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A B S T R A C T

This study investigates water vapor condensation processes in a fractured porous medium (sandstone), focusing
on the effects of fracture conductivity, matrix porosity, and imposed flow rate of the vapor. Cylindrical samples
of Fontainebleau sandstone were pre-fractured using the Brazilian splitting test and subjected to a constant
vapor and air mixture flow rate. Rapid in situ neutron tomography, captured every 30 s, visualized time-
resolved water migration through the porous media. Owing to the high neutron attenuation by hydrogen,
the obtained contrast allowed quantitative 3D tracking of condensed water within the material bulk. The
experimental data demonstrated the reliability of neutron imaging through consistent measurements of overall
water content, as verified by imposed macroscopic boundary conditions. The results showed that cracks
act as preferential pathways for vapor migration, leading to the formation of initial wetting fronts and
subsequent capillary absorption into the matrix from inner fracture surfaces. The presence of a crack slowed
the propagation of the water front in the porous matrix, allowing more water to accumulate within it. Low
porosity samples exhibited lower water contents in the matrix, resulting in faster propagation of the water
front due to the limited water absorption capacity of the matrix. In this case, water accumulates in the crack
in the form of water patches, especially at lower flow rates, where the vapor’s exerted pressure is lower,
allowing more water to remain in the porous matrix. At higher flow rates, cracks remained drier compared
to the matrix due to increased injection pressure, which transferred water into the matrix more effectively.
Rapid transitions of water patches were observed in the high flow rate low porosity case, highlighting dynamic
water movement in the crack. The study underscores the importance of heterogeneity in the form of cracks
in the absorption of condensed water and highlights the roles of capillary effects and pressure-driven flow in
the transportation of water within fractured porous media. It provides novel full-field experimental datasets,

which are invaluable for further numerical simulations.
1. Introduction

The process of water vapor percolation and condensation is crucial
in numerous applications, including subsurface contaminant remedia-
tion, (Bruining and Marchesin, 2006; Forsyth, 1993), management of
geothermal reservoirs (Wang et al., 2021), concrete structures (Simon
et al., 2007), nuclear safety (Chaparro and Saaltink, 2016), moisture
management in textiles and building insulation (Fan et al., 2004; Huang
et al., 2008), porous heat exchangers (Udell, 1985), steam-driven oil
recovery (Chen et al., 2020), and gas-condensate reservoirs (Igwe et al.,
2022) to mention but some. In these applications, especially those

∗ Corresponding author at: The European Synchrotron Radiation Facility, 38043 Grenoble Cedex 9, France.
E-mail address: bratislav.lukic@esrf.fr (B. Lukić).

involving geomaterials, frequently some form of discontinuity, such as
fractures, is present. These features can span a wide range of scales,
from nanometers to kilometers. Despite its widespread occurrence,
condensation in heterogeneous porous media has been less explored
than other heat and mass transfer processes, such as evaporation (Nield
et al., 2006).

Previous numerical studies provided insights into the driving mech-
anisms of condensation in homogeneous porous media without frac-
tures or fracture networks. Sözen and Vafai (1990) numerically mod-
eled the non-thermal equilibrium which condenses the flow of vapor
https://doi.org/10.1016/j.advwatres.2024.104872
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passing through a packed bed of ideal spheres. The authors examined
the impact of pressure gradients, particle size, and the heat capacity
of the solid phase on the condensation process applying a constant
inlet pressure. They found that higher flow rates (i.e., higher Reynolds
numbers) enhance the condensation rate and the total condensate
accumulation. A decrease in condensation was instead observed with
an increasing particle size (i.e., with higher permeability). However,
this resulted in slower heat transfer between the solid and fluid phases
and a faster advancement of the thermal penetration depth. Adding a
on-condensable gas, (e.g., dry air), to the injected water vapor was nu-

merically shown to mitigate the risk of mobilization during steam-aided
ontamination removal (Kaslusky and Udell, 2002). This reduces the

potential for contaminant accumulation and subsequent downward mi-
ration due to gravity. In this case, without considering the convective

transport of condensed water, Ogniewicz and Tien (1981) numerically
found that increasing the vapor velocity (i.e., Peclet number) signifi-
antly enhances the rate of condensation. Zhang et al. (2007) reported
hat an increase in vapor temperature results in stronger condensation
ue to the rapid rise in vapor density. Additionally, increasing the
ed particle diameter and porosity reduces the pressure difference and
apillary forces. Crone et al. (2002a), Bergins et al. (2005) proposed

analytical and numerical models for condensation during steam in-
jection with high liquid content, pressure, and temperature, which
were validated by experimental measurements. They observed a sharp
condensation front with high water saturation propagating through
the porous sample. A linear decrease in vapor breakthrough time was
bserved with an increase in the applied pressure difference. Class and
elmig (2002), Class et al. (2002) presented a numerical simulation for

non-isothermal multiphase multicomponent processes in porous media,
focusing on various remediation strategies for NAPL (non-aqueous
phase liquids)-contaminated sites via injection of steam and air. They
validated these models against temperature measurements in column
experiments and showed that heterogeneity at larger scales can sig-
nificantly influence system behavior and remediation efficiency, while
small-scale heterogeneities have a minor impact. Igwe et al. (2022)
onducted a pore-scale study using X-ray micro-computed tomography

on the retrograde condensation of light alkanes in sandstones. They
discovered that the nucleation process of condensation predominantly
began in sharp corners of the pores, pore throats, and small pores, while
the gas phase occupied the larger pores. These condensed nuclei then
grew and coalesced, forming an interconnected network.

Condensation in isolated fractures or micro-channels, devoid of
porous media, has also been studied in the literature. Wu and Cheng
(2005), Hu and Chao (2007) investigated the flow patterns of con-
densed water in a smooth transparent micro-channel with trapezoidal
cross-sections using video recording in the visible light domain. They
demonstrated that, depending on the pressures and flow rates, the
liquid film flow pattern on the channel walls can transit from smooth
annular flow to slug-bubbly flow with large gas bubbles and liquid
slugs. Specifically, Hu and Chao (2007) observed that with an increase
n steam flow rate, the heat transfer rates also increased, which in turn
nhanced the condensation rate and resulted in a higher pressure drop.
urthermore, experiments on the condensation of refrigerant coolant
n parallel micro-channels showed that the higher mass velocity of the

vapor reduces the occurrence of flow fluctuations since the increased
interfacial shear stress helps maintain a stable and smooth annular
low regime (Kim et al., 2012). Higher flow rates also lead to more

uniform temperature distribution along the channel, improving the
overall efficiency of the condensation process (El Kadi et al., 2021).

