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ABSTRACT

Empirical models for the density and the viscosity of squalane (CsHe2; 2,6,10,15,19,23-
hexamethyltetracosane) have been developed based on an exhaustive review of the data available
in the literature and new experimental density and viscosity measurements carried out as a part of
this work. The literature review showed there was a substantial lack of density and viscosity data at
high temperature (373 to 473) K and high pressure conditions (pressures up to 200 MPa). These gaps
were addressed with new experimental measurements carried out at temperatures of (338 to 473) K
and at pressures of (1 to 202.1) MPa. The new data were utilized in the model development to
improve the density and viscosity calculation of squalane at all conditions including high
temperatures and high pressures.

The model presented in this work reproduces the best squalane density and viscosity data available
based on a new combined outlier and regression algorithm. The combination of the empirical
models and the regression approach resulted in models which could reproduce the experimental
density data with average absolute percent deviation of 0.04%, bias of 0.000%, standard deviation of
0.05%, and maximum absolute percent deviation of 0.14% and reproduce the experimental viscosity
data with average absolute percent deviation of 1.4%, bias of 0.02%, standard deviation of 1.8% and
maximum absolute percent deviation of 4.9% over a wide range of temperatures and pressures.
Based on the data set used in the model regression (without outliers), the density model is limited to
the pressure and temperature ranges of (0.1 to 202.1) MPa and (273 to 525) K, while the viscosity
model is limited to the pressure and temperature ranges of (0.1 to 467.0) MPa and (273 to 473) K.
These models can be used to calibrate laboratory densitometers and viscometers at relevant high-
temperature, high-pressure conditions.
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1. INTRODUCTION

The viscosity of reservoir fluids is an important property in all aspects of reservoir production and it,
along with its associated uncertainty, affects engineering design decisions. Reservoirs are currently
being developed with increasingly elevated temperatures and pressures and with highly viscous
fluids. Ultra-deep Gulf of Mexico offshore prospects and bitumen reserve extraction from oil sands
are examples of areas where High Pressure (HP) and/or High Temperatures (HT) conditions and
viscous fluids exist.

The viscosity of reservoir fluids is routinely measured in commercial laboratories with capillary and
falling body viscometers. These viscometers are typically calibrated at atmospheric conditions and
specific temperatures with standard calibration fluids. Calibrations are then extended to elevated
pressure and temperature conditions with empirical correlations or the viscometer is calibrated at
limited temperature and pressure conditions with available HTHP reference fluids. To lower the
uncertainty of routine viscosity measurements, viscometers require accurate calibrations and/or
reference fluids to verify equipment calibrations. The measurement of viscosity also requires
accurate densities at the same conditions.

Unfortunately, most current viscosity standards are inadequate for supporting improved
experimental accuracies in HTHP and high viscosity fluid environments. Squalane (CsoHsy;
2,6,10,15,19,23-hexamethyltetracosane), a pure fluid of moderate viscosity, has been identified to
fill the gap between existing reference fluids and potential HTHP and high viscosity standards. During
the fluid selection process, a critical analysis of existing squalane literature identified voids and
discrepancies in the existing data sets. New experimental measurements were performed to fill
these voids and these new data were combined with existing literature data to determine new
reference equations for the viscosity and density of pure squalane.

The parameters in the developed models for viscosity and density were determined with a novel
approach for robust regression which combined global optimization and outlier detection
algorithms. The overall algorithm, combined with the critical literature review, provided a
recommended data set, a reliable set of parameters, and a range of validity for the models.

2. LITERATURE REVIEW

Development of accurate viscosity and density models requires a thorough knowledge of existing
literature data and the acquisition of new experimental measurements to fill the void in the existing
data sets. There are numerous data sets for the density and viscosity of squalane and they have
been reviewed and an analysis of the published results has been performed. A complete list of the
literature data sets used in this investigation is presented in Tables 1 and 2. This compilation of data
indicated that additional measurements at high temperature and high pressure conditions were
needed to fill voids in the available literature. Accordingly, new measurements were performed at
temperatures in the range of (338 to 473) K and at pressures between (0.2 and 202.1) MPa; the
results are presented in this paper. These new data and the derived models helped to resolve
discrepancies between existing data sets and to extend regions where the physical properties were
insufficiently modelled with the correlations presented in the literature to this date.



References with tabulated data were considered and those which presented data in only Figures
were excluded.**>? In cases where an existing experimental data set was repeated (or it appeared
that the same point was not re-measured) in subsequent articles, only the original data set was
included in the regression data set: Lal et al. (2000)!%253-54 Dubey and Sharma (2008)2*°>>°, Bair
(2002)3¢37, Whitmore et al. (1966)%%°, Cadogan and Purnell (1969)°%6! Kumagai et al. (2006)22,

Unlike the works by Schmidt et al. (2008)% and Quifiones-Cisneros et al. (2012)%, where there was a
very limited data set available for the development of a reference model, the abundance of
experimental data for squalane made it unnecessary to include molecular simulations in this
work.3®>73 Two points from Whitmore et al. (1966)® were not included due to the inability of
converting kinematic viscosities of sub-cooled squalane (219 and 233) K.

The data sets presented in Tables 1 and 2, which include the new measurements described in the
following section, span large temperature and pressure ranges and provided sufficient information
to develop a versatile model which can be used in most laboratory settings as a calibration tool.
Plots showing the range of the available density and viscosity data, as a function of pressure and
temperature, are presented in Figures 1 and 2. As can be seen in both figures, the new data
significantly extends the range of data available for model development.

3. EXPERIMENTAL METHOD FOR DENSITY AND VISCOSITY MEASUREMENTS

The measurements were made using a vibrating-wire apparatus that provides simultaneous
measurements of viscosity and density.”*”® As illustrated in Figure 3, the vibrating wire is suspended
vertically in the fluid, between the poles of a permanent magnet, and is tensioned by an aluminium
weight. An alternating current is passed through the wire, thereby setting it into transverse
oscillation, and the electromotive force (emf) developed across the wire is measured by means of a
lock-in amplifier. This emf generally comprises two components: the first is simply the voltage
developed across the electrical impedance presented by the stationary wire; while the second is the
induced voltage arising from the motion of the wire through the fluid in the presence of the
magnetic field. The frequency response of the oscillating wire is measured in the vicinity of the
fundamental transverse resonance mode. The resonance frequency of this mode is sensitive to the
density of the surrounding fluid, largely as a consequence of the buoyancy effect exerted on the
weight and the resulting changes in the tension of the wire. The width of the resonance curve is
sensitive to the viscosity of the fluid. Both effects are described accurately by a full-developed
working equation for the instrument.’#77% The practical apparatus and standard operating
procedures are described in detail by Ciotta (2010).7¢

With a tungsten wire of 0.15 mm diameter fitted for this project, the instrument had a nominal
working range for viscosity of approximately (0.5 to 100) mPa-s.

