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ABSTRACT: A pressure system is described for measuring the pressure dependence of
surface tension using digital image processing techniques on pendant drops in systems where
the miscibility changes with both temperature and pressure. Measurements can be performed
at pressures up to 40 MPa and temperatures up to 423 K. This high-pressure rig allows,
additionally, the simultaneous measurement of both phase density and composition. The
system is tested with the methane-pentane system at 313.15 K and pressures up to 15.6 MPa;
the results compare well with literature data and with values calculated using the
Peng-Robinson equation of state in conjunction with the gradient theory approach to computing
surface tension, thus validating the experimental technique. Density profiles of the components
through the interfacial layer have also been calculated using gradient theory. The Wegner
extended scaling approach has been applied to all of the data sets to estimate the critical

pressure for this system, which is found to be 16 MPa at 313.15 K.
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1. INTRODUCTION

Pressure effects on physicochemical properties continue to be the subject of a great deal of
research not only in the physical sciences [1, 2] but recently also in food science [3, 4]. There
are practical and fundamental reasons for this: many chemical reactions and processes are
carried out at high pressure [5] and, also, measurements under pressure are a simple and
convenient way to study properties of condensed media that are dependent on the average
molecular separation in the fluid. Furthermore, the need for improved oil recovery [6] has led
to the study of pressure effects on aqueous-hydrocarbon systems with added surfactants and on
miscible systems close to a critical point [7].

Surface tension (liquid/vapor) or interfacial tension (liquid/liquid), due to their influence on
capillary forces in porous media, are important parameters for petroleum reservoir
simulation [8, 9]. For accurate predictions of oil recovery, surface tension data at reservoir
conditions are required. However, there is still a significant paucity of data on surface tension
under extreme conditions that are suitable for testing scaling and extended scaling theories of
criticality, especially for highly miscible liquid/liquid and liquid/gas systems. These are all
important considerations for the efficient use of existing resources in a period requiring a
decreasing reliance on fossil fuels and an increasing decarbonization of energy production, as
well as for the possibility of CO. sequestration in reservoirs that are out of production.
Furthermore understanding the phase behavior and fluid surface properties of reservoirs that
exhibit retrograde behavior, such as Eagle Ford [10] in southern Texas, are becoming
increasingly important in this transitional period.

The present work combines an experimental approach for measuring surface tension under
pressure with theoretical analysis of surface tension and of density profiles. Equipment is
described that is designed to operate at pressures up to 40 MPa and temperatures up to 423 K.
It is capable of making measurements of surface tension down to the ultralow region
(~1x103 mNm™) [11] and of phase densities and compositions for highly miscible systems.
Surface tension is determined using the Laplace-Young equation applied to the profile
coordinates of a pendant drop, as acquired by video image processing. The central purpose of
this work is thus to validate the experimental approach by a comparison of the data with
existing literature data and theoretical predictions.

The most frequently used method to determine surface tension under elevated pressure
conditions is the pendant drop technique. Hauser and Michaels [12] were the first to construct

a high-pressure cell enabling surface tension to be measured at pressures up to 66.7 MPa and



temperatures up to 473 K. Their high-pressure cell was filled with a fluid, A; a drop forming
injector, sealed into the top of the pressure cell, had its tip immersed in fluid A. By gently
forcing a second fluid, B, through the injector, a droplet of fluid B surrounded by fluid A was
formed at its tip. Windows on opposite sides of the cell allowed the drop to be photographed
and subsequently analyzed by the selected plane method [13, 14] to determine the boundary
tension.

This basic design has been used with small improvements by various groups. Hough, Rzasa
and Wood [15] enhanced the design so that samples could be injected without contacting either
air or mercury. A further modification [16] to measure liquid/gas surface tension was to fill the
body of the cell with liquid and to form a gas droplet on the injector tip. Jennings [17] included
a tip holding turret that permitted five tips to be rotated into position under pressure. This
feature obviated the cumbersome task of taking the system apart when the surface tension
became too low to form analyzable drop shapes with a given tip diameter.

