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PHASE BEHAVIOR AND INTERFACIAL TENSION
FOR CO2-WATER-OIL SYSTEMS

By Ting-Horng Chung

ABSTRACT

The objective of this research project is to improve prediction techniques for gas miscible
displacement through fundamental research on displacement mechanisms. The project was
designed to investigate the partitioning of COz3 in oil and water phases and the effects of CO3-
dissolution on interfacial tension (IFT) and relative permeability of oil-water systems. The scope
of work includes both laboratory measurements and theoretical studies. To perform this research,
an apparatus was designed and constructed to measure high-pressure IFT for CO2-water-oil
~ systems. An image analysis technique was applied to determine the pendant-drop size and shape
profile. A computer program for matching the contour of the pendant-drop and determining IFT
was developed. Measurements have been conducted for water surface tension and the IFTs of
water-hydrocarbon systems.

To measure the IFT for CO2-saturated water/brine and hydrocarbon/oil systems, an accurate
prediction technique for COj solubility in aqueous and nonaqueous phases is required.
Conventional equations of state (EOS) such as the Peng-Robinson (P-R) EOS and the Redlich-
Kwong (R-K) EOS cannot adequately predict the phase behavior of CO2 aqueous systems. The
P-R equation of state has been modified to improve the accuracy for CO7 and water systems. The -
attractive term of the P-R EOS was changed with a new temperature-dependence function for CO7
and water, but its original function for hydrocarbon systems was retained. Thus, this modification
will not destroy the applications of original P-R EOS in phase behavior predictions for
hydrocarbons and in reservoir simulations. This modification significantly improves the accuracy
of CO2-solubility prediction. Other modifications published in the literature were tested, but
results were unsatisfactory.

INTRODUCTION
Gas displacement processes involves three-phase flow in reservoir formations. The three
major phases are gas, oil, and water. As illustrated in Fig. 1, there are three interfaces among
these fluids. The interfacial tensions (IFT) between two fluids and the wettability of formation
rock to these three fluids determine the flow of these three fluids in reservoir formations. Thus,
gas displacement processes are more complicated than other oil recovery processes. In gas
enhanced oil recovery (EOR) research, efforts are usually concentrated on the development of
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FIGURE 1. - Fluid system in gas displacement processes.
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techniques for achieving miscibility so that the IFT between injection gas and reservoir oil can be
reduced to zero. Without the capillary force, gas miscible displacement can achieve 100% oil
recovery if the flooding is conducted in a homogeneous porous media and under gas stable
conditions like laboratory slim-tube and core flooding experiments. To obtain such high
displacement efficiency, the displaced oil has to form a continuous o0il bank. Unfortunately, in
most cases, gas EOR is applied after waterflooding. After waterflooding, the residual oil is usually
surrounded by a water phase and separated into discontinuous parts. To mobilize the residual oil,
the capillary force created by the interfacial tension between oil and water phases still has to be
overcome even though the interfacial tension between gas and oil phases can be reduced to zero by
injecting miscible gas. Besides, with water phase blocking, the injected gas may have to pass
through the water phase before dissolving into the residual oil phase. This will affect gas
performance and reduce the displacement efficiency. The presence of a water-oil interface can
significantly affect oil flow and therefore cannot be ignored. Carbon dioxide has higher solubilities
in both water and oil phases than nitrogen and hydrocarbon gases. The solubility of CO; in
aqueous phases cannot be ignored at reservoir conditions. In a recent simulation study, it was
found that ignoring CO2 solubility in an aqueous phase will result in overprediction of CO2
flooding performance.! The dissolution of CO; in both oil and water phases will have some
effects on water and oil properties and their IFT. Since IFT is one of the important factors which



determine relative permeability curves,? the effect of COy on oil-water IFT will affect oil
displacement efficiency. This problem has not been thoroughly studied. So far no measurement
has been conducted on the IFTs of COp-water and oil-water saturated with COj. Although some
simulators have taken into account the effect of IFT on two-phase gas and oil relative permeability,
the effect of CO7 on oil-water relative permeability was neglected. The relationships between IFT
and relative permeabilities used in simulators are totally empirical and lack support from either
theoretical study or experimental data. Some parameters were introduced to the IFT-relative
permeability correlations for tuning to match field performance.

Experimental difficulty hinders IFT studies for gas EOR. First, the system is at high-
pressure condition. Secondly, oil and water properties will change with CO2 dissolution. Thirdly,
due to CO» supercritical extraction, consistent crude oil composition is difficult to maintain during
experiments when it co-exists with the CO phase. Therefore, it is difficult to obtain consistent
results. Systematic studies from simple systems to complicated crude oil are being conducted in
this project. This research started with pure hydrocarbon-water systems and will advance to more
complicated systems. Construction and testing of a high-pressure IFT measurement apparatus is
the major task of the FY93 research plan. For high-pressure systems, pendant drop method is the
only method that has been used. A new method of applying image analysis techniques to improve
the accuracy of the pendant drop method was developed in this work. This new IFT measurement
method can be applied to investigate the IFT change with time for chemical EOR and MEOR
studies. Associated with the IFT measurements, a theoretical study on the modeling of IFT
property for multicomponent systems has been conducted. Available theories and modeling
techniques are being reviewed. An attempt to develop a practical prediction technique for
petroleum industry applications will be made.

To determine the IFT for CO»z-saturated water/brine and hydrocarbon/oil systems, an accurate
prediction technique for CO7 solubility in aqueous and nonaqueous phases is required. This
project also attempts to develop a more accurate compositional prediction method for CO,-water-
hydrocarbon systems. Conventional equations of state (EOS) such as the Peng-Robinson (P-R)
EOS and the Redlich-Kwong (R-K) EOS cannot adequately predict the phase behavior of CO»
aqueous systems. Predicted aqueous phase gas solubilities may be in error by orders of
magnitude.3 Several modifications to cubic EOS have been proposed to achieve better predictions
for the phase behavior of mixtures including water.3-6 Available methods for the prediction of
CO, solubilities in water and brines have been reviewed. Since the Peng-Robinson (P-R) equation
of state (EOS) is commonly used in the petroleum industry, an attempt to modify the P-R EOS to
improve its accuracy for CO2 and water systems has been made. This modification still maintains
its integrity and thermodynamic consistency of the original equation of state. Therefore, the



equation is still the same for hydrocarbons and oils. Preliminary results have shown success in
improving the prediction of COz2 solubility in water.

