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Abstract : This paper reviews the available literature data that can be used for
estimating : (1) the surface tension of brines al ambient conditions, (2} the
interfacial tension between a brine and a gas (or condensate} at reservoir
conditions, When dealing with 1he first problem (surace tension of brines}, the
increase In surface tension due to the salls is often neglected, although there are
enough available data to account for il. For the second problem, the paper
reviews the literalure data on the interfacial lension between water and
hydrocarbons (gas. non polar liguids, or mixiures of both}, and tries 1o improve
an earlier correlation introduced by Firoozabadi et al. (1988). Still, the improved
correlation does not handle properly mixtures of gas and neutral oils, and the
need for more laboratory measurements is oullined. Salinily corrections simitar 1o
those for surdace tensions are presented. The practical use of the prediclive
correlations is illustrated and compared with laboratory measurements at
reservair conditions on a real gas/brine case.

INTRODUCTION

Capillary measurements are ofien used to check or calibrale the estimales of water
saturations Sw derived fram resistivity log interpretation. The routine metheds most
commonly employed are either the air/brine method {porous plate or centrifuge),
or mercury porosimetey, both al ambient conditions and with no stress. Their results
need to be converted into PC curves at reservoir conditions, by accounting for the
effect of efleclive stress (outside the scope of this paper), and the effect of the
difierem surface tensions y and comact angles 8. It is usually assumed 1hat the latter
effect is described by the Leverett conversion :

P¢ rag = PClap * {y=COSf)yag / {y*COSH)|gp
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While the parameters +yand § are well known for the mercury/vacuum fluid pair,
there is a need for a better estimation of ithemn in all olhar cases.

A preliminary clarification of vocabulary should be made first. Al ambient
conditions, the tensions of a liquid against either its own vapor, or air saturaied with
its vapor, have practically the same value, because, at these conditions, the gas
phase has a negligible density. This tension value is commanly referred to as the
"surface tepsion®. Cn the other hand, the tension between two liquids is called the
“interfacial tension™. At reservoir conditions, there is not such a general agreement on
vocabulary : (1) "surace tension” is used by most specialists in Thermodynamics
when dealing with the tension between an oil and the gas in equilibrium with i, while
others prefer “interfacial tension® ; (2} in the case of gas versus brine, again both
expressions are found in the literalure, although in the writer's opinion, "interfacial
tension” should be preferred, because the density of the gas phase (and a fortiori of
a condensate} is nol negligible. Consequenily, throughout this paper, the wiiter will
use:

- "surface tension” only lor the case of gas/liquid at ambient conditions

- “interacial 1ension” ("IFT7) in all other cases, i.e. either gil/brine at ambiemt
conditions, or any hydrocarbon/brine at reservair condilions.

For natural crudes, the conlact angle depends upon wetlability and saturation
history; morecver, the interfacial tension is very sensilive to small amounts of
interfacially active components {organic anions, asphaltenes, porphyrins,..) which
tend lo concentrate at the brine/oil interface. Therefore the direct measurement of
the IFT at reservoir conditions is 1o be prelerred. For oils devoid of interfacially active
components, i.e. having only saturates and aromatics fraclions, & rmay be wonh
looking for a predictive correlation, Furthermore, in the case of gas or condensates,
the hydrocarbon may be considered as perfecily non-wetting (7 = 0), and the anly
problem left is to estimate the ratio yrpg / 1ap -

This paper thus addresses two problems :

- estimating the surface tension of brines at ambient conditions : the effect of
salinfty Is often neglected,

- eslimating the interfacial tension of gas (or condensates} / brine systems at
reservoir conditions : it reviews an earlier paper by Firoozabadi ef al. (1988) , adds
other published litteralure dala, emphasizes the need for more experimental and
theorelical work on gas mixtures, and adds some data on the influence of salinity,
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SURFACE TENSION OF BRINES AT AMBIENT CONDITIONS
Surface tenslon of pure water and lemperature dependence

Several published results and equations are available in the literature, and in the
lemperaiure range 0 to 100 °C, they are in agreement only within + /- 0.3 mN/m :