4. CALIBRATION

In the present work, viscosity measurements were made in an absolute way without the need to
calibrate the instrument in a fluid of known viscosity. This was achieved by measuring the diameter
of the wire with a laser micrometer. The wire used was centreless-ground tungsten (Metal Cutting
Corp., New Jersey, USA) with a nominal diameter of 0.15 mm. The diameter of the actual piece used
was measured by means of the laser micrometer (Aeroel SRL, Pradamano, Italy) with 0.01 pm



resolution. Measurements were made at three different axial positions and at five different angles
and the results are given in Table 3. The mean diameter obtained was 0.15112 mm, with a standard
deviation of 0.00009 mm and min/max deviations of -0.00015 mm and 0.00012 mm. This result is in
essentially exact agreement with the value of 0.1511 mm stated by the supplier.

The remaining parameters in the working equation pertain to the resonance frequency of the wire
and these were determined, as described recently,®® from calibration measurements in air at
ambient pressure.

The temperature of the vibrating-wire cell was measured with a platinum resistance thermometer
(PRT) probe having a nominal resistance of 100 Q at T = 273.15 K. The resistance of the thermometer
was measured in a four-wire circuit using a digital multimeter (Agilent, model 34401A). The
thermometer was previously calibrated both in a water triple-point cell and by comparison with a
standard PRT in an oil bath at temperatures between 323 K and 473 K.”® The standard PRT used for
this purpose (Tinsley, model B249) had itself been calibrated on ITS-90 by the UK National Physical
Laboratory. At the conclusion of the present study the PRT was checked again in a triple point of
water cell and its resistance was found to be unchanged. The estimated standard uncertainty of the
temperature was £0.02 K.

The pressure was measured by means of a Paroscientific Digiquartz transducer (model number
430K-110) with a range of (0 to 207) MPa calibrated by the supplier against a certified pressure
balance. After allowing for the offset observed under vacuum, the estimated standard uncertainty of
the pressure measurements was £0.02 MPa.

5. MEASUREMENT PROGRAMME

The provenance and purity of the squalane sample (CAS 111-01-3) is provided in Table 4 and no
further purification of the sample was attempted. The entire apparatus was evacuated before
introducing the sample. About 200 ml of sample was transferred to a glass reservoir fitted with a
close-fitting screw cap and a dip tube through which sample could be withdrawn. The dip tube was
connected to the inlet of the high-pressure fluid handling system and the fluid was drawn into the
evacuated system. The fluid handling system was then used to pass approximately 50 ml of sample
through the apparatus for flushing purposes. Pressure was raised by means of a screw injector in the
fluid handling system.

The measurements were made along isotherms with actual temperatures within 0.2 K of the desired
nominal values. In order to characterise the isotherms well, an initial point close to 1 MPa was
measured, followed by 20 MPa and then increments of 20 MPa until the pressure reached
approximately 200 MPa; the pressure was then reduced to a value close to 1 MPa for a check
measurement. The actual temperatures and pressures were measured as detailed in section 4
above. At each state point, at least two measurements were made and the resulting values
averaged. Normally, the repeatability at a constant temperature and pressure was within 0.5 % in
viscosity and 0.05 % in density. There was increased scatter at viscosities above about 30 mPa:s
increasing to about + 1 % in viscosity and £ 0.5 % in density at n = 100 mPa-s. In these cases, the
number of repeated measurements was increased to 5 leading to a standard error of the mean of
about 0.5 % in viscosity and 0.25 % in density. The estimated overall expanded uncertainties, taking



account of all sources of uncertainty other than sample degradation, were 2 % for viscosity and 0.2
% for density, with a coverage factor of 2.

One problem that arose was premature failure of the rupture-disc safety device after the
measurement at 453 K and 180 MPa. The rapid decompression of the system that occurred when
the disc ruptured caused damage to the sensor lead wires and also caused the sinker to slip on the
lower end of the vibrating wire. The system was repaired and the sinker replaced. Check
measurements overlapping the previous data were made after this repair and before continuing; the
check results showed good agreement.

6. VERIFICATION TESTS

In order to test the measurement system, measurements were made on the viscosity standard liquid
S20 (Cannon Instrument Co.) at temperatures of (298.15, 323.15 and 353.15) K and at ambient
pressure. The results were compared with the values certified by the supplier and the results are
given in Table 5; small corrections were applied to account for deviations (< 0.2 K) from the nominal
temperatures. The measured viscosity agrees with the certified values of the viscosity standard
liquid to well within the overall experimental uncertainty. The measured densities are approximately
0.3 % lower than the certified values and these differences fall slightly outside the 95 % confidence
interval of £0.2 %. There is no explanation for this discrepancy.

In further tests, a u-tube capillary viscometer (PSL BS/U D serial number 55281) was used to
measure the kinematic viscosity u of both fresh squalane and used squalane drained from the
vibrating-wire instrument after the final measurements at T = 473.15 K. The u-tube viscometer was
operated at ambient pressure and was immersed in a temperature-controlled water bath. The
overall standard relative uncertainty of these measurements was +0.2 %. The densities of the same
samples were measured in an Anton Paar DMA 5000 vibrating-tube densimeter with automatic
viscosity correction and an overall standard relative uncertainty of 0.01 %. The DMA 5000 was
calibrated in ambient air and ultrapure water at the operating temperature. In order to facilitate
comparison with the vibrating-wire results, the density and the logarithm of the viscosity measured
along the isotherm at T =338 K and P < 101 MPa were each extrapolated to P = Py, where Py = 0.1
MPa, by means of linear regression with a quadratic polynomial in (P — Po). These quadratic
polynomials provided excellent fits and led to n = (6.706 + 0.003) mPa-s and p = (778.5 + 0.3) kg:m?
at P = 0.1 MPa and T = 338 K, where the quoted uncertainties are one standard deviation. A
preliminary surface fit that (8lnn/07)r =-0.026 K* and (dInp/dT)e = -0.00084 K at the same pressure
and temperature was also estimated. These derivatives were used to correct the values of n and p
extrapolated from the vibrating-wire measurements to the slightly different temperatures at which
the ambient-pressure measurements were made. In Table 6, the results of the ambient-pressure
measurements and the differences An and Ap from the values deduced from the vibrating-wire data
are presented. Both the capillary viscosity measurements agree well with the vibrating-wire results
but there is a small difference between them that suggest some degradation of the sample after
exposure to the highest experimental temperature. This correlates with a slight discolouration of the
used fluid noted after the final isotherm. In this case, the densities are found to agree to well within
the 95 % confidence interval.



