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ABSTRACT

The effect of dissolved water on hydrocarbon viscosity at high temperatures and high
pressures (HPHT) is of interest because water is part of the reservoir fluid in some forms, and
dissolved water concentration at these conditions can be as high as 0.1 mole fraction and cannot
be neglected. In this work, a series of comprehensive and systematic viscosity experiments to
extend the experimental viscosity data of hydrocarbon fluids with presence of dissolved water at
HPHT conditions were performed. The main objective of this investigation is to test if the
dissolved water in hydrocarbon can change the viscosity of reservoir fluids at high temperature
and high pressure conditions. Binary mixtures of methane with n-heptane, n-decane and toluene
and also three multi-component systems: gas condensate, natural gas and a synthetic volatile oil
which were mixed with various amounts of water (0.02 mole fraction, 0.05 mole fraction and
saturated with water) were tested. The viscosity measurements were conducted in a HPHT PVT
cell equipped with capillary tube at pressures and temperatures up to 138 MPa and 473.15 K,

respectively.

KEYWORDS: Viscosity experiment, Capillary tube viscometer, HPHT condition, Reservoir

fluid, Dissolved water
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1. INTRODUCTION

Newly explored reservoirs often encountered extreme conditions that can be up to 473.13 K
and 124 MPa. For example, Shearwater field with the depth of about 4,545 m has the pressure of
103 MPa and temperature of about 453.13 K and Elgin-Franklin field has the pressure of about
113 MPa and temperatures of 463.13 K. The mentioned reservoirs are located in the North Sea.
For these reservoirs, the costs of subsurface operations are considerably higher than conventional
reservoirs. Knowing the fluid properties especially at high pressure and high temperature
(HPHT) conditions are essential for field development and consequently a cost effective
reservoir management. Moreover, gaining knowledge on the effect of other compounds like

water on the hydrocarbon properties would be of great benefit in this respect.

Water is present in almost all hydrocarbon reservoirs. Dissolved water in the hydrocarbon
phase is one of the forms that this compound can be found in the reservoir fluids. The influence
of the dissolved water on physical and rheological properties of hydrocarbons would be
important in particular at high temperatures (and high pressures in case of liquid hydrocarbons),
as the solubility of water increases at these conditions. Hence, experimental measurements of

these properties are necessary to be made in the laboratory.

The existing viscosity experimental data of reservoir fluids are relatively scarce at high
pressure and high temperature conditions and most of the available data are in the range of low
to medium pressure and temperature. This is mostly due to technical limitations in conducting
the measurements at extreme conditions. The reported works in literature have considered either
high pressure or high temperature conditions and rarely covered both of them.'* Information on
the effect of dissolved water on the hydrocarbon viscosity at high pressure and high temperature
conditions are even more limited in the open literature and the reported viscosity measurements
do not cover a wide range of hydrocarbons, and/or temperature and pressure conditions.”® The
present work is a continuation of our previous study’ that a wide range of viscosity experiments

on various hydrocarbon systems (without presence of dissolved water) at both HP and HT



conditions were reported. The viscosity measurement of hydrocarbon mixtures with dissolved

water at HPHT conditions have been systematically pursued in this work.

The viscosity tests have been performed in an attempt to quantify the effect of dissolved
water on viscosity of hydrocarbon systems at high pressure and temperature conditions. This
systematic generation of viscosity data initiated from the observations that the addition of around
mole fraction of 0.05 water to a synthetic volatile oil, consisting of mainly n-alkanes, increased
the viscosity of the hydrocarbon mixture as much as 20 % at 473.15 K and also the viscosity of a
synthetic gas condensate was increased by 2 to 4 % due to addition of about 0.05 mole fraction

of water at 448.15 K.®

Six hydrocarbon systems with various amounts of dissolved water were studied in this work
to investigate the impact of dissolved water. The investigated systems were three binary
hydrocarbon systems with 0.02 and 0.05 mole fraction of water: methane/heptane and
methane/decane (at 423.15 K and 473.15 K) and methane/toluene (at 373.15 K, 423.15 K and
473.15 K) and three multi-component mixtures saturated with water: a natural gas, a gas
condensate and a synthetic volatile oil (at 323.15, 373.15, 423.15 and 473.15) K. All experiments
were performed at pressures up to 139 MPa. Experimental viscosity data for the dry systems °
were employed to investigate the effect of water. The HPHT facility, which is equipped with a

capillary tube viscometer, was used to carry out the viscosity measurements.