Research on condensation in porous media has predominantly fo-
cused on homogeneous or layered heterogeneous cases. Except for a
ew examples summarized below, the investigation of condensation
rocesses in heterogeneous porous media, particularly in fractured

systems, remains largely underexplored in the literature. This gap is
likely attributed to experimental challenges, with existing studies pri-
arily concentrating on measuring the macroscopic steam leakage rate

2 
through damaged concrete (Simon et al., 2007; Medjigbodo et al., 2013,
2016). Simon et al. (2007) highlighted the influence of internal crack

orphology on the leakage rate and overall concrete permeability.
Medjigbodo et al. (2013, 2016) investigated the effects of saturation
degree, mechanical loading, and fluid flow rate, focusing on long-
term steady leakage rates. However, due to the influence of porous
medium properties and imposed boundary conditions, they found out
that achieving steady-state conditions is challenging. This indirectly
suggests the transient nature of the condensation process for a consid-
rable time after the start of vapor injection (Gupta et al., 2022). In a

recent experimental work (Rabone et al., 2023), point-wise temperature
measurements inside a concrete crack revealed fluctuating variations
along the crack. These fluctuations were caused by blockages due to
condensation and subsequent unblocking from the transport, absorp-
ion, or evaporation of moisture. The fluctuations were found to be

more pronounced when the crack was narrower, the vapor-to-nitrogen
ratio was higher, and the temperatures were more elevated.

Experimental measurement of vapor condensation in porous media
remains challenging, primarily due to the difficulties in observing the
condensation process and its interaction with heterogeneities as well as
fractures in-situ. Previously, condensation has been measured using var-
ious experimental methods, such as visual inspection in a transparent
cell (Hunt et al., 1988; Brouwers, 1996a), weighing (Fan et al., 2004;
Qin et al., 2010; Fan et al., 2003) or visual inspection (Mcnamee, 2009)
of the sample or parts of the sample during the condensation process,
mbedded measurement of relevant parameters such as pressure and

temperature (Bergins et al., 2005), and 2D pointwise gamma-density
easurements (Ochs, 2006). These methods are only applicable to

a few points in time or space and cannot provide a complete time-
evolving field of water accumulation within the sample. Additionally,
some of these measure approaches tend to strongly affect the process
itself, by introducing discontinuities or locally disturbing the porous
matrix, and thus preventing accurate measurement (Dauti et al., 2020).
n order to capture the detailed influence of microstructural varia-
ions, such as cracks, on condensation dynamics, full-field and in-situ

measurements are necessary to obtain accurate data and gather a
comprehensive understanding of vapor behavior in porous media. Neu-
tron imaging is a powerful non-destructive tool that overcomes these
limitations by providing a 3D visualization of the water content field
in opaque porous samples due to its sensitivity to lighter elements
like hydrogen (Tengattini et al., 2021; Kaestner et al., 2016). Recent
advancements in cold neutron sources have made high spatio-temporal
resolution possible for operando studies (Tötzke et al., 2019; Tengattini
t al., 2021).

In previous studies, Lukić et al. (2021) employed neutron imaging
or high-temporal measurements of vapor condensation in cracked

concrete in-situ. This was achieved through high-speed neutron ra-
diography, where the propagation of condensed water was observed
using 2D projections. The focus of that work was mostly on the initial
stages of the transient process, while the pressure as well as vapor
content were not fully controlled during the process. Building on this
work, Gupta et al. (2022) studied the effect of initial water satura-
tion on vapor condensation in 3D using combined neutron and X-ray
tomography. In dry concrete, they found competing water accumula-
tion along the crack and into the matrix, while in saturated samples,
water propagation along the crack was significantly faster than into
the matrix. In fractured sandstones, a similar methodology was used
by Nemati et al. (2023) to study water accumulation during vapor
injection at a constant flow rate and vapor saturation, focusing on the
interactions between the crack and porous matrix and interpreting the
contributing mechanisms. The final condensed water distribution was
found to result from two competing processes: condensation predomi-
nantly in the crack and diffusion towards the matrix due to the capillary
effect as well as due to the pressure exerted by the vapor. Synchrotron

microtomography at the pore scale revealed more water condensation
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in areas with tighter pores, highlighting the significance of the capillary
orces in the porous matrix.

The previous work on fractured sandstone presented a case study,
roviding a glimpse into water vapor condensation processes (Nemati
t al., 2023). While it suggested the overall mechanisms of vapor

condensation and water transport, it did not reveal the effects of im-
ortant microstructural parameters in the system, such as the presence

of cracks, flow rate, and porosity, which will be explored through
arious test cases in this study. These factors can play a influential role

in the overall condensation process. Furthermore, the quantification
of the water content field, which requires prior calibration experi-
ments, was not performed in Nemati et al. (2023). Instead, the results

ere presented in terms of neutron transmission, with an uncertain
orrelation to water content. This limitation hindered the ability to
alidate and develop numerical benchmarks and to encourage future
dvancements in numerical modeling. In this work the calibration

results performed by Nemati et al. (2024) were applied so as to extract
he 3D water content in sandstone samples during constant flow rate
apor injection experiments. Consistency was observed between the

overall evolving water content in the sample, as identified from the
neutron tomography data, and the measured boundary condition in
the experiments. A data bank of experiments was acquired using rapid
neutron tomography to observe the fast condensation process in-situ,
where each tomographic scan lasted for 30 seconds. The experiments
performed in this work highlight the contribution of both microstruc-
ture and boundary conditions to the condensation processes. First, the
effects of the fracture presence within the porous medium and the
subsequent channeling effects were investigated by comparing samples
with the same microstructural characteristics, with and without the
presence of fracture along the injection path. Then, fractured samples
with a markedly different matrix porosity were tested to observe the
effect of matrix permeability and thus different capacities in absorbing
condensed water. Finally, the effects of injection flow rate were inves-
tigated by performing repeated experiments on the same samples with
different flow rates, after adequate drying between tests. The overall
results show that the presence of a fracture combined with lower flow
rates results in higher water accumulation in the porous matrix due to
lower pressure-driven water migration. Additionally, the lower matrix
porosity leads to higher water accumulation in the fracture, manifested
in the form of patches of water and potential clogging sites, where
water droplets coalesce, blocking further vapor passage locally.

The experimental methodology is discussed in the next section,
hich details the sample preparation, experimental setup, and neutron

imaging configuration. Afterwards, the uncertainty in water content
quantification is examined. Then, the results over the aformetion matrix
of conditions are presented. The impact of the presence of a crack is
discussed by comparing two samples of the same porosity and grain
size, with and without an embedded fracture along the injection. Next
two samples with a crack but with markedly different matrix porosities
are examined to evaluate the effect of porosity. Finally, high and low
porosity samples (with a crack) are tested, under repeated conditions,
at a higher injection rate to explore the effect of vapor flow rate.
The last section provides a discussion of the findings, comparing the
presented experimental results to previous studies in the literature, and
outlining the implications for practical applications and future research
directions.

