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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• H2 displacement of brine includes sud
den pore-filling events known as Haines 
jumps.

• Intermittent H2 flow occurs in specific 
regions of the rock.

• A higher H2 fractional flow increased 
the H2 saturation from 20–22% to 28%.

• Phase connectivity appeared to have 
little control on H2 saturation.
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A B S T R A C T

Hydrogen (H2) storage in porous geological formations offers a promising means to balance supply and demand 
in the renewable energy sector, supporting the energy transition. Important unknowns to this technology include 
the H2 fluid flow dynamics through the porous medium which affect H2 injectivity and recovery. We used time- 
resolved X-ray computed microtomography to image real-time unsteady and steady state injections of H2 and 
brine (2 M KI) into a Clashach sandstone core at 5 MPa and ambient temperature. In steady state injections, H2 

Abbreviations: f, fractional flow; H2, hydrogen; IFT, interfacial tension; Kr, absolute permeability; kr, relative permeability; L, E and T, fitting parameters for the 
LET model; M, viscosity ratio; Nc, capillary number; Sw, water saturation; Snwi, initial saturation; Snwr, residual saturation; Swi, irreducible water saturation; χ, Euler 
characteristic; µχ, mean Euler characteristic.
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Intermittent flow
Euler characteristic
Relative permeability

entered the brine-saturated rock within seconds, dispersing over several discrete pores. Over time, some H2 
ganglia connected, disconnected and then reconnected from each other (intermittent flow), indicating that the 
current presumption of a constant connected flow pathway during multiphase fluid flow is an oversimplification. 
Pressure oscillations at the sample outlet were characterized as red noise, supporting observations of intermittent 
pore-filling. At higher H2 fractional flow the H2 saturation in the pore space increased from 20–22 % to 28 %. 
Average Euler characteristics were generally positive over time at all H2 flow fractions, indicating poorly con
nected H2 clusters and little control of connectivity on the H2 saturation. In unsteady state injections, H2 dis
placed brine in sudden pore-filling events termed Haines jumps, which are key to understanding fluid dynamics 
in porous media. Our results suggest a lower H2 storage capacity in sandstone aquifers with higher injection- 
induced hydrodynamic flow and suggest a low H2 recovery. For more accurate predictions of H2 storage po
tential and recovery, geological models should incorporate energy-dissipating processes such as Haines jumps.

1. Introduction

To reduce climate change we must implement passive and active 
carbon dioxide (CO2) sequestration technologies (e.g. [1–3]), transition 
away from carbon (C)-based fuels, and make increased use of renewable 

(zero C) energy [4]. Green hydrogen (H2), produced by electrolysis of 
water using renewable energy, is proposed as key contributor to a zero 
or low C emission future due to its role as a promising energy carrier that 
could balance seasonal fluctuations in renewable electricity supply and 
demand [5,6]. Above ground storage of the large volumes of H2 which 

Table 1 
µCT-studies visualizing the H2 distribution in sandstone. φ = porosity. Temp. = temperature.

Snwi 

(%)
Snwr 

(%)
Sandstone Pressure 

(MPa)
Temp. 
(◦C)

Sample preparation Capillary number φ 
(%)

Ref.

65 41 Gosford 0.1 20 NA 2.49 × 10− 10  

(drainage)  
3.68 × 10− 8  

(imbibition)

18 [23]

53 44 Gosford 0.1 20 NA 2.49 × 10− 10  

(drainage)  
3.68 × 10− 8  

(imbibition)

16 [24]

50-53 10-21ǂǂ Clashach 2-7 Ambient Untreated 1.7-6.8 × 10− 8  

(drainage) 
2.4-9.5 × 10− 6  

(imbibition)

13- 
14

[13]

17-53* 7-26* Clashach, heterogeneous 10 50 Methanol-cleaned 4.2 × 10− 9  

(drainage) 
2.3 × 10− 6  

(imbibition)

19- 
28

[25]

30-44 10-11 Bentheimer 1 25 Untreated 2.55 × 10− 9  

(drainage) 
2.62 × 10− 7  

(imbibition)

NA [26]

30. 10 Bentheimer 1 Ambient Untreated 1.93 × 10− 7  

(drainage) 
5.79 × 10− 9  

(imbibition)

23 [27]

24-48χ 10-35χ Bentheimer, slightly 
heterogeneous

10 50 Methanol-cleaned 4.2 × 10− 9  

(drainage) 
2.3 × 10− 6  

(imbibition)

23 [16]

76 40 Bentheimer 2.1 25 Cleaned with 50 % toluene/ 50 % 
methanol

2.9 × 10− 7  

(drainage) 
2.9 × 10− 5  

(imbibition)

23 [28]

82 40-16* Bentheimer 8 Ambient Untreated Drainage: capillary pressure 
controlled 
1.1 × 10− 7  

(imbibition)

20 [29]

̴2-60 ̴0-45 Berea, heterogeneous 10 Ambient Untreated 9.1 × 10− 9  

(drainage) 
1.1 × 10− 6  

(imbibition)

20 [30]

41 36 Berea 3 30 NA ̴10− 8  

(drainage) 
̴10− 6  

(imbibition)

18 [31]

44 32 Berea 5 25 Untreated 1.3 × 10− 8  

(drainage)  
1.4 × 10− 6  

(imbibition)

18 [32]

ǂǂ Depending on pressure.
* Depending on layer and/or injection/imbibition cycle.
χ Depending on layer and/or whether H2-equlibrated brine or non-H2 equilibrated brine was used.
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are required to overcome renewable energy imbalances is impeded by 
the low volumetric energy density of H2 [7]. Depleted gas fields and 
saline aquifers are considered among the most cost-effective options for 
large-scale H2 storage [8], and recent findings suggest no major barriers 
to implementation [9–20].