Jechnigue Tamp. range Belerence
T = 76.24 -0,5378%- 0.3124-10'3-12 {Wilhelmy plate) Oto 100°C  Kayser {1976)
g = 75653- u.1379-|-o.2717-10'3'12 {ring tensiomeler] 0tw 50°C Cini et af. (1972}
Yo = 75.663-0.1396'(-0.2835'10-3'12 (wilhelrmy plata) Dio 50°G Cini af &, {1972)

Figure 1 shows the corresponding values, compared with the data of the
International Critical Tables (1928}, Jasper (1972), and Vargaftik et al. (1983). Cini ef
al (1972}, Kayser {1976) and Vargaftik ef al. {1983) give good reviews. In the
temperature range 0 to 50 °C, \ne data cf Cini ef al, the Internalional Critical Tables,
or Vargafiik ef al., should be preferred.

Surface tension of brines at ambienl lemperature

The presence of common salts in the brine increases the surace tension, as
compared o What of pure water at the same temperature ;

v (brinet,1atm) = y, {pure waterl,1atm.) + &y (salts)

Several literature sources yield experimental results :

International Critical Tables : &y = f(molality m) at 20or25°C
Ralston ef al. (1973) : &y = I{Molarity cpg) at 21°C
Aveyard et al. {(1977) : &y = f(molality m) at 20°C

For 1-salt solutions, the coefiicient b = 6y /m is often constan! over a large range of
molal concentrations ; Figures 2 1o 5 show the data of the 3 references above for
KCl, NaCl, MgCl2 and CaCl2 brines, and the average lines. These lines are not
strictly regression lines, and account for several detalls :

- 1the data of Aveyard et al. (1977) are more scattered

- because of a possible error on ¥, , the lines are not {forced through the crigin
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- for some salts ( KCI, MgCly, CaCly), the variation is not linear over the whaole

range of molalities; for practical purpases, the dominant salt in formation brines Is
NaCl, and the concentrations of the others salls are rarely higher than 1.0 molal ;
their lines were drawn only for this range of malalities.

The slopes éy/m {or "b"in the figure captions} obtained are givenin Table 1,

TABLE 1 - Sait specilic coefficients of increase in the surface
iension of waler

Salt &yfm Molality range Temperaiura
LiCl 1.75 Cto0.5 2
NagCl 1.63 Qo060 20°C
KCI 1.46 Oto 2. 0°C
MgCly 3.0 Oto1.0 20°C
CaCly az 0o 1.0 25°C
Nas50, 2.68 O1p 1.0 20°C
MgSO, 3.00 Oto1 20°C
NayCOq 2.65 0t 15 20°C

An undocumented point is whether, in a brine made with several salts, \he
increments of surface tension are additive.

The reason for the Increase of surface tension due to dissolved sails, and for the
different values found for different chlorides, is related to the struciure of the
Air/Water interface, and how the different cations concentrate there, as explained by
Johanssan et al. (1974) and Ralston ef al. (1973). The calions tend to adsorb
negatively at the imerface, and the water molecules located at the interdace “feel”
more ¢ation solvation towards the bulk of the water phase; 1his attraction increases

as the ratio of cation charge z+ to cation surlace area 2 increases; thus the
effact on surface tension Increases in the following sequence :

Cs* < Rb* < NH4* < Kt < Nat < Lit < Ca2t < Mg2*
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Salt etfect at higher temperatures

Several authors : Johansson el al. (1974), Aveyard et al. (1977), give theoretical
expressions relaling the increase in sudace tension to various parameters {including
temperature), either from electrostalic or thermodynamic censiderations. They all
suggest that, al a given sall concentration, the increase in surface tension &y is
proportional to the Kelvin temperature :

oy . TCK

INTERFACIAL TENSIOCN BETWEEN WATER AND NEUTRAL OIL

General comments

There are many published experimental data on interfacial tensions betwaen waler
and hydrocarbons (gases, alkanes or aromalics), but they are not maiched (diferent
pressure and temperature conditions). Most of them were measured using lhe
pendent drop technigue. Most authors claim an experimental aceuracy of +/- 0.1
mN/m or better, which may be true for the resolution within a series of
measurements by the same author on the same equipment, but not from one series
to another. Some results may have been biased by experimental causes : using
uncefined hydrocarbon products {Owens 1970) , pollution by some pieces of the
equipment {Hough ef al., 1951}, insufficient ageing time of the drep {Hassan et a/. .
1953}.

