (%)
300.03 0.02 59.890 0.006 60.44 0.2
300.03 0.01 69.933 0.005 69.05 0.1
300.03 0.01 79.980 0.008 78.80 0.2
300.02 0.01 90.042 0.006 89.67 0.1
305.03 0.01 0.117 0.005 20.39 1.1
305.03 0.01 9.797 0.006 23.63 0.4
305.02 0.01 19.798 0.006 27.36 0.3
305.03 0.01 29.802 0.008 31.49 0.2
305.03 0.01 39.827 0.007 36.28 0.2
305.03 0.01 49.849 0.006 42.01 0.2
305.03 0.01 59.901 0.011 48.29 0.2
305.03 0.01 69.942 0.007 55.22 0.2
305.03 0.01 79.982 0.007 62.73 0.2
305.02 0.01 90.041 0.008 71.10 0.1
305.02 0.01 100.117 0.006 80.39 0.1
305.03 0.01 110.175 0.007 90.42 0.1
340.05 0.01 0.129 0.005 6.58 0.7
340.03 0.01 9.808 0.009 7.56 0.6
340.02 0.01 19.809 0.005 8.70 0.4
340.01 0.01 29.813 0.006 9.97 0.2
340.01 0.01 39.830 0.007 11.31 0.2
340.01 0.01 49.873 0.006 12.76 0.2
340.01 0.01 59.921 0.008 14.32 0.2
340.01 0.02 69.965 0.007 16.00 0.2
340.02 0.01 80.018 0.010 17.83 0.2
340.02 0.02 90.083 0.013 19.81 0.2
340.02 0.01 100.138 0.011 21.92 0.1
340.01 0.01 110.210 0.006 24.23 0.1
340.01 0.01 120.288 0.009 26.55 0.2
340.02 0.01 130.348 0.009 29.16 0.2
340.01 0.02 137.399 0.008 31.21 0.1
325.01 0.02 0.125 0.008 10.49 0.8
324.97 0.02 9.798 0.006 12.05 0.3
324.97 0.01 19.792 0.007 13.90 0.2
324.96 0.01 29.794 0.009 15.90 0.3
324.96 0.01 39.817 0.006 18.05 0.1
324.96 0.01 49.841 0.008 20.39 0.2
324.97 0.01 59.886 0.007 22.98 0.2
324.95 0.01 69.930 0.007 25.74 0.2
324.96 0.01 79.968 0.008 28.70 0.2
324.96 0.01 90.030 0.006 31.91 0.2
324.96 0.01 100.096 0.010 35.51 0.2
324.96 0.02 110.176 0.009 39.52 0.2
324.96 0.01 120.235 0.011 44.25 0.2
324.96 0.01 130.297 0.008 49.25 0.4
324.97 0.01 137.355 0.003 53.00 0.2
330.00 0.01 0.158 0.004 8.965 1.0
330.01 0.01 9.831 0.008 10.25 0.3
330.01 0.01 19.834 0.006 11.81 0.2
330.01 0.01 29.845 0.007 13.52 0.2
330.02 0.01 39.868 0.005 15.35 0.2
330.02 0.01 49.896 0.008 17.35 0.3
330.02 0.01 59.935 0.010 19.45 0.2
330.02 0.01 69.987 0.006 21.70 0.1
330.03 0.01 80.034 0.008 24.24 0.3
330.02 0.01 90.083 0.008 26.87 0.2
330.03 0.01 100.146 0.007 30.25 0.3
330.03 0.01 110.224 0.006 32.82 0.2
330.04 0.01 120.301 0.007 36.30 0.2
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(K) (K) (MPa) (MPa) (mPa-s) (%)
330.04 0.01 130.355 0.008 40.10 0.2