2. EXPERIMENTAL TESTS

2.1. HPHT PVT Cell. A capillary viscometer was installed into a HPHT rig configured to
examine phase properties of fluids at pressures and temperatures of deep hydrocarbon reservoirs
conditions. The experimental equipment can be utilised for investigating PVT phase behaviour
and properties of pure and multi-component reservoir fluid systems with and without water. Dew
point, bubble point, phase volumes, interfacial tension, density and viscosity measurements are

the current capabilities of the mentioned apparatus. Wide range of PVT data were generated so



far using this high pressure and high temperature set up.”'’ The PVT facility is able to perform
measurement from ambient conditions to a maximum pressure of 135 MPa at 523.15 K or 200
MPa at 473.15 K. The capillary tube currently in use has a measured length of 14.781 meters and
a calculated internal diameter of 0.29653 mm. A schematic of the HPHT facility (configured for
viscosity measurement) can be seen in Figure 1. To calculate the internal diameter several pure
compounds were selected, with viscosities covering the range of viscosity that is expected to
encounter during experimental studies and where reliable literature data were available. Using
the experimentally measured differential pressures and the literature data the above internal
diameter was calculated. The two ends of the capillary tube are connected to two small-volume
(15 cm’®) cells, which are mounted inside a temperature controlled air bath that can be
thermostatically regulated. The base of each cell is connected to both sides of a push-pull motor
driven pump which is responsible for flowing the test fluids around the equipment, (this is also
how equilibrium is established). A sight-glass is installed at the top of one of the cells, along
with a magnifying system and video camera for visual observation and recording. Pressure is
generated and maintained by a 15 cm® mercury hand pump that is used also in loading samples
into the HPHT facility. All of the pipework and fittings are made from 316 grade stainless steel
(all rated to 206 MPa). High pressure Quartzdyne QS 30K-B (uz(P)=+0.02 MPa) transducers are
employed to monitor the pressure at various parts of the equipment and used to estimate the
differential pressure generated across the capillary tube viscometer. The pressure transducers are

monitored and recorded via a PC through RS 232 serial ports.

2.2. Procedures. The pressure vessel (the left-hand side cell in Figure 1) which is containing
the gravimetrically prepared sample was installed in the thermostatically controlled air-bath. The
rest of the high pressure equipment (the capillary tube, the right-hand side cell and the piping)
was evacuated then filled with clean mercury. Heating was then applied, the pressure increased
and the fluid pumped back and forth through the capillary tube viscometer, so that it could attain
single-phase and thermal equilibrium. This mixing process was repeated before starting viscosity

measurements for each of the temperatures studied (323.15, 373.15, 423.15 and 473.15) K.



The viscosity is calculated using the modified Poiseuille equation for the flow of
compressible fluids through a tube. During viscosity measurements, the differential pressure
values across the capillary tube in comparison with the high pressures of these series of
experiments were negligible hence, the fluid compressibility factor can be assumed to be
constant along the tube. The effect of radial acceleration was also calculated to be less than 0.1
% by calculating the Dean number under maximum Reynolds number conditions as it is reported
in literature'® that for Dean number lower than 6, no significant effect on viscosity measurements
(less than 0.1 %) are observed. The coiled tube effect on the viscosity values are reported 0.1 %

to 1 % for the Dean numbers between 6 and 9, respectively.

Prior to making any viscosity measurements, a very approximate bubble-point measurement
was made on the previously mentioned hydrocarbon binaries and the synthetic volatile oil at each
temperature ° to ensure all measurements would be above the system saturation pressure and are
located in the single phase region. This was done by transferring all of the sample fluid into the
cell equipped with the window and slowly reducing the pressure until bubbles could be seen

rising inside the window.

2.3. Fluid Preparation. Six hydrocarbon systems from binary to multicomponent were
selected to study the effect of dissolved water on viscosity and also to extend the experimental
viscosity data of hydrocarbon fluids investigated at HPHT conditions. The compounds used in

preparing synthetic fluids are listed in Table 1.