2. Materials and methods

2.1. Sample description

The sample size and cell were specifically designed to balance ad-
equate neutron transmission from the cold neutron source (Tengattini
t al., 2020) while maintaining a representative volume for observing

local material responses and macroscopic processes during conden-
sation in porous media. Samples of Fontainebleau sandstone, 40mm
3 
in both height and diameter were used in this study. The choice of
Fontainebleau sandstone was chosen because of its extensive pres-
ence in the literature, and its almost pure quartz structure without
inter-grain contaminants (Bourbie and Zinszner, 1985), as well as its
water-wet nature. Such material allows for focusing the study only on
nteractions between the matrix and cracks without potential chemical

interactions among the different constituents during the process.
The samples were pre-fractured using an indirect tensile splitting

test, i.e., the Brazilian test. In this test, the cylindrical samples are
placed horizontally between the plates compressed from the sides. This
induces tensile stresses perpendicular to the applied load, causing the
sample to split along a vertical diameter and initiate a single crack in
the center of the circular cross-section of the sample, while leaving the
rest of the sample intact. A feedback-controlled splitting test generates
aperture-controlled cracks, with two LVDTs (Linear Variable Differ-
ential Transformers) monitoring crack opening displacement (COD).
Wooden layers protect the specimen at loading points, and a closed-
loop system adjusts the loading ram. The test stops at a target COD of
200 μm, ensuring the sample does not split into separate parts. More
details about the Brazilian test is provided in Appendix.

2.2. Experimental setup

Fig. 1 depicts the experimental setup of the vapor injection and
its installation within the neutron beamline. The experiment was per-
formed on NeXT-Grenoble, the Neutron and X-ray Tomography instru-

ent at the Institute Laue Langevin Grenoble (ILL) (Tengattini et al.,
2020). The experiments were performed with a controllable vapor
production system from 2 M Process, incorporating a controlled evap-
orator mixer delivery system (CEMLab) which controls vapor through
aBronkhorst High-Tech (Boer, 1995), so as to deliver a precise mixture
of Nitrogen gas and water vapor. The vapor was consistently injected
nto the sample using heat-controlled tubing, with all components
receding the vapor’s entry into the sample being heated by heaters.
he sample was secured within an aluminum cell (Al5083). To prevent
apor from escaping from the lateral surfaces and ensure a unidirec-
ional flow upwards, the sides of the sample were sealed with PTFE
ape and a neutron-transparent heat-shrinkable membrane (Geoshrink,
DTECH). The top of the cell was left open to allow the vapor to vent
ut at atmospheric pressure. The cell was equipped with temperature
robes at both the inlet and outlet to complement the in-situ water
ontent field obtained by neutron tomography, allowing for detailed
nsights into the evolving water distribution of the sample.

The temperature of the vapor at the sample’s inlet is influenced
by several factors including the temperature, vapor quality, and flow
ate from outlet of the vapor production system, the heat loss, and
he temperature of the heating tubes. Despite these multiple variables,
 consistent inlet temperature for different experiments was achieved
hrough careful boundary condition calibration, which facilitated the
ross-comparison of the experiments. Given that heat loss from the
ell and the initial temperature of the sample were consistent across
ll experiments, the outlet temperatures also remained reproducible.

Fig. 2 illustrates the inlet and outlet temperatures of the vapor, with the
tandard deviations highlighted as error bands across the 6 reported ex-
eriments. The registered temperature variation across the experiments
an be calculated to result in about 12% variability in the injected
apor volume. In order to avoid the bias deriving from these variations,
he case-to-case comparison between experiments is only performed
here the condensed water content is higher than twice the variability

n the vapor delivered to the sample.
A sufficiently high vapor-to-air ratio, i.e., more than 50% — higher

than the vapor ratio of the saturated vapor across all temperature
ranges throughout the experiments — has been chosen to ensure the
delivery of saturated vapor. The imposed injection ensured a constant
flow rate of nitrogen throughout the experiments. It should be noted
that the injected vapor continuously loses heat because of the lower
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Fig. 1. Experimental setup for vapor injection at NeXT-Grenoble. The system delivers a
heated nitrogen and water vapor mixture to a sample in a sealed aluminum cell, which
allows unidirectional flow. The cell is vented at the top and equipped with temperature
probes at the inlet and outlet, complemented by in-situ neutron tomography.

Fig. 2. Average inlet and outlet temperatures within all the reported experiments with
reproducibility indicated by shaded colors representing standard deviation.

initial temperature of the sample with respect to the injected vapor.
Consequently, any excess vapor that exceeds the saturated vapor con-
tent condenses before reaching the sample, ensuring the delivery of a
saturated flow throughout the experiments as discussed in Nemati et al.
(2023). The recorded inlet and outlet temperatures, together with the
imposed injection parameters, can be used to calculate the theoretical
total amount of condensed water in the samples. This is determined by
the difference in the amount of water vapor between the inlet and the
outlet:

𝛴 𝑚𝑤 = ∫

𝑡

0
𝑚̇(𝑊𝑣,𝑖𝑛 −𝑊𝑣,𝑜𝑢𝑡)𝑑 𝑡 (1)

where 𝛴 𝑚𝑤 is the total condensed water in the sample, 𝑚̇ is the
injection mass flow rate, 𝑡 is the duration of injection, and 𝑊𝑣,𝑖𝑛 and
𝑊𝑣,𝑜𝑢𝑡 make the mass ratio of vapor. The vapor mass ratios can in turn
be obtained from the molar fraction of a gas, which is equal to the ratio
between partial and total pressures:

𝑥𝑣 =
𝑝𝑣(𝑇 )
𝑝

(2)

where 𝑥𝑣 is the molar fraction of vapor, 𝑝 is pressure (which is assumed
to be equal to atmospheric one, given the relatively slow injection flow
rate adopted in this study), and 𝑝𝑣 is the vapor pressure. Assuming the
saturation condition of vapor, this vapor pressure is solely dependent
on the temperature. 𝑝 can therefore be determined either through
𝑣

4 
thermodynamic tables or by using empirical correlations such as the
Antoine equation, both of which provide comparable results.

This study focuses on six vapor injection experiments designed
to investigate different factors affecting the process of water vapor
condensation in porous media. These experiments are summarized in
Table 1 and are analyzed in case-to-case comparisons, each of which
focuses on the effects of the presence of fracture, matrix porosity, and
vapor flow rate, respectively. A sixth experiment, reported to investi-
gate the repeatability of the process and discussed in the Appendix,
involved two similar samples tested under identical conditions, with
results indicating good repeatability.

Two samples from high and low porosity blocks of Fontainebleau
sandstones were scanned by synchrotron microtomography at the ID19
beamline of the European Synchrotron Radiation Facility (ESRF), with
a pixel size of 6.5 μm. The sample was positioned 1m from the detector
to take advantage of the in-line phase contrast modality, leveraging the
high coherence of the X-ray source starting 145m away. The resulting
enhanced contrast at grain boundaries still preserves the geometry of
the sample, which is used to study the detailed microstructure and
pore distribution. The analysis of the microtomography shows that the
mean porosities of the high and low porosity blocks are 8.8 ± 0.8% and
3.2 ± 0.2%, respectively. Gas permeability tests indicate corresponding
permeabilities of 3.75 × 10−13 and 1.7 × 10−14 m2 for the high and low
porosity samples, respectively.

