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Abstract 
The extent to which wells may be exploited depends on the ability of the rock/sand 
material for retention of the residual crude oil. Rocks containing small pores and the inner 
surface being oil-wet need treatment by special flooding solutions that change the wetting 
behaviour so the oil will detach and can be washed out from the reservoir. In order to 
characterise rock surfaces with respect to their wetting behaviour and subsequently 
prepare a flooding solution which is able to enhance water-wettability, reservoir conditions 
must be observed by experiment. Using the recently developed high-pressure tensiometer 
presented here, an aqueous solution is brought into contact with oil and a solid substrate 
also allowing gas to be dissolved within the adjacent liquid phases. At pressures of up to 
10,000 psi and temperatures of up to 200° C a drop or bubble is generated. Computational 
evaluation of drop and bubble shapes deliver values of interfacial tension and contact 
angle that are most relevant for predicting and adjusting the efficiency of the flooding 
process. Interfacial tension is shown to depend considerably on temperature and pressure 
especially in presence of dissolved gases. The experimental procedure as well as results 
are presented and discussed in view of possibilities of enhanced oil recovery. 
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Introduction 
In spite of their presence in crude oil reservoirs and influence on migration phenomena as 
well as on exploitation technology, little is known about multiple interfaces between 
coexisting water, oil, gases and rock surfaces. In general, investigation is confined to 
measurement of the surface tension of an aqueous flooding solution for its minimization by 
adding surfactants. Oil is trapped in pores or between rock layers and particles the 
surfaces of which are wetted by the oil to a certain extent. The wetting behaviour is 
described by the so-called contact angle that on its  turn depends not only on the drop 
liquid and the solid material, but also on the ambient liquid or gas and the structure of the 
solid surface. From thermodynamics a relationship between drop and ambient liquid, the 
contact angle and the interfacial energies of the solid surface in contact with the respective 
liquids may be deduced, called the Young’s equation: 
       (1) 

 
Figure 1 – Contact angle and interfacial energies acting at the three phase contact. 
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This relationship may also be interpreted as a balance of forces in horizontal direction 
between the interfacial tension, σliq,fl, the solid – (drop) liquid interfacial energy, σsolid,liq and 
the solid – (surrounding) fluid interfacial energy, σsolid,fl. While a number of measuring 
methods exist for determining the surface tension of a liquid in ambient air atmosphere, 
there are only few possibilities of obtaining interfacial tension data between two condensed 
(liquid) phases. Usually methods are based on force balance or on pressure drop across 
curved interfaces. The contact angle is generally determined optically. From surface 
tension and contact angle the surface energy of solids in ambient air atmosphere can be 
deduced by applying Young’s law to a series of experimentally determined values of 
contact angle and surface tension and using adequate regression procedures [1].  
 
Measuring Technique 
Since the thirties of the past century the pendant drop method is known for determining 
interfacial tension from drop shapes that are generated inside a view chamber at elevated 
pressure. During decades experimental values were subject to fairly high errors due to 
analogous photographing images and an empirical evaluation method [2]. Later, electronic 
data processing allowed to digitalize drop images and solve the theoretical equation of a 
drop profile exactly meeting physical laws [3]. The presented apparatus was the first 
commercial type equipment combining user-friendly software with convenient handling of 
the high-pressure drop generation in almost any atmosphere [4]. The features of the 
equipment arose from over ten years of experience in high pressure interfacial technology. 
The measuring principle is based on the pressure resulting from curvature of fluid 
interfaces which is described by Laplace’ law: 
 
 
        (2) 
 
As a consequence of this relation a liquid flows spontaneously into a capillary in case of 
wetting of the inner surface which is also called capillary action. Applied to a pendant drop 
the hydrostatic pressure needs to be accounted for in order to obtain an equation that 
describes the Laplace pressure at any height of the drop: 

        (3) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 - Coordinates of a pendant drop. 
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For adaptation of the pendant drop measuring principle, drops are generated within a high 
pressure view chamber like shown in Fig. 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 - Experimental set-up of the high - pressure pendant drop measurement. 
 
After recording by means of a CCD – camera connected to a personnel computer, drop 
shapes are evaluated for determination of the interfacial tension with help of the DSA (drop 
shape analysis) programme from KRÜSS, Hamburg. The DSA software allows user-
friendly control of the recording procedure containing options for online tracking of the 
interfacial tension or contact angle and production of video sequences. Further, DSA 
disposes of an extensive data base of surface and interfacial tension additionally divided 
into polar and dispersive portions which is needed for determination of solid surface 
energies. 
 
In order to generate drops in high pressure atmosphere a special equipment is needed 
mainly comprising of a view chamber and a high pressure drop generating unit. The high-
pressure view chamber from the PD-E700 series is fixed to a stable stainless steel base 
that is also required for assembly of all valves, tubing, measuring and control devices in a 
user-friendly way as well as for providing a shock-resistant operating environment. 
 
Materials 
In general any solid or fluid mixture containing at least one fluid – liquid interface may be 
investigated in a wide range of pressure and temperature. Anyway, an axis-symmetric 
drop must be generated either hanging from a capillary tip or resting on a solid surface. 
The surrounding fluid must be transparent to a certain extent. Examples of possible 
mixtures are given in Tab. 1. 
 