Despite this, many of the different complexities of porous media H2 
storage have been insufficiently investigated [8]. Key challenges include 
understanding H2 flow dynamics in porous media which, along with the 
behaviour of injected cushion gas, directly affects gas injectivity and 
recovery [8,19], and thus the economic viability of the storage opera
tion. When H2 is injected into a saline aquifer or a depleted gas field two- 
phase flow of H2 and brine can be expected [19], whereas injection into 
a depleted oil reservoir would further increase the complexity to three- 
phase fluid flow. Visualization of the H2 fluid flow at the pore scale 
provides crucial information about the fluid distribution and displace
ment mechanisms, which can be incorporated into pore-network models 
or used to provide parameters for the upscaling to reservoir scale [20]. 
X-ray Computed Microtomography (µCT) enables the characterisation of 
pore-scale displacement events and the quantification of key topological 
and geometrical parameters within the porous medium [21]. Time- 
resolved (4D) µCT provides particularly useful insights because it can 
capture dynamic fluid displacement processes. In addition, scans can be 
acquired without stopping fluid injection, thus avoiding the risk for fluid 
rearrangement induced by the injection pauses commonly employed in 
conventional (3D) µCT [22].

µCT-investigations of the H2 distribution in sandstone are limited in 
number (Table 1). Initial saturations, Snwi, in these studies span from 2 to 
82 %, and residual saturations, Snwr, vary between 0 and 45 %. Several 
studies suggests that heterogeneities and channels in the pore structure 
may cause substantial variability in the H2 distribution in the pore space 
[25,30], leading to large variations in the Snwi and Snwr even for the same 
sandstone (Table 1). The role of pressure and temperature is less clear, 
yet current studies indicate that a higher pore fluid pressure, within the 
studied range of 1–10 MPa, does not increase the Snwi (see Table 1
[13,16,26–28]). Comparison of µCT-studies in Gosford sandstone sug
gests that a higher porosity causes higher Snwi (Table 1; [23,24]).

In addition to visualization of the H2 distribution in the pore space, a 
good understanding of the H2 fluid flow during and after injection into 
the subsurface can be gained from characterization of the rock porosity, 
absolute permeability (Kr), pore network connectivity, tortuosity, and 
the determination of relative permeability/capillary pressure relation
ships with varying fluid saturation [26,33]. To date, relative perme
ability, kr, investigations of H2/brine/rock systems are restricted to six 
studies. Studies employing the steady state methodology [28,30–32,34] 
generally report low H2 end-point kr of ≤ 0.1 (Fig. 1).

Real-time imaging of H2 saturation and connectivity, linked to 
relative permeability, provides valuable insights into H2 fluid flow 
behaviour in a given porous medium. In this work time-resolved syn
chrotron X-ray computed microtomography and radiography was 
employed to visualize H2 and brine flow in Clashach sandstone, 
achieving a temporal resolution of 20 seconds/900 projections and an 
image resolution of 7.9 µm3. No blurred fluid interfaces were observed 
in the images, implying that the temporal resolution was sufficient to 
capture the important dynamics. Recognizing that there are pores below 
the image resolution, the focus of this work is on H2, which, being the 
non-wetting phase, occupies the largest pores in the rock. At the time of 
writing, no other time-resolved study of H2 displacement in rock has 
been published.

We analysed the evolution of the H2 saturation in relation to the 
connectivity of the H2 fluid phase (via the use of the Euler characteristic, 
χ), in order to understand itś controls on the H2 saturation in the pore 
space. Hydrogen saturations at different H2 to brine injection ratios are 
summarized in a fractional flow graph which allows the estimation of a 
set of L, E and T empirical fitting parameters for the H2 brine relative 
permeability (where L influences the lower part of the curve, T in
fluences the top part, and E influences the elevation or the positions of 

the slope [35]). The results show similar H2 connectivity at a H2 frac
tional flow of 0.5 and 0.75. Hydrogen saturation increased by 5–8 % at 
the higher H2 fractional flow. Our observations indicate displacement by 
means of Haines jumps and show intermittent flow in parts of the rock. 
The presented data may serve to improve pore-scale and reservoir 
models for appropriate understanding of gas storage operations.

2. Materials and methods

2.1. Core-flooding experiments

We performed two-phase unsteady state and steady state core 
flooding experiments with H2 (purity 99.9995 vol%, BOC Ltd.) and brine 
(2 M KI, Sigma-Aldrich) in a Clashach sandstone sample. The Clashach 
sandstone is a Permian aeolian sandstone sourced from near Elgin, 
Scotland, characterised by a composition of 72.4 wt% quartz, 10.3 % 
albite, 6.2 % microcline, 2.7 % illite, 1.6 % kaolinite, 1.6 % orthoclase, 
1.2 % corundum, 0.7 % calcite, 0.4 % chlorite and 0.2 % gypsum [10], 
and a porosity ranging from 12-18 % [36]. Experiments were performed 
at ambient temperature (~293 K) and a pore fluid pressure of 5 MPa. 
Fluid distributions and rearrangements within the sample were captured 
using synchrotron X-ray radiation (Diamond Light Source, I12-JEEP 
beamline). The experimental setup was as detailed in Thaysen et al. 
[13] (see SI Fig. S1). In summary, the Clashach outcrop sample, 
measuring 4.7 mm in diameter and 54 mm in length, was cleaned ul
trasonically in acetone before undergoing H2 and brine injections. Ex
periments used four high-pressure pumps (Cetoni NemesysTM): Two 
pumps were operated at constant flow, one delivering H2 to the inlet of 
the rock sample, the other brine. A third pump, operating as a receiver at 
a constant pressure of 5 MPa, was connected to the production face of 
the sample. The fourth pump held a constant confining pressure of 10 
MPa. Steady state injections used a total flowrate, q, of 20 µl/min and 
were conducted with H2 and brine flow rates of 10 µl/min each (ratio 
1:1) and 16 µl/min H2 with 4 µl/min brine (ratio 4:1), respectively. The 
first experiment injected H2 and non-H2-equilibrated brine simulta
neously at a ratio of 1:1 into the brine-saturated rock sample, then the 
flow rates were changed to achieve a H2:brine ratio of 4:1 (the sample 
was not re-saturated with brine between experiments). During steady 

Fig. 1. Drainage relative permeability for the hydrogen-water system as 
investigated by previous studies, in which the relative permeability is calcu
lated from the production data for gas and water, and the pressure difference 
and flow. With exception to the study by Rezaei et al. [17], all studies used the 
steady state technique.
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state injections, the differential pressure across the sample was logged 
every 5 seconds using cross-calibrated ESI Technology GS4200 0–10 
MPa pressure transducers with 0.1 % full-scale accuracy (Fig. 2). Bulk 
capillary numbers (Nc), which measure the balance between viscous and 
capillary forces, were calculated for H2 fractional flows of 0.5 (ratio 1:1) 
and 0.75 (ratio 4:1) according to Eqs. (1) and (2), yielding values of 4.73 
× 10− 9 and 2.97 × 10− 9, respectively. 