The experimental arrangements just described work well for immiscible or near immiscible
systems. However, for systems which change miscibility with temperature or pressure, the
liquids must first come to thermodynamic equilibrium inside the pressure container before a
droplet of one fluid is formed in another. The new high-pressure rig described in the present
work addresses this important problem, which is relevant to a range of applications, including
enhanced oil recovery.

There are of course other ways of determining surface tension at high pressure such as laser
light scattering [18-21], capillary rise [22] and maximum bubble pressure [23] techniques.
However, for nearly miscible systems there are disadvantages with all of these techniques.
Wetting and contact angles need to be taken into account in the capillary rise technique. Easily
renewing the liquid surface is very difficult with the laser light scattering technique and
measuring very low values of surface tension with the maximum bubble pressure and capillary
rise techniques is difficult. All of these issues become increasingly important as surface tension
decreases towards very low values.

New experimental data are reported here for the densities and compositions of the phases
and for the surface tension of the methane-pentane system at a temperature of 313.15 K. These
results are compared with values calculated using the Peng-Robinson equation of state and
gradient theory. In addition we have used Wegner’s extended critical scaling theory [24] to
determine the critical pressure of the binary methane-pentane system at this temperature. The
critical pressure has then been used to examine the scaling of surface tension and of density
difference with the reduced pressure, and with each other.
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2. EXPERIMENTAL AND COMPUTATIONAL DETAILS

2.1. Experimental. A high-pressure cell was constructed (see Fig. 1) so as to allow the bulk
liquid and vapor phases to reach equilibrium and then, secondly, for a pendant drop of the
liquid phase to be formed in the vapor phase. In this way, a fresh surface can easily be formed
and the liquid phase forming the pendant drop is in equilibrium with the surrounding vapor
phase. All of the apparatus is linked together in the high-pressure rig shown schematically in
Fig. 2. The cell and optical system are mounted on an anti-vibration table to minimize
disturbance to the pendant drops, which are viewed through optical windows. Fluids are moved
around the rig with a circulating pump. The rig was specifically designed so that measurements
can be performed at pressures up to 40 MPa and temperatures up to 423 K.

Liquid and vapor phase densities are measured using an Anton Paar DMA 512 high-pressure
densitometer coupled to an Anton Paar DMA 55. The densitometer was calibrated as a function
of pressure (0.1 to 40 MPa) using Milli-Q grade (resistivity 18.2 MQ cm at 25°C) degassed
water and helium (BOC, 99.999 mol%) at a temperature of 313.15 K. The densities of water
and helium were taken from Refs. [25] and [26], respectively.

The composition of each phase is measured by gas chromatography using an ATI Unicam
4600 with thermal conductivity as the detection method and helium as the carrier gas. This
instrument is fitted with a 5 m column (mesh size 60-80, liquid phase DC200/350, absorbent
support Chromosorb P) and is capable of separating hydrocarbons from methane to decane. The
input to the column from the high-pressure rig is via a Valco high-pressure (35 MPa) injection
valve containing a sample loop with a volume of 0.5 uL. The number of moles of each component
in a mixture was taken as the ratio of the gas chromatography peak areas of that component in the
mixture to that of the pure component (at identical conditions as in the mixture).

The temperature is measured in several locations in the rig using class A platinum resistance
thermometers which conform to the IEC 751:1983 standard on the 1968 temperature scale and
a Phillips DVM type PM 2534 is used to measure the resistance. The pressure in the rig is
measured with a Budenberg Standard Test Gauge (dial diameter 250 mm, pressure range 0.1 to
70 MPa, smallest division 0.5 MPa) which had been calibrated by the manufacturer using a
deadweight pressure balance: a certificate verifying this calibration accompanied the gauge
when it was purchased.

The specifications and sources of the methane and n-pentane used in the high-pressure rig
are reported in Table 1 along with the purity levels stated by the suppliers. These chemicals

were used as received, without further purification.



Table 1. Specifications and sources of the alkanes used in the high-pressure rig.

Chemical Stated purity (mol %) Supplier

methane 99.995% BOC
n-pentane >09.5P Fluka

2 Impurities stated by BOC: O, <5, N2 < 20, Hz <5, other hydrocarbons < 20, and H,O <5

(in ppm). ® Gas chromatography analysis as stated by the supplier.