2.3. Neutron imaging

Neutron imaging was employed to take advantage of the high
sensitivity of neutrons to hydrogen, and therefore water, and notably
to quantify the 3D condensation process over time. A collimated cold
neutron source, with a peak wavelength at 2.7 Åwas directed at the
sample (at the NeXT-Grenoble instrument). The beam interacted with
the sample, and the transmitted fraction was captured by a powder-
based scintillator (100 μm thick 6LiF/ZnS, with a 0.5mm Al substrate),
which produced a projection image in the visible light spectrum. The
resulting image was conveyed optically to an sCMOS sensor (Orca-
Flash 4.0 V2, Hamamatsu) using a 50mm f./1.2 Canon lens (Tengattini
et al., 2020). The sample was placed as close to the neutron detector as
possible (l=40mm, which was constrained by the cell geometry). A 35m
pinhole, placed at 11 m, yielded a neutron penumbra around 130μm,
which was not the limiting factor in this study as detailed below.

To find an optimum between acquisition speed and resolution and
maintain an acceptable signal-to-noise ratio, the camera was binned
4 × 4, yielding a 160 μm virtual pixel size, and a 100 μm ZnS/6LiF
scintillator was employed. This reduced the exposure time to 0.02 s per
radiography.

The rapid tomographies consisted of 500 projections, each the result
of the average of 3 radiographies per angular position, captured over a
continuous 0–180°rotation, followed by a fast reverse rotation (without
imaging) to reset for the next scan, resulting in tomographies that lasted
30 s. The sets of projections were reconstructed using filtered back
projection and Ram-Lak filter kernel in the ASTRA toolbox (van Aarle
et al., 2016). It was then followed by a 3D Gaussian filter (standard
deviation of 1.5 voxels) to smooth the data and mitigate noise unavoid-
able with the low exposure time. A more detailed description of the
imaging system is available in Nemati et al. (2023, 2024), Tengattini
et al. (2020).

The Beer–Lambert Law is conventionally used to model the ab-
sorbance of neutrons by a substance, assuming that the transmission
of neutrons (𝑇 ) is proportional to the path length through the sample
(𝑙) through the relation:

𝑇 = exp
(

−
𝑙
𝜇(𝑙)𝑑 𝑙

)

(3)
∫0
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Table 1
Summary of vapor injection experiments. The vapor flow rate is reported in liters per minute in ambient pressure.
Sample Fracture Matrix Porosity Flow rate (lpm) Remarks

Exp-01 No High 0.22 –
Exp-02 Yes High 0.22 –
Exp-03 Yes Low 0.22 –
Exp-04 Yes High 0.3 Same sample as Exp-02
Exp-05 Yes Low 0.3 Same sample as Exp-03
Exp-06 Yes Low 0.3 Same condition as Exp-05
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where 𝜇(𝑙) is the macroscopic linear attenuation coefficient of the
sample constituents along the beam path. The transmission is conven-
tionally normalized as:

𝑇 (𝑡) = 𝐼(𝑡) − 𝐼𝑑
𝐼𝑓 − 𝐼𝑑

(4)

where 𝐼(𝑡) is the measured pixel intensity when the beam is transmitted
hrough the sample, 𝐼𝑓 is the beam without the sample (open beam

image), and 𝐼𝑑 is the background noise of the camera (dark field image)
to account for any non-uniformity of the neutron beam and detection
system.

The reconstructed series of tomographies provide a 4D (3D + time)
field of attenuation coefficients which can be here expressed as a
unction of its constituents:

𝜇 =
𝑁
∑

𝑖=1
𝜇𝑖𝜙𝑖 = 𝜇𝑠𝜙𝑠 + 𝜇𝑤𝜙𝑤 (5)

where 𝜙𝑠 and 𝜙𝑤 are the volume fractions of the solid and condensed
ater phase, and 𝜇𝑠 and 𝜇𝑤 are their corresponding macroscopic at-

tenuation coefficients. Water vapor and nitrogen gas may attenuate the
neutron beam as well, but due to their significantly lower density, their
contribution to the absorption contrast can be considered negligible
in the first approximation. The initial dry scans (𝜇𝑑 𝑟𝑦) are used to
isolate the solid phase from the wet scans (𝜇𝑤𝑒𝑡) providing a direct
measurement of the water content:

𝜙𝑤 =
𝜇𝑤𝑒𝑡 − 𝜇𝑑 𝑟𝑦

𝜇𝑤
(6)

However, in practical scenarios, the Beer–Lambert law may not
be applicable due to the contribution of neutron scattering (notably,
rom interactions with elements with large incoherent scattering cross-
ections such as hydrogen). In addition, the use of polychromatic
adiation neutron sources results in a wavelength-dependent attenu-
tion coefficient, which can lead to additional beam hardening ef-
ects (Tremsin et al., 2019). These contributions, if not accounted for,

may question the validity of the use of Eqs. (3)–(6) due to deviations
nd non-linearities in the assumptions made by the Beer–Lambert law.
n a previous study (Nemati et al., 2024), the impacts of scattering
nd beam hardening of water were investigated at NeXT, with a spe-
ific focus on the effects of water content measurements, as deduced
rom calibration experiments on reference samples (phantoms). Results
howed that, for water thicknesses in the range of [0, 4] mm along the
eam direction, the deviation from the Beer–Lambert law is negligible,
nd scattering as well as beam hardening contribution can be taken
nto account simply by selecting an appropriate water attenuation
oefficient. For the current experiments, with the maximum water
hickness of 4 mm and the sample-to-detector distance of 4 cm, the
ttenuation coefficient for water is adopted to be 0.403 ± 0.052 mm−1

ased on the calibration experiments in Nemati et al. (2024).

3. Results

The results are structured in the following four subsections: first, the
estimate of the uncertainty of the water content measurement is quanti-
ied. Second, the impact of a crack’s presence is explored by comparing
 cracked sample with a similar, but crack-free sample. Subsequently,
he influence of matrix porosity is examined by comparing two cracked
5 
samples with differing porosities. Finally, the effects of varying vapor
injection flow rates are investigated using a cracked sample under two
flow rate conditions.

3.1. Water quantification

The uncertainty in measuring water content with neutron imaging
n our work is chiefly determined by a combination of four biases. The
ost notable are (1) the contribution of (incoherent) scattering of neu-

rons, notably from hydrogen atoms, (2) the polychromatic nature of
the beam which results in difficulty in calculating a reference value of
the water attenuation coefficient; (3) the noise contributions impacting
the measurement of the overall sample attenuation field and (4) the
biases related to the reconstruction algorithms themselves.