Nc =
q

λσ (1) 

λ =
fw

μw
+

1 − fw

μg
(2) 

where σ is the interfacial tension between H2 and water of 72.6 mN m− 1 

(298 K and 5 MPa [37,38]), λ is the mobility ratio, defined in Spurin 
et al. [39], fw is the fractional flow of the brine, μg is the viscosity of H2, 
of 9.01 μPa s (at 298 K and 4.7 MPa [40]), and μw is the viscosity of the 
brine of 1.07 × 10− 3 Pa s (0.6 M KI and 293 K [41]). Unsteady state 
injections of H2 into a brine saturated rock (drainage) used a flowrate of 
5 µl min− 1, corresponding to a Nc of 4.3 × 10− 9.

Time-resolved 3D tomographic scans were acquired to record the 
evolution in H2 saturation and connectivity over time. To capture dy
namic fluid processes that occur over timescales that are faster than a 
single time-resolved 3D scan (i.e. <20 seconds), 2D radiographs were 
acquired. While losing the volumetric information offered by tomo
graphic volumes, 2D radiographs enabled the visualisation of processes 
occurring over timescales of 10 s to 100 s of milliseconds.

For steady state injections, time-resolved (4D) tomographic imaging 

of the H2 and brine displacement processes was achieved by means of a 
65 keV monochromatic beam with a bandwidth of 2 × 10− 3 and the 
beamline’s scintillator-coupled Pioneering in Cameras and Optoelec
tronics (PCO) edge 5.5 imaging camera (‘Module 2′ with a 7.91 × 7.91 
μm/pixel size and a field of view of 20 mm × 12 mm – see [42]). A total 
of 900 projections with 20 seconds exposure time were recorded for each 
time-resolved µCT scan. The voxel size was 7.9 µm3. Scans were acquired 
sequentially using a sequence of clockwise then anticlockwise 180◦ half- 
rotations to enable near-continuous (non-stop) scanning.

Unsteady state injections were captured using live 2D radiography 
with a 25-millisecond exposure time per frame and 900 frames per 
acquisition, with consecutive acquisitions running for 78 min.

2D radiographs and 3D projections were acquired from the lower 
central portion of the sample to avoid the impact of capillary end effects 
on fluid saturation, where the wetting phase accumulates close to the 
production face of the core [43,44]. Despite being considered a serious 
source of error [43], capillary end effects have been neglected in many 
previous H2 fluid flow studies (e.g. [23,25,28,45]).

2.2. Image analysis

2.2.1. Time-resolved (4D) µCT scans
Tomographic reconstructions were undertaken by filtered back 

projection using Octopus 8.9 [46] on a GPU accelerated workstation. To 
accurately segment the various phases (H2, brine, and rock) in the 
reconstructed projections we modified the workflow outlined in Rizzo 
et al. [47]: 

Manual labelling of phases in a subset of three horizontal (XY) slices 
(out of the 2150 total slices composing each tomogram) using the 
brush tool in Dragonfly (Comet Technologies, Canada).
Running a random forest classifier on the labelled data, incorpo
rating morphological, Gaussian multi-scale, and neighbour-based 
features, to label all pixels in the three slices. The fully labelled sli
ces represent the ground-truth dataset.
Manually correcting the slices labelled by the random forest 
classifier.
Applying a 2.5D U-net deep-learning algorithm in the ́slow and 
better ́ mode and a 80–20 % split of the manually corrected slices as 
training and validation datasets.

The trained model was then deployed on all time-resolved scans 
where successful segmentation of all three phases was accomplished in 
approximately 1 hour per volume (2150 slices/phase, ~ 7.24 GB each), 
utilizing a workstation equipped with 128 GB of RAM, an Intel Xeon W- 
2125 CPU processor, and a 11 GB NVIDIA GeForce RTX 2080 Ti GPU 
with 11 GB of RAM and 4352 CUDA cores.

The sample porosity was computed in Dragonfly using a scan of H2 
injection into a dry rock. After the segmentation, all subsequent image 
processing and analysis was performed by applying our established 
workflow [13] in Avizo Version 9.1.1 (FEI, Oregon, USA) on a repre
sentative subvolume of the total scanned section of the rock sample. The 
subvolume (900 × 1000 × 800 µm) was defined based on the porosity 
fraction of the rock, and had a porosity which matched the total porosity 
of the rock closely (13.3 % vs. 13.6 % porosity, respectively). Because 
the whole rock volume contained zones into which H2 never entered (SI 
Fig. S2 and S3), the subvolume was also selected in terms of a repre
sentative H2 saturation and connectivity. Image processing after seg
mentation used a spot filter for features which were at the resolution 
limit of the data (the applied threshold corresponded to 53 voxels).

In scans acquired following brine and H2 injections, the segmented 
H2 volume was analysed using the Avizo ‘labelling’ and ‘label analysis’ 
modules to identify, label and measure the volume of each H2 ganglion, 
and to quantify its connectivity (via the Euler characteristic, χ). Appli
cation of this metric allows tracking of the connectivity evolution with 
variations in injection rates, a valuable insight for predictive modelling 

Fig. 2. Differential pressure vs time in steady state injections of H2 and brine at 
a) an injection ratio of 1:1 H2/brine and b) an injection ratio of 4:1 H2/brine.

E.M. Thaysen et al.                                                                                                                                                                                                                             Journal of Colloid And Interface Science 694 (2025) 137704 

4 



in heterogeneous reservoirs.
The Euler characteristic is a topological invariant (as opposed to 

shape which changes with bending and stretching) and for a 3D object it 
is defined as: 

χ = β0 − β1 + β2 (3) 

where β0, β1 and β2 are Betti numbers zero, one and two, respectively. 
The zeroth Betti number refers to the number of distinct elements of 
fluid in the volume, the first Betti number refers to the number of h́an
dles ́ or redundant loops present in the structure of each fluid component, 
while the second Betti number indicates the number of enclosed voids in 
the fluid component. A highly connected phase has a large negative χ, 
and a highly disconnected phase has a large positive χ [48]. An average 
Euler characteristic, µχ, was calculated for the entire subvolume.

