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ABSTRACT: We present the ﬁrst study of ﬂuid distribution inside porous media imaged by neutron tomography. We
demonstrate that this technique has matured suﬃciently to deliver pore level results. The major advantage of neutron
tomography is the contrast mechanism of using deuterated phases. This allows high contrast imaging without the need to add
large amounts of inorganic salts as dopants, required to achieve adequate contrast for X-ray tomography studies. Measurements
were performed at the Antares beamline (MLZ, Garching) with a voxel size of 11.8 μm. We propose this technique as a useful
tool for studying mutliphase phenomena in porous media where the results are known to depend on the salinty and species of
ions present, such as low salinity water, surfactant, and polymer ﬂooding.
the wettability of the surface of the porous media.19,23,24 The
direct impact of this on experimental rock-ﬂuid studies is that
no results will be independent of the composition of the ﬂuids
used. For processes dominated by interfacial tension/
capillarity/wettability, it is therefore of utmost importance to
measure in systems as close as possible to the natural system of
interest.
Due to the economic impacts of these enhanced oil recovery
techniques, water/brine composition has become an active area
of research. Especially in the case of low salinity ﬂooding, we
have some understanding of the underlying mechanisms at the
molecular scale.24−26 However, detailed experimental evidence
of the eﬀect of salinity on the ﬂow of oil and the formation of
ganglia on the pore-scale is still missing.
Most previous studies of multiphase ﬂow phenomena are
based on X-ray tomography. The high ﬂux available in modern
synchrotrons allows even dynamic imaging with high spatial
resolution.27 In order to achieve suﬃcient X-ray contrast
between the diﬀerent phases, it is necessary to use heavy-ion
dopants, typically salts such CsCl2, KBr, or ZnI2 in the aqueous
phase. Understanding the mechanisms behind low salinity, and
low salinity surfactant water ﬂooding as enhanced oil recovery
techniques cannot be readily addressed by X-ray tomography
due to the high salt concentrations (>1M) necessary to achieve
suﬃcient X-ray contrast. Confocal microscopy has also been
employed to study immiscible ﬂow in quasi-two-dimensional
geometries in real time.28,29 However, this method relies on the
use of index-matching liquid phases, strongly restricting the
liquid compositions which can be studied.
Here neutron imaging has a signiﬁcant advantage over X-ray
and confocal imaging due to its diﬀerent contrast mechanism.
This is especially true when considering the large diﬀerence in
the total cross section due to both scattering and absorption

1. INTRODUCTION
Predicting and controlling multiphase ﬂow in porous media is
key to industrial processes such as enhanced oil recovery and
CO2 storage. In particular, it is diﬃcult to predict multiphase
ﬂow in natural porous media where the chemical1 and
structural2,3 complexity of the substrate leads to unknown
and varying conditions. Yet evaluation of oil recovery prospects,
and potential gas or chemical storage capabilities of geological
sites depends crucially on the microstructure and wettability4,5
of the underlying reservoir.
The global megatrend of increasing energy demands
challenges the oil and gas industry to constantly seek new
resources and employ enhanced oil recovery techniques. The
use of both low, <5000 ppm TDS (total dissolved solids) and
high, >35000 ppm TDS, salinity ﬂooding has been shown in
certain reservoirs to have positive impacts on oil recovery.
Wettability, ﬂow characteristics, and trapping of ﬂuids within
reservoir rock depend critically on the constitution of the
ﬂuids.6 In some cases, surfactant and polymers are added to the
waterﬂood in order to overcome unfavorable reservoir wetting
conditions and reduce viscous ﬁngering of the water ﬂood.
Here again, the performance of the additive depends critically
on the salinity of both the formation water and the water used
for reservoir ﬂooding.7−10
Both at the ﬁeld scale and in core testing, it has been
observed that low salinity water ﬂooding increases the oil
output in certain sandstone oil reservoirs.11−16 A synergistic
eﬀect between ionic surfactant ﬂooding and low salinity water
has also been observed.17 In the case of carbonate reservoirs,
there are conﬂicting reports regarding low salinity water. For
some carbonate rocks a positive low salinity eﬀect is
described.18 However, for other rock types, ﬂooding with
’Smart water’,19 water with increased concentrations of certain
ions, has been used to enhance oil recovery.
There is an increasing body of evidence that the presence of
salts can signiﬁcantly change the properties of the oil/water
interface,20 the behavior of surface active compounds,21,22 and
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the pore volume. To keep this oil phase from redistributing it was
frozen at −20° and the remaining interstitial space was ﬁlled with
artiﬁcial seawater in which some air pockets remained in the sample.
Imaging. Neutron tomography was performed in Garching at the
Antares beamline at the MLZ of the Technische Universität München.
A principle sketch of the beamline and an example image are shown in
Figure 1. Tomograms were acquired using 625 projections with an