 
 
 
 

Drop Liquid 

CCD Camera 

High-pressure 
view chamber

High-pressure windows

PC with DSA-software 
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Table 1 - Materials for investigation by the high-pressure pendant drop technique 
 
Drop Phase Surrounding Phase 
 
• Water 
• Aqueous solutions 
• Vegetative oils 
• Silicone oils 
• Crude oils, refinery products 
• Hydrocarbons, organic solvents 
• Rubber solutions 
• Polymer-melt 
• Liquid metals 
• Molten salts 
 

 
• Carbon dioxide 
• Nitrogen 
• Inert gases 
• Transparent liquids, e.g. 
                • Hydrocarbons 
                • Aqueous solutions 
                • Volatiles 

 
Experimental Procedure 
First of all, the drop phase must be selected out of the considered multi-phase mixture 
according to the technical application and convenient handling. In case the drop liquid is 
the lighter phase, the set-up is adapted for standing bubble measurements. In this way, 
wetting of the lighter phase may also be investigated generating a captive bubble 
underneath a solid surface. Fig. 4 shows images of pendant and sessile drop as well as 
standing bubble measurements. 

 
 
 
 
Figure 4 - Drop and bubble images at elevated pressure 
 
Results 
Fig. 5 shows the interfacial tension of various liquid – gas mixtures as a function of 
pressure. In general, interfacial tension decreases at increasing pressure especially in 
hydrocarbon – gas mixtures as a consequence of growing mutual miscibility. 
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Figure 5 – Interfacial tension as a function of pressure in hydrocarbon – gas mixtures. 
 
In order to characterize wettability of solid surfaces, the three-phase contact angle, θ, must 
be determined (see also Fig. 1). Analogous to liquid surface tension, solid surfaces contain 
a surface energy which is decisive for whether a surface is rather oil or water wet, i.e. 
whether surface energy is low or high. Though, by changing properties of the liquid phase, 
wettability may considerably be enhanced. Surface energy of solids may be determined 
from a series of contact angle – interfacial tension couples applying a theoretical approach 
like presented by Fowkes [1]. The known theories are usually applied to atmospheric 
conditions neglecting the influence of the (atmospheric) gas. Up to now, little is known 
about solid surface energies at reservoir conditions, i.e. elevated pressures and 
temperatures, when the surrounding phase might be a liquid, a gas or even a mixture of 
both. In this case, the respective energy is called solid – fluid interfacial energy. It is no 
longer a material constant of the solid itself, but depends on the density and composition 
of the contacting phases. Table 2 shows interfacial characteristics of the model system 
Teflon - toluene in nitrogen atmosphere at increasing pressure. The interfacial energy of 
Teflon - nitrogen was deduced from the interfacial tension of toluene – nitrogen and the 
contact angle following an approach presented by Good & Girifalco [5] using an interaction 
parameter of Φ = 0.98. The interfacial tension as well as the contact angle were 
determined by DSA in a PD-E700 from Krüss/Eurotechnica described above.  
 

P [MPa] 
 

σtoluene,N2 

[mN/m] 
θ σteflon,N2 

[mN/m] 
 

0.1 
 

57.5 
 

93.0 
 

22.6 
9.0 51.3 102.0 13.9 
18.0 46.1 110.5 9.7 
20.0 

 
44.5 112.5 9.3 

 
Table 2 – Experimental interfacial tension/energy and contact angle: teflon–toluene-
nitrogen. 
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Applicability of the used theory for determining interfacial energy of solids at elevated 
pressures can be tested by means of Young´s law which is physically proven. Applying 
Young´s equation (1), the toluene – teflon interfacial energy at atmospheric conditions may 
be determined from Tab. 2: 

            (4) 
 
Assuming this interfacial energy to be pressure invariant because of negligible amounts of 
nitrogen in the toluene phase, the contact angle at any pressure should be predictable: 
            (5) 

 
σtoluene,N2(P) experimentally determined and σteflon,N2(P) from the theory of Good & Girifalco 
(Tab. 2). 
 
Table 3 gives values of the contact angle predicted by equation (5). 
 

P [MPa] 
 

Cos θ θ 

 
9.0 

 
-0.23 

 
103.2 

18.0 -0.34 110.2 
20.0 

 
-0.37 111.5 

 
Table 3 –Contact angle recalculated by Young´s law, interfacial energies from Tab. 2. 
 
Recalculated values of the contact angle based on Young´s law and using the interfacial 
energy of the solid from theories of Good & Girifalco (Tab. 3) coincide extremely well with 
experimental data (Tab. 2). The results prove on the one hand that certain assumptions 
are allowed also at high pressure which makes known theoretical approaches applicable 
but on the other hand experimental data on contact angle and interfacial tension are 
indispensable. 
 
In view of enhanced crude oil recovery, the interfacial energy of the solid material is an 
important quantity, since it is shown to be directly related to the wetting behaviour. 
Anyway, disadvantageous solid material properties may partly be compensated by 
adjusting interfacial tension which on its turn is determined at reservoir conditions using a 
DSA/PD-E700. 
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