7. EXPERIMENTAL RESULTS

The measured viscosity and density of squalane are given in Table 7 in the original order of the
measurements. The results are plotted in Figures 4 and 5.

8. DENSITY AND VISCOSITY MODEL

The modified Tait Equation,® has been widely used to correlate the (P,p, T) surface of numerous pure
fluids and mixtures including squalane.?®

1
_ P+B
p/(kg'm3):,00{1_C|0910(P0+B]} (0)

where the reference density, po, is the density of squalane at Py = 0.1 MPa. The parameter C is a
constant and B is a parameter with temperature dependency described in Equation (2):

2
B/MPa=> b(T/K) (0)
i=0

The reference density, po, was correlated as a function of temperature with Equation (3):

2 -
Pol (kg-m=?)=>"a,(T /K)' (0)
i=0
A modified Tait-like viscosity equation (Comufias, 2001)% was used to correlate the viscosity data
D,
P+E, )
T\ B 1E,

where the reference viscosity, no, was described with a modified Andrade equation®?:

B
= 1 0
o AﬂeXp(HCn] (0)

The reference pressure, Po, in Equation(4) are the same as in Equation (1). Parameters, D,, and E,,

were considered functions of temperature:

2
D, =Y d(K/T) (0)
i=0
2 .
E,/MPa=>¢e(T/K) (0)
i=0

The density parameters to be regressed are therefore {ao,al, az,bo,bl, b2 , C} and the viscosity

parameters are {A7, B”,Cn,do,dl,dz,eo,el,ez} )



9. PARAMETER DETERMINATION

The standard approach for determining equation parameters is to minimize the sum of squares of
the residuals as described by Equation (8), known as the least-squares approach to regression.

CLeast-Squares =arg mcin Z( Yi— f (Xi ) C))Z (0)

Where C is the parameter vector, f is the model function and (x;, y;) are the experimental data.

Using this approach on the squalane data set leads to erroneous values due to the failure of two key
assumptions made in the method’s derivation®: 1) that the difference between the measured values
and the actual values are all normally distributed, and 2) that all the data are valid for the chosen
model (i.e. no outliers). The first assumption fails because the viscosity data spans several orders of
magnitude and it is unreasonable to assume that the experimental uncertainty remains constant in
absolute terms. Such an assumption would lead to a surface that fits the higher magnitude data at
the expense of all the other values. The second assumption fails primarily because the model
Equations (1) and (4) are empirically based and have a limited range of applicability but also because
the different measurement techniques can lead to some points having significantly higher variance
than others.

Instead, the least squares approach was changed so that: 1) the relative differences between the
measured values and the model values are normally distributed and 2) there are a specific number
of data points that should not be considered when determining the parameters and those points can
be identified by the Benjamini-Hochberg test for significance.®* This method of outlier detection was
selected because it is based on the same a priori assumption of normally distributed data as the
regression technique and there are enough data points that a more conservative method is not
required.

The relative difference r; between the measured value and the model function is given by Equation

(9):

Yi — f(xi1c)
() f(x.0)|

r =

(0)

This leads to the regression Equation (10) which is used by Weiland et al. (1993)%:

. (yi_ f(xilc))z
CRelative Difference Regression = arg mcm Z (0)

i |(Yi) f(xi7C)|

This formulation, Equation (10), of the relative difference is preferable to the standard definition,
given by Equation (11), as it has no bias:

ri:yi_f(xi’c) (O)

Yi



and it is a function which weights all of the data equally irrespective of the magnitude of the data
(which in this case span several orders of magnitude). If M experimental measurements out of N
total measurements are excluded, then the final regression equation is given by:

LN\ (y - f()~(.,(;))2
CRobust Regression = arg mcln Z ! !

i=1 |( y.) f(ii1c)|

(0)

where denotes that the measurement values have been sorted by increasing statistical

significance.

10. REGRESSION IMPLEMENTATION

Evaluating Equation (12) is not trivial since the parameter vector C is highly dependent on the value
M and the sorting of the values ()~(i, yi) which in turn can only be determined once C is known. The

solution procedure developed is an iterative process of choosing M, finding the parameters that
minimize Equation (12), then using that equation to get a new estimate for M and repeating until M
converges. Even with M known, Equation (12) is still difficult to solve as there can be many local
minima that differ greatly from the global minimum. A further complication of the regression is the
residuals used in each calculation can change (due to a change in order) and the parameter surface
to be minimized can be highly discontinuous. The global minimization strategy, differential
evolution®, is able to reliably solve this problem as it can search over a large parameter space and
does not require a continuous surface. The entire implementation is illustrated in Figure 6.

To perform the Benjamini-Hochberg significance test, the residuals are assumed to be normally
distributed around zero with variance determined by the median absolute deviation, which is a

robust variance estimator. The p-values P, are then computed for each residual and the largest p-

value that satisfies the significance test in Equation (13) is considered an outlier as well as all
residuals with lower p-values.

P<—a (0)
N-+1-i

The variable ¢ is the false discovery rate, which is set at 5% by convention®®.
11. RESULTS AND DISCUSSION

To illustrate the improved parameter choice calculated using this novel approach to regression, the
parameters of Equation (4) were computed using least squares regression, Equation (8), the
modified objective function, Equation (10), and finally the full robust regression, Equation (12). The
intersection of the resulting surfaces with the atmospheric pressure plane and the experimental
viscosity data at atmospheric pressure are shown in Figure 7. It is noted that only the atmospheric
pressure data is shown in Figure 7 even though the experimental data at atmospheric and elevated
pressures were used in the regressions.