between the chemically almost identical hydrogen and
deuterium: 82.02 barn for hydrogen versus 7.64 barn for
deuterium.
Neutron radiography has been successfully employed to
visualize single and multiphase ﬂow in porous media.30−33
Neutron imaging has also been used to visualize the front shape
of water moving into sandstones34 and to make tomography
images of sandstones.35 However, until now, the relatively low
spatial resolutions accessible via neutron tomography, around
1.5 mm, have prevented its applications in the ﬁeld of threedimensional multiphase imaging and quantitative studies of
liquid distributions inside porous media.
Recent advances in scintillator based detection systems in
combination with the high neutron ﬂux available at large scale
neutron sources have signiﬁcantly improved the spatial
resolution achievable by neutron imaging.36 At the Antares
beamline at the MLZ (Heinz Maier-Leibnitz Zentrum) in
Garching, it is now possible to capture tomography images with
a voxel size of 11.8 μm. This allows for subpore resolution
inside model porous media such as the bead packs used in this
study, although measurement times remain comparatively long.
However, unlike X-ray imaging, the low energy of thermal
neutron beams (4−30 meV) does not result in excessive
heating of the sample. Therefore, damage to the ﬂuids, changes
in liquid locations, or sample wettability37 are not expected to
occur during imaging.
To this end, we investigated the suitability of neutron
tomography as a means of characterizing ﬂuid structures inside
porous media. In section 2 we describe the sample preparation,
and in section 3 we describe the technical details involved in
collecting the tomographies. Section 4 describes the image
processing used to extract the diﬀerent phases from the image,
and in section 5 we discuss our experimental results obtained
with neutron tomography and compare them with X-ray
tomography.

Figure 1. (a) Sketch of the Antares beamline at the MLZ. (b) Cross
section of a neutron tomography image using artiﬁcial seawater made
from D2O and an exposure time of 240 s per projection. The colored
arrows indicate regions of the four diﬀerent phases.

exposure times of either 120 or 240 s per projection using a Gadox
(Gadolinium-Oxisulﬁde) scintillator. Each projection has 2048 by
2048 pixels, at a pixel size of 11.8 μm. Ten open beams were collected
before and after imaging in order to correct for the ﬂux density
distribution. Including the camera read out time of approximately 10 s,
the total imaging time was 24 h for a 120 s exposure time per
projection, and 48 h for 240 s exposure time.
Figure 1b demonstrates that this experimental protocol provided
images with suﬃcient contrast to distinguish water, oil, air, and beads,
using only salt concentrations typically found in seawater, a model
system used in core ﬂooding as connate water. In fact, the salt does not
contribute to the image contrast. The contrast between the liquid
phases is due to the diﬀerence in the incoherent scattering length
between hydrogen (in the hexadecane) and deuterium (in the
deuterated ASW). Consequentially, in this negative image the
hexadecane appears the brightest in the sample. The heavy water,
having a lower incoherent scattering length, is the middle phase, and
the darker areas are comprised of the glass beads and small air
inclusions. The gold surface coatings of the beads are not visible by
neutron tomography.
The 3D volumes were reconstructed in parallel beam geometry
using Octopus, a commercial reconstruction software. One issue
arising during neutron tomography is overexposure of single pixels due
to single gamma events which originate from the sample and directly
hit the camera CCD chip. These pixels can be easily removed by a
local median ﬁlter which replaces the values of these overexposed
pixels with the median value determined from the surrounding pixels.
However, this is only possible if the values of the surrounding pixels
are correct, that is, not too many pixels have been damaged. In our
experiments using 240 s exposure time per projection, only 0.04% of
pixels were aﬀected by the gamma events, well below the 10%
threshold. These pixels are corrected prior to the reconstruction of the
tomography images.
X-ray tomography. After taking the neutron tomographies at the
MLZ in Garching, the samples were transported to the MPIDS in
Göttingen and X-ray tomographies obtained with a Nanotom (GE
Sensing and Inspection), using a tungsten target and 150 kV
acceleration voltage. Each tomogram is based on 1400 projections at
a scale of 13 μm per voxel. As the transport resulted in minor
perturbations of the sample structure, a direct comparison of the bead
positions between the two tomographies is not possible.