The correlation of FIRODOZABAD! & RAMEY

In 1988, A. Firoozabadi and H. J. Ramey published a prominent and comprehensive
review of the published data, and presented two predictive correlations based upon
the density contrast dp between brine and hydrocarbon :

+ the first correlation (which will be referred 10 as the "correlalion FER17) applies
to pure hydrocarbons, or binary mixtures of pure hydrocarbens, and involves the
reduced temperature Tr of lhe hydrocarbon at the temperature of the
measurement ; when plotting the "F&R1" function y1 :

yi= 1,1,(“-‘! = Tr-3125 4 5
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versus ép , all the points fall on the same smooth continuous line. Here & is not
the true densitly contrast that would be cbserved between the water and the
hydrocarbon in contact with each other, but the difference between the densities of
the pure hydrocarbon (considered alone) and pure water (considered alone), i.e.
this &p ignores the possible miscibility effects. The density of water was taken from
the tables of Smith et al. {1934}, which are in agreement with the Steam Tablas of
Baines {1964), and with the tables of Burnharn (1969).

+ the second correlation (“correlation F&R2") applies 0 real crudes, and does
nol involve the reduced temperature; it uses the "F&R2" function -

ya= V47 &
which, again platted against &g, results in a smooth curve.

In this paper, we shall focus only on the first correlation, and investigaie il along
the following guidelines. First, il should be neted that the predicting variable ép is
incorporated in the predicied funclion ¥1, thus making the dependence between
and ép nolreadily distinguishable. Secondly, in their paper Firoozabadi and Ramey
selected some of the data of Hassan et af. {1953}, and did not use the other data;
they also mentioned that the dala of Jennings & Newman (1971) for decane-
methane mixtures do not satisfy the correlation very well, but did not plol them.
Thirdly, we tried to incarporate other data published in the lilerature.

The dala used, by both Firoozabadi & Ramey (1988), and this author, are listed
in Table 2, Many of the data are given for series of fluid pressures at one or several
temnperatures, which are conveniently plotted as one or rnore “isotherms®. Numerical
data, when not directly listed in the papers, were prepared as follows :

- interfacial tensions were digitized from the figures

- hydracarbon densities were computed by a computer program developped by
F. Montel {1990), that uses the LKP model (cI Plocker et al., 1978).

- the densities of pure water were computed irom the program released by the US
National Bureau of Standards (Gallagher 1985); a cross-check with data from the
Steam Tables of Smith & Keyes (1934}, or ol Burnham (1569), at values of
temperature and pressure selected over the whole range used {20 to 180 °C, 1 to
1500 bars), did not show any difference down to the 4th digit {0.0001 g/ern3).
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TABLE 2 - Relerences of Experimental data
on Hydrocarbon/Water Interfacial tension
Q)] [2] [a] (41 15] ]
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TABLE 2 - {Continued

Explanalions and commanis :

+ col [3] 1 [3) 25 - 37 - 50 [3] = number of tamperatures, and their values {25, 37, 50°C)
+ ol [4):[6] 111062  : 6 pressuies, ranpinp from 11 to 62 bar abs.
+ col [5): Use of exparimental results by Firoozabadi & Ramey
M = unmentionned, unused ¥m = mentionned, but not uzed explicitly
¥B = usad in building up their correlation nd 1 YU = mentienned, but considered as unraliable
YC = menlionned for a-posteriori comparison with their eorrelation
YBU : data unreliable, except only those listod below, used in building up the correlation :

(a) 26.6°C b) 37.7C {c) 51 bar and 26.6, 49.8, 59.9°C

{d} 1 bar and 26.6. 48.8 82.1°C
+ [e) : data of Jennings (1967) lor C10 duplicate those of Jennings & Newman {1972) lor C10
+ col [6) : rumber of experimenlal points used in this paper ; when bracketted ( ), unreliable ?