Two series of hydrocarbon mixtures with different amounts of distilled water were employed
in the present investigation. First, n-heptane, n-decane and toluene were combined
gravimetrically with methane, as binary mixtures, to a nominal composition of 0.6 mole fraction
hydrocarbon liquid and 0.4 mole fraction methane (special care was taken to insure that dry
chemicals were used’). Different amounts of distilled water were then added to the above
anhydrous mixtures to prepare samples for testing the effect of water. The nominal levels of
added water to the samples were 0.02 and 0.05 in mole fraction. The compositions of the final
six ternary fluids are shown in Table 2 along with their dry compositions for comparison with the

original binary.” It was verified that mole fractions 0.02 and 0.05 of water would be fully
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dissolved in the mix of hydrocarbons (calculated with a tuned CPA EoS) in the temperatures

and pressures ranges of interest.

The second series of viscosity experiments were performed on three multi-component
hydrocarbon systems with saturated amount of dissolved water. The hydrocarbon systems are
gas condensate (GCBO00-1), natural gas (NG) and a synthetic volatile oil, which were described
before’ and the compositions are listed in Tables 3 to 5, respectively. Excess water (about three
times more than the amount of water that is needed to obtain saturated systems) was added to
obtain water saturated hydrocarbons for the viscosity measurement at each pressure and
temperature. Water droplets were also visible during the tests to prove the presence of excess
water. All the samples were loaded in a solvent cleaned and evacuated 15 cm’, (316 stainless

steel) HPHT pressure vessel.

3. RESULTS AND DISCUSSION

The experimental viscosity data are presented in this section. Viscosity data of six ternaries
and three water saturated multi-component fluids are tabulated in Tables 6 to 11. The errors in
viscosity measurements which are reported in these tables are calculated for each data point
using the propagation of errors (uncertainties) law. The experimental viscosity data generated in
this work were compared with the viscosity of the dry hydrocarbons’ to study the effect of
dissolved water on viscosity (the data are plotted in Figures 2 to 7). Water viscosity data from the
literature®® have also been added to the mentioned figures to show the influence that water has on

the hydrocarbon/water mixture. The mentioned results are discussed in this section.

3.1. Methane-Heptane-Water. The methane/n-heptane binary was employed to prepare two
different mixtures with water. The concentrations of added water were nominally 0.02 and 0.05
in mole fraction (ternaries nos. 1 and 2). The details of these fluids are shown in Table 2 along
with the dry composition, for comparison with previous work.” Viscosity tests were performed

on these samples to study the influence of dissolved water on hydrocarbon system. Predictions



for the solubility of water in the prepared mixture indicated that measurements for ternary no. 1
could be made at both 423.15 K and 473.15 K and for ternary no. 2 only at 473.15 K, so at these
temperatures, water would be soluble over the pressure range of interest and there won’t be any

free water.

The results of the viscosity experiments are presented in Table 6 and shown in Figure 2. The
average percentage differences between these measurements and those made without any
dissolved water’ are as follows: 1.1 % reduction was observed in viscosity for ternary no. 1 at
423.15 K which is lower than the experimental error (an error of less than +2 % estimated using
propagation of errors). At 473.15 K, reduction of 2.7 % and 3.1 % were measured for ternaries

nos. 1 and 2, respectively, which equated to only a small reduction in viscosity.

3.2. Methane-Decane-Water. The methane/n-decane binary was mixed with about 0.02
mole fraction of water (ternary no. 3) to investigate the effect of dissolved water on the viscosity
of the hydrocarbon binary. Predictions for the solubility of water in the prepared mixture
indicated measurements could be made at both 423.15 K and 473.15 K. The results of the
experiment are available in Table 7 and are shown in Figure 3. The average percentage
difference between these measurements and those conducted with no dissolved water’ is less
than 3 % increase in viscosity for both temperatures, which is just above the detectable
difference measurable by this technique (an error margin of less than £2 % for the employed

measurement technique) and only a small increase in the measured viscosity.

The second mixture was prepared by adding about 0.05 mole fraction of distilled water to
methane/n-decane binary (ternary no. 4). The composition of this fluid is shown in Table 2. It
was predicted that this concentration of water would be soluble only at 473.15 K over the
pressure range of our measurements. Table 7 contains the results of these measurements at
473.15 K (the plot is available in Figure 3). An average reduction of about 2 % in viscosity can

be seen when compared to the water-free hydrocarbon fluid,” this is within the statistical



deviation of the measurement technique, so there is no statistically significant difference between

the samples with and without the dissolved water.