2. EXPERIMENT
Sample Preparation. A sample porous medium was prepared
from soda-lime glass beads from Whitehouse scientiﬁc with 365 μm
mean diameter (measured using the radial distribution function
described below). The surfaces of the glass beads were treated by ﬁrst
sputtering a 1 μm thick gold layer on the surface of half of the beads.
The thickness of the gold layer was conﬁrmed using AFM for gold
sputtered on a glass slide under the same conditions. Then the gold
layer was rendered hydrophobic by submerging the beads for 60 min
in a 1% volume solution of hexadecanethiol (sigma aldrich) in
hexadecane. Beads were then rinsed in isopropanol and dried
overnight in the oven. Water in hexadecane contact angles measured
on analogously prepared gold coated microscope slides were 120° and
on cleaned glass slides were 20°.
As oil phase we used n-hexadecane (Alfa Aesar). Prior to use the
hexadecane was ﬁltered through an alumina column to remove any
surfactant impurities. The aqueous phase consisted of artiﬁcial
seawater (henceforth ASW) prepared using the salt concentrations
described in reference.38 ASW was prepared using either Millipore
(H2O), or deuterated (D2O) water (sigma aldrich) and containing
total dissolved solids (TDS) of 35000 ppm. The interfacial tension of
both ASW preparations was measured using the pendant drop method
on a goniometer (DataPhysics OCA) and found to be 72 ± 1 mN/m
against air, and 52 ± 1 mN/m against hexadecane. These results agree
with the literature values for the air of 72.74 ± 0.36 mN/m for
Millipore water against air39 and 72.63 ± 0.51 mN/m for D2O40 and
54 nM/m for hexadecane system.2
Sample containers were made from AlMg3 tubes with an inner
diameter of 6 mm and 1 mm wall thickness. Beads were ﬁlled into the
tube and then stirred through with hexadecane amounting to 30% of
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Figure 2. Gray value histogram of both a neutron and a X-ray tomogram, taken after an initial noise removal step using a bilateral ﬁlter. For better
comparison, all gray value ranges have been normalized from zero to one. The respective ranges of gray values of the diﬀerent materials are indicated
by the horizontal lines.
Image Segmentation. Following reconstruction, the tomograms
have to be segmented into the diﬀerent solid and ﬂuids phases using
the gray values of the individual pixels. This process possesses a
generic problem for all tomography images due to pixel noise, limited
spatial resolution, and limited contrast between the diﬀerent
materials.41 We performed the segmentation and subsequent analysis
with Avizo-Fire, a commercial image processing and analysis software
package, using an identical sequence of processing steps for both
neutron and X-ray tomographies.
In a ﬁrst step the image noise was reduced by ﬁltering the
reconstructed 3D images using a bilateral ﬁlter with a kernel size of 5 ×
5 × 5 pixels and 12 iterations. (A bilateral ﬁlter is a Gaussian low pass
ﬁlter which preserves edges by excluding areas of the image which
contain high gray value gradients.) Figure 2 displays the resulting gray
value histograms of a neutron and a X-ray tomogram.
The diﬀerent phases are then identiﬁed using an iterative protocol:
Starting from the low end (black) of the gray value histogram, an
appropriate threshold for a phase is manually identiﬁed. For the
neutron tomogram this corresponds to the air. Pixels corresponding to
air have a gray value of less than 0.174. Using this threshold, the image
is binarized, and artifacts caused by noise are removed using an
opening transformation (successive erosion and dilation steps). The
set of voxels corresponding to air are then removed from the image,
leaving only a three phase image (water, oil, and beads) for further
processing. This process is repeated, taking the next darkest phase
until all phases are separated. An example segmentation result is
displayed in Figure 3.

In order to evaluate the quality of both the images and multiphase
analysis, we calculate the radial distribution function of the glass beads.
The individual particle positions of the glass beads cannot be directly
obtained, as the spheres overlap at their contact points, creating a
continuous network. To separate the beads and obtain the center of
mass of each individual sphere, we used the watershed algorithm.