RESULTS AND DISCUSSION

Literature Survey

A literature survey for IFT measurements has been conducted. The data sources for
hydrocarbon-water systems and for COz-hydrocarbon systems are listed in the Appendix.
Methods including pendant drop, sessile drop, and spinning drop have been used for IFT
measurements. Most of the water-hydrocarbon IFTs were measured at 1 atm. No IFT
measurement for hydrocarbon-water systems with dissolved CO2 at reservoir pressure and
temperature ranges have been found from the literature survey. However, CO2-0il systems have
been studied.25

Construction of IFT Measurement Apparatus

Current developments in personal computers with the ability to capture and digitize video
images provide an improved method to determine IFT. A simple and fast system for measuring
IFT using the pendant-drop method coupled with an image analysis technique has been developed
in this work. A schematic diagram of the apparatus for pendant drop IFT measurements is shown
in Fig. 2. The major parts are: high-pressure IFT cell (Temco Co.), optical system, and computer
image processing system. For applications to high-pressure CO2 systems, the IFT cell was
designed and tested at high temperatures (up to 177° C) and high pressures (up to 69 MPa). A
chemical injection pump with adjustable injection rate was used to inject liquid into the cell and to
generate a pendant drop. The optical system consists of an illuminator, a light diffuser, a heat filter
filled with water, and a high-resolution stereo-microscope (Nikon Inc.). The small pendant drop is
magnified by the stereo-microscope, and the image is converted to electrical signals by a color
CCTV camera (Sony). The RGB signals from the camera are fed to a frame grabber (Truevision
TARGA-Plus) inside the personal computer. The frame grabber card is connected with the
computer monitor and an additional S-VHS video monitor. The PC computer is a 486DX/66MHz
model with 32-MB RAM and 200-MB hard disk drive, which provides speed for image
processing.

IFT Measurement Procedure

The IFT cell was first filled with fluid-1 (lighter one), and the temperature was controlled at
the setting point. The second fluid (heavier one) was then injected into the cell through the pendant
drop tip with a chemical pump which has a finely adjustable injection rate. To generate a good
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FIGURE 2. - IFT measurement apparatus.

drop shape, an adequate tip size must be used. The effect of tip radius on the pendant drop shape
has been discussed.” The generated pendant drop image can be viewed from the video monitor.
After reaching the largest size, the injection pump is shut down and the drop is allowed to reach
equilibrium for about ten minutes before the computer captures the image. The captured drop
images are stored in the computer as digital information and printed out. An image analysis
software (Image-Pro Plus) is used to determine the drop size and to digitize the edge of the drop
image, which gives the X and Z coordinates of the points at the edge of the drop profile, as shown
in Fig. 3. The coordinates of a pendent drop are then matched with theory by tuning the interfacial
tension and the radius of curvature at the apex point. The principle and method of data matching
are described in the following section.



Method for IFT Determination
The drop profile is described by the classical Young-Laplace equation:

1., _1_) = AP 1
4 (Rl Ry 1
where 7 is the interfacial tension, R; and R represent the two principal radii of curvature, and AP
is the pressure difference across the interface.

Mathematically, the curve of the drop profile (shown in Fig. 3) can be described in a
parametric form

X=X(S) and Z=Z(S) (2)
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FIGURE 3. - A digitized pendant drop shape.



S being the arc length measured from the origin, o. Following previous development,$ the
equation of Young and Laplace can be expressed as a set of three differential equations:

%=cos¢ (3)
§;=sin¢ “4)
49 _3.p,-5n ¢ 5)
ds x

At the apex point (S=0), the radius of curvature is Ry, and

x(0) = 2(0) = s(0) = ¢(0) = 0 (6)

The dimensionless coordinates, x, z, and s are defined as

x=X/Rp, z=7Z/Ry, s =SIRyp @)
and
f= (4p)gRZ (8)
Y

For given R, and f (or (4p)g/y ), the complete shape of the curve can be obtained by integrating

simultaneously Eqgs. 3 to 5. Equations 3 to 5 with the initial condition 6 can be solved using a
fourth-order Runge-Kutta numerical method. The optimal values of R, and § are determined by

minimizing the objective function®

E= ﬁ {[x: - X(z:, B, R,)] sing}? &)

=1

where Xj, i=1,N are the X-coordinates of the selected points at the edge of the drop image, and X

is the calculated value of the corresponding point (at the same Z-coordinate). At any step in the
regression, values of Ry and f§ are updated from the previous step. Good initial estimates of Ry

and B are obtained from the ratio o = D, /D, and the following correlations.10

B =0.12836 - 0.75770 + 1.771362 - 0.542603 (10)
1}’; = 0.9987 + 0.19718 - 0.073452 + 0.347088° (11)
o

A regression package to match the captured drop profile with the Young-Laplace equation
(Egs. 3-5) and determine the interfacial tension, y, has been developed. This IFT determination



method was tested to be more accurate than the conventional method of Bashforth and Adams'
treatment.11

Calibration and Testing of the IFT Measurement Method
Methods used for calibration are described as follows:

1.

Magnification of drop image: The small liquid drop hung at the tip was magnified by a
high-resolution stereo-microscope (Nikon SMZ-2T). To obtain the magnification
factor, several calibration objects which includes a spherical ball and a cylindrical bar of
known diameters comparable to that expected for the test drop were installed at the
position of the drop in the test cell. Ilumination light was adjusted to give a sharp
image of the calibration object on the monitor. The magnification was determined from
the actual object diameter and the horizontal pixel number of the image diameter. The
obtained magnification factor is within £0.5% accuracy. This value is used to
determine the real liquid drop size and shape from the digitized image.