As can be seen in Figure 7, the least squares regression technique provides a poor fit of the
atmospheric pressure data. The viscosity data at these conditions are being neglected in order to
satisfy the objective function which favours the large viscosities at elevated pressures. This
deficiency is clearly addressed by using the relative objective function. At atmospheric pressure, the
regressed equation’s performance is indistinguishable from that obtained with the robust
regression. The histograms in Figures 8 and 9 show the distribution of the Absolute Percentage
Deviation (APD, denoted A;) of all the data points,

- f(x.c)
Yi

- 100‘ (0)

between the models and the density and viscosity data (all data - atmospheric and elevated
pressures). An examination of the results show that the relative objective function does not result in
a half-normal distribution of the errors as expected. A large number of points with deviations
significantly greater than the majority of the differences between the model and the data set
indicate that the presence of these outliers could skew the results. Use of the robust regression
technique improves the parameterization of the model because the data points with significant
deviations are excluded from the regression. As shown in Figures 8 and 9, the resulting deviation
distribution for the robust regression and the identified outliers show that the deviations of the
points used in the regression are significantly reduced; and now resemble more of a half-normal
distribution when compared to the conventional regression technique (both with the relative
difference objective function).

The optimal parameters and a summary of the regression’s statistics for the viscosity and density can
be found in Table 8. Out of a total of 853 viscosity points available in the literature, 97 (11 %) were
considered outliers which is lower, on a percentage basis, than the number of density point outliers,
64 out of 407, or 16 %.

Overall, the average absolute percentage deviation (AAPD, denoted A),

100 ¢ |y|_f(X|’C)|
N §| V| o

between the optimal model and that of the data used in the parameterization (i.e. data points not
rejected) is 0.04 % for the density and 1.4 % for the viscosity. The bias of the density fit is 0.000 %
and the standard deviation is 0.05 %. The bias of the viscosity fit is 0.02 % and the standard deviation
is 1.8 %. The bias and the standard deviation of the models are artificially reduced due to the
rejection of the extreme 5% of valid points (set by the false discovery rate). With this considered, the
maximum absolute percent deviation of these models is a good indicator of the goodness of fit of
these models. The maximum APD of the density and viscosity points used in the regression was 0.14
% and 4.9 %. Based on the rejected data in the model regression, the density model is limited to the
pressure and temperature ranges of (0.1 to 202.1) MPa and (273 to 525) K, respectively. As shown
in Table 8, the lowest temperature in the accepted viscosity data set was 242.7 K. A review of this
data set revelled that the majority of the accepted experimental measurements were made at
temperatures of 273 K or greater. Based on this, the viscosity model is limited to the pressure and
temperature ranges of (0.1 to 467.0) MPa and (273 to 473) K, respectively. The model is still useable



at temperatures between 243 and 273 K, but it has only been validated by significant quantities of
experimental data down to 273 K. As with most empirical models, extrapolation of the models
beyond the ranges described above is not recommended. Further details of the number of points
used from each literature source and the AAPDs between the optimal models are presented in
Tables 9 and 10. Most of the rejected viscosity data are at pressures greater than 500 MPa.

Tables 9 and 10 show the individual data sets used in the regression of the parameters for the
recommended model. As can be seen in Table 9, most of the density data before 1957 was classified
as outliers. This is consistent with the review of the data sets which indicated that these literature
data sets do not report the experimental method or uncertainty of the measurements. More recent
data sets!™?2?% had a majority of points deemed as outliers. These outlier points appear to be
inconsistent with the remaining literature data (including the new data). Tables 9 and 10 show that
the AAPD of the rejected points were significantly larger than the points which appear to be
consistent with the other data sets based on the model and the regressed parameters. The majority
of the density data can be fit very well by the model (75% of points with error less than 0.1%), and
therefore the tolerance for being considered a valid point is very tight and hence why some of the
data may appear to be inconsistent with the model and other data sets.

Compared to the density data, the viscosity of squalane has been measured at significantly higher
pressures (up to 1.298 GPa). Most of the data deemed outliers were at pressures greater than 400
MPa (and essentially all the data above 500 MPa). The data at pressures greater than 500 MPa came
from Bair (2002)%¢ and Bair (2006). Table 10 shows that the regression algorithm considered 50 out
of the 78 points from these papers as outliers. Whether these points are experimentally consistent
with the other data sets is difficult to ascertain from the results presented in this investigation.
Based on the regression algorithm, the other experimental data sets, and the Tait-like viscosity
model (9 parameters), the data appear to be inconsistent with those reported in the literature.
Either the model is insufficient at these conditions or the data are inconsistent with the other data
sets and the model. Further exploration into the consistency of these measurements, which are at
extreme pressure conditions, was not performed. These extreme pressures are far from those which
are measured in commercial laboratories (and most academic laboratories) and were considered
outside scope of this work.

The compilation of data presented in this work could be used to further the development of a new
squalane viscosity model which covers these extreme pressures. However, new data at these
conditions should be measured at these conditions to verify the existing data before any modelling
effort is undertaken. Although the data at these elevated conditions were not of practical interest
for the model development in this work, they were still used in the determination of the model
parameters. The success of this algorithm is proven by the development of a consistent model which
was not biased by the data at these conditions. At pressures below 500 MPa, most of the data set
from Krahn and Luft (1994)% appear to be inconsistent with those from the other investigators. In
this case most of the data at elevated temperatures (greater than 293.15 K) were considered
outliers.

Figure 10 shows the relative deviation of the measured density at atmospheric pressure from the
correlating equations with the parameters given in Table 8. Figure 11 shows the relative deviation of
the measured density as a function of pressure for all temperatures. The majority of the deviations



are within 0.1 % of the correlation for density. Figure 12 shows the relative deviation of the
measured viscosity at atmospheric pressure and a majority of deviations are noted to be within 3 %.
Figure 13 shows the relative deviation of the measured viscosity as a function of pressure for all
temperatures. The majority of the deviations are within 5 % of the correlation for viscosity. Only
data that were used in the parameterization have been included in these figures.