In this work, the aforementioned uncertainties in water quantifica-
tion are estimated as follows. First, the uncertainty on the attenuation
coefficient from scattering and polychromacity of water is accounted
for based on the calibration experiments reported in Nemati et al.
(2024). Second, the source of uncertainty arising from the overall
signal-to-noise ratio (i.e, SNR=17), which mostly results from short
exposure time (made, in turn, necessary by the high intrinsic speed of
the process) is estimated from multiple dry scans prior to the injection.
Due to this inherent noise, these scans are not identical, showing some
level of variation. The standard deviation of the subsequent residuals
of these scans is adopted as the measure of the uncertainty arising from
verall noise components and accounted for in the error estimation
n the following steps. Finally, the uncertainty introduced during the
econstruction of the attenuation field is evaluated through simulated
maging experiments. A 3D pore-scale scan obtained using synchrotron
-ray microtomography at the ID19 beamline of the European Syn-

chrotron Radiation Facility (ESRF) with 6.5 μm pixel size is used as a
base for microstructure segmentation. The obtained field of pore space
and the matrix are used to create a binary 3D volume of a sample.

arious values of water content are reproduced by randomly adding
ater to the pore space. Then, the simulated volume is used to obtain

he same number of synthetic projections as in the experiment. This
s calculated using the Radon transformation and binning them to a
ixel size comparable to the one of the rapid neutron tomographies.
inally, synthetic reconstructions were obtained using the same algo-
ithm as for the analysis of neutron data. The local water content

of the resulting reconstructed volumes is compared to the arbitrarily
added water content of the original model. The uncertainty of the
overall reconstruction algorithm and the partial volume effect are thus
determined. The final estimate of the uncertainty of water content is
obtained as the square root sum of the squares of these sources of
uncertainty, with the primary contribution arising from noise due to
the short exposure time.

Fig. 3 shows the average water content obtained from neutron
tomography data in tested samples with the estimated uncertainty
reported as error bars over the entire in-situ test. For comparison, the
estimate of the total amount of the condensed water using the inlet and
outlet temperature (Eq. (1)) is shown for each experiment, with the
corresponding uncertainty, based on the precision of the temperature
probes, expressed as error bands. In all the experiments, the water
content calculated from the boundary conditions seems in agreement
with the values obtained from rapid neutron tomography up to the
breakthrough point (i.e., the instant when condensation is visible at the
sample face opposite to the injection).
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Fig. 3. The overall water content in the sample over time, based on the difference in the inlet and outlet humidity (solid line) and rapid neutron tomographies (points), with the
corresponding error bands and error bars. Vertical dashed lines show the instant of the breakthrough of condensed water.
Fig. 4. Comparison of water content along a vertical and horizontal slice at different stages of the injection process for samples (a) without (Exp-01) and (b) with the induced
crack (Exp-02). Dotted red lines on the initial slices show the position of the fracture.
3.2. Effect of fracture presence

To assess the impact of the presence of a fracture within the porous
matrix, two samples of the same porosity are tested under comparable
boundary conditions but adopting a sample with (Exp-02) and a sample
without (Exp-01) fracture pre-developed through the Brazilian splitting
test (as detailed in Section 2.1).

Fig. 4 shows the corresponding condensed water content for the two
samples, along a vertical and a horizontal slice, compared at various
times throughout the injection process.
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In the case of the sample without a fracture, the condensed water
begins to accumulate from the bottom of the sample (i.e., the inlet) and
gradually propagates towards the top of the sample (i.e., the outlet).
With the constantly rising injection temperature (as shown in Fig. 2),
more condensed water is observed to accumulate also behind the main
water front. This continuous temperature increase, as well as capillary
diffusion of the water front, made possible by the sufficient time and
the slow injection rate, prevents the formation of a sharp front, which
was for example observed in Brouwers (1996b), Crone et al. (2002b).
However, the rising water in the sample is observed to plateau over
time, as shown in Fig. 5a, in particular during the late stages of
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Fig. 5. Average water content along the height of the sample at various times for samples (a) without (Exp-01) and (b) with the induced crack (Exp-02). The water content is
averaged over the cross-section of the sample.
injection. This indicates that the water content surpasses the critical
saturation point, allowing water to flow due to the pressure buildup
from the injection flow applied at the inlet.

Conversely, in the sample with a fracture, the condensation be-
gins in the fracture itself. The condensation front obtained within
the fracture area reaches the top of the sample in as few as ∼600 s,
exhibiting a much shorter breakthrough time than the homogeneous
counterpart (whose breakthrough is not observed over a comparable
injection period). The front advances slower in the porous matrix
and propagates both along sample height and perpendicular to the
fracture (i.e., overall obliquely) towards the sample boundaries. Such
propagation is attributed to the two conjugate capillary acts: one from
the condensation of vapor in the crack surface, and one from the
condensation taking place in the bottom of the sample both of which
propagate by capillarity and pressure buildup of the vapor (Nemati
et al., 2023).

An important observation that can be made from Fig. 4 is the
markedly higher condensed overall water content in the sample with
a fracture. Figs. 4 and 5 also demonstrate that for a given height,
the fractured sample eventually retains more water within its porous
matrix compared to the uncracked sample, despite similar injection
flow rates and matrix porosity. Part of the higher water accumulation
in the fractured sample can be attributed to its slightly higher porosity
(9.5 ± 1% vs 8.1 ± 0.8%). However, the difference in water content
indicates a much larger disparity (over 35%) than what the porosity
difference alone would suggest. This difference can be likely due to
the fact that the vapor pressure is applied primarily within the crack
(rather than the porous matrix) in the cracked sample, where vapor
tends to follow preferential pathways along the crack. This allows water
to accumulate in the porous matrix without being transported further
away by the vapor. In contrast, in the uncracked sample, the porous
matrix serves as the sole pathway for vapor, thus the injection pressure
prevents excessive water accumulation in the matrix. Alternatively, the
presence of a fracture results in a significantly lower inlet pressure
to maintain a similar flow rate. When the pressure exerted by the
injected vapor decreases, the gas’s ability to transport condensed water
diminishes, leading to increased water accumulation in the matrix.
Another factor contributing to increased water accumulation in the
fractured sample could be the presence of microfractures perpendicular
to the fracture surface, extending into the porous matrix. These mi-
crofractures, resulting from the splitting test, may facilitate the transfer
of water from the main fracture into the surrounding matrix. The higher
water accumulation in the fractured sample leads to a more delayed
propagation of water in the porous matrix, as shown in Fig. 6. This
figure compares water fronts in both samples with and without the
7 
Fig. 6. The advancement of the water front in the porous matrix over time along the
height of the samples with (Exp-02) and without (Exp-01) crack. The blue dashed line
shows the water front in the area near the crack in the latter sample.

fracture. Here, the front threshold is defined as the 0.38% overall con-
densed water content (radially averaged over the height), equivalent to
two times the uncertainty of the water content (i.e., noise limit). Given
the similar vapor flow rates and, consequently, the comparable overall
amount of total condensation in both experiments, the water front in
the porous matrix propagates slower in the fractured sample due to
the higher water content it accumulates. As previously discussed, the
initial propagation of the water front near the crack in the fractured
sample occurs sooner and moves faster compared to the propagation in
the porous matrix of both samples. Since the spatial resolution of the
tomography scans is not enough to accurately segment the crack, the
advancement of the water front is demonstrated in an area close to the
crack, where we are certain the crack is located.