330.05 0.01 137.405 0.009 43.16 0.2
315.06 0.01 0.101 0.007 14.41 0.5
315.07 0.01 9.768 0.007 16.64 0.3
315.07 0.02 19.766 0.006 19.28 0.3
315.08 0.01 29.762 0.008 22.10 0.2
315.08 0.01 39.783 0.007 25.17 0.2
315.07 0.01 49.805 0.008 28.64 0.1
315.08 0.01 59.848 0.007 32.46 0.2
315.08 0.01 69.898 0.008 36.60 0.2
315.09 0.01 79.942 0.007 41.40 0.2
315.09 0.01 89.995 0.004 47.08 0.2
315.08 0.01 100.072 0.006 53.23 0.1
315.09 0.01 110.138 0.008 59.82 0.1
315.09 0.01 120.185 0.007 67.07 0.2
315.08 0.01 130.257 0.006 75.04 0.1
315.09 0.01 137.303 0.009 81.09 0.1
320.02 0.01 0.135 0.005 12.53 0.4
320.03 0.01 9.815 0.007 14.40 0.3
320.03 0.01 19.819 0.008 16.52 0.3
320.04 0.02 29.820 0.007 18.88 0.2
320.05 0.01 39.838 0.008 21.45 0.3
320.05 0.01 49.874 0.008 24.28 0.2
320.05 0.01 59.913 0.005 27.31 0.2
320.06 0.02 69.966 0.007 30.62 0.2
320.06 0.01 80.017 0.008 34.29 0.2
320.07 0.01 90.073 0.006 38.28 0.2
320.07 0.01 100.143 0.012 42.97 0.2
320.07 0.01 110.217 0.021 48.43 0.4
320.07 0.01 120.293 0.009 53.94 0.1
320.07 0.01 130.358 0.007 60.32 0.2
320.07 0.01 137.402 0.006 65.25 0.2
275.06 0.01 0.107 0.008 86.85 0.2
279.97 0.01 0.116 0.006 65.78 0.3
279.98 0.01 4.793 0.007 71.02 0.2
279.98 0.01 9.781 0.006 77.48 0.3
279.97 0.01 19.788 0.010 91.56 0.3
285.06 0.01 0.094 0.006 50.09 0.3
285.08 0.02 4.776 0.008 54.38 0.2
285.07 0.01 9.777 0.006 59.49 0.1
285.07 0.01 19.776 0.007 70.94 0.2
285.07 0.01 29.795 0.008 84.65 0.2
290.02 0.01 0.106 0.007 37.87 0.3
290.02 0.01 4.794 0.006 41.20 0.4
290.02 0.01 9.790 0.005 45.07 0.2
290.01 0.01 19.794 0.006 53.59 0.2
290.01 0.01 29.797 0.007 63.18 0.2
290.01 0.01 39.813 0.007 74.00 0.3
290.02 0.01 49.841 0.005 86.08 0.1
295.07 0.01 0.120 0.005 30.55 0.3
295.08 0.01 4.802 0.006 33.17 0.3
295.08 0.01 9.798 0.006 36.10 0.2
295.07 0.01 19.794 0.007 42.88 0.3
295.07 0.01 29.795 0.010 50.09 0.2
295.07 0.01 39.808 0.007 58.26 0.1
295.07 0.01 49.848 0.009 67.51 0.1
295.07 0.01 59.886 0.007 77.67 0.1
295.07 0.01 69.939 0.006 89.12 0.1
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Table 6. Experimental viscosity data of the MIL-PRF-23699—qualified lubricant measured in this project at temperatures from