The curve describing the correlation F&R1 was digitized from the original figure
{Figure 9} of their paper . It Is shown on Figure &, wilh all the data that Firoozabadi
and Ramey expficitly used when building up their paper, (except those of
Niederhausen et af., 1948}, ie.:

- Jennings & Newman (1971) : C1 and afso C10

- Mac Caflery (1972) : nC8,nCi12
- Jennings {1967) : Benzene
- Hassan et al. (1953) : nC3 at 26.6 °C ; n-C4 al 37.7 °C ; n-C5 at

52.7 bar: n-Céat 1bar.

As observed by Firoozabadi & Ramey (1988), the data for benzene at 177°C plot
below the curve, because at this temperature the solubility of benzene in water is not
negligible. The other data plot well on the curve, except the data lor n-C3 al 26.6°C,
which are definitely below.

Next, Figure 7 shows Lhe data of Jennings & Newman {1971) for C1, n-C10, and
mixtures of both with varying composilions, as given in Table 3. These mixtures were
prepared, according to Jennings & Newman, so as to simulate an ideal live oil. In
fact, the “ideal® GOR of these mixtures (assuming a complete separation of C1 as
gas phase, and C10 as liquid phase, at 1 atmosphere and 15°C) ranges from 176 to
6125 vol/vol, i.e. from an average live ¢il 1o a condensate. The densities were
computed using the LKP model. In order to check the reliability of its prediction for
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the mixtures, we also used the LKP mode! to determine the densilies of such
mixtures as listed by Reamer et al. (1942}, for each mixture, at 3 ilemperatures {37.8,
104.4 and 171.1 °C), and up lo 5 pressures above the dew poinl pressure {2500,
3500, 5000, 7000 and 10000 psi a.) : the root mean square relalive deviation, for a
total number of 47 check points, is 1.20 %: the worst deviations are found when tha
pressure is less than 20 bars above the dew point. We compuled the criticat
temperature for those mixiures as the mole fraction-weighted average of the
Individual critical temperatures of C1 and G10 (191.2 and 617.7 °K). This may seem
arguable, because the LKP model would yield a different estimate, but is necessary
in order to be consistent with the approach of Firoozabadi and Ramey. In their
paper, they do not explicitly detall how they did estimate the critical temperature of
the mixture, but this can be guessed from their Table &. In this table, they compare
measured and predicted IFT values for the mixture with 46 % weight fraction of C1,
arnd give the reduced temperature they used, from which it is easily deduced thal
their critical temperature for the mixture was 240.65 °K. As a matter of fact, the mole
fraction-weighted average is 241.05 °K, and the LKP model yields 277.1 “K. As shown
on Figure 7, the dala plot close to the FR1 correlation, but, in the detail. the
isptherms again intersect the average trend slantwise, and generally the 100°C
isotherm plots above those at 23 °C and 177 °C.

TABLE 2 - Data ol Jennings & Newman {1971}
Composition of the C1 / C10 mixtures

c10 [#] c1 Apparent
fwgt ir) {wotir) fmole fr.) GOR tvjv}
1.00 0.00 0.0000 00
086 0.14 0.5508 176.
0.62 038 Q7712 411.
0.54 0.46 0.6801 921,
025 075 0.9638 3243.
0.15 0.85 0.9805 6125.
0.00 1.00 1.0000 inf.

We now Incorporate siepwise all the data listed in Table 2. First, we include the
data for typically "liquid® hydrocarbons : benzene, then all the "liquid" alkanes
{carbone number > 3, and pressure high enough), Figure 8 shows an enlarged view
of the diagram for benzene data : as observed by Firoozabadi & Ramey, all the data
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are consislent. Figure 9 shows the data for benzene, "liquid™ alkanes, and all the data
of Hassan ef al. {1953) lor C3 10 n-C6. The general trend for ‘liquid” alkanes
intersecis slantwise the correlation curve; the data of Hassan et al. {1953) for n-C4 1o
n-C6 show some scatter with respect to this curve, and all his data for C3 plet below
the curve, more or less parallel 10 it. Thus we disagree with the use by Firoozabadi &
Ramey of selecied data from the Hassan et al. {1953} set for C3 : the entire dala sel
for C3 has to be either deleted, or incarparated. Thus hereafier we delete all the
data of Hassan et al. (1853).