3.3. Effect of matrix porosity

The impact of matrix porosity (and thus, permeability) has been
investigated by testing two samples of different porosities, both con-
taining the pre-inserted fracture (Exp-02 vs Exp-03). Fig. 7 displays
the distribution of water content across vertical and horizontal sections
during different phases of the injection process in high and low porosity
samples. The saturation process in the crack in the low porosity sample
occurs in two distinct stages. Initially, the saturation process in the low
porosity sample resembles that of the high porosity sample, where a
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Fig. 7. Comparison of water content along a vertical and horizontal slice at different stages of the injection process for samples with (a) high (Exp-02) and (b) low porosities
(Exp-03). The inset shows the patches of condensation in the fracture and their high water content. Dotted red lines on the initial slices show the position of the fracture.
low water content in the crack accumulates soon after injection begins,
showing that the condensed water is immediately propagating towards
the outlet. As the test progresses and the porous matrix becomes more
saturated with condensed water, the porous matrix reaches a point
where it can no longer absorb additional water. This trapped water,
then, accumulates within the fracture, marking the second stage of
fracture saturation. This stage is characterized by higher water content
and gradual propagation of the saturation front within the crack.

The advancement of the water front in the matrix of the samples
with high and low porosities is computed in Fig. 8. Since the low
porosity sample can hold less water, the condensed water spreads faster
and reaches the top of the sample more rapidly. The water front does
not reach the top of the porous matrix in the higher porosity sample
throughout the injection process (Fig. 8), leaving some parts of the
sample dry. This is in contrast to the low porosity sample, where the
water front reaches the top within 1200 s. At this point, the water
content in the matrix becomes relatively stable and steady. Faster
spreading in the low-porosity sample is driven by stronger capillary
effects, which dominate over the reduced permeability associated with
smaller pore sizes.

In Fig. 9, the average water contents as a function of the height of
the samples at various times are compared for the samples with high
and low porosities. It highlights the impact of the matrix porosity on
the water content evolution in the porous matrix (shown in green) and
the area near the crack (in red). The data reveals significant differences
between the two samples. The sample with higher porosity shows a
higher overall capacity to absorb water, as expected. The water content
plots in the porous matrix (Fig. 9a, b) illustrate that, while the water
8 
Fig. 8. The advancement of the water front in the porous matrix over time along the
height of the samples with high (Exp-02, top) and low porosities (Exp-03), bottom.

content in the matrix of the less porous sample is beginning to stabilize
and plateau, the water content in the more porous sample continues to
rise. However, within the cracks of both samples (Fig. 9c, d), the water
content is constantly increasing, but the increase is more pronounced in
the sample with lower porosity. Initially, the water content in the crack
of the low porosity sample increases at a steady rate, similar to that
observed in the high porosity sample. However, once the capacity of the
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Fig. 9. Average water content as a function of the sample height at various times for samples with (a and c) high (Exp-02) and (b and d) low porosity (Exp-03), over the porous
matrix (in green) and the area near the crack (in red).
matrix to absorb water is approached, a new pattern in the distribution
of water within the crack begins to emerge. This is characterized by the
formation of distinct fluctuations along the sample height, which are
likely influenced by the formation of local water patches. Remarkably,
localized water contents as high as 30% can be observed in the low
porosity sample. Nemati et al. (2023) demonstrated that condensed
water in the crack tends to accumulate in smaller crack openings, as
evidenced by multi-modal image analysis of neutron imaging data (for
water visualization) and X-ray tomographies (for crack morphology
analysis). The formation of patches of water after the saturation of
the porous matrix shares similarities with condensation in non-porous
channels, where the flow is marked by irregular, intermittent flow
dynamics with gas bubbles interspersed by pockets of liquid (Kim et al.,
2012; El Kadi et al., 2021).

3.4. Effect of vapor injection flow rate

3.4.1. Effect of flow rate on a high porosity sample
In this section, the effect of the injection flow rate of vapor is

investigated in the high porosity sample with pre-formed fracture. Two
flow rates were used, namely 0.22 liters per minute and 0.3 liters per
minute (Exp-02 vs Exp-04). To ensure similar conditions, drying was
performed before both tests, by placing in an oven at 70,°Celsius for
24 h. More vapor is condensed, perhaps unsurprisingly, in the case with
a higher injection flow rate where the advancement of the wetting front
is faster and spreads further both horizontally and vertically. This is
because more vapor is injected into the sample, and consequently, more
condensation is observed. To isolate the effects of the different vapor
injection rates, Fig. 10 illustrates the evolution of condensed water
content as a function of the cumulative amount of injected vapor. The
data show that higher local water content values are accumulated at
the slower flow rate experiment when compared with similar amounts
of cumulative injected vapor. This can be attributed to the fact that at
higher flow rates, the pressure of the injected vapor is higher and is
able to push the condensed water further than at lower flow rates. This
leads to overall lower water content in the porous medium.
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The broader spread of the water front for the higher flow rate
is clearly visible in Fig. 11, which compares the front height in the
porous matrix (excluding the crack area) for the two flow rates. Despite
being plotted as a function of the cumulative injected vapor, the front
propagates faster at the higher flow rate, illustrating the significant role
of pressure-driven water migration in this scenario.

The higher water content and the lower spreading of the wetting
front can be better discerned in Fig. 12, where the water content is
plotted along a line that passes through the central axis and crosses
the center of the crack perpendicularly. A key observation here is the
evolving water content around the crack area. A peak in water content
is observed in this area during the early stages of injection. However,
as the injection continues, the water content in the surrounding matrix
surpasses that in the crack, leading to a noticeable reduction in the
water content in the fracture. This effect is more pronounced for
the case of higher flow rates, as illustrated in Fig. 12b, and further
evidenced by Fig. 10b. A comparable finding was observed in the
case study conducted by Nemati et al. (2023), where the crack was
segmented from the X-ray tomography data and found to hold less
water than the porous matrix near it (as computed from in-situ neutron
tomography) in the later stages of injection.

The crack serves as the primary conduit for vapor flow throughout
the injection, leading to initial condensation within the crack itself.
This condensed water is then gradually absorbed by the porous matrix
through capillary action. In this case, where the matrix has sufficient
absorptive capacity, it continues to absorb water throughout the injec-
tion process. Due to the preference of the matrix to retain water and the
pressure exerted by the vapor in the crack, which encourages the water
to disperse, the water content within the crack decreases compared
to that of the surrounding porous matrix. As the water content in
the matrix increases, the lower capillary forces enhance the mobility
of the water, resulting in an even more pronounced decrease in the
moisture accumulation in the fracture over time. In the case with higher
flowrate, higher pressure buildup within the fracture leads to a more
significant reduction in water content in the fracture area, compared to
that within the porous matrix.
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Fig. 10. Comparison of water content along a vertical and a horizontal slice at different stages of the injection process for the high porosity sample at (a) low flow rate (0.22
liters per minute, Exp-02) and (b) high flow rate (0.3 liters per minute, Exp-04). Dotted red lines on the initial slices show the position of the fracture.
Fig. 11. The advancement of the water front in the porous matrix over time along the height of the sample during low (Exp-02) and high vapor injection rates (Exp-04).
3.4.2. Effect of flow rate on low porosity sample
The experiments with low and high flow rates were also conducted

on a low porosity sample (low flow rate: Exp-03 and high flow rate: Exp-
05). Similarly to the high porosity case, faster wetting front propagation
is unsurprisingly observed for the high flow rate experiment. However,
when comparing the two injection rates over the same cumulative
injected vapor content (Fig. 13), the faster propagation of the water
front in the higher flow rate is less pronounced compared to the high
porosity sample. This can be attributed to the lower matrix permeability
which prevents the transport of the condensed water in the matrix.