Horizontal vs. vertical coordinates: The video camera and the monitor give an image
composed of 400 lines, each having a resolution of 512 pixels. The digitized
coordinate readings from the video monitor are based on the pixel number
(x-coordinate) and the horizontal line number (z-coordinate). Therefore, the horizontal
and vertical readings are different. To calibrate this, two methods were used. One uses
a low reflection chrome contact reticle (Edmund Scientific Co.), which has scales in
0.1-mm increments on both horizontal and vertical cross hair line, to convert the
digitized coordinate readings (pixels) to the unit of length (in cm). Another method
uses a steel ball of uniform diameter. The measured image diameters (horizontal and
vertical) of the ball from video monitor were compared with actual ball diameter and the
factors for conversion can be determined.

Justification of the digitized drop image: The drop image shape was plotted based on
the calibrated coordinate-readings for the digitized edge points (as shown in Fig. 3).
Because of the axisymmetric nature of the drop, the plotted drop shape should be
symmetric with respect to the z-coordinate. With this criterion, we can check the
accuracy of digitization and the located apex point by superimposing the left-hand half
on the right-hand half (Fig. 4). In our approach for IFT determination through drop
shape matching, only the half-part points were used. Therefore, we have to ensure that
the two half parts match each other.
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The three calibration steps are very critical to the accuracy of the IFT measurement.
Preliminary IFT measurements have been conducted for water and n-heptane. The measured
surface tensions for deionized water and n-heptane at 25° C compared with Du Nouy ring method
are

This method Du Nouy method
Water 70.62 dyne/cm 70.58
n-Heptane 20.40 20.49

Measurements for the surface tension of distilled water were conducted at various
temperature levels. The water used in this experiment was purified by distilling deionized water
twice with potassium permanganate. The results are shown in Fig. 5. Our measured data agree
well with the literature data. In the IFT measurements, we have completed n-pentane-water and n-
heptane-water systems. Results are given in Figs. 6 and 7, respectively. Our measurements are
reasonably accurate as compared with that of others. These tests demonstrate that our IFT
measurement is accurate and comparable with others. The IFT measurements for high-pressure
water-hydrocarbon and CO2-water systems are in progress.
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Prediction of CO;z-Solubilities in Hydrocarbon and Water/Brine Phases

To measure the IFT for CO»-saturated water/brine and hydrocarbon/oil systems, an accurate
prediction technique for CO2 solubility in aqueous and nonaqueous phases is required.
Conventional cubic equations of state (EOS) such as the Peng-Robinson (P-R) EOS and the
Redlich-Kwong (R-K) EOS can not adequately predict the phase behavior of COz-aqueous
systems. The predicted aqueous phase gas solubility may be in error orders by magnitude of
error.3 Several modifications to cubic EOS have been proposed to achieve a better prediction for
the phase behavior of mixtures including water.3-6 Recently, a modified P-R EOS was published3
for COy with pure water and NaCl brine. The a-term of the P-R EOS for water/brine was
modified as functions of reduced temperature, T, and salinity (molal), Cgy,:

al2=1+0.4531 - T(1 - 0.0103CL;1)] + 0.0034(7;3 -1) (12)

For a mixture including aqueous phase, two different EOS constants a; are used, one for aqueous
phase (AQ) and the other for nonaqueous phase (NA):

@2 = 35 xxfaa) (1 - K2 (13)
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oA = 33 xixfaa) (1 - K34 (14)

where kij and kgA are binary interaction parameters (BIPs) for aqueous and non-aqueous phases,
respectively. The BIPs are determined by data regression. This modified P-R EOS was tested
with experimental data for CO7 solubility in pure water and NaCl brine. Results are shown in
Figs. 8 and 9. It can be seen that this modified P-R EOS is not accurate enough to predict CO2
solubility in water and brine. In addition, the modified P-R EOS is only applicable for NaCl brine.
This new modified P-R EOS suffers some shortcomings: (1) it is thermodynamically inconsistent
using two different values of the attractive term "a," and (2) it is not good for extrapolation.
Recently, Twu et al.6 also presented a new a-function for the attractive term "a" of the

Redlich-Kwong (R-K) EOS,

a(T) = a(T.)(T) (15)
where
a(T,) = 0.427481R?T2/P, (16)
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FIGURE 8. - Measured and predicted CO3 solubility in water phase (experimental
data from Ref. 21).
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and the new co-function
o) = Tr2(m-1)el(1-T3"') an

where Ty = T/T¢; | and m are parameters for each compound which were determined from vapor
pressure data regression. With the new a-function, the modified R-K EOS can model vapor
pressures of water and CO2 from the triple point to the critical point within 1% accuracy. For
binary mixtures, Twu et al.6 proposed a new mixing rule as

am = 2 2 Xi%i;j (18)
bm =2 Xibi (19)
ay= (@) (- ks) + (ki - k) 7] >

13



For a binary system, there are two binary interaction parameters, k2 and k2;. They are
temperature-dependent. This modified R-K EOS was tested with experimental data for CO2
solubility in pure water. Results are shown in Fig. 10. It can be seen that this modified R-K EOS
is able to predict CO2 solubility in water accurately up to extremely high-pressure conditions. The
results were calculated with kwater-CO, = 0 and kCO3-water = 0.277365-123.38/T(k).