2.2.2. Live radiography (Time-resolved 2D X-ray imaging)
Enhancement of the radiographs and video was performed using Fiji- 

ImageJ [49], following subsequent steps: 

1. Flat and dark field correction of raw images 
a. Average dark and flat field images were generated from the 

multiple flats and darks provided.
b. Flat and dark field images were cropped to the size of the live 

radiography video using specks as marker points.
c. Correction of the radiographs was applied as:

Rc =
(Rr − D)(F − D)

(F − D)
(4) 

where Rc and Rr are the corrected and raw radiographs, respectively, and 
F and D are the flat and dark field images, in each case. 

2. Fiji’s Integral Image Filter – Remove Outliers tool was used to des
peckle the corrected radiographs (block radius x  = 40, block radius 
y = 40, standard deviations = 3.00).

3. The corrected radiographs were cropped to remove the background.
4. Contrast-limited adaptive histogram equalisation (CLAHE) was 

applied to each radiograph (block size = 127, histogram bins = 256, 
maximum slope = 2).

5. A non-local means filter (sigma = 2200, factor = 2) and a median 
filter (sigma = 1) were applied.

6. After contrast re-scaling (using 14,200–41,000 as the new 16-bit 
min–max), the video was saved in slow motion starting from frame 
351 at 10 frames/second with JPG compression, equating to a time 
difference of +75 milliseconds between the slow-motion video and 
the real time. The real time duration of the video would be 13.8 
seconds, considering an exposure time of 0.025 seconds per frame, 
and 550 frames.

2.3. Absolute permeability estimations using unsteady state injection 
experiments

The absolute permeability, Kr, was estimated using Darcy’s Law 
method according to Eq. (5) from unsteady state injections of brine into 
the Clashach sandstone sample. 

Kr =
μ LQ0

A0ΔP
(5) 

where µ is the dynamic viscosity of the brine, L is the length of the 
sample, Q0 is the volumetric flow rate calculated by integrating the 
sample output, A0 is the cross-sectional area of the cylindrical sample 
and ΔP is the pressure gradient across the core.

2.4. Relative permeability estimations using steady state injection 
experiments

The H2 relative permeability was estimated by adopting the work
flow outlined in Krevor et al. [50] by fitting the LET model [35] to the 
fractional flow, f, and H2 saturation data in the whole rock volumes 
acquired in this work and in Thaysen et al. [13] (see SI Fig. S2-S3 and 
S4respectively). The fractional flow graph, which illustrates the rela
tionship between the flow rates of each phase, constrains the ratio of the 
relative permeabilities, specifically 

fw =
1

[

1 +

(
μw
μH2

)(
krH2
krw

)] (6) 

where kr is the relative permeability-saturation relationship and the 
subscripts w and H2 refer to water and hydrogen, respectively [50]. The 
LET relations for relative permeability for water and H2 are given in Eqs. 
(7)–(9) [35]: 

krw =
KrwSwn

Lw

Swn
Lw + Ew (1 − Swn)

Tw (7) 

krH2 =
KrH2(1 − Swn)

LH2

(1 − Swn)
LH2

+ EH2
(
Swn

TH2) (8) 

Swn =
Sw − Swi

1 − Swi
(9) 

where the absolute permeability, Kr, has a value of 1 and the variables L, 
E and T are used as empirical fitting parameters, with L influencing the 
lower part of the curve, T influencing the top part, and E influencing the 
elevation or the positions of the slope. Sw and Swi are the water satura
tion and the irreducible water saturation, respectively. Swn, calculated 
by Eq. (9), is the normalized water saturation. The Swi for Clashach 
sandstone is 12.6–14.0 % [18] and was set to 13.3 % in the relative 
permeability simulations.

3. Results

3.1. Segmentation

The µCT greyscale slices exhibited high phase contrast, manifested as 
white rims around pore edges and grey levels within the black hydrogen 
bubbles (Fig. 3a). While this contrast aided in visually distinguishing the 
H2, brine, and rock phases, it posed challenges for classical segmentation 
approaches due to overlapping greyscale values across phases (Fig. 3b). 
Hence, we applied a deep learning segmentation which is not solely 
based on greyscale thresholds but is also sensitive to the geometry of 
distinct phases. The optimized deep-learning segmentation model had a 
DICE coefficient [51] of 0.87 for the hydrogen phase of the validation 
data set (SI Fig. S5), indicating high similarity between predicted and 
ground truth slices. Yet the model slightly overestimated the H2 volume 
by including portions of the white rims (Fig. 3c). However, erosion of the 
H2 label by a single voxel led to underestimation (Fig. 3d), demon
strating the partial volume effect [52] and the difficulty in achieving 
perfect segmentation under these conditions. The change in the average 
Euler number associated to the erosion by 1 voxel was substantial 
(Fig. 3c and d) and was accompanied by a decrease of 31 % and 2 % in 
the mean size and total number of the H2 ganglia, respectively, sug
gesting lots of narrow connections across the pore space for the gas and a 
high sensitivity of the Euler number to the image segmentation in our 
experiments.
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3.2. Evolution of H2 saturation and connectivity in steady state injection 
experiments

In this section we evaluate the H2 distribution and connectivity in the 
pore space as a function of time. A qualitative evaluation is achieved by 
isolating H2 clusters from segmented slices and giving each cluster a 
distinct colour (Figs. 4 and 5, SI Fig. S2 and S3). The quantitative 
assessment of the fluid connectivity is based on the Euler characteristic, 
χ (see methodology), where a large negative χ is indicative of a highly 
connected phase, and a large positive χ represents a highly disconnected 
phase [48].