The digitized video image method of acquiring profile coordinates that has previously been
described [27] was used with the addition of a powerful photomacrographic lens. Surface
tension was calculated using the complete set of profile coordinate data fitted to drop shapes
generated by the Laplace-Young equation. Briefly, these drop shapes can be expressed by a set

of three first-order differential equations:
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where Ap is the measured bulk density difference between coexisting phases, g is the
acceleration due to gravity, ro is the radius of curvature at the drop apex and y is the surface

tension.



Fig. 1 Schematic diagram of the high-pressure surface tension cell.?

@ Dimensions (length x diameter) of pressure vessel body: external 292 mm x 127 mm, internal 200
mm x 50.8 mm. KEY: 1. Syringe plunger manipulator; 2. Syringe barrel manipulator; 3. Tommy-bars for
fine control of manipulators; 4. Closure plug; 5. Closure head; 6. Pressure vessel body; 7. Dynamic Viton
‘O’-ring seals; 8. Spacer to reduce internal volume; 9. High-pressure gas port; 10. Platinum resistance
thermometer port; 11. Syringe plunger; 12. Syringe mounting assembly; 13. Locking screws; 14. Syringe
barrel; 15. Window assembly; 16. Liquid phase; 17. VVapor phase.
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Fig. 2 Schematic diagram of the high-pressure rig.?

4KEY: 1. Digital readout from platinum resistance thermometers; 2. Water bath; 3. High-pressure
surface tension cell (Fig. 1), 4. Pendant drop syringe; 5. Light source; 6. Diffuser, green light filter and
iris; 7. Photomacrographic zoom lens; 8. Video camera; 9. Computer with digitizer board; 10. Printer;
11. Plotter; 12. Black and white video monitor; 13. Ultra-stable table with 5, 6, 7 and 8 mounted on an
optical rail; 14. Windows; 15. Liquid reservoir; 16. Anton Paar DMA 512 and 55 high-pressure density
cell and digital readout; 17. Gas chromatograph; 18. Magnetic circulating pump; 19. 70 MPa pressure
gauge graduated in 0.5 MPa intervals; 20. Two-stage gas compressor; 21. Methane gas cylinder; 22. To
drain/vacuum; 23. Temperature controlled oven; 24/25. Temperature controllers for reservoir cell and
lagged high-pressure lines; V1-V9. High-pressure valves. Dashed lines show electrical connections;
dash/dotted lines represent thermostated control.
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Fig. 3 (a) Drop profile coordinate system in the (X, Z) plane.? (b) Example of a Laplace-Young
drop profile fitted to experimentally-acquired pendant drop profile coordinates.”

#(x,2z) is a point on the drop profile, r is the radius of curvature at this point, ¢ is the angle between the
horizontal and the tangent at point (X, z) and s is the arc length from the drop apex at (0, 0) along the curve
to point (x, z).

> Only 100 out of a total of 318 points have been plotted for this particular drop (as filled red circles) so
that the curve through the points remains visible.
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The set of differential equations (Eq. 1) can be integrated numerically using the Runge-Kutta
method for a chosen value of $. This procedure generates the profile coordinates of a drop with
unit radius of curvature at the apex, which is at (0, 0). By carrying out a non-linear least-square
minimization between the experimentally-acquired profile coordinates and those generated from
the Laplace-Young equation it is possible to find a value of # which gives a best fit to the data.
This mapping process is achieved by introducing five free parameters corresponding to
translations and scaling of the (x, z) set of coordinates, rotation (in case the camera is not vertically
aligned), and scaling of the aspect ratio of the camera/lens system. An example of a set of
experimentally-acquired drop profile coordinates is shown in Fig. 3b, together with a fitted
profile curve that was determined in the manner just described. As can be seen, the quality of
the fit is extremely good.