Figure 10 shows the data for the “gases”, i.e. C1 from Jennings {1967), and C1,
C2, C3, n-C4, ethylene and CO2 from Jho ef al. {1978} : because the pressures
chosen by Jho et al. (1978) are less than the liquefaction pressures, the non-water
phase is in the gaseous state. Jho er al. used the lechnique of capillary rise for
measuring the IFTs, and not the pendent drop as Jennings (1967) did for the C1
data. Their data for C1 plot exactly on the correlation curve FR1, in conformity
with the dala from Jennings (1967}, but their data for all the other gases, even the
alkane gases {C2,C3,C4) delinitely plol below that ling. This means ihat the
discrepancy cbserved between the correlation F&R1 and \he data of Jha et al. (1878)
on gases other than C1 cannat be ascribed to different techniques of measurement,
hut to the inability of this correlation to describe the behaviour of gases different from
C1.

In arder to explain the discrepancies cbserved for the gases, it is inleresting to
return to the physical meaning of the correlation function  yi introduced by
Firoozabadi & Ramey :

y1 = 1'1!.4 L Tr-3‘25 j' 5.0

As explained by these authors, it originates from an assumed similarity between
the water/liquid hydrocarbon IFT, and the surface tension yg of that hydrocarbon

(tension between the liquid and ils vapor); for pure hydrocarbons, <vg is well
described by the equation of McLeod (1923), reviewed by Fowler (1937) :

TSU‘* =P sdpy /M dpy = density contrast liquid/ vapor

The parachor P is a temperature-independent and additive parameter : it is the
sum al contributions from the atoms or specific chemical bonds. For linear alkanes,
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the parachor and the molar mass increase linearly with the carbon number, and thus
are themselves linearly correlated. Figure 11 shows the values of the ratio P/M
{parachor/molar mass) plotted against the critical temperature Tc {(°K) for various
substances. From C2 1o C10 the linear alkanes plot approximately on a treng with
slope - 1/4, well above the aromatics and ethylene, and C1 plots distingtly above
that trend. Quite normally, the points for non-hydrocarbon substances {H2, N2,
€02, H2Q) are far from the hydrocarbon points.

The idea is then to use the ratio P/M of parachor lo molar mass as a corrective
factor to the correlation function y1 of Firoozabadi & Ramey; namely we introduce
anew function z1(a), with « as an exponent:

zie) = y1/(B/M® = [y 1/4 .+ Tr-3125) / (8 * (P/M)Y)

Figure 12 shows the results of this correction with ¢ = 0.5, for the gases; the
agreement is better for C2 and ethylene, slightly better for C4. Figure 13 shows the
effect of the same comection for the whole set of data. in arithmetic scale : the
isotherms are now more parallel to the average trend, especially for the C1 - C10
mixtures {lor those mixtures, the average parachor and molar mass are the maole
fraction-weighted averages of the respective values for C1 and C10). The hyperbolic
shape of this average trend suggests the use of log-log plots. Figures 14 and 15
show the same data (correction with o=0.5 and «=0.625 respectively) : there are
wo domains :

-fordp < 0.5 g/cm3 (typical liguid hydrocarbons) , the peints plot along a linear
axis of slope -0.95 ; the & dependence of the IFT can then be explicilly described
as:

Y - [PKM]M * 5p0.20 Tr —5/4

-forép > 0.7 g/cm3 (gases), the average slope is approximately - 0.75 ; the &p
dependence of ihe IFT can then be explicitly described as :

v - (P/MI% % §p . Tr—5/4
In brief, the density contrast &p between water and hydrocarbon is not the only

predictive variable to be used for [FT prediction. It accounts for the effect of
pressure (difierent corpressibllities between water and hydrocarbon, especially
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when this hydrocarban is a gas), and only partially {or the difference in chemical
structure. A complementary information has to be sought from the chemical
structure of the hydrocarbon, related o the parachor, ie. related o its surace
tension. As a matter of fact, one may recall the lormula of Fowkes (1964} , relating
hydrecarbon/water IFT v, and suriace lension g, (for liquid alkanes only) :

Yhw = Th + Yw - 2sqr{s " Tw )

where v, is the surface tension of water, and ' and =+, are the respective

contributions of the dispersion lorces to the surface tensions of hydrocarbon and
water.