During steady state injection of H2 and brine at a ratio of 1:1 into a 
brine-saturated rock, the H2 initially occupied only a small portion of the 
pore space within the subvolume, with numerous small and poorly 
connected clusters (9.9 % H2 saturation, average Euler number µχ = 0.7 
at t = 0; Fig. 4, and Fig. 6a, pale green curve where the frequency was 
divided by 4). The largest H2 cluster at this stage measured 0.22 £ 107 

µm3 (Fig. 6a and c, respectively). Across the total visualized rock vol
ume, the gas saturation was higher (15 %) but connectivity remained 
uneven (SI Fig. S2). For instance, the upper section of the column con
tained a single large, connected ganglion of H2, while the lower section 
showed several disconnected H2 ganglia (SI Fig. S2). Within just 0.3 min, 
the H2 saturation rose to 22 % (Fig. 4). At this point, most of the H2 was 
concentrated in a single, well-connected cluster, resulting in a signifi
cantly lower Euler characteristic (µχ = − 1.5; Fig. 4). The size of this 
dominant H2 cluster was 2.3 £ 107 µm3 (Fig. 6a and c).

In subsequent scans, corresponding to 0.67–65.3 min after gas 
arrival in the visible region of the rock sample, the H2 saturation 

stabilized between 20–22 % with µχ fluctuating between − 0.1 to 0.6, 
suggesting a weakly connected gas phase (Fig. 4). The amount of H2 
fluctuating between scans during this steady state, as determined via 
subtractions of one subvolume from the other, was 10 %. The cluster size 
distributions during this period showed cumulative volumes that 
remained almost constant, ranging from ~1.9 to 2.3 £ 107 µm3 (Fig. 6c). 
However, the shape of the cluster size distribution evolved over time, 
with an increasing number of intermediate-size clusters observed be
tween 2.7 and 65.3 min compared to the earlier stage (2–3 min; Fig. 6a). 
This shift brought the cluster distribution closer to the pore size distri
bution (PS, black stippled line, Fig. 6a). These changes in the arrange
ment of H2 were not immediately apparent from visual inspection of the 
µCT images (Fig. 4).

At any time, the largest H2 clusters spanned multiple pores, consis
tently exceeding the maximum volume of discrete pores of 1.3 £ 106 

μm3 (Fig. 6a; black stippled line for PS/20): nevertheless they were al
ways smaller than the largest cluster observed during 100 % H2 injection 
into Clashach sandstone in prior studies [13]. The trends in H2 satura
tion and connectivity observed in the whole rock volume mirrored those 
seen in the subvolume (SI Fig. S2 and S3).

During steady state injection at a H2 fractional flow of 0.75 into a 
rock sample that had been initially saturated with fluid corresponding to 
a H2 fractional flow of 0.5, the H2 saturation in the pore space increased 
from 22 % at time t0 + 0.3 min to 24–25 % at t0 + 33.7 and t0 + 67 min 
after gas arrival in the field of view of the column (Fig. 5). By t0 + 100.3 
min, the H2 saturation reached 27.6 % and remained unchanged at 
133.7 min (Fig. 5). The µχ remained relatively stable at approximately 
0.6 for scans at 0.3, 33.7 and 67 min, before decreasing to ~0.3–0.4 at 

Fig. 3. Performance of the segmentation of the H2 in the pore space and sensibility of the average Euler characteristic (µχ) to small changes in labelled volume. (a) 
Greyscale image of imbibition with rock shown in light grey, brine in dark grey and hydrogen in black. (b) Histogram showing the range of grey scale values occupied 
by rock, brine and H2, respectively. (c) segmentation with µχ showing that the white rims around the pores (i.e. rock) are mostly but not entirely preserved. (d) 
Segmentation eroded by one voxel showing that the white rims are entirely preserved but the volume of H2 is not entirely labelled.
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100.3–133.7 min (Fig. 5). Hydrogen clusters followed a normal distri
bution that was of similar shape as the pore size distribution, and the 
shape of the distribution did not change significantly over time (Fig. 6b). 
However, the size of the largest H2 cluster increased over time from 
2.0–2.6 £ 106 µm3 at 33.7 and 67 min to 6.4–9.8 £ 106 µm3 at 
100.3–133.7 min (Fig. 6b), corresponding to an increase from 1.9–2.5 % 
to 6.2–9.5 % in pore space occupancy, respectively. At all times, the 
largest H2 clusters were larger than discrete pores with a maximum 
volume of 1.3 £ 106 μm3 and a mean volume of 3.1 £ 104 μm3 (Fig. 6b). 
The cumulative H2 volume in the pore space increased from 2.2–2.5 ×
107 µm3 at 0.3 and 33.7 min to 2.8–2.9 × 107 µm3 at 67, 100.3 and 
133.7 min (Fig. 6d), and was hence significantly higher than for the H2 

fractional flow of 0.5. Notably, there was no identifiable H2 phase 
ingress into specific zones within the rock sample, regardless of the H2 
fractional flow (SI Fig. S2 and S3; upper right part of the rock).

3.3. H2 filling of the pore space

Fig. 7 shows a close up view of H2 entering a small subvolume of the 
pore space during steady state injections of H2 into a brine saturated 
rock at a H2 fractional flow fraction of 0.5. Sequential scans reveal how 
clusters disconnect and reconnect over time, demonstrating intermittent 
flow patterns: Upon gas arrival in the subvolume, H2 fills merely a 
couple of pores (Fig. 7a). Within 20 seconds, H2 enters a new space 

Fig. 4. Hydrogen saturation and connectivity as a function of time in a subvolume of the pore space in steady state injection experiments at 5 MPa and 10 µl min− 1 

H2 plus 10 µl min− 1 brine. The 3D volume of the boxes is 356.3 mm3 and the vertical edges of the boxes measure 7.1 mm. Colours distinguish disconnected H2 
clusters, with large, uniformly coloured areas representing connected ganglia, indicating variations in phase connectivity. Percentages in the corners of the graphs 
indicate the H2 saturation. µχ = average Euler characteristic. The red square at times t0 to t0 + 1 min shows where intermittent H2 flow is observed.
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extending over several geometrically defined pores, and expansion of 
the H2-filled pore space into the subvolume is from different sides 
(Fig. 7a, b). At the same time, some H2 clusters are broken up (upper left 
corner in Fig. 7b). At t0 + 40 s the majority of the H2 in the lower part of 

the subvolume is displaced by brine and H2 clusters that were snapped 
off at t0 + 20 s reconnect (Fig. 7c). Another scan later, at time t0 + 60 s, 
H2 occupies almost the same pores as at t0 + 20 s (Fig. 7d, b). Transient 
H2 pore occupancy was also observed on a larger scale (Fig. 4, red 

Fig. 5. Hydrogen saturation and connectivity as a function of time in a subvolume of the pore space in steady state injection experiments at 5 MPa 16 µl min− 1 H2 
plus 4 µl min− 1 brine. The 3D volume of the boxes is 356.3 mm3and their vertical edges of the boxes measure 7.1 mm Colours distinguish disconnected H2 clusters, 
with large, uniformly coloured areas representing connected ganglia, indicating variations in phase connectivity. Percentages below the graphs indicate the H2 
saturation. µχ = average Euler characteristic.