2.2. Gradient theory. The basic theory was first proposed in 1893 by van der Waals [28]
and it was extended in 1958 by Cahn and Hilliard [29]. It has been described many times in the
literature [30-40] and so we present here only an outline of our particular implementation of
the approach. A central assumption is that the composition gradient is small compared with the
reciprocal of the intermolecular distance. For a homogenous fluid at the same density as the
real fluid, expansion of the Helmholtz free energy density ap as a (truncated) Taylor series [29]
leads to Euler-Lagrange equations which, in the case of a planar surface perpendicular to z, can

be simplified to

dp; 0
ZZ u&& = 240
3)

in which pi is the density of component i. In this expression, k;; is an element of the influence

parameter matrix [41] which determines the density gradient response to the local deviation in the
chemical potential from its bulk value [42]; it has been assumed in the derivation of Eq. 3 to vary
only weakly with density. The quantity AQ is the change in the thermodynamic potential of the

system, determined by

AQ =a,— Z Pillis T+ Ds
(4)

in which uis 1s the chemical potential of component i and ps is the equilibrium pressure, where the

subscript s denotes saturation conditions.



The calculation of the phase densities of an inhomogeneous fluid at saturation conditions
requires an equation of state; the Peng-Robinson equation of state [43] has been widely used
for this purpose because it gives good predictions of most phase properties. However, in the
case of densities, particularly of the liquid phase, a volume shift [44] has been found to improve
significantly the quality of the predicted values. The introduction of a volume shift transforms

Eq. 3 to the following form:

0p; 0p; -
ZZ"UEE = 240
i
(5)

in which the quantities with the ~ accent are those which are modified by the volume shift (see

Jaubert et al. [45]). In principle, the surface tension could be determined from

(0]

y = j(zm‘) dz = f (%)(ZAQ)dZ
(6)
but in practice it turns out to be somewhat more straightforward to transform these expressions
S0 as to be integrations over the density of one of the components, which we denote pret. Use

of the chain rule, alongside Eq. 5, leads directly to
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so that the surface tension can instead of Eq. 6 be determined from
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The integration in Eq. 9 is along the path from p;’ef, the density of component ref in the vapor,
to pﬁef, its corresponding density in the liquid phase. Assuming the usual geometric mixing

rule for the influence parameters, k;, =+/k11kq,, the integration along the path requires

solving [40]:

Href (pref ) — Href,s wi(pi) — tis vi

\ Kref ref Ki;

(10)
so as to find the {pi} that correspond to each chosen value of pret along the path.
Useful information is also provided by integrating Eq. 7:
Pref 1
P\? 1
AZ(pref) = f <_> (240)2 lpref dpref
J P
pref

(11)

where the upper limit of integration, prer, is part way along the path from pJ, to py,;. The
resulting value of Az goes from zero, when p,.., = p‘r’ef (i.e. bulk vapor), and it extends through
the interfacial liquid/vapor region to bulk liquid, when p,.r = pﬁef. Taken together with the
{pi} obtained using Eq. 10, the outcome of this integration is the density profile of each
component through the interfacial layer.

In the present work, dealing with the binary methane-pentane system, we chose pref to be
p2, 1.e. the density of the n-pentane component. The justification for taking n-pentane as the

reference component is presented later. For the volume shift, we used

(12)

where the value of ¢ was chosen so that post processing of the Peng-Robinson equation of state
flash calculations gave a good fit to the experimental liquid phase density data. Using also the
geometric mixing rule (vide supra) for combining the influence parameters, Egs. 9 and 11

simplify to the following:

%
_3 1 dp
Y= .[ (1—pc)2(2A0)2 (\/ K11 d_pl + 4/ Kzz) dp,
2
pY

(13)
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Individual alkane component data, together with various constants that were used in the
Peng-Robinson equation of state, are listed in Table 2. The values of the binary interaction
parameters that were used are ki1 =kz2 =1 and ki> =k21 =0.98 [46]. The influence parameters
were taken as constant values along the density path of the homogeneous fluid at a given
pressure, but were scaled by (1—ps/pc), where pc=1.6 x 107 Pa is the critical pressure of the
binary system, determined from the Wegner fit to the three experimental data sets (vide infra).
The initial xii values, determined by a least square fit of Eq. 13 to the experimental surface
tension data, are 2.52 x 10~ for methane and 3.29 x 1072° for n-pentane (in J m ™~ mol?). These
values are similar to those determined by Cornelisse [30].