So far, this correction concerns only pure hydrocarbons. What aboul mixtures ?
Two different cases have 1o be considered. whether nane of the components of the
hydrocarban mixture Is miscible with water, or any one (e.g. gas) is soluble in water.
For the first case, there are no data in the literature concerning such mixiures of
liquid hydrocarbons immiscible with water, so we made some tesls using Benzene-
Decane mixtures. The dala are given in Table 4. Unfortunately they are nol very
accurate : the lab temperatlure was not controlled (21 + /- 1°C), the technique used
was the ring tensiomeler ; benzene was MERCK's high purity-assay qualily benzene,
and the IFT measured ; 33.66 mN/m, lits with literature data ; decane however was
standard medium quality PROLABC decane, and the IFT measured : 47.95 mN/m, is
lower than that for pure decane. Table 4 also gives \he densities computed with the
LKP model : in the benzene-rich domain, they may dilfer from the measured ones by
up to 0.01 g/cm3.

TABLE 4 - Densilies and IFTs bor benzene-decane mixlures at 21°C

Cl1o Benzens o, Meas. p LKP 8 IFT z1(0.5)
[mole 1) {mole Ir) {g/cmd} {g/cm3) {g/fcm3) [mN/m)
Q.0 1.0 0,877 0.8508 0124 33.66 9.999
0.2 0.8 0.821 (0.8249 0177 36.20 6,766
0.3 0.7 0.802 0.8054 0.196 35,52 6.052
0.4 0.6 0782 0.7550 0.216 37.60 5.474
0.5 a5 0.776 0.7818 0.222 40807 5.385 7
0.6 [} 0.763 0.7695 0.235 39.96 5.017
0.7 Q.3 0.754 0.7580 0.244 40.52 4813
0.8 02 0.748 Q7472 0.2%0 42,14 4.706

1.0 0.o D.728 0.7276 0.270 47.95 4.440
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The measured densities are used to plot the data on Figure 14 : in the decane-
rich reglon, they plot below the 21(0.5) correlation, because the decane used Is not
pure ; but the Important polnt Is that the data plot finearly. Consequently, we believe
that this z1({0.5) correlation can be used to predict the IFT"s of mixtures ol liquid
hydrocarbons, when none of the component is soluble in water.

The second case {one at least of the hydrocarbon compound soluble in water) is
ilustrated by the C1-C10 mixiures of Jennings & Newman (Figures 13, 14, 15} :
introducing the P/M correction makes the isotherms more parallel 1o the average
trend, but the 100°C isotherm plots above the isotherms at 23.3 and 176.7°C. Using
the critical temperature from the LKP model, instead of the molar fraction-weighted
average, would not change the situalion. Differantial solubility effects (of C1 in water)
might explain this relative location of the isotherms (F. Montel, 1931),

Influence of waler salinity

As lor the surface tension of water, the salinity increases the IFT between a Neutral
oil and a brine. It is important to note this restriction 1o the case of a neutral oil, i.e.
an oil having conly paraffins and light aromatics fractions, and devoid of polar
fractions {resins and asphaltenes): these latter fractions may include interfacially
active compounds bearing acid or base groups, which tend to concentrate at the
interface, and which are more or less dissoclated depending upon the salinily, pH

and cation-type of the brine : for instance, Ca?* often decreases the IFT,

Aveyargd et al. (1977) measured the increments of interfacial tension due to brine
salinity, with that of distilled water at the same temperature (20 °C) as a reference, at
atmospheric pressuie :

by' = y(Alkane/Brine) - yo{Alkane/Pure water)

The salts employed were: LiCt . NaCl , KCI , and NagSOy ; the alkane was n-

dodecane In each case, and additionally n-decane with NaCl brine : in the [atter
case, the change from n-C12 to n-C10 did not significantly change the increments,

The results, as &y increments of IFT plotted against molalities, are shown on
Figures 16 and 17 . The "b' " or &y'/m coeflicients determined by non-forced linear
regression, are given in Table 5, and compared with those determined for the



21(0.5) = y1 / sgri(P/VD)

z1(0.5) - y1 / eqre(P/NVD)