Fig. 6. Hydrogen cluster size distributions as a function of time at steady state injections of (a) 10 µl min− 1 H2 plus 10 µl min− 1 brine, and (b) 16 µl min− 1 H2 plus 4 µl 
min− 1 brine, together with the pore size distribution of Clashach sandstone with the frequency divided by 20 (PS/20, black stippled line), and the drainage curve for 
10 PV of H2 injected at 5 MPa and 20 µl min− 1 (green stippled line; both from Thaysen et al. [13]). (c) and (d): cumulative hydrogen cluster size distributions at 10 µl 
min− 1 H2 plus 10 µl min− 1 brine, and 16 µl min− 1 H2 plus 4 µl min− 1 brine, respectively. Note the different x-axes in (c) and (d), and that the frequency was divided 
by 4 for the t0 data in (a) and (c).
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squares).
Two-dimensional static radiography scans of the drainage process 

(unsteady state injections) show that H2 enters the rock within seconds, 
filling multiple pores at once in a discontinuous, sudden manner (Fig. 8/
supplementary video file).

3.4. Pressure fluctuations during steady state injections

By transforming the pressure data into the frequency domain using a 
continuous wavelet transformation and the methodology described in 
[53], we can explore how events evolve with time. The spectral power 
with time is shown in Fig. 9. At both the H2 fractional flow fractions of 
0.5 and 0.75, the pressure oscillations had intervals of 2–3 min (Fig. 9b 
and d; this equates to a frequency of 10− 2 Hz). Both injection schemes 
can be classified by red noise (a slope of –2 in the log–log space, as 
shown by the red dashed lines in Fig. 9b and d). This means that larger 
amplitudes have longer periods. This was observed for intermittent 
pathway flow, where larger events (in terms of volume of fluid involved) 
occurred less regularly [39]. The pressure signal prior to gas arrival was 
characterized by white noise (random noise for frequencies > 10− 3 Hz; 
SI Fig. S6).

3.5. Relative and absolute permeability estimations

Fig. 10a shows the fractional flow versus saturation curve for the 
Clashach sandstone in current experiments and in experiments in 
Thaysen et al. [13], as well as the best-fit model parameters produced 
from the LET relative permeability curves (Eqs. (7)–(9); Fig. 10b). 
Hydrogen saturations increase with increasing H2 flow fraction but 
remain relatively low even at a fraction of 1 (max. ~ 50 % saturation). 
The absolute permeability of the Clashach sandstone sample was 
calculated to 35 mD.

4. Discussion

4.1. Evolution of H2 saturation and connectivity in steady state injection 
experiments

The H2 saturation in the pore space increased by 6-8% with an in
crease in the H2 fractional flow from 0.5 to 0.75 (Figs. 4 and 5, SI Fig. S2 
and S3), in line with previous experiments by Thaysen et al. [13] (SI 
Fig. S4). This implies that for H2 storage into sandstone aquifers with 
injection-induced hydrodynamic flow, the amount of H2 that can be 

Fig. 7. Time-lapse series of steady state injections of H2 and brine into a brine saturated Clashach sandstone sample, at flow rates of 10 µl min− 1 for both H2 and 
brine. (a) + (b): Over a 20 second time interval, H2 (royal blue) fills multiple pores (transparent blue), entering the subvolume of 6.6 mm3 from different sides. At the 
same time, some gas clusters are snapped off (upper left corner in (b) vs (a)). (c) and (d): H2 moves back to occupy nearly the same pores as in (a) and (b), 
respectively.
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injected decreases with increasing flow. At both H2 flow fractions, the µχ 
was generally positive (Figs. 4 and 5), indicating poor connectivity of 
the H2 gas. While a slight decrease in µχ with increasing H2 saturation 
was observed in the 4:1 flow fraction experiment (Fig. 5), in the 1:1 flow 
fraction experiment the µχ varied without clear trend despite constant 
H2 saturation (Fig. 4). This suggests little control of phase connectivity 
on H2 saturation. However, it is important to note that the Euler measure 
is sensitive to the resolution of µCT projections [54]. The Clashach 
sandstone holds a large amount of pores with radius <5 µm [13]. Hence 
a voxel size of the µCT projections of only 7.9 µm3 is likely to cause some 
underestimation of the true H2 connectivity (i.e. the actual µχ is likely 
less positive) [54]. Being the non-wetting phase though H2 preferen
tially enters bigger pores [13].

Changes in phase connectivity at constant saturation have been 
shown previously for oil and brine two phase flow but in relation to 
increases in NC [55]. While the bulk NC was constant in the 1:1 flow 
fraction experiment, variations in the local NC may have prompted 

variations in the µχ. The µχ was not higher at the higher fractional flow 
of H2 at similar points in time (Figs. 4, 5). This weak connectivity of H2 
ganglia regardless of H2 flow fraction suggests a generally low H2 re
covery from sandstone aquifers with injection-induced hydrodynamic 
flow. In aquifers with naturally occurring or farmed H2 the brine flow 
will be much lower (no injection-induced flow) which is likely to have a 
positive effect on H2 connectivity and recovery.

Previous steady state experiments with H2 and brine [13] showed 
increased H2 connectivity with fractional flow (SI Fig. S4, based on vi
sual assessment). However, here projections were captured after injec
tion was stopped which may have rearranged or fused some of the H2 
clusters [26]. Since the scans for previous steady state experiments 
showed no evidence of fluid rearrangement during tomographic data 
acquisition (1-hour scans; rearrangement manifests as blurry pores) nor 
during a 10-hour lock-in period after injection stop [13], rearrangement 
or fusing would need to have occurred in the timespan between ceasing 
the delivery of H2 and the start of the scan.