3.3. Methane-Toluene-Water. It was calculated that a mix of methane and toluene with
0.02 mole fraction of water (ternary no. 5) would remain in single phase in the temperature range
of interest (373.15, 423.15 and 473.15) K. Table 8 shows the viscosity data for this ternary. The
average differences between the viscosity measurements for ternary no. 5 and the sample without
fully dissolved water’ at the mentioned temperatures are less than 2 % increase in viscosity
which is within the measurement accuracy of the method and this indicates that there is no major
effect on the viscosity with the addition of 0.02 mole fraction of water into the methane-toluene
mixture at these conditions. The data are plotted in Figure 4, which also includes the literature

data for water.*?

It was predicted that ternary no. 6 (Table 2) would remain in single-phase (without free
water) at 423.15 K and 473.15 K. At the temperature of 423.15 K, a slight decrease of about 2 %
in viscosity was measured. This is about the accuracy of the measurement technique (+2 %).
However, at 473.15 K a decrease of 3.5 % in viscosity was observed. Table 8 contains the results

of these measurements and Figure 4 contains the comparative plot.

3.4. Gas Condensate-Water. To investigate the effect of dissolved water on the viscosity of
gas condensate, GCBO0O0-1, (the composition is reported in Table 3), a number of tests were
performed on this mixture in the presence of excess water (the fluid is saturated with water).
During the tests, the fluid was moved backward and forward in an attempt to push any possible
water droplet out of the capillary tube. The flushing process was run for about one hour for each
pressure and temperature (i.e. all measured data points). Then the viscosity tests on water
saturated gas condensate were carrying out. This mixing process was repeated before starting
viscosity measurements for each of the temperatures studied (323.15, 373.15, 423.15 and 473.15)
K.



The viscosity measurements for water saturated gas condensate (GCBO00-1) are listed in
Table 9 and shown in Figure 5. The presence of water causes small increase in viscosity of gas
condensate at 323.15 K and 373.15 K (an average increase of 4 %). The same procedure was
followed to conduct viscosity measurements for GCB0O0-1 saturated with water over the range of
about 40 to 138 MPa at 423.15 K and 473.15 K. Here, the changes in viscosity are noticeable.
The average differences between these data and those measured under the same conditions for

the water-free system’ are about 7 % and 9 % increase for 423.15 K and 473.15 K, respectively.

3.5. Natural Gas-Water. Viscosity measurements on a natural gas (Table 4) were performed
with excess water to make the natural gas saturated with water. During the tests, in order to make
sure of the absence of any water droplets in the capillary tube, the fluid was pumped backward
and forward to push any possible water droplet out of the capillary tube. The backward and
forward process was repeated for about one hour for all the pressures and temperatures of
experiments. Then the viscosity tests on water saturated natural gas were carrying out. This
mixing process was repeated before starting viscosity measurements for each of the temperatures

studied (323.15, 373.15, 423.15 and 473.15) K.

The complete set of viscosity measurements is reported in Table 10 and is shown in Figure 6.
The average percentage differences between these measurements and those made on dry NG are
about 5 % and 13 % increase at 323.15 K and 373.15 K, respectively. These changes are
considered significant in viscosity value. As depicted in Figure 6, measurement of viscosity at
373.15 K proved to be scattered. The problem at higher temperatures was even more severe, i.¢.,
at 423.15 K the measurement and generating consistent data, despite great care in performing the
experiments, is difficult. So for performing the measurements at 423.15 K and 473.15 K, a
sample containing 0.0089 mole fraction of water in natural gas was prepared. It was calculated
that natural gas with 0.01 mole fraction of water would remain in single-phase over the

temperature range of interest (423.15 K and 473.15 K).



The same procedure was followed to perform the viscosity measurements at 423.15 K for the
natural gas with 0.0089 mole fraction of water over the pressure range of about 53 MPa to
137.96 MPa (as the volume of the fluid is higher at this temperature, the starting pressure was
higher than previous tests). The average difference between these data (Table 10) and those
measured under the same conditions for dry system’ is 8 % increase at 423.15 K. The
measurement for 137.96 MPa is not considered as some water droplets were seen on the inside
surface of the pressure vessel window. All of the gathered data from these experiments were

plotted in Figure 6.

Viscosity measurements for natural gas with 0.0089 mole fraction of water at 473.15 K over
the pressure range of about 61 MPa to 137.92 MPa (due to increase in the volume of the fluid in
the cell in this temperature, the starting pressure is higher than previous tests). The average
differences between these data and those measured under the same conditions for the water-free
system9 are very small at 473.15 K and below the error of the technique (the uncertainty is about
+% 3 for this technique). All of the gathered data from these experiments along with the errors

are available in Table 10 and illustrated in Figure 6.