Very recently, Mylona et al. have published correlations of the density and viscosity of squalane
based on their analysis of the available experimental data, including the new data presented in this
paper. In their work, the density was correlated using the same model as in the present analysis;
however, they set a, = 0 and constrained C to the value 0.2. The region in which both density
correlations are simultaneously valid corresponds to temperatures between (278 and 473) K and
pressures up to 202 MPa. In comparison, the two agree to within £0.12% at P > 50 MPa for all
temperatures within that range. However, at lower pressures and T = 400 K, the correlation of
Mylona et al.?® shows positive deviations from the present model, reaching approximately 0.4% at T
=473 K. Mylona et al.?® report two independent correlations for viscosity and the comments below
apply only on their modified Vogel-Fulcher-Tammann equation, in which temperature and pressure
are the independent variables. This correlation is valid at temperatures between (278 and 473) K and
at pressures up to 200 MPa. Comparing that correlation with the present model first along the
isobar at P = 0.1 MPa, a close agreement within £2% over the entire temperature range was found.
For higher pressures up to 100 MPa, agreement to within £3% at temperatures up to approximately
450 K was found. However, at higher temperatures and higher pressures and the two models show
significant differences that, at P = 200 MPa, span a range from -12% to 3%. Overall, based on the
data sets deemed acceptable in this work by the regression analysis, the models presented by
Mylona et al.”® match the density data to within 0.05% (maximum APD 0.75%) and the viscosity data
to 2.1% (maximum APD 54%) compared with 0.04% (maximum APD 0.14%) and 1.4% (maximum APD
4.9%) obtained from the present models. The pressure and temperature limits of the Mylona et al.?®
models are smaller than that of the present work (and was used outside the recommended limits)
which could explain the large maximum APD difference between the two models on the accepted
data sets.

12. CONCLUSIONS

Squalane has been identified as a preliminary viscosity standard for HTHP conditions. As a pure fluid
of moderate viscosity it fills the gap between existing reference fluids until other HTHP reference
fluids with higher viscosities have been evaluated. All the published data were reviewed and
significant regions were identified where additional data were needed to fill voids, resolve
discrepancies of existing data sets and to extend regions where the viscosity may be insufficiently
modelled with the current techniques. New experimental measurements were performed to expand
the data set in the areas of interest for high-temperature and high-pressure conditions. There
appears to be some inconsistencies with the high pressure viscosity data (P > 400 MPa) and the low
pressure data and/or the models used.

A large amount of empirical density and viscosity data was analysed to obtain new reference density
and viscosity models for squalane. This was done using a novel approach to non-linear regression
that combines global optimization and outlier detection algorithms. The resulting parameters are



substantially improved since they are not influenced by a small number of data points that deviate
significantly from the bulk of the points.

This regression approach resulted in models which could reproduce the majority of the experimental
density data to within an average of 0.04 % for density and 1.4 % for the viscosity data. Based on the
data set used in the model regression (without outliers), the density model is limited to the pressure
and temperature ranges of (0.1 to 202.1) MPa and (273 to 525) K, respectively. In addition, the
viscosity model is limited to the pressure and temperature ranges of (0.1 to 467.0) MPa and (273 to
473) K. The maximum APD is 0.14% for density and 4.9% for viscosity. These models can be used to
calibrate laboratory densitometers and viscometers at relevant HTHP conditions.
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Table 1. Summary of the available literature data for the density of squalane

Investigators Year # of Points T/K P/MPa Method Purity Stated Accuracy Reference
Tsujimoto 1916 1 288.15 0.1 NR np?®=1.4525 NR 1
Chapman 1917 1 293.15 0.1 NR np?®=1.4547 NR 2
Chapman 1923 2 288.15-293.15 0.1 NR np?*=1.4532 NR 3
Heilbron et al. 1926 1 293.15 0.1 NR np®*=1.4534 NR 4
Tsujimoto 1927 2 288.15-293.15 0.1 NR np’®=1.4515 NR 5
Sorensen et al. 1951 4 293.15 0.1 NR np®*=1.4528 NR 6
Sax and Stross 1957 1 293.15 0.1 NR np®=1.4516 0.004% 7
Whitmore et al. 1966 5 273.15-372.05 0.1 NR np®*=1.4522 NR 8
Cadogan and Purnell 1969 3 323.15-343.15 0.1 Dilatometry ~99% NR 9
Cadogan et al. 1969 1 353.15 0.1 Pyknometry ~99% NR 10
Kuss and Taslimi 1970 24 297.99-352.98 0.1-196 Dilatometry NR NR 11
Laub and Purnell 1976 3 329.15-373.15 0.1 Dilatometry NR 0.10% 12
K&érosi and Kovats 1981 4 293.15-473.15 0.1 Pycnometer np?*=1.4521 0.05% 13
Trejo et al. 1991 1 298.15 0.1 Vibrating Tube Densimeter 99 mol% 0.06% 14
Graaf et al. 1992 14 293.2-561.6 0.1 Gravimetric 99% 0.50% 15
Kumagai and Takahashi 1995 5 298.15 0.1 Glass Pycnometer >99% 0.04% 16
Fermeglia and Torriano 1999 1 298.15 0.1 Vibrating Tube Densimeter  99% 0.001% 17
Lal et al. 2000 1 298.15 0.1 Bicapillary Pycnometer np*'=1.4474 0.70% 18
Fandifio et al. 2005 99 278.15-353.15 0.1-45 Vibrating Tube Densimeter 99% 0.06% 19,20
Tripathi 2005 1 298.15 0.1 Bicapillary Pycnometer np*'=1.4474 0.70% 21
Kumagai et al. 2006 16 273.15-333.15 0.1-30 Glass Piezometer NR 0.40% 22
Tomida et al. 2007 12 293.15-353.15 0.1-30 Glass Piezometer 98% 0.40% 23
Dubey and Sharma 2008 3 298.15-308.15 0.1 Vibrating Tube Densimeter ~ >99% 0.002% 24
Harris 2009 12 273.15-363.15 0.1 Vibrating Tube Densimeter ~ >99% 0.50% 25
Ciotta et al. 2009 32 303.18-448.25 1.07-176.1 Vibrating Wire Apparatus >99 wt% 0.20% 26
Fandifio et al. 2010 53 298.15-398.15 0.1-60 Vibrating Tube Densimeter* 99%* 0.7-1.0%* 27
Mylona et al. 2014 19 283.15-373.15 0.1 Vibrating Tube Densimeter NR NR 28
New data 2010 86 338.19-473.07 0.15-202.1 Vibrating Wire Apparatus >99 wt% 0.20%