Fig. 8. linking to the video in the supplementary information: 2D-imaging of H2 entering the brine saturated Clashach sandstone sample at a flow rate of 5 µl 
min− 1, corresponding to Nc = 4.25 × 10− 9. Hydrogen moves in bursts, filling multiple pores at once (see arrows).
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Fig. 9. Power spectra calculated by transforming the pressure data in Fig. 2 for the 10 µl min− 1 H2 plus 10 µl min− 1 brine injection (a) and the 16 µl min− 1 H2 plus 4 
µl min− 1 brine injection (b). c) and d): Time-averaged power spectra of the 10 µl min− 1 H2 plus 10 µl min− 1 brine injection and the 16 µl min− 1 H2 plus 4 µl min− 1 

brine injection, respectively, with the sections averaged over indicated by the dashed lines in a) and b). The graticule for red noise is highlighted for comparison to 
previous work (red stippled line).

Fig. 10. (a) Hydrogen fractional flow versus hydrogen saturation for Clashach rock samples in this work and in Thaysen et al. [13], both at 20 µl min− 1 total flow rate 
corresponding to Nc = 6.8 × 10− 8 for H2 at 100 % H2 injection and Nc = 2.4 × 10− 6 at 100 % brine injection. The dashed lines are the plots based on best fit relative 
permeabilities calculated from the LET model. Data are compared to H2 fractional flow data from Yekta et al. [34] for untreated Vosges sandstone at 5.5 MPa and 
20 ◦C, and to CO2 fractional flow data from Krevor et al. [50] for untreated Berea sandstone at 9 MPa and 50 ◦C. (b) Best fit L, E and T model parameters for the 
hydrogen-water system in Clashach and Berea sandstone (all dimensionless).
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The observed lack of a significant connectivity increase (more 
negative µχ) at higher H2 fractional flow suggests that multiphase fluid 
flow, described by the relative permeability, is merely a function of pore 
space saturation, as often assumed [55]. Yet, changes in the µχ within 
the 1:1 flow fraction experiment where reflected by changes in pressure, 
while saturation remained more or less constant, indicating that con
nectivity does play a role in controlling the fluid flow. Previous 4D in
vestigations of oil and brine injections at high NC of 10− 4 to 10− 6 and a 
resolution of 4.2 µm showed an important influence of phase connec
tivity, suggesting that χ should be considered along with the saturation 
to describe the two-phase fluid flow [55]. Future studies should inves
tigate H2 connectivity as a function of NC at the highest possible reso
lution and increase the number of data points to clarify these possible 
impacts on our results.

At both H2 flow fractions, the cluster size distributions were not 
shifted to smaller or larger clusters (Fig. 6), indicating no wettability 
change during injection. In the 1:1 flow fraction experiment, the cu
mulative cluster size was almost constant throughout time but the pore 
occupation of H2 shifted towards smaller clusters beyond the scan at t0 
+ 0.3 min (Fig. 6c), suggesting that intermediate and smaller sized H2 
clusters were controlling the difference between the scans.

4.2. Pore filling in steady state injection experiments

In the 1:1 flow fraction experiment, H2 filled the brine filled pore 
space within seconds (Fig. 4, Fig. 7) to reach a relatively constant con
centration of 20–22 % (Fig. 4) and constant cumulative volume (Fig. 6c), 
where, locally in the sample, H2 clusters connected to each other, 
disconnected from each other and then reconnected over time (Fig. 7). 
This phenomenon, recognized as intermittent pathway flow or simply 
intermittent flow, suggests that Darcy’s law-which is widely used to 
describe multiphase fluid flow in porous media through relative 
permeability and capillary pressure and assumes that fluids flow in 
stable, connected pathways- may not adequately capture all of the H2 
and brine flow behaviour. Intermittent flow was only evident in a small 
part of the larger subvolumes (Fig. 4, red squares), the large-scale H2 
distribution persisted with time (Fig. 4, SI Fig. S2). Combining this with 
the fact that the distribution of H2 clusters remained unchanged while 
the intermittent flow was observed (Fig. 7, Fig. 6a t0 to t0 + 1 min) and 
that the evolution of H2 saturation with H2 fractional flow could be 
described accurately using the conventional framework of relative 
permeability functions (Fig. 10a), suggests that intermittent flow was of 
more local nature in our experiments and that macro-scale flow prop
erties such as the relative permeability were not affected. Our obser
vations of a largely invariable H2 distribution combined with a 
continuously evolving H2 connectivity are consistent with previous 
research conducted with N2 and brine, where intermittent pathways 
were compared to cars controlled by traffic lights, with the overall 
network of flow pathways remaining constant [56].

Intermittent flow has been observed previously [55,57–60], also in 
N2 steady state experiments, at Nc ranging from 4.54 × 10− 8 to 1 × 10− 4 

[55–61]. To our best knowledge intermittent flow has never been re
ported at Nc as low as 4.7 × 10− 9. The fraction of intermittent flow to 
connected pathway flow increases with increasing Nc [61,62], 
increasing inertial forces over viscous forces in the flow (Reynolds 
number) [61] and decreasing viscosity ratio, M, which is ratio of the 
viscosity of the displaced fluid over the viscosity of the injected phase 
[62]. At low Nc, generally characteristic for subsurface conditions, and 
M > 1, connected pathways exist [62] and the location of any inter
mittency in the flow will be controlled by the pore geometry [61]. In our 
experiments, the Nc was low (<10− 8), suppressing intermittent pathway 
flow, but M was also well below 1 (8.4 £ 10− 3) and much lower than in 
previous studies on N2 (0.14–31 [56,62]) and oils (1–200 [62,63]), 
encouraging intermittency [62].

At higher Nc, intermittent H2 transport can be expected to increase in 
magnitude, as shown previously for N2, where Nc of 0.38–1.1 £ 10− 6 

caused an increase in intermittent flow and a shift in the relative 
permeability curve [62]. Considering the lower M of the H2-brine system 
compared to the N2-brine system, relatively more intermittent flow can 
be expected for a given flow rate and shifts in the krH2 can be expected at 
lower Nc than for N2. Future experiments should investigate the volume 
of intermittent H2 flow as a function of Nc and fractional flow.