3.6. Synthetic Volatile Oil-Water. A five component synthetic volatile oil (Table 5) was
prepared gravimetrically, then by adding excess amount of water, a mixture saturated with water
was obtained to investigate the effect of dissolved water on viscosity of the sample at various
conditions. Saturated fluid with water was chosen to maximise the effect of dissolved water in
viscosity of dry hydrocarbon mixture. The synthetic volatile oil has been prepared in a way to
make as identical to the one that employed in other work ®. In this way, a sound comparison

between the viscosity results could be obtained.

For this fluid, the same procedure as other mixtures was carried out for the viscosity

measurements. The complete set of viscosity measurements (at 323.15, 373.15, 423.15 and



473.15) K including the literature values for water viscosity”> and those made where no
dissolved water’ were present are shown in Figure 7 for comparison. The percentage changes
between these measurements (available in Table 11) and viscosity data of dry sample’ in all
cases are less than 1 % which is below experimental error margin (an error margin of +2 %

estimated for the employed measurement technique).

As mentioned earlier, the present systematic generation of viscosity data initiated from the
observations that showed a drastic increase of 20 % in viscosity of very similar synthetic volatile
oil with addition of about 0.05 mole fraction of water at 473.15 K.* This observation is not in
agreement with the viscosity data of water saturated synthetic volatile oil reported in this work.
The composition and the chemistry of the prepared dry synthetic volatile oil’ used in this paper
are close to the synthetic volatile oil used by Gozalpour et al. (2005)®. The viscosity data for the
synthetic volatile oil generated at 473.15 K as part of previous study’ and the one reported by
Gozalpour et al. (2005)* are depicted in Figure 8. The viscosity experiments in both works were
carried out employing the same type of viscometer (capillary tube). It can clearly be seen from
this figure that these two sets of experimental viscosity data are in good agreement in their dry
conditions. Therefore, the observed discrepancy in viscosity results with addition of water could
not be due to the measurement technique. As shown in Figure 8, the viscosity values of pure
water and dry synthetic volatile oil are close to each other and at pressures higher than 115 MPa,
water viscosity is even lower than volatile oil viscosity, therefore addition of small quantity of

dissolved water should not increase the viscosity of the volatile oil significantly.

The effect of water-in-oil emulsion on viscosity is well described in open sources. In
previous work, * formation of water emulsion would be the most possible justification for the

observed increase in the viscosity of synthetic volatile oil plus water system.

4. CONCLUSIONS

New experimental viscosity data on several hydrocarbon mixtures with dissolved water at

reservoir conditions were reported in this paper. The primary aim of this work was to investigate



the influence of dissolved water on the viscosity of hydrocarbon mixtures at HPHT conditions.
Viscosity experiments were performed systematically with various amounts of water. Binary
mixtures of methane with n-heptane, n-decane and toluene were prepared and mixed with 0.02
and 0.05 mole fractions of water and also three more complex systems, i.e., gas condensate,
natural gas and a synthetic volatile oil were saturated with water to maximise the effect of water

on viscosity.

This series of experiments were planned following a previous study® which reported a drastic
change in the viscosity of a synthetic volatile oil at HPHT due to addition of water (around 0.05

mole fraction).

These experimental measurements showed that the presence of water has only a small effect
on the viscosity of the three binaries studied. Two concentrations of water were studied for each
binary system — over a temperature range of 373.15 K to 473.15 K and pressures above
saturation pressure to 138 MPa. The tests continued with investigating the effect of dissolved
water on the viscosity of complex systems like gas condensate, natural gas and synthetic volatile
oil which were saturated with water at HPHT conditions. This effect is more significant in gas
phase rather than liquid. Despite the results reported in the literature® (which could be due to the
formation of water-in-oil emulsion in the mentioned work), almost no significant increase in the

viscosity of the saturated synthetic volatile oil with water was observed.
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Table 1. The details of compounds used in preparing synthetic fluids.