290.04 K to 450.13 K with pressures to 137.40 MPa.

Too St p Sp n syln
(K) (K) (MPa) (MPa) (mPa-s) (%)
315.04 0.01 0.029 0.005 23.92 0.6
315.02 0.01 100.050 0.011 99.02 0.3
315.02 0.01 89.995 0.010 86.10 0.3
315.02 0.01 79.941 0.007 75.61 0.2
315.02 0.01 69.898 0.009 66.05 0.1
315.01 0.01 59.865 0.011 57.49 0.3
315.00 0.01 49.827 0.009 49.78 0.3
315.01 0.01 39.787 0.007 42.94 0.2
315.01 0.01 29.759 0.009 36.72 0.3
315.02 0.01 19.733 0.015 31.49 0.5
315.02 0.01 9.709 0.006 26.93 0.4
300.01 0.01 0.051 0.006 44.20 0.2
300.02 0.01 9.732 0.006 52.58 0.3
300.03 0.01 19.737 0.008 62.48 0.4
300.04 0.01 29.740 0.007 73.69 0.3
300.04 0.02 39.759 0.009 86.81 0.4
310.09 0.01 0.030 0.005 28.13 0.3
310.08 0.01 9.717 0.007 33.00 0.5
310.08 0.01 19.721 0.007 38.97 0.5
310.07 0.01 29.725 0.008 45.85 0.2
310.07 0.01 39.748 0.008 53.83 0.4
310.08 0.01 49.776 0.005 63.00 0.3
310.07 0.01 59.807 0.008 72.39 0.2
310.08 0.01 69.868 0.008 82.28 0.2
310.08 0.01 79.917 0.008 94.34 0.3
290.04 0.01 0.064 0.005 71.13 0.4
290.05 0.01 4,748 0.006 77.76 0.3
290.04 0.01 9.747 0.009 85.65 0.5
295.06 0.01 0.056 0.006 57.81 0.3
295.07 0.01 9.736 0.007 68.88 0.4
295.06 0.01 19.747 0.007 82.45 0.3
320.09 0.01 0.075 0.007 19.48 0.6
320.07 0.01 9.753 0.006 22.74 0.4
320.07 0.01 19.742 0.007 26.48 0.6
320.07 0.01 29.753 0.008 30.47 0.3
320.07 0.01 39.776 0.006 35.22 0.2
320.08 0.01 49.798 0.010 40.60 0.4
320.09 0.01 59.836 0.007 46.59 0.3
320.09 0.01 69.885 0.008 53.59 0.3
320.09 0.01 79.958 0.007 61.08 0.2
320.09 0.01 90.010 0.007 69.36 0.3
320.09 0.01 100.067 0.008 78.43 0.2
320.08 0.01 110.145 0.009 88.50 0.2
320.09 0.01 120.214 0.008 99.51 0.1
330.06 0.01 0.088 0.006 13.92 0.5
330.07 0.01 9.767 0.007 16.15 0.6
330.07 0.02 19.758 0.008 18.57 0.6
330.08 0.01 29.760 0.008 21.36 0.4
330.09 0.01 39.782 0.007 24.71 0.4
330.08 0.01 49.811 0.009 28.05 0.5
330.09 0.01 59.853 0.006 31.75 0.6
330.09 0.01 69.897 0.007 35.62 0.5
330.10 0.01 79.942 0.008 40.06 0.7
330.10 0.02 89.996 0.006 45.79 0.5
330.10 0.01 100.062 0.007 51.31 0.6
330.11 0.01 110.129 0.006 58.02 0.2
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Too St p Sp n sqln
(K) (K) (MPa) (MPa) (mPa-s) (%)
330.10 0.01 120.210 0.009 64.82 0.3
330.11 0.01 130.265 0.010 72.13 0.2
330.11 0.01 137.310 0.010 78.39 0.2
339.96 0.01 0.087 0.005 9.846 0.6
339.97 0.01 9.758 0.007 11.58 0.8
339.98 0.01 19.763 0.007 13.41 0.9
339.98 0.01 29.763 0.007 15.34 0.2
339.98 0.02 39.775 0.008 17.38 0.6
339.96 0.01 49.808 0.007 19.68 0.5
339.96 0.02 59.843 0.006 21.94 0.5
339.95 0.01 69.896 0.007 25.03 0.7
339.96 0.02 79.938 0.008 28.20 0.5
339.96 0.01 89.993 0.008 31.72 0.3
339.95 0.01 100.061 0.007 34.76 0.6
339.89 0.01 110.161 0.007 39.28 0.4
339.86 0.02 120.259 0.011 43.41 0.6
339.83 0.01 130.343 0.008 49.68 0.2
339.83 0.01 137.402 0.011 52.93 0.6