Fig. 14 illustrates the evolution of the average water content along
the height of the samples. The water content in the porous matrix
(Fig. 14a and b) appears to have stabilized in the lower half for both
cases at the end of injection, indicating that the porous matrix reached
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its maximum capacity for water absorption. However, the water con-
tent appears to be slightly higher in the low flow rate experiment. In the
crack area (red curves), initially, a steady increase is observed, similar
to the high porosity cases. However, after the saturation of the porous
matrix, the water content in the crack rises rapidly, and an instability,
likely linked to patches of water forming, appears, similarly to the case
of the low porosity sample in Section 3.3. The results show that lower
flow rates lead to greater formation of these water patches, suggesting
that at higher flow rates, the pressure-driven transport disperses the
accumulated water more effectively towards the matrix or the outlet.
Furthermore, at the higher flow rate, the patches of condensed water
in the fracture exhibit rapid transitions from one location to another
which occurs in a fraction of a second, as revealed when inspecting
individual radiographs.
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Fig. 12. Water content distribution plotted along a central line intersecting the crack perpendicularly over various times for (a) low flow rate (0.22 liters per minute, Exp-02) and
(b) high flow rate (0.3 liters per minute, Exp-04).
Fig. 13. Comparison of water content along the middle vertical slice at different stages of the injection process for low porosity sample at (a) low flow rate (0.22 liters per minute,
Exp-03) and (b) high flow rate (0.3 liters per minute, Exp-05). Dotted red lines on the initial slices show the position of the fracture.
4. Discussion

Condensation starts from the inlet side of the sample and perco-
lates towards the matrix area. Due to the constant increase in the
temperature of the delivered vapor and of the matrix itself, the rate
of condensed water content in the sample gradually increases until sta-
bilization. The stabilization of the overall water content in the sample
without a fracture is attributed to the equilibrium in the transport of
water by the pressure exerted by the vapor and the capillary absorption
of the matrix. It is made possible by the increased mobility of water
within the matrix, resulting from achieving high water saturations in
the sample. In comparison, a sample with a fracture along the injection
direction shows the inception of condensed water in the fracture itself
from the very early stages of injection. This indicates that the fracture
acts as the preferential pathway for the vapor. In the later stages of
the injection process, the condensed water in the fracture starts to
be progressively absorbed by the porous matrix due to the capillary
action. This was shown to be evidenced by the tendency of the porous
matrix to accumulate condensed water in areas where tighter pores
are present (Igwe et al., 2022; Nemati et al., 2023). The saturation of
the matrix continues until the entire matrix domain is saturated, after
which the fracture begins to accumulate more water. This behavior
resembles the imbibition process described by Rüdiger et al. (2022),
where the fracture initially saturates quickly, slows down as the matrix
absorbs water, and finally, once the matrix is saturated, transitions
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back to being fracture-dominated. The propagation of the water front
into the porous matrix for the fractured sample is slower than the
sample without a fracture, but more water accumulates in its porous
matrix. Since a significant portion of the injected vapor passes through
the fracture, less pressure is applied to the matrix allowing for more
accumulation of condensed water. In this regard, another mechanism
for condensed water transport is the condensation near the inlet of
the sample where the corresponding capillary absorption takes effect
leading to further transport within the porous matrix.

The impact of matrix porosity was investigated by conducting ex-
periments with two fractured samples of different matrix porosities.
More water accumulated in the sample with higher porosity. Since the
flow rate was kept constant for both experiments, it follows that the
propagation of the water front is faster in the lower porosity sample.
Initially, the behavior of water accumulation in the fracture, relative
to the matrix, is similar between the two samples. In both sample
cases, the fracture becomes partially saturated early, followed by the
absorption of water by the porous matrix. Since the water absorption
capacity of the matrix with lower porosity is lower, it saturates faster,
causing the condensed water in the crack to accumulate in this case
in a patchy structure. The formation of these patches is similar to the
case condensation in a microchannel with impermeable walls (El Kadi
et al., 2021). Previous experiments on fractured porous media show
that water patches (wetting phase) in the crack tend to accumulate
where the crack aperture is smaller due to capillary action (Bertels
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Fig. 14. Average water content as a function of sample height at various times for (a and c) low flow rate (Q=0.22 lpm) and (b and d) high flow rate (Q=0.3 lpm), over the
porous matrix (in green) and the area near the crack (in red). Some tomographies are missing due to technical problems which are interpolated in dashed lines.
et al., 2001; Karpyn et al., 2007). It has also been shown that surface
tension is the dominant force governing condensation and two-phase
flow in microchannels, shifting the flow patterns to intermittent slug
bubble flow in narrow channels, unlike the stratified or annular flow
observed in larger channels (Chen et al., 2008). It should be noted
that the thermal contribution caused by the microstructural differences
between the two samples in the porous matrix is expected to be low,
as thermal equilibrium in both cases between the fluid and matrix
is maintained (due to the low porosity and small grain size of both
samples as discussed in Nemati et al., 2023).

Finally, fractured samples of both high and low matrix porosity were
tested under two different flow rates to explore the impact of vapor
pressure. Unsurprisingly, with a higher injection rate, more water con-
tent was observed, and the wetting front propagated faster. However,
when comparing water propagation for the same amount of cumulative
injected vapor, the front in the high flow rate test was observed to
be faster than for the case of the low flow rate sample. The slower
propagation in the experiment with a lower flow rate is perhaps due
to the lower exerted pressure, allowing the condensed water to remain
more easily in the porous matrix. In the higher flow rate experiment,
the crack was observed to maintain less water compared to the lower
flow rate case. In the later stages of the experiment, the water content
in the matrix even exceeds the water content in the vicinity of the crack.
The relative dryness of the crack compared to the porous matrix was
first reported by Nemati et al. (2023) in the later stages of injection
when the porous matrix became saturated with water. In this study,
the smaller water content in the crack compared to the porous matrix
was exacerbated at higher flow rates. This observation supports the
reasoning that, along with capillary absorption, the exerted pressure,
due to higher flow rates, further transferred the condensed water in
the crack to further away or into the porous matrix. A higher flow rate
of hot vapor can also increase the temperature in the fracture, reducing
subsequent condensation and resulting in lower water content within
the fracture. A sample with lower porosity was also tested at these same
two flow rates. Due to the lower permeability of the porous matrix,
saturation levels were roughly the same in the two cases as the vapor
flow could not easily penetrate the matrix. Patches of water were also
12 
visible in the crack in both conditions; however, water accumulation
was significantly less pronounced at the higher flow rate due to the
vapor’s exerted pressure. In the high flow rate case, these patches
showed rapid transitions from one location to another (in a fraction of
a second) and were only visible when studying individual radiographs.
Such a transition resembles the avalanche event observed in infiltration
processes in fractured porous media, as described by Wood et al.
(2004) and Xue et al. (2023), involving the sudden release and rapid
infiltration of a large volume of water.