The approach presented by Twu et al.% does not have the inconsistency problem as that of
Soreide and Whitson,3 but does have the capability for extrapolation. In the petroleum industry,
the P-R EOS is the most commonly used equation. In this research, we have tried to apply the
new a-function for the P-R EOS and redetermine the parameters: / and m for CO2 and water. The
modified P-R EOS is

p=RT _ adT) 1)
v-b y242py- b2

where a and b are estimated from the same formulas as original P-R EOS. The original a-function
was still used for all substances except CO7 and water. For CO7 and water, Eq. 17 was used and
the two parameters: [ and m were determined from regression of vapor pressure data. The results
are shown in Figs. 11 and 12 for CO and water, respectively.
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FIGURE 10. - Measured and predicted CO> solubility in water and brine (experimental data
from Ref. 23).
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For mixtures, a more accurate mixing rule was suggested by Twu et al.,!2 as

kij 3
am = ZZ xx{aa)" 1—:;1—) + 25T xH Y (aia)V] (22)
4
where
Hy = (kji - k)T (23)

Unlike the conventional mixing rule, which can be obtained by setting k;; = kj; at a fixed
temperature for Egs. 22 and 23, the asymmetric definition of k;; in this new mixing rule provides a
more accurate representation of polar systems. The two binary interaction parameters: k72 and k3
for CO, (1) and water (2) can be explained in terms of the infinite dilution activity coefficients of
CO; and water or can be obtained from regressing PTxy data. In this work, we determined the
binary interaction parameters from regression of COp-solubility data. The obtained BIPs are: k72 =
0.318642-136.042/T(K), k37 = 0.380952. The calculated results are shown in Fig. 13 for high
temperatures and Fig. 14 for low temperatures. It can be seen that the modified P-R EOS has the
capability to predict COgp-solubility in water over a wide temperature and pressure

Exp data - sy}nbols
Cal. result - lines P

\l
LI
\

6 [

5 F T
" /(4(""4
- @
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0 200 400 600 800 1000 1200 1400 1600
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FIGURE 13. - Calculated CO2 solubility in water by modified P-R EOS (experimental
data from Ref. 23).
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FIGURE 14. - Calculated CO7 solubility in water by modified P-R EOS (experimental
data from Ref. 21).

range. Testing of the modified P-R EOS for the three phase system of COp-water-oil are on-
going.

SUMMARY

1. A high-pressure IFT measurement apparatus was set up, and a new technique of
employing image analysis for IFT determination was developed. The apparatus and experimental
procedure HAVE been calibrated and tested. Results show that the measured surface tension and
IFT for water and hydrocarbon systems are reasonably accurate. The IFT measurements are still in
progress and will be continued next year. Theoretical studies on the modeling of IFT and on the
development of a prediction technique have also been initiated.

2. A new technique to improve the accuracy of equation-of-state for the prediction of CO2
solubility in water has been developed. The approach is to modify the P-R equation of state for
CO3 and water to improve its accuracy for vapor pressure prediction and to apply a new mixing
rule for COp-water systems. For hydrocarbons and oil, the original equation of state and mixing
rule are still valid. Therefore, this modification will create no inconvenience for applications of the

17



P-R EOS in the petroleum industry. Further effort will be to extend the modification to COp-brine
systems and to complete the prediction package for COz-oil-water (brine) phase behavior.

NOMENCLATURE
a =  attraction parameter
b = van der Waals co-volume
Csw = salinity of aqueous solution
De = largest diameter of the pendant-drop
g =  gravitational constant
Hjj = defined by Eq. 23
kjj = binary interaction parameter between component i and component j
ILLm = parametersin Eq. 17
P =  pressure
Pc = critical pressure
R = Universal gas constant
R; = principal radius of curvature
Ro = radius of curvature at the apex point
S = arc length of the contour of the pendant-drop image
s = defined by Eq. 7
T = temperature
Tc = critical temperature
T = TMTc
\% = molar volume
X(S) = horizontal coordinate
x(s) = defined by Eq. 7
Xj = composition of i-component
Z(S) = vertical coordinate
Greek Letters
o(T) = temperature-dependent function in the cubic type equations
B defined by Eq. 8
Y = surface or interfacial tension
¢ = angle on the X-Z plane, shown in Fig. 3
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APPENDIX

Literature Survey for Surface and Interfacial Tension Data
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SURFACE TENSION

SYSTEM DATA PTS T RANGE| P RANGE REFERENCE
COMP 1 COMP 2

Acetic acid 25 20-25C 1atm 51,78
Acetone 3 24-25C iatm 2,55
Acetonitrile 1 20C 1atm 51
Acetylene 4 minus80to-50C 1atm 79
i-Amyate 1 24C 1atm 21
Bromonapthalene 1 21C 1atm 27
Butyl acetate 1 20C 1atm 76|
Butyric acid 1 20C 1atm 21
Carbontetrachloride 7 74-78F 1atm 56
Carbontetrachloride 33 0-283.2C 1atm 1,2,4,21,26,78
Chioroform 1 25C 1atm 21
Cis decalin 1 21C 1atm 27
Cyclohexene 8 0-75C 1atm 79
Cyclopentene 6 0-40C 1atm 79
Dibenzyl amine 1 21C 1atm 27
Dichlorodifluoromethane 4 0-30C 1atm 82
Dimethyl amine 1 21C 1atm 27
Dimethyl aniline 1 20C 1atm 72
Dimethyl formamide 1 21C 1atm 27
Dimethyl sulfoxide 1 20C 1atm 70
1,4 Dioxane 1 20C 1atm 51
DMSO 1 21C 1atm 27
Ether 1 25C 1atm 21
Ethyl cinnamate 1 21C 1atm 27
Ethylcyclohexane 9 0-100C 1atm 79
Ethylene 3 minus120 to-100 1atm 79
Ethyl ether 20 0-190C 1atm 78
Fluorine 7 69.2-81K 1atm 84
Formamide 1 21C 1atm 27
Heptene 8 0-75C 1atm 79
Hydrogen sulfide 1 20C 1atm 77
lodine 1 20C 1atm 69
Methylcyclohexane 9 0-100C 1atm 79
Methylcyclopentane 7 minus10to40C 1atm 79
Methyi ethyl ketone 1 23.5C 1atm 21
Methylene iodide 1 20C 1atm 68
Nitromethane 1 20C 1atm 73
Nonadecane 10 20-100C 1atm 79
Octadecane 5 30-100C 1atm 79
Perfluoroheptane 1 20C 1atm 21
Perfluoromethylcyclohexane 1 20C 1atm 21
Perfluoropentane 1 20C 1atm 21
Propadiene 4 minus 50 to -20C 1atm 79
Propionic acid 1 20C 1atm 21
Propylene carbonate 1 20C 1atm 71
Trans decalin 1 21C 1atm 27
Water 3 20-23C 1atm 21,44,51,55
Water 8 20-60C 1atm 27,32
Water 4 76F 1atm 56
Water 16 20-50C 1 atm 32,64,65,66,67
Water 61 0-374.15C 1 atm 21,88,
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INTERFACIAL TENSION-BINARY SYSTEM