349.99 0.01 0.076 0.007 7.893 1.1
350.01 0.01 9.755 0.008 8.969 1.0
350.02 0.01 19.762 0.008 10.11 0.8
350.03 0.01 29.770 0.006 11.43 11
350.03 0.01 39.799 0.008 12.86 0.5
350.04 0.01 49.816 0.007 1451 11
350.05 0.02 59.857 0.008 16.19 0.2
350.05 0.01 69.913 0.009 18.05 0.6
350.05 0.01 79.959 0.010 20.12 0.3
350.06 0.01 90.003 0.006 22.46 0.1
350.06 0.01 100.071 0.010 25.01 0.2
350.07 0.02 110.144 0.009 27.91 0.2
350.07 0.01 120.213 0.007 31.09 0.5
350.06 0.01 130.275 0.010 34.13 0.4
350.06 0.01 137.337 0.011 37.55 0.1
380.10 0.01 0.072 0.005 3.849 0.1
380.10 0.01 9.752 0.006 4.404 0.4
380.10 0.01 19.745 0.009 4.970 0.3
380.11 0.02 29.752 0.006 5.585 0.4
380.11 0.01 39.770 0.007 6.233 0.2
380.11 0.02 49.804 0.007 7.043 0.2
380.12 0.01 59.853 0.008 7.822 0.3
380.13 0.01 69.902 0.006 8.673 0.3
380.13 0.01 79.954 0.009 9.549 0.2
380.14 0.02 90.003 0.007 10.45 0.2
380.14 0.01 100.064 0.007 11.49 0.3
380.15 0.02 110.128 0.008 12.59 0.2
380.16 0.02 120.187 0.008 13.68 0.2
380.17 0.02 130.255 0.011 14.84 0.1
380.18 0.01 137.317 0.007 15.72 0.1
390.03 0.01 0.204 0.004 3.223 0.2
390.04 0.01 9.747 0.008 3.662 0.3
390.05 0.02 19.752 0.009 4.145 0.3
390.05 0.01 29.751 0.007 4.663 0.2
390.07 0.01 39.760 0.007 5171 0.3
390.08 0.02 49.796 0.010 5.739 0.3
390.09 0.02 59.837 0.010 6.374 0.4
390.09 0.02 69.870 0.008 6.954 0.2
390.10 0.02 79.923 0.007 7.635 0.3
390.11 0.01 89.978 0.008 8.325 0.2
390.11 0.01 100.046 0.007 9.092 0.3
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Too St p Sp n sqln
(K) (K) (MPa) (MPa) (mPa-s) (%)
390.12 0.01 110.109 0.018 9.966 0.4
390.13 0.01 120.174 0.009 10.89 0.3
390.13 0.01 130.250 0.008 11.81 0.2
390.14 0.02 137.313 0.010 1251 0.1
400.00 0.02 0.088 0.005 2.709 0.6
400.01 0.02 9.758 0.006 3.079 0.6
400.02 0.01 19.756 0.006 3.479 0.5
400.02 0.02 29.765 0.009 3.904 0.4
400.03 0.02 39.789 0.008 4.355 0.3
400.04 0.02 49.804 0.007 4.836 0.3
400.05 0.02 59.833 0.008 5.360 0.4
400.05 0.02 69.890 0.010 5.875 0.2
400.06 0.02 79.936 0.009 6.448 0.3
400.07 0.01 89.981 0.009 7.034 0.3
400.08 0.02 100.051 0.008 7.667 0.2
400.08 0.01 110.114 0.008 8.331 0.1
400.10 0.01 120.183 0.011 9.043 0.2
400.10 0.01 130.249 0.009 9.846 0.2
400.11 0.01 137.281 0.007 10.40 0.2
409.88 0.01 1.271 0.033 2.367 0.3
409.90 0.02 9.753 0.007 2.643 0.1
409.92 0.02 19.744 0.012 2.990 0.1
409.93 0.01 29.748 0.006 3.354 0.1
409.94 0.01 39.769 0.010 3.743 0.1
409.95 0.01 49.785 0.006 4.154 0.1
409.96 0.02 59.826 0.007 4591 0.1
409.97 0.01 69.861 0.005 5.042 0.1
409.98 0.02 79.900 0.009 5.518 0.1
409.98 0.01 89.947 0.008 6.025 0.1
409.99 0.01 100.016 0.009 6.548 0.2
409.99 0.01 110.068 0.008 7.106 0.1
409.99 0.02 120.141 0.007 7.686 0.1
410.00 0.02 130.205 0.008 8.296 0.1
410.01 0.01 137.266 0.009 8.746 0.1
420.01 0.01 1.215 0.004 2.067 0.3