The standard computational procedure that is normally used with gradient theory to
determine surface tension is first to determine the density path and then to perform the
integration along that path. For cases in which the determination of the path is time consuming,
Larsen et al. [40] have proposed a method for significantly improving the overall
computational speed, but retaining accuracy, by determining density values at a minimum
number of knots such that the path is sufficiently well described by a spline. As alternatives to
computing the path first, we considered simple schemes for accumulating the integral at the
same time as determining the path, focusing instead on the minimum number of points that are
required for the integrand. In particular, we found that an adaptive Simpson’s % rule strategy
provided highly accurate integrals with remarkably few intervals. The resulting values were
compared with those obtained by carrying out the integration using instead the internal
functions within Mathematica® [47], after determining the path.

For each saturation pressure, the Peng-Robinson equation of state was used to compute the
inhomogeneous phase equilibrium properties and then to calculate the surface tension using
the pre-calculated equilibrium phase densities. The temperature was fixed at 313.15 K with the
pressure ranging from 0.5 to 15.6 MPa in steps of 0.01 MPa (i.e. 1511 steps). We found that it
was not in fact necessary to compute the surface tension for all of these saturation pressures.
Instead, it was sufficient to determine the surface tension at about twenty points and then to fit
a spline through the data. This last simplification resulted in a significant speed up in the overall
computational time (by a factor of ca. 140). Additionally, there is a trade-off between the step

size and the speed of processing when doing the Peng-Robinson flash calculations. We found
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that further reductions in the step size, so as to improve the convergence at the highest
pressures, did not make any discernible difference to the calculated values of the surface
tension at those pressures. All of the computational results presented here made use of
Mathematica®.

Table 2. Properties of methane and n-pentane: critical temperature, critical pressure, molar

critical volume, relative molar mass, acentric factor and molar volume translation.?

Substance Tc/K  pc/Pa Ve/m*mol? RMM o  ¢/m3mol?

methane 190.6 46.0 x 10° 99.2x10°% 16.043 0.011 -5x107
n-pentane 469.7 33.7x10° 31.3x10° 72151 0251 —5x10°

4 Data taken from Reid et. al. [48] (methane) and Danesh [46] (n-pentane), except
for the molar volume shift terms, determined by fitting by eye the Peng-Robinson

liquid phase density.

2.3. Wegner scaling. Given that three different thermodynamic properties have been
measured on the same system at the same time and at the same temperature, it is to be expected
that they should extrapolate to a common critical pressure. Standard critical scaling relations

of the form:
Y =Yo lprl”

(15)
are not suitable for the present work because they theoretically only apply very close to the
critical point, typically for reduced thermodynamic variables [49] less than 10~* (where
pr=|1—p/pc| is the reduced pressure, yo is a system-dependent constant and v is a universal
exponent [50], equal to 1.26). Wegner [24] has derived the following extended scaling

relationship using renormalization group techniques:

Yy =p} Z Yo PRO
n=0

(16)

in which 6~0.5 is a universal ‘gap’ exponent. Eq. 16 applies over a much wider range of
thermodynamic space than the standard critical scaling relations. Similar extended expressions

can be derived for the density difference and for the composition and also for each limb of the
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coexistence curve. Such expressions have terms that fall into three categories [51]: those that
can be measured directly, those evaluated by theory, and those that can only be determined
from fitting curves to experimental data. In general the critical pressure pc belongs to the first
category but may also be found using the third category; the scaling parameters such as v and
o0 belong to the second group, with best theoretical estimates [52, 53] being 1.26 and 0.5,
respectively, whereas the remaining parameters and amplitudes can only be found by curve
fitting.

To test this approach with the current sets of data we have treated each of the critical
quantities as free parameters, namely critical pressure (pc), critical density (pc), critical
composition (X¢) and all of the amplitudes. We used a Levenberg-Marquardt non-linear
least-squares minimization scheme to fit all of the data in Table 3, so as to find a common
critical pressure. This also enables best-fit curves to be drawn through each of the three

different types of property that have been measured.