Acetic acid Acetone 4 298K 1atm 53
Acetic acid 1,4 Dioxane 10 298-313K 1atm 53
Acetic acid Methanol 9 308K 1atm 49
Acetic acid Water 48 291-313K 1atm 53
Acetone Methanol 6 308K 1atm 49
Acetonitrile Water 21 293K 1atm 53
Aniline Water 4 10-40C 1atm 1,9,15,23
Benzaldehyde Water 1 20C 1atm 74
Biocyclohexyl Water 6 20C 1atm 39
Bromoethane Water 1 25C 1atm 15,23
Butane Carbon dioxide 42 115-220F 80-7965MPa 20
Butyl acetate Water 2 25C 1atm 9,15,23
Butyl alcohol Water 1 20C 1atm 9
Butyl bromide Water 1 298K 0.1MPa 33
Carbon disuilfide Perfiuorohexane 1 25C 1atm 23,43
Carbon disulfide Water 2 25C 1atm 1,9,15,17,23
Carbontetrachloride Cyclopentane 1 25C 1atm 58,63
Carbontetrachloride Water 2 20-25C 1atm 9,75
Chlorobenzene Water 1 25C 1atm 1,17
Chloroform Water 2 25C 1atm 1,15,23,26|
Cis-decalin Cyclohexane 1 25C 1atm 58,63
Cyclohexane Benzene 1 20C 1atm 58,63
Cyclohexane Cis-decalin 1 25C 1atm 58,63
Cyclohexane i-Octane 1 30C 1atm 10,58
Cyclohexane Tetra-chloroethylene 1 25C 1atm 58,63
Cyclohexane Trans-decalin 1 25C 1atm 58,63
Cyclohexane Toluene 1 25C 1atm 58,63
Cyclohexane Water 2 298K 0.1MPa 15,23,33
Cyclopentane Benzene 1 25C 1atm 58,63
Cyclopentane Carbontetrachloride 1 25C 1atm 58,63
Cyclopentane Tetrachloroethylene 1 25C 1atm 58,63
Cyclopentane Toluene 1 25C 1atm 58,63
1,2-Dichloroethane Water 1 25C 1atm 1
Dichloromethane Water 2 25C 1atm 1,9,15,17,23
Diethylether Water 2 25C 1atm 1,9,15,23
Diisoproylether Water 2 25C 1atm 1,9,15,23
2,2 Dimethylbutane Water 1 25C 1atm 16,23
2,4 Dimethylpentane Water 1 25C 1atm 16,23
2,3 Dimethylbutane Water 1 25C 1atm 16,23
1,4 Dioxane Acetic acid 10 298-313K 1atm 53
1,4 Dioxane Benzene 12 293-303K 1atm 52
1,4 Dioxane Toluene 5 303K 1atm 8
1,4 Dioxane Water 36 293-351K 1atm 53
Dodecane Hexane 1 30C 1atm 46,58
Dodecane i-Octane 1 30C 1atm 10,58
Ethanol Benzene 1 25C 1atm 31,58
Ethylacetate Water 4 10-40C 1atm 1,9,15,23
Ethylbromide Water 1 25C 1atm 9
Ethylether Water 1 25C 1atm 9
2-Ethylhexanol Water 1 25C 1atm 1
Ethylbutyrate Water 1 25C 1atm 9
Furan Glycerol 12 15-30C 1atm 32
Furfural Water 1 25C 1atm 15,23
Glycerol Furan 12 15-30C 1atm 32
Glycerol Pentane 15 15-35C 1atm 32
Heptanoic acid Water 1 20C 1atm 75
Hexane Dodecane 1 30C 1atm 46,58
Hexane Methanol 5 293K 1atm 53
Hexane Propanol 30 293-333K 1atm 30
Hexyl bromide Water 1 298K 0.1MPa 33
Methane Propane 47 5-194F| 42-1239psi 56

23




INTERFACIAL TENSION-BINARY SYSTEM—Continued

Methanol Acetic acid 9 308K 1atm 49
Methanol Acetone 6 308K 1atm 49
Methanol Benzene 1 30C 1atm 31,58
Methanol Hexane 5 293K 1atm 53
Methanol Tetradecane 1 25C 1atm 15,23
Methanol Toluene 9 308K 1atm 49
Methylacetate Water 1 25C 1atm 1
Methyicyclohexane Water 1 25C 1atm 1
3-Methylhexane Water 1 25C 1atm 16,23
3-Methylpentane Water 1 25C 1atm 16,23
4-Methyl-2-pentanone Water 3 10-40C 1atm 1,34
MIBK Water 4 21C 1atm 2,57
Nitromethane Water 2 25C 1atm 1,9,15,17,23,34
i-Octane Benzene 1 30C 1atm 10,58
i-Octane Cyclohexane 1 30C 1atm 10,58
i-Octane Dodecane 1 30C 1atm 10,58
Pentane Glycerol 15 15-35C 1atm 32
Perfluorohexane B enzene 1 25C 1atm 23,43
Perfluorohexane Carbon disulfide 1 25C 1atm 23,43
Perfluorohexane Tetradecane 2 25C 1atm 16,23,43
Propane Methane 47 5-194F 1atm 56
Propanol Hexane 30 293-333K 1atm 30
i-Propyl ether Water 1 25C 1atm 9
R113 Water 27 20-151.8C ? 29,32
Silicone oil KF54 Water 14 20-90C 1atm 32
Tetrachloromethane Water 3 20-25C 1atm 1,9,15,17,23
Tetrachloroethylene Cyclohexane 1 25C 1atm 58,63
Tetrachloroethylene Cyclopentane 1 25C 1atm 58,63
Tetradecane Methanol 1 25C 1atm 15,23
Tetradecane Perfluorohexane 2 25C 1atm 16,23,43
Trans-decalin Cyclohexane 1 25C 1atm 58,63
1,1,1-Trichloroethane Water 3 10-40C 1atm 1
1,1,2-Trichloroethane Water 4 10-40C 1atm 1,15,23
Trichloromethane Water 3 10-40C 1atm 1,9
2,2,4 Trimethylpentane Water 1 25C 1atm 16,23
Vinylacetate Water 1 25C 1atm 1