. . Purification
Chemical Name Source Purity Method
methane Air Products Ltd. Grade N4.5 none
>=0.
n-pentane Aldrich anhydrous, . 0.99 none
mole fraction
®
AcroSe§I , Acros 0.99+ mole none
Nn-heptane Organics, New fraction
Jersey, USA
>=0.99 I N
Nn-decane Sigma-Aldrich® 0.5 _mo € one
fraction
AcroSeal®, Acros none
toluene Organics, New water <30 ppm
Jersey, USA
n-hexadecane Aldrich anhydrous, >.=0'99 none
mole fraction
n-c21 Aldrich 0.98 mole fraction none
water - - deionized




Table 2. Molar compositions (in mole percent) of gravimetrically prepared hydrocarbons and water mixtures along with their dry

compositions.
Ternary no. Methane n-Heptane n-Decane Toluene Water Methane n-Heptane n-Decane Toluene

Ternary compositions (mole percentage) Dry compositions (mole percentage)

1 42.3+0.09 55.9+0.06 - - 1.8+0.07 43.1 56.9 - -

2 41.3240.09 53.7310.06 - - 4.95+0.06 43.5 56.5 - -

3 38.2+0.14 - 59.8+0.06 - 2.0+0.11 38.9 - 61.1 -

4 39.9+0.10 - 55.4+0.05 - 4.7+0.08 41.9 - 58.1 -

5 39.3+0.09 - - 58.7+0.06 2.0+0.06 40.1 - - 59.9

6 39.9+0.08 - - 55.5+0.06 4.6+0.06 41.8 - - 58.2




Table 3. Semi-gravimetric compositions of gas condensate (GCBO00-1) (SG: standard gravity).

Semi-Gravimetric*

Measured SG
Component Weight Mole
MW (at 288.65 K)

Percentage Percentage
Cc1 16.04 40.55 69.62
C2 30.07 14.35 13.14
c3 44.10 14.72 9.19
iC4 58.12 1.42 0.67
nC4 58.12 5.13 2.43
iC5 72.15 1.15 0.44
nC5 72.15 1.48 0.57
Cébs 88.5 0.678 1.80 0.56
C7s 92 0.733 1.99 0.60
C8s 103 0.757 2.36 0.63
C9s 116 0.778 1.76 0.42
C10s 131 0.790 1.32 0.28
Cl1s 147 0.789 1.26 0.24
C12s 161 0.809 0.95 0.16
C13s 173 0.822 1.02 0.16
Cl4s 186 0.839 1.04 0.15

C15s 203 0.837 0.85 0.12



Clés 215 0.843 0.73 0.09

C17s 229 0.841 0.80 0.10
C18s 246 0.843 0.60 0.07
C19s 258 0.854 0.51 0.05
C20+ 384 0.88** 4.21 0.31

*The gas condensate was gravimetrically prepared by ‘livening’ a fully characterised dead

condensate with a natural gas

**(Cyo+ calculated values: derived from HTGC weight distributions and measured values of Cys

to Cae+ cuts



Table 4. Composition of natural gas using GC

Composition
Molecular
Component (mole
Weight

percentage)
Cc1 16.043 88.83
C2 30.069 5.18
C3 44.096 1.64
iC4 58.123 0.16
nC4 58.123 0.27
iC5 72.15 0.04
nC5 72.15 0.04
CO, 44.01 2.24

N, 28.01 1.6




Table 5. Molar composition (in mole percent) of gravimetrically prepared synthetic volatile oil

Composition

Component
(mole percentage) +
methane 86.5 0.102
n-pentane 1.7 0.012
n-decane 1.8 0.006
n-hexadecane 1.8 0.004

nC21 8.2 0.007




Table 6. Measured viscosities of ternaries nos. 1 and 2 (methane/n-heptane/water)

P n u(n) P n u(n) P n u(n)

(MPa)® (mPa.s) (£%) (MPa)® (mPas) (+%) (MPa)® (mPas) (%)

Ternary no. 1 at T=423.15 K° Ternary no. 1 at T=473.15 K° Ternary no. 2 at T=473.15 K°

34.57 0.113 2 34.56 0.088 1 34.57 0.087 1
51.78 0.137 1 51.80 0.110 2 51.75 0.108 2
68.98 0.161 1 68.98 0.129 2 69.00 0.130 2
86.23 0.184 1 86.23 0.147 1 86.21 0.148 1
103.46 0.204 1 103.47 0.165 1 103.49 0.163 1
120.72 0.224 1 120.70 0.183 1 120.69 0.183 1
137.87 0.244 1 137.91 0.202 1 137.91 0.200 2

®Standard uncertainty on pressure u(P) = 0.02 MPa.

® Standard uncertainty on temperature u(T) = 0.1 K.