NR = not reported
*As described by Mylona et al.?®



Table 2. Summary of the available literature data for the viscosity of squalane

Investigators Year # of Points T/K P/MPa Method Purity Stated Accuracy Reference
Sax and Stross 1957 2 310.8-371.9 0.1 NR np?*=1.4516 1% 7
Sax and Stross 1957 1 310.8 0.1 NR np?*=1.4520 NR 29
Whitmore et al. 1966 10 273.2-372.1 0.1 NR np?*=1.4522 NR 8
Kuss and Golly 1972 26 298.2-313.2 0.1-98.1 Falling Sinker 0.40% 30
Barlow and Erginsav 1972 10 242.7-311.3 0.1 Suspended level Viscometer - Capillary B.S. 188 NR 0.50% 31
Ratkovics et al. 1974 293-353 0.1 Hoppler Rheoviscosimeter NR NR 32
Jambon and Delmas 1977 298.2 0.1 Ubbelohde Type NR 0.20% 33
Glowinkowski et al. 1990 333 0.1 Cannon-Fenske Capillary Flow Viscometer >99% 1% 34
Krahn and Luft 1994 18 298.2-453.2 0.1-195 Rolling Ball 99% 2% 35
Kumagai and Takahashi 1995 273.2-333.2 0.1 Capillary >99% 1.70% 16
Fermeglia and Torriano 1999 298.2 0.1 Ubbelohde Type 99% 0.00% 17
Lal et al. 2000 298.2 0.1 Ubbelohde Type np?°=1.4474 0.01% 18
Bair 2002 32 313.2-373.2 0.1-1298 Falling Body 99% 3% 36
Bair et al. 2002 303.2 0.1-378 Falling Body 99% 3% 37
Tripathi 2005 1 298.2 0.1 Ubbelohde Type np?°=1.4474 0.90% 21
Pensado et al. 2006 84 303.2-353.2 0.1-60 Rolling Ball >99 mol% 3% 38
Kumagai et al. 2006 12 293.2-333.2 0.1-30 Falling Body NR 3% 22
Bair 2006 46 293.2-373.2 0.1-1200 Falling Body 99% 3% 39
Tomida et al. 2007 293.2-353.2 10-20 Rolling Ball 98% 3% 23
Dubey and Sharma 2008 3 298.2-308.2 0.101 Ubbelohde Type >99% 0.01% 24
Paredes et al. 2009 84 303.2-353.2 0.1-60 Rolling Ball NR 4% 40
Harris 2009 151 273.2-353.2 0.1-378.6  Falling Body >99% 2% 25
Ciotta et al. 2009 32 303.2-448.3 1.07-176.1 Vibrating Wire >99 wt% 2% 26
Comuiias et al. 2013 54 278.15-373.15 0.1 Various* >99% 1-2%* 41
Comuiias et al. 2014 176 303.15-363.15 9.2-349.8  Various** >99% 2.3-5%** 42
New data 2010 86 338.19-473.07 0.15-202.1 Vibrating Wire >99 wt% 2%

NR = not reported

*Falling Body (2%), Ubbelohde Capillary (< 1%), Quartz-Crystal Resonator (2%), Rotating-Cylinder (1%), Vibrating Wire (1%)
**Falling Body (four different systems ranging 2.3% -5%), Quartz-Crystal Resonator (4%)



Table 3. Diameters d of the vibrating wire measured as a function of axial position and rotation

Axial position: -20 mm Centre +20 mm
Angle d/mm d/mm d/mm

0° 0.15101 0.15122 0.15121
36° 0.15102 0.15112 0.15121
72° 0.15101 0.15113 0.15124
108° 0.15099 0.15115 0.15119
144° 0.15097 0.15116 0.15113




Table 4. Purity of Squalane

. Minimum Stated
Chemical Name Source . .
Purity/Mass Fraction%

Squalane? Sigma Aldrich 0.99°

3 C3oHe2; 2,6,10,15,19,23-hexamethyltetracosane  No purification was attempted



Table 5. Viscosities n and densities p of S20 measured in the vibrating-wire instrument at ambient pressure and temperatures T, and differences An and
Ap from the values certified by the supplier.?

Measured Certified Difference Measured Certified Difference
T/K n/mPa-s n/mPa-s An/n p/kg:m? p/kg:m? Mp/p
298.15 29.48 29.23 0.8% 857.3 859.4 -0.25%
323.15 10.72 10.70 0.2% 841.1 843.3 -0.26 %
353.15 4.624 4.619 0.1% 821.4 824.0 -0.31%

2 standard uncertainties are u(T) = 0.02 K, u(n) = 0.01:n, and u(p) = 0.001-p



Table 6. Kinematic viscosity u and density p measured at ambient pressure and temperature T and differences Ap and An between the densities and
derived dynamic viscosities and those determined from the vibrating-wire measurements.?

Sample  T/K  u/mm-st p/kgm3 Ap/p n/mPass An/n

Fresh 338.38 8.665 779.71  0.12% 6.756 0.7%

Used 338.22 8.583 779.53 0.08% 6.691 -0.7%

2 standard uncertainties are u(T) = 0.02 K, u(u) = 0.002-u and u(p) = 0.0001-p.



Table 7. Experimental viscosities n and densities p measured with the vibrating-wire instrument at
temperatures T and pressures P.?

T/K P/MPa n/mPa-s p/kg-m3 T/K P/MPa n/mPa-s p/kg-m3
338.19 1.05 6.815 779.26 433.36 0.68 1.309 717.22
338.19 21.21 9.666 792.77 433.31 0.60 1.309 717.04
338.20 40.64 13.185 803.93 433.35 20.50 1.749 737.74
338.20 60.42 17.706 814.29 433.36 40.31 2.231 753.83
338.20 79.83 23.480 822.46 433.19 60.43 2.785 767.55
338.20 100.23 30.939 831.55 433.20 80.19 3.392 779.13
338.21 119.82 40.324 837.96 433.21 100.28 4.072 789.84
338.20 140.24 52.304 845.12 433.21 120.04 4.865 798.72
338.20 161.30 68.139 851.46 433.21 140.20 5.754 807.55
338.22 0.94 6.808 778.91 433.19 160.66 6.774 815.65