INTERFACIAL TENSION-TERNARY SYSTEM

SYSTEM DATA PTS|T RANGE|P RANGEREFERENCH
COMP 1 COMP 2 COMP 3
Acetic acid Acetic acid ethylene ester|Water 5 25C 1atm 1
Acetic acid Acetic acid i-propylester |Water 5 24.6C 1atm 1
Acetic acid Butylester Water 1 25C 1atm 1,9
Acetic acid i-Butylester Water 1 25C 1atm 1
Acetic acid Cyclohexylester Water 1 25C 1atm 1
Acetic acid 2-Ethylhexanol Water 5 24.6C 1atm 1
Acetic acid Hexane Water 22 25C 1atm 34
Acetic acid i-Propylester Water 1 25C 1atm 1
Acetic acid ethylene ester|Acetic acid Water 5 25C 1atm 1
Acetic acid i-propylester |Acetic acid Water 5 24.6C 1atm 1
Acetonitrile Ethanol Hexane 6 25C 1atm 1
Acetonitrile Hexane Methanol 5 25C 1atm 1
Butylester Acetic acid Water 1 25C 1atm 1,9
i-Butylester Acetic acid Water 1 25C 1atm 1
Carbondisulfide Hexane Perfluorohexane| 4 25C 1atm 43
Carbontetrachloride Propanol Water 7 20C 1atm 43
Carbontetrachloride Propionic acid Water 9 25C 1atm 26
Chloroform Propionic acid Water 6 25C 1atm 26
Cyclohexane Ethanol Water ? 25C 1atm 6
Cyclohexane Propanol Water 6 25C 1atm 26
Cyclohexane i-Propanol Water 13 25C 1atm 26,45
Cyclohexylester Acetic acid Water 1 25C 1atm 1
Ethanol Acetonitrile Hexane 6 25C 1atm 1
Ethanol Cycohexane Water ? 25C 1atm 6
Ethanol Ethylacetate Water ? 20C 1atm 6
Ethanol Hexane Water 18 20C 1atm 11,44
Ethylacetate Ethanol Water ? 20C 1atm 6
Ethylacetate Methanol Water ? 20C 1atm 6
Ethylacetate Propanol Water ? 20C 1atm 6
2-Ethylhexanol Acetic acid Water 5 24.6C 1atm 1
Heptane Propionic acid Water 6 25C 1atm 26
Heptane Propanol Water 5 25C 1atm 1
Hexane Acetic acid Water 22 25C 1atm 34
Hexane Acetone Water 32 20-25C 1atm 34,42
Hexane Acetonitrile Ethanol 6 25C 1atm 1
Hexane Acetonitrile Methanol 5 25C 1atm 1
Hexane Carbondisulfide Perfluorohexane 4 25C 1atm 43
Hexane Ethanol Water 18 20C 1atm 11,44
Hexane Methylethyl ketone Water 13 25C 1atm 42
Hexane Propanol Water 5 25C 1atm 1
Hexane i-Propanol Water 13 25C 1atm 42
Methanol Ethylacetate Water ? 20C 1atm 6
Perfluorohexane Benzene Hexane 5 30C 1atm 28
Perfluorohexane Carbondisulfide Hexane 4 25C 1atm 43
Propanol Carbontetrachloride Water 7 20C 1atm 43
Propanol Cycohexane Water 6 25C 1atm 26
i-Propanol Cyclohexane Water 13 25C 1atm 26,45
Propanol Ethylacetate Water ? 20C 1atm 6
Propanol Heptane Water 5 25C 1atm 1
Propanol Hexane Water 5 25C 1atm 1
i-Propanol Hexane Water 13 25C 1atm 42
Propionic acid Carbontetrachloride Water 9 25C 1atm 26
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INTERFACIAL TENSION-TERNARY SYSTEM—Continued

Propionic acid Chloroform Water 6 25C 1atm 26
Propionic acid Heptane Water 6 25C 1atm 26
i-Propylester Acetic acid Water 1 25C 1atm 1
Trichloromethane Acetone Water 5 25C 1atm 1
1,1,2 Trichloroethane Acetone Water 34 25C 1atm| 1,28,34,43
1,1,2 Trichloroethane 2-Butanone Water 6 25C 1atm 28
1,1,2 Trichloroethane Methylethylketone Water ? 25C 1atm 43
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INTERFACIAL TENSION-TERNARY SYSTEM
(CO2 as one of the components)

SYSTEM DATA PTS|T RANGE P RANGE REFERENCE
COMP 1 COMP 2 COMP 3

Benzene Carbon Dioxide 16 160F 1000-1589psia 37
Butane Carbon Dioxide 42 115-220F 2180-7965psia 20
Butane Decane Carbon Dioxide 12 160F 9.31-11.45Mpa 35
Decane Carbon Dioxide 41 344-378K 926-2386psia 36
Decane Butane Carbon Dioxide 12 160F 9.31-11.45MPa 35
Tetradecane |Carbon Dioxide 18 160F 1000-2360psia 14
Cyclohexane|Carbon Dioxide 14 160F 997-1586psia 37
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INTERFACIAL TENSION-HYDROCARBON SYSTEM