3. RESULTS AND DISCUSSION

Our experimental surface tension, density and composition data for the methane-pentane
system are presented in Table 3 and they are depicted in Fig. 4a. The most comprehensive
previous study of the phase and volumetric properties of this system is that by Sage et al. [54],
who measured the specific volume of six mixtures of methane and n-pentane for seven different
temperatures between 310.93 K and 510.93 K and at pressures up to 34.474 MPa. They
interpolated their data graphically so as to find the specific volumes and compositions of the
coexisting phases as a function of pressure at each of the temperatures they studied. Direct
comparison of the present results with their measurements is not possible because they did not
consider an isotherm at 313.15 K (310.93 K was the closest), but it was possible to interpolate
their data so as to estimate the densities at 313.15 K. For each of the isotherms in Ref. [54], we
firstly used a Wegner extended fit of their density data as a function of pressure, so that we
could calculate the density (at each temperature) for all of the pressures in our study. Next we
fitted polynomials to each of the isobars of the resulting density versus temperature data in
order to calculate the density at 313.15 K. The results from these interpolations are included in
Fig. 4a and, as can be seen, the comparison with the present data is very good. Incidentally,
when doing these Wegner extended fits, it was observed that if the critical points estimated in
Ref. [54] were included, the resulting plots of the dependence of the density on pressure do not

have the characteristic ‘flat’ shapes usually found in the vicinity of the critical point. This
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strongly suggests that the critical pressures are likely to have been overestimated by Sage et

al. [54] and so these values were excluded from our fits.

Table 3. Experimental results® for the phase densities, phase compositions and surface tension
in the methane—pentane system as a function of pressure at 313.15 K. Subscripts 1 and 2 refer

to methane and n-pentane, respectively.

Phase density / g cm™ Phase composition
p / bar liquid vapor y/mNm?
X1 X2 X1 X2

11 0.5944 0.0167 0.048 0.952 0.823 0.177 12.0

26 0.5810 0.0272 0.101 0.899 0.886 0.114 10.13

51 0.5588 0.0400 0.181 0.819 0.923 0.077 7.61

76 0.5331 0.0593 0.263 0.737 0.925 0.075 5.37
101 0.5018 0.0862 0.351 0.649 0.918 0.082 3.26
126 0.4663 0.1160 0.430 0.570 0.896 0.104 1.68
142 0.4315 0.1514 0.501 0.499 0.871 0.130 0.761

@ Standard uncertainties u are u(p) = 0.5 bar, u(T) =0.05K, u(density) = 0.0002 gcm™3,
u(x)=0.002, and u(y) = 0.02 mNm™,

15



Fig. 4 (a) Surface tension, phase density and phase composition in the methane-pentane
system at 313.15 K as a function of pressure.? (b) Phase densities of the vapor and liquid
methane-pentane system, with experimental values shown as filled red circles.?

4Filled symbols represent the liquid phase and open ones the vapor phase for density and composition
results. The plus symbols are data for the coexisting phase densities obtained from Sage et al. [54] and
open diamonds are surface tension data from Stegemeier and Hough [55] at 310.93 K. See text for the
explanation of the curves drawn through the data points.

®The dashed curves are calculated from the Peng-Robinson equation of state while the continuous

curves are for the volume-shifted Peng-Robinson equation of state.
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Stegemeier and Hough [55] have measured the surface tension of the methane-pentane
system and so their results at 310.93 K are included in Fig. 4a, for the purposes of comparison.
Our results are slightly below those in Ref. [55], as expected, due to the slightly lower
temperature, but they do follow the same trend.

The curves drawn through the three sets of data points in Fig. 4a result from the Wegner
fitting process described earlier and, as can be seen, the quality of the fit is very good. This
strongly suggests that the Wegner extended scaling approach is ideally suited to estimating
properties such as critical pressure, which are very difficult to measure experimentally. At
pressures below about 5 MPa the composition has a negative pressure dependence, resulting in
non-monotonic behavior that cannot easily be incorporated into the fitting process.
Consequently, the two points at the lowest pressures have been excluded from the Wegner fits.
The common critical pressure arising from our fitting process is 16 MPa, to be compared with
the value of 16.93 MPa estimated by Sage et al. [54] for 310.93 K. As noted earlier, it is likely
that they overestimated the critical pressures. Our value of 16 MPa for the critical pressure of
the system at 313.15 K was used in the gradient theory approach to fit the influence parameters
as a function of pressure.