3. RESULTS AND DISCUSSION
Image quality of neutron tomograms. The declared aim
of this study is to separate a three ﬂuid system inside a model
porous medium into its individual phases. Figure 4 shows four
cross sections of tomograms taken under diﬀerent experimental
conditions. The top left panel clearly demonstrates that, using
neutron tomography, there is insuﬃcient contrast between
H2O and hexadecane for any kind of reasonable segmentation.
The top right cross section corresponds to a neutron
tomography using D 2 O for the aqueous phase. This
signiﬁcantly improves the contrast between the water and the
oil phase. However, the relatively large noise level complicates
the segmentation of the liquid features. Therefore, in the
bottom left panel the exposure time of each image was doubled.
Here all four materials, oil, water, beads, and air, can clearly be
distinguished by eye, and segmented for quantitative analysis.
The quality of the phase contrast is demonstrated by the
histograms in Figure 2 and the segmented views shown in
Figure 3. We therefore argue that neutron tomography has
matured into a useful tool to study multiphase ﬂuid
distributions in porous media.
In this study we have used glass beads with a diameter of 365
μm as a model porous media. It should be noted that bead pack
models have a larger porosity (40%) and pore diameter (55
μm)42 compared to natural reservoir rocks, where porosity can
be much lower (10%) and pore sizes may be even submicron.43
While, at this point in time, neutron tomography would not be
able to capture the details of ﬂuid distributions inside very ﬁne
grained sandstones or carbonate rocks, the methodology
presented in this study and the continually improving
scintillator technology will allow for such studies in the future.

Figure 3. Filtered raw tomogram and segmented neutron tomogram
of the sample containing D2O (blue), hexadecane (yellow), and air
(green). Tomography was acquired with an exposure time of 240 s per
projection. The scale bars indicated in the images are 500 μm.
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Figure 5. Radial distribution function calculated from the centers of
mass of the beads detected in X-rays and neutron tomograms. The ﬁrst
peak corresponds to particles which are in contact. As the particles are
suﬃciently monodisperse, the width of the ﬁrst peak is a measure for
the precision of the detected particle positions.
Figure 4. Horizontal cross sections of tomograms. Top lef t: neutron
imaging of H2O/hexadecane (with 1440 min total exposure time), top
right: D2O/hexadecane (1440 min, neutron tomography), bottom lef t:
D2O/hexadecane (2880 min, neutron tomography), and bottom right:
X-ray tomogram of a D2O/hexadecane system (with 52 min exposure
time). The neutron tomography using D2O/hexadecane/air clearly
shows the three diﬀerent ﬂuid phases, whereas in X-ray tomography
the sputtered gold layers are visible. All cross sections are taken at
approximately half the sample height. Red scale bars are 1 mm wide.

The complementary information received from neutron and
X-ray tomography highlights the potential for enhanced sample
characterization using both techniques on the same, mechanically undisturbed sample. For example, particle positions could
be extracted from the X-ray tomogram. The sample voxels
corresponding to the beads could be removed from the neutron
tomogram during the image preprocessing. This would allow
increased accuracy of the boundaries of the oil and water
phases. Additionally, the correlation between the positions of
the oil droplets and the hydrophobic bead surfaces could be
studied, taking advantage of the fact that the gold−thiol
surfaces used to hydrophobize the beads are visible in the X-ray
tomograms.

Comparison between X-ray and neutron imaging.
The bottom right panel of Figure 4 shows a cross section of a
X-ray tomogram. While the beads and the air can be clearly
distinguished, there is no visible contrast between the D2O and
the hexadecane phases. This visual result is supported by the
gray value histogram shown in Figure 2, where all potential
density diﬀerences are smeared out by noise. By comparison, in
the neutron tomogram the diﬀerence between the mean gray
levels of oil and water accounts for approximately 30% of the
total dynamic range.
Because the spherical beads can be well segmented for both
types of tomographies, they are best suited for a direct
comparison of the imaging quality. To this purpose we have
computed the radial distribution function which is shown in
Figure 5. The radial distribution function describes the
probability to ﬁnd another sphere center at a given distance.
The peak at the smallest possible distance corresponds to
particles which are directly in contact, which is the most likely
conﬁguration in mechanical stable packings. In an ideal,
monodisperse packing, the left shoulder of this ﬁrst peak will
be a Heaviside step function. Any deviation from this behavior
is either due to slight but unavoidable polydispersity of the
beads used in experiments or due to errors in the position
detection. As the beads are identical in both experiments, the
broadening of the ﬁrst peak in Figure 5 is indicative of the
larger noise level of the neutron tomogram which leads to a
reduced precision of the detected particle coordinates.
However, while the diﬀerence in the peak width is clearly
measurable, it is not a strong eﬀect. Additionally, the exact
position of the ﬁrst peak is a very sensitive measure for the
average particle diameter,44 which is here 365 μm.

4. CONCLUSION
Neutron tomography is a useful tool for studying multiphase
systems without the addition of chemical dopants needed for Xray tomography studies and unlimited by the need for index
matched liquids required for confocal microscopy. Using a
deuterated aqueous phase provides a strong contrast between
oil and water and air. The resolution achieved at the Antares
beamline is suitable for further studies of the droplet size
distributions and morphologies. Neutron tomography therefore
opens a new path for studies where ﬂuid distributions are
expected to depend on salt concentrations.
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