SYSTEM DATA PTS TEMP RANGE PRESS RANGE REFERENCE
COMP 1 COMP 2
Methane 3 minus180 to -160 1atm 86,87
Ethane 7 33-81F 1atm 24
Ethane 8 minus160 to-90 1atm 78
Propane 10 minus130 to -40C 1atm 86
Propane 12 34-103F 1atm 24
Butane 14 36-114F 1atm 24
Butane 3 115-220F VP 65-241psia 20,50
Butane 8 minus100to-30 1atm 81
i-Butane 8 minus100to-30C fatm 81
Pentane 8 minus20 to+40C 1atm 81
Pentane 5 78F fatm 56
Pentane Water 1 25C 1atm 15,23
Pentane Water 18 20.2-149.6C ? 29
Pentane Water 15 15-35C 1 atm 32
Cyclopentane 1 13.5C 1 atm 79
i-Pentane 7 minus20to+30C 1 atm 81
Hexane 6 30C 1atm . 43
Hexane 26 0-220C 1 atm 21,44,51,78
Hexane Water 2 20-25C 1atm 15,23
Hexane Water 1 25C 1atm 15,23
Hexane Water 16 20-60C 1atm 32
Hexane Water 3 10-40C 1fatm| 1,9,12,34,41,58
Hexane Water 1 298.15K 0.1MPa 33
Cyclohexane 8 10-75C 1atm 21,79
Cyclohexane Water 1 298.15K 0.1Mpa 33
Cyclohexane Water 3 25C 1atm| 1,9,15,23,26,41
i-Hexane 1 25C 1 atm 16,23
Heptane 3 78F 1 atm 56
Heptane 25 20-240C 1 atm 2,21,78
Heptane Water 1 25C 1 atm 15,23
Heptane Water 4 10-40C 1 atm 1,4,9,75
Heptane Water 1 25C 1 atm 1,26
Octane 30 minus40 to 240C 1atm 21,78
Octane Water 1 25C 1 atm 15,23
Octane Water 1 298.15K 0.1MPa 33
Nonane 1 20C 1atm 21
Decane 1 21C 1 atm 27
Decane 2 160-220F 1-2psia 21,36
Decane Water 1 25C 1 atm 16,23
Decane Water 1 298.15K 0.1MPa 33
Dodecane 1 25C 1 atm 27
Dodecane Water 1 25C 1 atm 16,23
Dodecane Water 1 298.15K 0.1MPa 33
Tetradecane 1 21C 1 atm 27
Hexadecane 1 21C 1 atm 27
Hexadecane Water 1 25C 1 atm 16,23
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BENZYLIC-SYSTEMS

SYSTEM DATA PTS T RANGE P RANGE REFERENCE
COMP 1 COMP 2 COMP 3

Aniline 19 0-180C 1atm 78
Benzaldehyde |Water 1 20C 1atm 74
Benzene 13 76F 1atm 56
Benzene 12 10-80C 1atm 21,44,51,79
Biphenyl 7 100-250C 1atm 80
Benzene Acetone 17 291.15-298.15K 1atm 48,53
Benzene Carbon dioxide 16 160F | 1000-1589psia 37
Benzene Cyclohexane 1 20C 1atm 58,63
Benzene Cyclopentane 1 25C 1atm 58,63
Benzene 1,4 Dioxane 12 293.15-303.15K 1atm 52
Benzene Ethanol 1 25C 1atm 31,58
Benzene Ethylene glycol 1 27C 1atm 57
Benzene Methanol 1 30C 1atm 31,58
Benzene i-Octane 1 30C 1atm 10,58
Benzene Perfluoro-hexane 1 25C 1atm 23,43
Benzene Water 1 25C 1atm|1,4,9,17,34,41,47
Benzene Water 1 298.15K 0.1MPa 33
Benzene Water 9 20-30C 1atm|1,2,9,15,23,26,62
Benzene Water 15 20-25C iatm| 3,7,18,32,40,75
Benzene o-Xylene 1 25C 1atm 58,63
Benzene Acetic acid Water 5 25C 1atm 1,6
Benzene Acetone Water 19 30C 1atm 43
Benzene Butanol Water ? 25C 1atm 6
Benzene t-Butanol Water 7 25C 1atm 45
Benzene 1,4 Dioxane Water 5 25C 1atm 1
Benzene Ethanol Water 6+7? 25C 1atm 6,44,45
Benzene Ethanol Water 18 20C 1atm 11,44
Benzene Hexane perfluoro-hexane 12 30C 1atm 23,43
Benzene Methanol Water 447 25C 1atm 42,43
Benzene Perfluoro-hexane Hexane 12 30C 1atm 43,44
Benzene Propanol Water 8+? 20-30C 1atm 6,23
Benzene i-Propanol Water 19 25C 1atm 42,45
Benzene Propionic acid |Water 6 25C 1atm 26
Toluene Bromobenzene 1 25C 1atm 58,61
Water Bromobenzene 2 25C 1atm 9,15,23
Bromonaphthalene 1 21C 1atm 27
Butylbenzene [Water 1 25C 1atm 16,23
Chlorobenzene 34 0-330C 1atm 78
Chlorobenzene Toluene 1 20C 1atm 58,61
Chlorobenzene/Water 2 20-25C 1atm 1,15,17,23
Ethylbenzene |Water 3 20-25C 1atm| 1,9,15,17,23,47
Nitrobenzene 21 0-200C 1atm 78
Nitrobenzene |Water 3 20-25C 1atm 9,15,23,75
i-Propylbenzene 13 20-90C iatm 81,83
Pyridine 1 20C 1atm 51
Toluene 17 0-100C 1atm 2,21,51,55,81
Toluene Bromobenzene 1 25C 1atm 58,61
Toluene Chlorobenzene 1 20C 1atm 58,61
Toluene Cyclohexane 1 25C 1atm 58,63
Toluene Cyclopentane 1 25C 1atm 58,63
Toluene Methanol 9 308.15K 1atm 49
Toluene Water 2 25C 1atm 1,15,23,26