Fig. 4b shows the experimental phase densities plotted against pressure together with the
calculated values of the density using the Peng-Robinson equation of state, both with and
without a volume translation. The volume translation makes essentially no difference for the
vapor phase: the two curves are superimposed on one another. On the other hand, the liquid
phase density is significantly overestimated by the Peng-Robinson equation of state but, with
the introduction of a volume shift, the calculated densities compare very well with the measured
values over the full pressure range.

The continuous curve in Fig. 5 indicates the surface tension calculated using Eq. 13, taking
into account the volume shift (see Eq. 12), whereas the dashed curve corresponds to analogous
calculations with ¢ = 0. As is immediately apparent, the volume translation has a relatively
small influence on the calculated surface tension, with the largest effect being at low pressure,
but both sets of calculations tend towards the same values at the highest pressure. We note that
qualitatively similar behavior for the effect of the volume translation on surface tension has

been observed by Cornelisse for a range of binary systems [30].
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Fig. 5 Surface tension as a function of pressure.?

4The two curves result from using gradient theory to compute the surface tension using Eq. 13
without (dashed curve) and with (continuous curve) the volume shift. Experimental results: filled red
circles this work, filled black diamonds Amin et al. [56], filled black squares Stegemeier and

Hough [55] and the filled black triangle on the y-axis Rios et al. [57].
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Our experimental data, together with other data sets, are also shown in Fig. 5. These data
include the surface tension of n-pentane at saturation conditions [57] at 313.15 K (i.e. at
1.16 bar) [58]. As can be seen, the extrapolation through the data from this work tends towards
this point, which is approximately where one would expect the surface tension of
methane-pentane to be under those conditions. The data from Amin and Smith [56], while
agreeing very well with our data at higher pressures, deviate to higher values of surface tension
at the two lowest pressures. Their data are also inconsistent with the surface tension of
n-pentane at 313.15 K under saturation conditions.

We mentioned earlier the need to justify taking the heavier component (n-pentane) as the
reference component in the gradient theory approach to surface tension calculations.
Confirmation that n-pentane was indeed the ‘correct’ choice is provided by an inspection of
Fig. 6. Fig. 6a shows the homogeneous fluid having the same density as the heterogeneous
system and is plotted as the density of methane against the density of n-pentane at three well
separated isobars within the pressure range investigated. As can be seen, the density path is
monotonically increasing with respect to the density of n-pentane for all three isobars. In other
words, for a particular density of n-pentane there is only one corresponding density of methane,
whereas for the converse this is not the case: there are two values of the n-pentane density for
all methane densities, except at the maxima of the curves in Fig. 6a. Additionally, Fig. 6b shows
the density profile of the two components across the interfacial region between the vapor and
liquid phases for the same three isobars, calculated using Eq. 14. (The volume-shifted and c=0
profiles turned out to be indistinguishable by eye.) As can be seen, the density of n-pentane
(continuous curve) at the lowest of these isobars is a monotonic function of distance through
the interface, whereas methane (broken curve) is preferentially adsorbed in the interfacial
region, resulting in a density profile which has a maximum. The corresponding curves for the
higher isobars follow the same trend, albeit within a decreasing interfacial thickness. These
observations mean that in the calculations to determine the density path there will only be one
solution with n-pentane as the reference, whereas if we had chosen methane much greater care
would have been required to make sure that we found the correct solution. As such, the
numerical root-finding process is much more straightforward if n-pentane is chosen as the

reference component.
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Fig. 6 (a) Density of methane against density of n-pentane (reference component) resulting
from the solution to Eq. 10 and thereby specifying the density path at the isobars 0.5, 7 and
14 MPa; (b) Density profile of methane (dashed curve) and of n-pentane (continuous curve)
through the surface region at the same isobars as in (a) calculated using Eq. 14 where c is the
molar volume shift; (¢) Variation of the integrand of Eq. 13 with n-pentane density for the same

isobars as in (a) and (b).