420.02 0.01 9.730 0.005 2.302 0.1
420.01 0.01 19.732 0.007 2.588 0.2
420.02 0.02 29.736 0.007 2.887 0.1
420.03 0.02 39.749 0.008 3.192 0.2
420.03 0.01 49.775 0.008 3.512 0.2
420.04 0.02 59.817 0.007 3.847 0.1
420.05 0.02 69.864 0.011 4.216 0.2
420.05 0.02 79.904 0.006 4.564 0.1
420.07 0.01 89.945 0.007 4.926 0.1
420.07 0.02 100.016 0.006 5.321 0.1
420.08 0.02 110.074 0.008 5.719 0.2
420.08 0.02 120.137 0.009 6.136 0.1
420.09 0.02 130.199 0.006 6.583 0.2
420.09 0.02 137.243 0.008 6.897 0.2
429.94 0.01 9.742 0.006 2.008 0.4
429.93 0.02 19.738 0.005 2.253 0.3
429.93 0.02 29.749 0.008 2.502 0.1
429.93 0.02 39.765 0.008 2.763 0.3
429.94 0.01 49.798 0.010 3.027 0.2
429.95 0.02 59.824 0.008 3.309 0.2
429.96 0.01 69.862 0.007 3.665 0.3
429.96 0.02 79.913 0.009 3.917 1.4
429.96 0.01 89.956 0.006 4.313 1.0
429.97 0.02 100.021 0.008 4.691 0.6
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Too St p Sp n sqln
(K) (K) (MPa) (MPa) (mPa-s) (%)
429.98 0.02 110.086 0.008 5.041 0.1
429.99 0.02 120.141 0.010 5.446 0.2
429.99 0.02 130.208 0.008 5.868 0.3
429.99 0.02 137.260 0.011 6.173 0.3
439.97 0.02 19.717 0.006 2.071 0.4
439.97 0.02 29.716 0.006 2.293 0.3
439.96 0.01 39.731 0.008 2.523 0.6
439.96 0.01 49.763 0.007 2.749 0.4
439.97 0.01 59.814 0.007 3.027 0.5
439.97 0.02 69.867 0.009 3.312 0.1
439.97 0.01 79.917 0.007 3.619 0.3
439.98 0.02 89.958 0.006 3.932 0.2
439.98 0.02 100.025 0.008 4.262 0.2
439.99 0.01 110.087 0.007 4.601 0.2
440.00 0.01 120.142 0.010 4,959 0.1
440.00 0.01 130.198 0.007 5.336 0.2
440.00 0.01 137.254 0.011 5.610 0.1
450.11 0.02 29.738 0.009 2.070 0.8
450.11 0.02 39.747 0.007 2.283 0.4
450.11 0.02 49.776 0.005 2.501 0.2
450.11 0.01 59.820 0.007 2.736 0.3
450.10 0.02 69.855 0.011 2.993 0.2
450.11 0.02 79.907 0.005 3.257 0.2
450.11 0.02 89.955 0.009 3.536 0.2
450.11 0.01 100.022 0.010 3.822 0.1
450.11 0.01 110.091 0.007 4,128 0.1
450.11 0.02 120.147 0.007 4.435 0.2
450.13 0.02 130.209 0.010 4.763 0.1
450.13 0.01 137.252 0.010 5.001 0.2

Table 7. Experimental viscosity data for POE-5 measured in this laboratory by Laesecke and Morrison in 2006 at temperatures from
253.15 K to 373.15 K and at an ambient pressure of 0.08235 MPa in Boulder, Colorado, USA. The estimated uncertainty of the
temperature measurement is 0.02 K, that of the pressure measurement is 0.25 hPa, and that of the viscosity measurement is 1 % at
viscosities above 4 mPa-s and 2 % below (see text).

Tao p n

K MPa mPa-s
373.15 0.08235 34711
363.15 0.08235 4.2071
353.15 0.08235 5.1942
343.15 0.08235 6.5519
333.15 0.08235 8.4785
323.15 0.08235 11.307
313.15 0.08235 15.632
303.15 0.08235 22.566
293.15 0.08235 34.323
283.15 0.08235 55.616
273.15 0.08235 97.364
263.15 0.08235 187.61
253.15 0.08235 405.30
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