INTERFACIAL TENSION OF BRINE/GAS SYSTEMS 165

. . .5 i 5 1
11 ? . 1 . ] l)
11
%
o- 3 -
g - Benzence
) ¢  J-N C1-Cl1l0
7] 1.. . Alkanes |
L] . Gases
54 \. —
33— : —
"r.f‘h‘.
d -y t“”
ot LI,
1 T T T
R A 5 7 5 1
Dirho {gfcm3)
Fig 13 - Correlation x1(0.5) - All data
1
] Slope ~D.95
b o Benz. -C 10 mlxi.
» Benzene
A - C1-C10
- Alknncs
. Guancn

—

Drho (gfem3)

Fig 14 - Correlation z1(0.5) - All data



166 M.J. ARGAUD

surface \ansion of the brine : the latler values are not exactly those delermined In
Table 1, because they were determined on a broader molality range. The sall-
specilic coeflicient is slighlly less for the IFT alcane/brine than for the surface
tension of that brine, the ratio ranging from 0.84 to 0.95.

TABLE S - Salt specific coefficlents of increase in the Inlerfaclal tension alkane
/ water and comparison with surface tension

Salt b' b b'/b

(IFT} [Suraca L)
ucl 1.45 1.53 0.95
NaCl 1.42 1.68 084
KCI 1.36 1.56 0.87
Nay 50, 2.35 2.60 081

Because, lor the alkane/brine IFT, the effect is very similar to that lor the surface
tension of the brine, Aveyard ef al. (1977) conclude that the alkane/brine interface
{on the brine side) has the same slruclure as that of the air/brine interface :
existence of a surface layer with a lower cation content than in the bulk brine.

TABLE & - Salt specifi¢c IFT incremements as as a functlion of temperature

Data of Aveyard & Haydon {1965}
n-C14 / NaCl Brine {3 molal

Termperature ] 20 25 30

Ternparature K 293.2 29B8.2 303.2
IFT n-C14 / Pure water [mN/m) 53.32 52.52 52.46
IFT n.G14 / NaCl Brine {mNfm) 57.61 57.26 56,86
IFT incremenl &y [mMN/m) 4,29 434 4.40
51 (1°C) / &y (20°C) 1.000 1.012 1.026
T K} £ 2932 1K) 1.000 1017 1034

Aveyard et al. (1965) provide other data on the IFT between n-C14 and NaCl
brines of molarities either 0.1M or 3M, at 3 temperalures. The dala for 0.1M molarity
suggest a salt-specilic "b' * coefficient of 1.33 at 20°C, whereas lor 3M molarity
{molality = 2.82), that coeflicient weuld have a value of 1.52. Those two values
average close to 1.42, the value given in Table 5. Moreover, the data at
3 temperaiwures for the highest bring molarity {3M} indicate thal ihe "b’ * coeflicient
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increases as lemperature increases, yel not as much as a linear dependence upon
the Kelvin temperature would indicate (cf Table 6}.

EXEMPLE OF A REAL CASE

Four measurements of the Gas / Brine IFT were made, using the drop-velume
method, at several slightly diferent reservoir conditions : temperatures 120°C and
130°C, pressures 353 and 453 bars abs. The molar compaosition of the gas was :
C1 = 0.97; CO2 = 0.03 . The brine had a 1otal sall content of 161.5 g/l at ambient
conditicns, its delailed composilion is given in Table 7, with the calculated
contribulions in surface tension increase due 1o the salls : the total increase at
ambient conditions (298 °K) is 4.78 mN/m. The four IFTs measured at reservoir
conditions have closely related values ; 42 to 45 mN/m (cf Table 9).

TABLE 7 - Real case - Brine compaosition and Surface
Tension increments at 22°C

. byat 22°C
t M . .p"

Sal otality Spec. Coel. "D (mN/m)
NaCl 2217 1.63 3.61
KCl a.021 1.48 0.03
CaCl, 0.3 3.00 0.90
MgCly 0.073 3.20 0.23
Tolal 4.76