(a)
14 MPa
- 6000F
£
©
£
Z 4000} N
w
c
Q
hel
[
c
(0]
£ 2000
[0}
£
0.5 MPa
0 1 1 1 1
0 2000 4000 6000 8000
n-pentane density / mol m-3
(b)
8000
14 MPa
. 6000
€
B -
E VR 7 MPa
> 4000}
Q
[a}
2000F
0.5 MPa
o= PR PRtk felsieitetetetel Seleieeteteie I
0 0.4 0.8 1.2 1.6 2 24
Az/nm
(©

Integrand (arbitrary units)

14 MPa

1 1 1 1
0 2000 4000 6000 8000
n-pentane density / mol m

20



The calculation of the surface tension using Eg. 13 does of course involve finding the area
under the curve generated by a particular integrand as a function of pret. Fig. 6¢ shows a plot
of this integrand as a function of the n-pentane density for the same three isobars as in Fig. 6a
and Fig. 6b. As can be seen, these curves are rather well behaved, making them very
straightforward to integrate numerically using routines in Mathematica®. (Additionally this
explains why our alternative approach, based on an adaptive Simpson’s % rule, can deliver
reliable surface tension data with such a small number of intervals across the pres coordinate.)

From critical scaling theory [53] it is found that thermodynamic properties such as surface
tension or density difference scale in a universal way with variables such as reduced
temperature or reduced pressure. These scaling relations can be expressed as in Eg. 15 for
surface tension, where the exponent is equal to 1.26, and analogously for density difference,
with instead a universal exponent equal to 0.325. Eliminating the reduced pressure from these
two scaling relations leads to a direct relation between the surface tension and the density
difference:

Y = c(@p)*®

(17)
where c is a constant and the exponent is 3.88 = 1.26/0.325. Schechter [59] has made a very
good argument for using these scaling relations in preference to the parachor method when
computing surface tension in fluids relevant to petroleum reservoirs. Given that we have
estimated the critical pressure, it is a straightforward task to test these various scaling relations
using our experimental data. Accordingly, surface tension and density difference have been
plotted against reduced pressure in Fig. 7a and Fig. 7b, respectively, and they are plotted against
each other in Fig. 7c. The straight lines shown in Fig. 7 are those predicted by the corresponding
scaling relations and, as can easily be seen, the experimental data fit the theoretical predictions
remarkably well. Of course the critical pressure was in fact determined by a fitting process
using the experimental data. Nonetheless, the close match between the experimental data and
the various scaling relations does indicate a high level of internal consistency in the data. An
additional feature that is suggested by the level of agreement shown in Fig. 7 is that the higher
order terms in the Wegner extended scaling approach must contribute a relatively small amount
to the variables of interest for this system, over the range of conditions considered; otherwise,

the data would not match so well the theoretical lines.
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Fig. 7 Testing the scaling relations: (a) surface tension against reduced pressure; (b) density
difference against reduced pressure; (c) surface tension against density difference. The lines
shown in (a)-(c) correspond to the theoretical scaling relations, with gradients equal to 1.26,
0.325 and 3.88, respectively. Data from this study are shown as filled in red circles.
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4. CONCLUSIONS

We have described new experimental apparatus that is well suited to the accurate
measurement of surface tension and bulk thermodynamic properties in a system where
miscibility changes very dramatically with changing pressure. It has been demonstrated that
the apparatus works well for the methane-pentane system and that the resulting measurements
compare well with literature data. Moreover it has also been demonstrated that a Wegner
extended scaling approach enables the critical pressure to be estimated, using experimental
data that are outside the critical range. Surface tension and density profiles calculated using the
gradient theory approach are in very good agreement with the experimental data. Since both
the comparison with literature data and the results from the theoretical calculations are
extremely good we conclude that the experimental technique is validated. We now plan to
utilize the combination of experimental and theoretical approaches described in this paper for
various systems, including those relevant to enhanced oil recovery and for CO2 sequestration

in oil reservoirs that are out of production.
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