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Summary: We use X-ray micro-tomography data to investigate and develop a novel methodology for char-
acterizing wettability in porous media. The proposed formulation is based on the geometrical and topological
arguments that constrains the morphological state of immiscible fluids. The constraint is based on the acclaimed
Gauss-Bonnet theorem, which describes all possible combinations of contact angles and interfacial curvatures
that can exist. The significance of our proposed method is that it provides a transparent link between pore
scale contact angle measurement and continuum scale wettability index.

1. INTRODUCTION

The wetting state of material is one of the crucial parameters controlling their behavior towards fluids. This
holds in particular for porous systems subjected to immiscible fluids such as membranes, fuel cells and natural
porous media [1]. So far, there is no satisfactory definition of wettability for porous media. At the Darcy scale,
wettability is defined via the capillary pressure drainage and imbibition cycle, such as Amott-Harvey or USBM
indices [2, 3]. At the pore scale often the concept of contact angle is employed, which is experimentally difficult
to determine in situ under representative conditions. Recent studies on measurements of pore scale contact
angle in situ by X-ray micro-tomography (micro-CT) has therefore attracted significant attention. However,
several questions are being raised; including questions on the reliability of the measurement and the analysis
procedure of fitting a contact angle to micro-CT images, and how pore scale contact angle measurements
relate to traditional wettability indices. In this study, we use micro-CT data to develop a new methodology
to characterize wettability that based on the Gauss-Bonnet theorem and provide a transparent link between
wettability measurements at the pore and continuum length scales.

2. EXPERIMENTAL METHOD

To study the wettability of a porous system across multiple length scales, we preformed capillary pressure versus
saturation experiments while imaging the spatial arrangement of the fluids. We used a bench-top helical micro-
CT scanner from Australian National University to image the 3D quasi-static spatial arrangement of immiscible
fluids in Bentheimer sandstone. Ambient air and brine were used as the immiscible fluids. The Bentheimer
sample was 4.9 mm in diameter and 10 mm long and placed in a titanium core holder (wall thickness of 0.12
mm) for the injection of fluids. The sample was flooded to its irreducible gas saturation at Sw = 0.93. Water
was withdrawn from the sample at 0.018 mL/hr through a syringe pump as air entered the core from the top.
A semi-permeable hydrophilic membrane was placed at the bottom edge of the core to prevent air breakthrough
from the core, which allowed for high air saturation to be achieved. The system was allowed 5 min to equilibrate
after each pumping cycle prior to scanning and measuring pressure difference between the air and water, known
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as capillary pressure. The core sample was imaged at 65 amp and 100 MeV , and each scan took 1 hr and 21
min for each quasi-static 3D image with a resolution of 4.95 m. The data was then processed and analyzed
using Avizo software to provide 3D segmented image of fluid spatial arrangements and the corresponding fluid
saturation for each capillary pressure measured.

In this study, we describe the wetting state of porous media in terms of the geometrical state of immiscible
fluids that co-exist within the pore space. The concept is based on integral geometry principles where contact
angle is related to deficit curvature caused by the intersect of fluids and solid. The proposed formulation is
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where kd is deficit curvature, F1 and F2 are the immiscible fluids, A denotes interficial area, kS is the solid
surface curvature and φ is porosity of the porous media.

3. RESULTS

We demonstrate that the contact angle formed by a non-wetting cluster obeys fundamental geometrical and
topological constrains that allows for a complete description of wettability from direct contact angle measure-
ments to continuum scale measurements. Following a few assumptions and constraints set by the Gauss-Bonnet
theorem, we derive Eq. 1 in which the main parameters are commonly measured for porous media. The results
of Eq. 1 and direct pore scale measurement proposed by [4] are in Fig. 1(b) for a typical porous media in Fig.
1(a). For homogeneous surface energies, the range of possible contact angles are narrow. However, for more
heterogeneous distributions of surface energies, the range of contact angles are broader, which resulting in more
degrees of freedom for possible dynamics. This demonstrates that geometric and topological description unifies
the thermodynamic picture of the intrinsic contact angle and spatial variations in heterogeneous systems. The
concept is universal and applicable also beyond porous media.
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Figure 1: (a) A 3D view of typical porous media. Red is non-wetting fluid and grey is solid. (b) The normalized
distribution of contact angles for (a), measured by Eq. (1) (red color) and direct pore scale measurement by [4]
(blue color).