In order to predict the IFT values, we proceed as follows. The densities for the
gas mixture are computed using the LKP model {the LKP critical temperature used s
then 180.45 °K), and Lhe densilies of the pure water (not in contact with the gas) are
derived from the Steam Tables of Bain {(1964). The density contrasts are then used to
interpolate 1he values of the yi function {Table 8}. We use only the y1 function, and
not the ratio of parachor 10 molar mass, because CO2 is not a hydrocarbon {thus
the use of a Parachar is not good), and is in such a low percentage that the gas is
nearly pure methane {no mixing rule required). The crilical lemperature used to

compute Tr0-3125 is  194,59°K, the resull of a simple molar fraction-weighled
average, instead of 180.45 °K. Table 8 shows the values predicted for the IFT value
between pure water and the gas. In Table 9, we add the increases in tension due 1o
salinily, derived from ihe value at 298 "K by assuming proportionality lo Kelvin
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temperature. The predicted values agree with the measured values wilthin +/- 2
mN/m, but, In the detail, the prediction is not enlirely sansfaclory : it predicts
correctly that, as pressure is increased, the tension decreases; and uncorrectly that,
as lemperature is increased, the tenslon should decrease, whereas the
measurements seem to show lhe reverse trend.

TABLE 8 - Real case - Prediction ol IFT for Pure Waler/ Gas
al reservoir conditions

Pressure Temp Oensitias {g/em3) Te y1 o

(bar a.) rC) Pure walter Gas Cantrast [mN/m)
353 120 0.9597 01713 0.7884 2021 3522 37.94
353 130 0.9519 0.1660 0.785% 2.072 193 36.64
453 120 0.9639 0.2038 0.7601 2.021 4.039 35.54
453 130 0.8563 0.1981 0,7592 2072 4.038 35.35

TABLE 9 - Real case - |FT tor Brine/Gas at reservoir eonditions
{predicted + measured)

Pressure Temp. 70 by ¥predicted ¥ measurad
(oara.) £C) {mN/m) {mN/m} {mN/m) (mN/m)
353 120 37.94 6.41 44,35 44.7
353 130 35.64 6.57 43.21 45.3
453 120 36.54 6.41 42.95 ar?
453 130 35.35 B.57 41,52 42.7

CONCLUSIONS

1) The salinity of the brine increases the IFT between the brine and either a gas,
or a non polar oll. Specilic salt coeflicients are available for estimating this effect,
which is linearly related 1o the molality of the salt, The coefficierts lor gas/brine and
oil/brine have closely related values. Some references indicate that the effect is
proportional to the Kelvin temperature.

2) The correlation no 1 presented by Firoozabadi & Aamey {1988) does not
predict well the IFTs al low pressures for light gaseaus alkanes other than methane.
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Another drawback of it is that the predicting variable (densily contrast 5p} is
incorparated in the predicted function.

3) This correlation can be improved by introducing the ratio of Parachor/ Molar
mass of the hydrocarbon; it can then be split into 3 differemt domains :
3a - lypical gases (C1, C2) with dp values above 0.7 g/cmd : the IFT is roughly
propoertionnal to the density contrast; the change in density with varying pressure
dominales.
3b - ungassed, typically "liquid™ hydrocarbons, with 8s values below 0.5 g/cma3,
insoluble in water; benzene, decane, hexane, etc... ; either pure, or as mixtures; the
IFT against water depends only slightly on the density contrast 5p ; it seemns possible
to generalize some kinds of mixing rules.
dc - mixtures of typical Tliquid® and "gaseous® hydrocarbons : nelther the ariginal
F&R1 correlation, nor the improved ane using the ratio of Paracher to Molar Mass,
accounts properly for the observed values, possibly because partial and selective
solubility eflects may be involved ; more experimental and theoreticat research is
needed in this domain, so far unexplored, yet crucial for Reservoir Engineering.
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SYMBOLS

™ = molarity {mole number/1000 ml of solution}
m = molality {mole number/100¢ g of pure water)
M (g} = molar mass

p ({bars) = pressure

P = Parachor

Pc (bar) = capillary pressure

t (*C) = Celsius lemperature

T (K = Kelvin temperature
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Te (°K) = critical temperaiure

Tr=T/Tc = reduced temperature

+ (mN/m) = surlace or inlerlacial 1ension

6 {degrees) = contaclangle

p {g/om3) = densily

bp (g,’cma} = density contrast hydrocarbon/brine

§y {mN/m) = increment in surface or intedacial 1ension due to salinily (pure

water as the reference)

Subscripts :
h = hydrocarbon
o pure waler (as cpposed to brine)
w waler {as opposed 1o hydrocarbon}

Il

I
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