433.19 180.70 7.891 823.09
373.12 0.78 3.125 756.09 433.19 200.37 9.057 830.05
373.12 20.35 4.234 771.55 433.18 1.12 1.324 717.80
373.12 39.97 5.565 784.50
373.12 60.03 7.219 795.89 453.15 1.15 1.062 704.74
373.12 80.95 9.293 806.36 453.16 20.19 1.405 726.40
373.12 101.16 11.717 815.48 453.17 40.45 1.796 744.09
373.12 120.42 14.403 823.57 453.18 60.48 2.222 758.43
373.12 140.64 17.829 831.10 453.18 80.14 2.681 770.59
373.12 159.51 21.726 837.61 453.18 100.41 3.214 781.58
373.12 180.46 26.767 843.98 453.20 120.79 3.800 791.61
373.12 201.38 32.723 850.63 453.20 140.40 4.438 800.32
373.12 0.62 3.122 756.02 453.19 160.15 5.142 808.49
453.20 180.71 5.945 816.55
388.14 1.10 2.436 746.78
388.13 20.29 3.250 762.98 338.29° 1.01 6.83 779.46
388.14 40.38 4.242 776.95
388.14 59.85 5.392 788.53 452,95b 163.17 5.261 809.30
388.13 80.49 6.828 799.25 452.95b 180.27 5.937 815.84
388.13 101.53 8.548 809.12 452.85 201.77 6.867 823.37
388.13 120.96 10.458 817.16
388.13 139.90 12.580 824.59 473.05 0.15 0.853 690.19
388.14 160.80 15.310 832.35 472.81 1.05 0.867 691.59
388.14 180.61 18.401 838.96 473.05 20.04 1.151 715.20
388.14 201.47 22.160 845.55 473.05 39.89 1.465 733.71
388.13 0.89 2.432 746.65 473.06 60.23 1.810 749.17
473.06 79.91 2.175 761.86
413.17 1.05 1.691 730.56 473.07 100.37 2.590 773.42
413.18 20.11 2.233 748.65 473.05 120.20 3.031 783.48
413.18 40.28 2.885 763.94 473.05 140.44 3.531 792.71
413.18 60.20 3.620 776.68 473.05 160.34 4.073 801.00
413.21 80.74 4.485 788.16 473.05 180.47 4.671 808.83
413.22 100.35 5.454 797.82 473.03 200.21 5.348 815.83
413.22 120.46 6.574 806.56 473.04 1.05 0.868 691.45
413.24 140.20 7.831 815.07
413.25 160.57 9.322 822.80
413.25 181.45 11.116 829.85
413.25 202.09 13.062 836.75
413.24 0.61 1.680 730.10

a standard uncertainties are u(T) = 0.02 K, u(p) = 0.02 MPa, u(n) =0.01-n, and u(p) = 0.001-p
b Check measurements after adjustment of wire.



Table 8. Results of the regression analysis

Density

Parameter Value
a, /kg-m 9.789E+02
a, /kg:m3K* -5.355E-01
a,/ kg:m3K? -1.571E-04
b, /MPa 2.000E-01
b, /MPa-K™* 3.822E+02
b,/ MPa-K? -1.162E+00
C 9.305E-04

Regression Statistics

Number Points
A
Bias
Std. Dev.
Max(4A;)
Tmax/K
Tmin/K
Pmin/MPa
Pmax/MPa
Number Outliers

407
0.04%
0.000%
0.05%
0.14%
524.70
273.15
0.098
202.09
64

Viscosity

Parameter Value
A, [mPa-s 7.610E-02
B, /K 7.528E+02
C, /K -1.707E+02
d, -4.488E+00
d, //K 3.330E+03
d, /K 1.736E+05
€,/MPa -4.684E+02
e /MPa-K* 5.072E+00
e,/MPa-K? -7.421E-03

Regression Statistics

Number Points
A
Bias
Std. Dev.
Max(A/)
Tmax/K
Tmin/K
Pmin/MPa
Pmax/MPa
Number Outliers

853
1.4%
0.02%
1.8%
4.9%
473.07
242.70
0.098
467
97




Table 9. Summary of regression results for the density of squalane

. . AAPDof  AAPDOf
Investigators Year Reference f# of Points # Of. Points Points Used P'0|nts
Used Rejected (%) Rejected

(%)
Tsujimoto 1916 1 1 0 0.12 --
Chapman 1917 2 0 1 -- 0.89
Chapman 1923 3 0 2 -- 0.26
Heilbron et al. 1926 4 1 0 0.10 -
Tsujimoto 1927 5 2 0 0.003 -
Sérensen et al. 1951 6 0 4 - 0.27
Sax and Stross 1957a 7 1 0 0.07 -
Whitemore et al. 1966 8 4 1 0.09 0.16
Cadogan and Purnell 1968 9 3 0 0.05 --
Cadogan et al. 1969 10 1 0 0.07 --
Kuss and Taslimi 1970 11 24 0 0.05 --
Laub and Purnell 1976 12 3 0 0.09 --
K&rosi and Kovats 1981 13 3 1 0.06 0.39
Trejo et al. 1991 14 1 0 0.09 -
Graaf et al. 1992 15 5 9 0.08 0.43
Kumagai and Takahashi 1995 16 4 1 0.03 0.80
Fermeglia and Torriano 1999 17 1 0 0.02 --
Lal et al. 2000 18 1 0 0.02 -
Fandifio et al. 2005 19,20 99 0 0.02 -
Tripathi 2005 21 1 0 0.02 -
Kumagai et al. 2006 22 12 4 0.08 0.22
Tomida et al. 2007 23 1 11 0.06 0.35
Dubey and Sharma 2008 24 0 0.02 --
Harris 2009 25 12 0 0.04 --
Ciotta et al. 2009 26 12 20 0.07 0.36
Fandifio et al. 2010 27 53 0 0.04 -
Mylona et al. 2014 28 19 0 0.02 --

New Data 2010 77 9 0.04 0.19




Table 10. Summary of the regression results for the viscosity of squalane

. . AAPD of ~ AAPDOf
Investigators Year Reference f# of Points # Of. Points Points Used P9|nts
Used Rejected (%) Rejected

