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Summary: This work is focused on implementing multiphase lattice-Boltzmann method directly on a µCT
X-Ray image to study the fast pore-scale Haines jumps which currently cannot be fully captured by experiments.

1. INTRODUCTION

Over the past two decades, the much progress that has been made in X-ray micro-tomography (CT) imaging, a
nondestructive 3D microscopy technique, enables the full micro-structure of porous materials to be imaged with
very high fidelity from the micron to the centimetre scales [1]. This technology is available at both laboratory
instruments and at synchrotron beam-lines; at the latter, it is now possible to capture the dynamics of fluid
transport within the porous micro-structure at a time resolution of better than one second. The achievement of
finer time resolution is important to study the fast pore-scale phenomena, such as Haines jumps and associated
Roof-type snap-off. However, it is currently still challenging to resolve the detailed dynamic process of Haines
jumps from experiments [2].

Haines jumps are fast, irreversible events during drainage (i.e. process of non-wetting (NW) phase displacing
wetting (W) phase), when the NW phase front invades a wider pore body through a narrow throat. As NW
phase front first reaches the entry of the throat, the local capillary pressure is high as NW phase needs to
overcome the entry pressure; once the entry pressure is surpassed, the front rapidly enters the pore body with
large local velocity, during which the mean curvature of the phase front suddenly becomes smaller, corresponding
to a sudden drop in the local capillary pressure. Haines jump, given that it originates from unstable interface
movement and its inherent irreversibility, ultimately leads to the hysteric behaviour of pore-scale multiphase
flow, which, in short, means that the capillary pressure-saturation relation is not unique and is dependent on
whether it is a process of NW phase displacing W phase, or the opposite. Therefore, it is critical to finely resolve
the dynamics of Haines jump and snap-off so to better understand their potential impact on the macroscopic
flow.

Lattice-Boltzmann (LB) modelling, a simulation method that can be directly applied to µCT images, has
been under extensive research over the past three decades, and has become an efficient numerical tool given
by its intrinsic parallel nature, which can effectively supplement experiments to study Haines jumps and other
interesting dynamic processes that cannot be fully captured experimentally. In this study, we used the state-of-
the-art multiphase multi-relaxation-time colour-gradient LB model to match the high flow-rate case (i.e. inlet
pumping rate of 435 µL/hr) of an n-decane/water system in the experiment by Herring et al. [3], and studied the
detailed processes of Haines jumps and snap-off that cannot be well resolved experimentally given the current
laboratory scanning technique. We have measured the peak Haines jump velocity under a variety of reservoir
conditions, analysed the correlations between fluid properties and peak Haines jump velocity, and characterised
the geometric signature of the porous medium which gives rise to frequent snap-off events.

2. METHODS

We performed primary drainage simulations directly in a sub-domain of 2563 voxles (∼ 1.3 mm2, with an image
resolution of 4.95 µm/voxel) of a Bentheimer sandstone µCT image, which is the same rock sample studied in
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the experiment [3]. The multi-relaxation-time colour-gradient model is based on the work by McClure et al.
[4]. To match the n-decane/water interfacial tension of 32 mN/m, the density of n-decane (i.e. 729.88 kg/m3)
which is less than that of water, is approximated as 1000 kg/m3 to give a unitary density ratio; the choice
of LB surface tension parameter α = 0.0357, which allows for a reasonable computation time, gives the LB
temporal resolution of 0.89 ms per 1000 LB iterations, which is the data saving frequency and is good enough
to capture the rapid drainage events such as Haines jumps. The global capillary number Ca = 10−5 is applied
and viscosity ratios M = 0.8 is used also matching experiments.

3. RESULTS

During the drainage simulation, numerous Haines jumps were observed, and some of them even led to snap-off.
We exclusively studied the velocity profile of Haines jumps that gives rise to snap-off, by manually tracking the
interface movement. Such a indirect method must be applied because the saved velocity field is dominated by
the large-velocity spurious current present at fluid-fluid and fluid-solid interfaces. This is illustrated in Fig. 1,
where the full evolution of the 2D velocity field for a Haines jump against the indirectly measured velocity is
shown. The measured peak Haines jump velocity is found independent of the global Ca, and is also inversely
proportional to the viscosity of the displacing fluid.
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Figure 1: Comparison between indirectly measured interfacial velocity and LB velocity field for a Haines jump
during drainage.