The results indicate that a breakthrough is not observed in the
sample without a fracture throughout the injection process (1700 s),
while it occurs in 1100 s when a fracture is present. This is in line
with Medjigbodo et al. (2016), where damaged concrete led to an in-
crease in leakage rate under high temperature and pressure conditions
(i.e., 5 bar and 140 °Celsius). In these intense conditions, the evolution
of crack openings plays a significant role due to coupled thermo-
mechanical effects (Simon et al., 2007; Medjigbodo et al., 2013). Sim-
ilar to the effect of the presence of a fracture, the increase in the
flow rate by 36% and the decrease in matrix porosity by 3 times
reduces the breakthrough time by approximately half. Comparing the
condensed water observed inside the sample using neutron tomography
to the net vapor content delivered to the sample through temperature
boundary conditions can be a useful indicator of the amount of water
that has leaked out of the sample. Decreasing matrix porosity by 0.05
(3 times decrease) was found to have the most profound effect, as a
significant difference between the water content in the sample and the
net delivered vapor to the sample was observed in low porosity samples
(Fig. 3), suggesting that the condensed water leaks to the outside of
the sample. Stable water content in the porous matrix below the water
front is observed in all experiments, usually with a saturation in the
range of 35%. However, in the low-flowrate, high-porosity experiment,
lower injection pressure due to the fracture and higher porosity lead
to saturation exceeding 50%. This suggests higher injection pressure
enhances the gas’s ability to sweep condensed water.
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5. Conclusion

This study investigates water vapor condensation in fractured
orous media, specifically sandstone, and explores the impact of the ex-
stence of a crack, matrix porosity, and the vapor flow rate. Cylindrical
amples were collected from Fontainebleau sandstone and pre-fractured
sing a Brazilian splitting test in a feedback-controlled loop. A vapor
nd air mixture is injected at a constant flow rate, and rapid in situ
eutron tomography, captured every 30 s, visualizes the time-resolved
ater migration. High neutron attenuation by hydrogen allows for

racking the condensed water in 3D and its migration within the porous
atrix. The consistency between the overall water content measured

y neutron tomography and the data from boundary measurements
temperature and flow rate) up until the breakthrough demonstrates
he reliability of this method.

In summary, these tests show that:

• In the sample with a fracture, an initial water front appears in the
fracture early on, indicating that the crack acts as a preferential
path for vapor.

• The condensed water in the crack gets rapidly absorbed by the
porous matrix due to capillary effects, preventing further water
accumulation in the crack.

• The matrix’s porosity significantly impacts this process, as lower
porosity leads to quicker saturation and breakthrough.

• In the low porosity sample, the early saturation of the matrix
leads to the accumulation of condensed water in the crack, form-
ing evolving patches of water inside the fracture.

• Higher flow rates accelerate the propagation of the wetting front
and result in less overall water remaining in the crack due to the
comparatively high pressure pushing the water into the matrix.

• Breakthrough occurs faster in fractured samples and is further
expedited by higher flow rates and lower matrix porosity.

The current experiments provide valuable insights into the mech-
anisms of water vapor condensation and transport in fractured sand-
stone. The corresponding 3D data has been made available to the
research community. However, due to the experimental limitations of
the setup and limited access to neutron facilities, it was not possible to
test an even broader range of parameters. In future work, we will try to
use this data to validate and calibrate a numerical model, allowing us
to test more conditions and explore further the matrix of influencing
parameters outlined above. This approach will make it possible to
further distinguish the contributions of individual mechanisms at play,
such as vapor condensation, capillary effect, and pressure-driven flow,
and conduct a broader range of numerical experiments. By doing so,
we can gain a deeper understanding of the complex interactions in frac-
tured porous media and improve the predictability of water transport
processes in such systems.
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Appendix

Brazilian test

The fractures were initiated using the Brazilian test, where hori-
zontal compression induces tensile stresses that split the sample along
a vertical diameter, creating a single central crack while keeping the
rest of the sample intact. A feedback-controlled splitting test (Fig. 15a)
is used to generate aperture-controlled cracks where two LVDTs are
fixed on opposite sides of the specimen to monitor the crack opening
displacement (COD). Wooden layers are placed between the loading
plates and the specimen to prevent damage at the loading points
due to stress concentration. The test is controlled by a closed-loop
feedback system that adjusts the loading ram based on the average
displacement measured by the LVDTs. Due to the substantial height
of the sample, the crack typically initiates at one end of the sample
and propagates towards the opposite side. This results in a significantly
greater displacement reading from one of the LVDTs. Once the targeted
crack opening displacement of 200 μm is achieved and a visible crack is
observed at both ends of the sample, the sample load is slowly released
so as to ensure that the sample does not split into separate parts.
Fig. 15b displays the relationship between crack opening displacement
COD) and tensile stress (𝜎𝑡) during the loading process. The tensile

stress is defined as 𝜎𝑡 = 2𝑃
𝜋 𝐿𝐷 , where 𝑃 is the applied load, 𝐿 is the

sample length, and 𝐷 is the sample diameter.

Repeatibility

The last experiment with low porosity and high flow rate (Exp-05)
was repeated (Exp-06) on a comparable sample with similar charac-
teristics and experimental conditions. Aside from modest local mi-
crostructural differences, a good degree of similarity is observed in
the condensed water evolution in both cases, as shown in Fig. 16.
Specifically, the qualitative behaviors discussed in Section 3.2 appear to
be consistent. This agreement extends to the quantitative macroscopic
measurements. For instance, the propagation of the wetting front of the
ondensed water is compared in Fig. 17. The standard deviation of the

difference in the water front position is 1.2mm, which is equivalent to
3% of the sample length.

Data availability

Neutron data-sets are available at doi.org/10.5291/ILL-DATA.1-07-
28 and doi.org/10.5291/ILL-DATA.1-07-12.

https://doi.org/10.5291/ILL-DATA.1-07-28
https://doi.org/10.5291/ILL-DATA.1-07-28
https://doi.org/10.5291/ILL-DATA.1-07-28
https://doi.org/10.5291/ILL-DATA.1-07-12


A. Nemati et al. Advances in Water Resources 195 (2025) 104872 
Fig. 15. (a) Brazilian test setup. (b) crack opening displacement (COD) versus tensile stress (𝜎𝑡) during the loading process.
Fig. 16. Comparison of water content along the middle vertical slice at different stages
of the injection process repeated on two comparable samples to test the repeatability
(a) Exp-05 and (b) Exp-06.

Fig. 17. The advancement of the water front in the porous matrix over time along the
height repeated on two comparable samples to test the repeatability (a) Exp-05 and
(b) Exp-06.
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