BENZYLIC-SYSTEMS—Continued

Toluene Water 3 10-40C 1atm 1,9,17,34,47
Toluene Acetic acid Water 22 25C 1atm 34
Toluene Acetone Water 18 25C 1atm 34
Toluene Ethanol Water 7 25C 1atm 45
Toluene Propanol Water 21 22-25C 1atm 22,45
Toluene Propionic acid |Water 6 25C 1atm 26
Toluene i-Propanol Water 6 25C 1atm 45
m-Xylene 12 0-100C 1atm 79
m-Xylene Water 2 25C 1atm 1,16,17,23
o-Xylene 12 0-100C 1atm 81
o-Xylene Benzene 1 25C 1atm 58,63
o-Xylene Water 1 25C 1atm 1,17
p-Xylene 10 20-100C 1atm 81
p-Xylene Water 1 25C 1atm 1
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INTERFACIAL TENSION-ALCOHOL SYSTEM

SYSTEM DATA PTS T RANGE P RANGE REFERENCE
COMP 1 COMP 2
Methanol 31 0-235C|1atm 2,21,51,55,78
Methanol Water 1 30C|1atm 28,58
Methanol Water 132 263-325K |1atm 53
Ethanol 32 0-240C|1atm 2,21,44,51,55,78
Ethanol Water 6 24-30C|1atm 2,27,55,58
Ethanol Water 318 268-369K|1atm 53
Propanol 1 20C|1atm 51
2-Propanol 13 minus10to+100C |1atm 51,78
i-Propanol 1 24C|1atm 2,21
Propanol Water 123 268-323K|1atm 53,60
Butanol 15 0-140C|1atm 78
Butanol Water 6 21-25C|1atm 1,2,9,15,23,57
2-Butanol Water 1 25C|1atm 1,9,54
i-Butanol Water 1 25C|1atm 15,23
Pentanol Water 2 10-40C|1atm 1,9,15,23
i-Pentanol Water 1 25C|1atm 15,23
Hexanol Water 1 25C|{1atm 1,9
Cyclohexanol Water 2 25C|1atm 1,9,15,23,34
Heptanol Water 2 25C|1atm 1,9,15,23
Octanol Water 1 25C|1atm 16,23
2-Ethyl hexanol Water 1 25C|1atm 1
n-Butyl alcohol Water 3 25C|1atm 9,13
i-Butyl alcohol Water 3 25C|1atm 9,13
Amyl alcohol Water 2 25C|1atm 9
i-Amyl alcohol Water 5 21C|1atm 2,62
t-Amyl alcohol Water 2 18-24C|1atm 2,55,62
Hexyl alcohol 2 25C|1atm 9
Heptyl alcohol 3 25C|1atm 9,13
1,2-Propanediol 1 20C|1atm 51
1,2-Propanediol Water 16 303K|1atm 38
1,3-Propanediol 1 20C|1atm 51
1,3-Propanediol Water 16 303K|1atm 38
1,3- Butanediol 1 20C|1atm 51
1,3- Butanediol Water 16 303K|1atm 38
1,4- Butanediol 1 20C|1atm 51
1,4- Butanediol Water 16 303K|1atm 38
Ethylene glycol 3 20-24C|1atm 21,27,51
Ethylene glycol Water 19 298-303K |1atm 38,60
Diethylene glycol 1 21C|1atm 27
Thiodiglycol 1 21C|1atm 27
Glycerol 19 15-150C|1atm 32,51,85
Glycerol Water 14 291-298K | 1atm 53
2-Ethyl hexanol Water 1 25C|1atm 1
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ALCOHOL-ALCOHOL SYSTEM

SYSTEM DATA PTS T RANGE | P RANGE | REFERENCE
COMP 1 COMP 2
Butanol Decanol 1 25C 1atm 5,58
Butanol Methanol 1 25C 1atm 5,58
i-Butanol Methanol 1 25C 1atm 5,58
s-Butanol Methanol 1 25C 1atm 5,58
t-Butanol Methanol 1 25C 1atm 5,58
Decanol Ethanol 1 25C 1atm 5,58
Decanol Hexanol 1 25C 1atm 5,58
Decanol Methanol 1 25C 1atm 5,58
Decanol Propanol 1 25C 1atm 5,58
Decanol i-Propanol 1 25C 1atm 5,58
Ethanol Phenol 1 35C 1atm 31,58
Methanol Propanol 15 298K fatm 53
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KETONE-SYSTEMS

SYSTEM DATA PTS|T RANGE|P RANGE|REFERENCE
COMP 1 COMP 2 COMP 3
Acetone 11 0-80C 1atm 51,65,78
Acetone Acetic acid 4 298K 1atm 53
Acetone Benzene 17 291-298K 1atm 48,53
Acetone Benzene Water 19 30C 1atm 43
Acetone Hexane Water 32 25C 1atm 34,42
Acetone Methyl i-butyl ketone Water 11 25C 1atm 42
Acetone 4-Methyl-2-pentanone  |Water 5 25C 1atm 1
Acetone 1,1,2-Trichloroethane Water 22 25C 1atm 1,43
Acetone 1,1,2-Trichloromethane |Water 5 25C 1atm 1
Acetone Water 137 273-343K 1atm 19,53
Acetophenone Water 1 25C 1atm 1
Cyclohxanone Water 1 25C 1atm 1
2-Heptanone Water 1 25C 1atm 15,23
2-Hexanone Water 1 25C 1atm 15,23
Methyl i-butyl ketone |Water 1 25C 1atm 23,42
Methyl i-butyl ketone |Acetone Water 11 25C 1atm 42
Methyl ethyl ketone 2 20-23.5C 1atm 21,51
Methyl ethyl ketone Hexane Water 13 25C 1atm 42
Methyl ethyl ketone 1,1,2-Trichloroethane Water ? 25C 1atm 43
Methyl etthyl ketone |Water 82 273-318K 1atm 53
4-Methyl-2-prntanone |Acetone Water 1 25C 1atm 1
4-Methyl-2-Pentanone |Water 3 10-40C 1atm 1,34
2-Pentanone Water 1 25C 1atm 15,23
1,1,2-Trichloroethane |Acetone Water 22 25C 1atm 1,43
1,1,2-Trichloroethane |Methyl ethyl ketone Water ? 25C 1atm 43
1,1,2-Trichloromethang Acetone Water 5 25 1atm 1
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