Table 7. Measured viscosities of ternaries nos. 3 and 4 (methane/n-decane/water)

P n u(n) P n u(n) P n u(n)

(MPa)® (mPa.s) (£%) (MPa)® (mPas) (+%) (MPa)® (mPas) (%)

Ternary no. 3 at T=423.15 K° Ternary no. 3 at T=473.15 K° Ternary no. 4 at T=473.15 K°

15.44 0.160 2 15.31 0.114 2 17.26 0.112 2
3451 0.207 1 34.49 0.159 1 34.50 0.151 1
51.71 0.247 2 68.91 0.224 1 51.72 0.182 1
68.97 0.285 1 103.49 0.284 1 69.00 0.214 1
86.24 0.322 2 138.09 0.345 1 86.19 0.242 1
103.44 0.360 1 103.46 0.271 1
120.75 0.401 1 120.63 0.302 1
137.94 0.439 1 137.93 0.326 1

? Standard uncertainty on pressure u(P) = 0.02 MPa.

® Standard uncertainty on temperature u(T) = 0.1 K.



Table 8. Measured viscosities of ternaries nos. 5 and 6 (methane/toluene/water)

P n u(n) P n u(n) P n u(n)

(MPa)® (mPa.s) (£%) (MPa)® (mPas) (+%) (MPa)® (mPas) (%)

Ternary no. 5 at T=373.15 K° Ternary no. 5 at T=423.15 K° Ternary no. 5 at T=473.15 K°

34.57 0.170 1 34.64 0.125 2 34.58 0.097 1
51.77 0.198 2 51.74 0.149 1 51.76 0.118 2
69.06 0.220 1 68.97 0.167 1 69.06 0.135 1
86.36 0.243 1 86.24 0.188 1 86.22 0.154 1
103.49 0.266 1 103.45 0.208 1 103.52 0.170 1
120.71 0.292 1 120.79 0.227 1 120.69 0.185 1
137.91 0.316 1 137.95 0.245 1 137.93 0.201 1

Ternary no. 6 at T=423.15 K° Ternary no. 6 at T=473.15 K°

34.59 0.120 2 34.61 0.091 1
51.77 0.140 1 51.76 0.112 2
69.02 0.161 1 68.98 0.129 2
86.23 0.181 1 86.24 0.147 1
103.52 0.202 1 103.48 0.162 1
120.71 0.217 1 120.73 0.177 1
138.08 0.236 1 137.90 0.192 2

? Standard uncertainty on pressure u(P) = 0.02 MPa.

® Standard uncertainty on temperature u(T) = 0.1 K.



Table 9. Measured viscosities of a gas condensate (GCB00-1) saturated with water

P n u(n) P n u(n)

(MPa)® (mPa.s) (%) (MPa)® (mPa.s) (*%)

T=323.15 K" T=373.15 K°
4162 0060 2 4148 0049 2
51.86 0068 1  51.85 0.054 2
69.001 0079 1  69.09 0.065 2
86.27  0.091 1 8622 0073 1
103.70  0.103 1 10352 0.083 1
120.73  0.112 1 12071  0.091 1
137.94 0121 2 13796 0.101 1

T=423.15 K° T=473.15 K°
4145 00426 2 4151 0040 2
51.85 0048 2 5191 0043 2
69.09 0.0588 2  69.08 0.052 2
86.26 0.0662 2 8626 0.060 2
103.48 00743 1  103.59  0.068 1
120.73 0.0803 1  120.82 0.073 1

137.95  0.087 1 137.92  0.079 1

? Standard uncertainty on pressure u(P) = 0.02 MPa.

® Standard uncertainty on temperature u(T) = 0.1 K.



Table 10. Measured viscosities of a natural gas (NG) with different amount of water

P n u(n) P n u(n)

(MPa)? (mPa.s) (£%) (MPa)? (mPa.s) (£ %)

Water saturated NG

at T=323.15 K° at T=373.15 K"
34.61 0.030 3 34.83 0.031 3
51.82 0.038 3 51.81 0.036 3
69.11 0.045 2 69.18 0.045 2
86.32 0.051 2 86.33 0.050 2
103.66 0.058 2 103.59 0.050 2
120.91 0.063 2 120.74 0.059 2
138.05 0.067 1 138.25 0.061 2

NG with 0.89 mole percentage water

at T=423.15 K" at T=473.15 K°
53.14 0.032 3 6111 0.032 3
69.00 0.037 3 6898 0.033 3
86.27 0.042 2 86.25 0.037 3
103.53 0.048 2 103.50 0.041 2
120.69 0.052 2 12067 0.045 2
137.96 0.058 2 137.92 0.049 2

? Standard uncertainty on pressure u(P) = 0.02 MPa.