(%)
Sax and Stross 1957a 7 0 0.83 --
Sax and Stross 1957b 29 0 2.02 -
Whitemore et al. 1966 8 3 1.05 28.49
Kuss and Golly 1972 30 26 0 1.06 --
Barlow and Erginsav 1972 31 9 1 4.10 15.45
Ratkovics et al. 1974 32 0 7 - 24.24
Jambon and Delmas 1977 33 1 0 3.33 -
Glowinkowski et al. 1990 34 1 0 1.73 --
Krahn and Luft 1994 35 5 13 2.02 9.86
Kumagai and Takahashi 1995 16 3 1 1.07 22.39
Fermeglia and Torriano 1999 17 1 0 1.12 --
Lal et al. 2000 18 0 1 - 10.23
Bair 2002 36 13 19 2.12 40.83
Bair et al. 2002 37 2 2.50 7.42
Tripathi 2005 21 0 1 - 10.23
Pensado et al. 2006 38 84 0.67 -
Kumagai et al. 2006 22 11 1 1.49 6.14
Bair 2006 39 15 31 2.64 40.22
Tomida et al. 2007 23 6 0 1.96 -
Dubey and Sharma 2008 24 3 0 1.55 --
Paredes et al. 2009 40 84 0 1.02 --
Harris 2009 25 150 1 1.23 5.22
Ciotta et al. 2009 26 31 1 2.40 5.53
Comufias et al. 2013 41 54 0 0.72 --
Comufias et al. 2014 42 170 6 1.49 7.20
New Data 2010 79 7 2.11 6.98
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Figure 1. Pressure P and temperature T surface of the squalane experimental density investigations: ©, literature density data; <, new density data.
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Figure 2. Pressure P and temperature T surface of the squalane experimental viscosity investigations: ©, literature density data; <, new density data.



50 mm

Figure 3. Visualisation of the vibrating-wire instrument. From the left: pressure vessel, aluminium block thermostat and outer insulation box; high-pressure
vessel; plug closure, with sensor attached, and screw cap; details of the sensor showing the upper and lower wire clamps (green), magnets (gold) and the
gold-plated soft-iron yoke (yellow).
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Figure 4. Viscosity n of squalane along seven isotherms as a function of pressure P: X, T=338K; A, T=373K; ., T=388K, ., T=413K; A, T=433K;
O, 7=453K; O, T=473 K; <7, capillary viscometer measurement at T =338 K.
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Figure 5. Density p of squalane along seven isotherms as a function of pressure P: X, T=338K; A, T=373K; ., T=388K, ., T=413K; A, T=433k;
T=453K; O, T=473K; <, DMA 5000 vibrating-tube densimeter measurement at T =338 K.
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Figure 6. General algorithm of the robust regression routine.
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Figure 7. Comparison of regression methods for viscosity n at atmospheric pressure: solid line, least squares objective function (Equation 8); dashed line,
relative objective function (Equation 10); dot line, robust regression with relative objective function (Equation 12); O, literature data; <, literature data

outliers.
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Figure 8. Viscosity n absolute percentage deviation A; histogram: solid grey bar (Equation 10), regression with relative objective function; dot bar,
regression with relative objective function and point removal (Equation 12); solid black bar, identified outliers.
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Figure 9. Density p absolute percentage deviation A; histogram: solid grey bar (Equation 10), regression with relative objective function; dot bar, regression
with relative objective function and point removal (Equation 12); solid black bar, identified outliers.
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Figure 10. Relative deviations Ap/p = {p(expt) - p(calc)}/p(calc) of the experimental density p(expt) at pressure P = 0.1 MPa for squalane from the value
obtained in Equation (1) p(calc) as a function of temperature T: | |, Tsujimoto?; <, Heilbron et al.%;

, Cadogan and Purnell®; £, Cadogan et al.’%; &, Kuss and Taslimi'’; %, Laub and Purnell'?; 2, K6r6si and Kovats'3;
Kumagai and Takahashi'®; O, Fermeglia and Torriano’; 7, Lal et al.8; 7, Fandifio et al.?>?%; ™=, Tripathi?!;

Harris?®; =, Fandifio et al.?’; =, Mylona et al.%8.

, Tsujimoto®; X, Sax and Stross’; B, Whitmore et al.;
, Graaf et al.?>; ©,
, Dubey and Sharma?;

, Trejo et al.}¥;
, Kumagai et al.?;

’
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Figure 11. Relative deviations Ap/p = {p(expt) - p(calc)}/p(calc) of the experimental density p(expt) at all temperatures T for squalane from the value
obtained in Equation (1) p(calc) as a function of pressure P: | |, Tsujimoto’; <, Heilbron et al.%; ), Tsujimoto®; X, Sax and Stross’; M, Whitmore et al.%; *,
Cadogan and Purnell®; £, Cadogan et al.’% &, Kuss and Taslimi'l; %, Laub and Purnell'?; 2, K6rosi and Kovats'®; -, Trejo et al.%; 1, Graaf et al.’®; <,
Kumagai and Takahashi'®; O, Fermeglia and Torriano’; **, Lal et al.’8; ©, Fandifio et al.?%2?% ™=, Tripathi?}; [/, Kumagai et al.??; =, Tomida et al.?%; ==, Ciotta
et al.?5 ©, Dubey and Sharma?*; 2\, Harris?®; =, Fandifio et al.’; =, Mylona et al.%; ==, New Data.
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Figure 12. Relative deviations An/n = {n(expt) - n(calc)}/n(calc) of the experimental viscosity n(expt) at pressure P = 0.1 MPa for squalane from the value
obtained in Equation (4) n(calc) as a function of temperature T: X, Sax and Stross’; B, Whitmore et al.%; <, Kumagai and Takahashi'®; O, Fermeglia and
Torriano'’; !, Kumagai et al.?%; ©, Dubey and Sharma?*; /\, Harris?>; A, Sax and Stross®’; ®, Kuss and Golly*°; @, Barlow and Erginsav3!; +, Jambon and
Delmas?3; A, Glowinkowski et al.3%; 0, Krahn and Luft®; X, Bair®®; <, Bair et al.3’; A, Pensado et al.3%; <, Bair®®; 1+, Paredes et al.*%; =, Comufas et al.*™.
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Figure 13. Relative deviations An/n = {n(expt) - n(calc)}/n(calc) of the experimental viscosity n(expt) at all temperatures for squalane from the value
obtained in Equation (4) n(calc) as a function of pressure P: X, Sax and Stross’; M, Whitmore et al.8; ¢, Kumagai and Takahashi'®; O, Fermeglia and
Torriano'’; [, Kumagai et al.??; ==, Tomida et al.2*; ©, Dubey and Sharma?*; /, Harris?>; ==, Ciotta et al.?’; A, Sax and Stross?’; ®, Kuss and Golly*’; @,
Barlow and Erginsav®; +, Jambon and Delmas®3; A, Glowinkowski et al.3*; [, Krahn and Luft®; X, Bair®; <, Bair et al.3’; /4, Pensado et al.3; ¢, Bair®’;
1.42;

Paredes et al.*%; =, Comufias et al.*?; @, Comufias et a , New Data.
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