® Standard uncertainty on temperature u(T) = 0.1 K.



Table 11. Measured viscosities of a synthetic volatile oil saturated with water

P n u(n) P n u(n)

(MPa)® (mPa.s) (%) (MPa)® (mPa.s) (*%)

T=323.15 K" T=373.15 K°
76.01 0271 1 6913 0180 1
86.38  0.292 1 8637 0.206 1
10361 0328 1 10371 0234 1
120.80 0364 1  120.80  0.259 1
137.97  0.403 1 13798 0.287 1

T=423.15 K° T=473.15 K°
6227 0126 2 5541  0.091 1
69.18 0134 1  69.19 0.106 1
8638 0157 1 8634 0.126 2
103.61 0179 1  103.68 0.144 1
120.80 0200 2  120.80 0.163 1

137.98  0.222 1 138.03  0.181 1

? Standard uncertainty on pressure u(P) = 0.02 MPa.

® Standard uncertainty on temperature u(T) = 0.1 K.
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Figure 1. Schematic diagram of the high pressure / high temperature facility
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Figure 2. Viscosity comparison between methane-heptane-water ternaries (this work): blue

ternary no. 1 at 423.15 K (0.018 mole fraction water); blue , ternary no. 1 at 473.15 K (0.018
mole fraction water); red , ternary no. 2 at 473.15 K (0.0495 mole fraction water); and dry

methane-heptane binary:’ o, 423.15 K; [, 473.15 K; and water viscosity:** black line, 423.15 K;
blue line, 473.15 K.
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Figure 3. Viscosity comparison between methane-decane-water ternaries (this work): blue
ternary no. 3 at 423.15 K (0.02 mole fraction water); blue , ternary no. 3 at 473.15 K (0.02
mole fraction water); red , ternary no. 4 (0.047 mole fraction water) at 473.15 K; and dry
methane-decane binalry:9 0, 423.15 K; 0, 473.15 K; and water Viscosity:22 black line, 423.15 K;

blue line, 473.15 K.
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Figure 4. Viscosity comparison between methane-toluene-water ternaries (this work): blue
ternary no. 5 at 373.15 K (0.02 mole fraction water); blue , ternary no. 5 at 423.15 K (0.02
mole fraction water); blue X, ternary no. 5 at 473.15 K (0.02 mole fraction water); red , ternary
no. 6 at 423.15 K (0.046 mole fraction water); red ©, ternary no. 6 at 473.15 K (0.046 mole
fraction water); and dry methane-toluene binary:9 x, 373.15K; 0, 423.15 K; 0O, 473.15 K; and

water Viscosity:22 red line, 373.15 K; black line, 423.15 K; blue line, 473.15 K.
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work): green X, 323.15 K; red %, 373.15 K; x, 423.15 K; blue %, 473.15 K; and dry gas
, 373.15 K;o0, 423.15 K; 0O, 473.15 K; and water
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Figure 6. Viscosity comparison between natural gas (NG) saturated with water (this work):
green X, 323.15 K; red x, 373.15 K; and a natural gas (NG) with 0.0089 mole fraction water (this
work): %, 423.15 K; blue %, 473.15 K; and dry natural gas (NG):9 , 323.15K; , 373.15K; o,
423.15 K; O, 473.15 K; and water viscosity (right Y-axis):** green line, 323.15 K; red line,
373.15 K; black line, 423.15 K; blue line, 473.15 K.
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Figure 7. Viscosity comparison between synthetic volatile oil saturated with water (this work):
green %, 323.15 K; red %, 373.15 K; %, 423.15 K; blue %, 473.15 K; and dry synthetic volatile
oil:’ , 323.15 K; , 373.15 K; 0, 423.15 K; 0O, 473.15 K; and water Viscosity:22 green line,
323.15 K; red line, 373.15 K; black line, 423.15 K; blue line, 473.15 K.
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Figure 8. Viscosity comparison at 473.15 K between: blue x, synthetic volatile oil saturated with
water (this work); OJ, dry synthetic volatile oilg; blue , synthetic volatile oil (HWU2) with 0.054

mole fraction water®; red |, dry synthetic volatile oil (HWU2)®; black line, water Viscosity22
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