4.3. Pore filling in unsteady state experiments

Hydrogen displacement of brine during drainage occurred in rapid, 
discontinuous bursts that filled multiple individual pores in short time 
frames (Fig. 8/supplementary video file) and may be consistent with 
Haines jumps. In order to provide further proof for the occurrence of 
Haines jumps in our experiments, we carried out a simple calculation of 
the theoretical fluid front rate, based on the imposed flow rate and the 
dimensions of the Clashach sample (see SI Text S1), and compared this 
with the measured distance of H2 moved between a selection of frames 
(SI Fig. S7, Table 2). The calculation reveals that where H2 enters several 
pores in bursts, the distance travelled per frame is more than two orders 
of magnitude higher than the theoretical fluid front advance per frame 
of 0.86 µm (Table 2) and at least more than one order of magnitude 
higher than the mean pore diameter of 27.5 µm. Acknowledging the 
simplicity of our calculations and the limitation of dealing with 2D data 
only, this indicates that Haines jumps are shaping the displacement of 
brine by H2 during drainage.

Haines jumps contribute to the relative permeability, are the cause 
for hysteresis in gas retention and make up a significant part of the 
energy dissipation of the system [22]. Haines jumps have been described 
frequently in multiphase fluid flow (e.g. [22,64]) but have never pre
viously been demonstrated for H2. Recognizing Haines jumps is critical 
for our understanding of the H2 and brine two-phase fluid flow in porous 
rock due to the impact on H2 recovery from storage reservoirs.

4.4. Correlation to oscillations in pressure

The pressure data collected during the experiments can be used to 
gain further insight into H2 saturation fluctuations in the pore space, and 
the evolution of the H2 connectivity with time. Firstly, for the H2 frac
tional flow of 0.5, the pressure continues to increase long after the H2 
saturation, at least in the imaged part of the core, has plateaued (Fig. 2). 
For earlier times, the pressure is lower, but the H2 saturation is com
parable to later times during the experiment. This implies that the 
mobility of the H2 is higher at earlier times. This observed transition to 
steady state is comparable to observations made for N2/brine multi
phase injections [62].

For the H2 fractional flow of 0.5, we see pressure oscillations 
repeating approximately every 2 min (Fig. 2). These are also noticeable 
in the time-averaged spectral power and can be represented by red noise 
(red dashed line in Fig. 9c). This is in alignment with previous findings 
for multiphase flow of N2 and brine [39]. Red noise indicates a sto
chastic process where pressure fluctuations are seen throughout the pore 

Table 2 
Measured front progression between selected 2D radiograph frames of H2 in
jection into a brine-saturated rock sample at an injection rate of 5 µl min− 1, 
corresponding to Nc = 4.25 × 10− 9 and a continuous fluid front rate per frame of 
0.034 mm s− 1. The first H2 appears on frame 39.

Frame 
interval

Front 
advance 
upwards  
(mm)

Front advance 
sidewards  
(mm)

Front advance 
rate upwards  
(mm s− 1)

Front advance 
rate sidewards  
(mm s− 1)

38–39 0.2 – 8.4 ​
39–40 0.7 0.4 28 14.8
40–41 0.1 0.2 4 7.2
355–356 0.4 – 16 –
356–357 0.7 0.1 28 4
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space, resulting in intermittent filling of pores over a wide range of time- 
scales, from seconds to minutes [39]. We observed H2 rearrangements 
on the order of seconds (Fig. 4, Fig. 7) to minutes (Fig. 4), highlighting a 
cascade of timescales over which dynamics are occurring.

The evolution of the longer frequencies in Fig. 9 differs to pore-scale 
observations made with N2/brine multiphase injection but is compara
ble to larger, core-scale observations made with N2/brine multiphase 
injection [62]. In Spurin et al. [53] it was concluded that the non-linear 
dynamics occurred at lower capillary numbers for the larger samples, 
and this difference was likely due to higher volumes of gas fluctuating 
due to the changing role of viscous forces. Due to the lower viscosity of 
H2 (9.01 μPa s ([40], 298 K and 4.7 MPa) versus 18.9 μPa s for N2 ([65], 
5 MPa and 295 K)), it seems that the dynamics are manifesting differ
ently to the N2/water pore-scale experiments even under the umbrella of 
red noise. Furthermore, the amplitudes in the time-averaged spectral 
power are higher for the H2 experiments. The amount of gas moving is 
larger for the H2 experiments, with 10 % of the volume fluctuating 
during steady state, whereas it was 2–3 % for N2 experiments conducted 
at a higher Nc [56,61], thus the amount of dynamics is greater for H2.

For the H2 fractional flow of 0.75, there is a drop-in pressure after 30 
min of injection (Fig. 2; counting from time of arrival of the 4:1 H2/brine 
fluid composition in the rock sample), which correlates to the onset of 
rapid pressure fluctuations. This is reflected in the spectral power of the 
pressure data in Fig. 9, where shorter periods increase in magnitude at 
this time. Assuming that event size is linked to event frequency (which 
was observed for N2/brine experiments [39]), an increase in shorter 
period events should correlate to the formation of smaller ganglia. This 
can be observed in Fig. 6b and d, where the number of smaller ganglia 
increases for the scans at 33.7 min and 67 min. However, for the scans at 
100.3 min and 133.7 min, there is the creation of 1 larger ganglion. 
Whether this ganglion breaks up and reconnects would require higher 
temporal imaging. Further work is required to see if event size is 
correlated to frequency for H2 experiments.

It should be noted that the field of view covers around 1/6th of the 
sample volume (SI Fig. S8). This means that discrete events cannot be 
fully correlated to fluctuations in the pressure data, as dynamics are 
occurring outside the field of view.

It is important to consider the internal pressure oscillations of the 
pumps used in the experiment. In this work the back pressure was via a 
high-pressure Cetoni pump which adjusts the volume inside itś syringe 
to keep a constant pressure of 5 MPa. Since the pump adjusted the 
pressure within seconds, and the observed pressure oscillations in steady 
state injection experiments were on the scale of 2–3 min (Figs. 2 and 9), 
the oscillations are likely to originate from the pore scale displacement 
processes.

4.5. Relative and absolute permeability estimations

Steady state injections into Clashach rock during the time-resolved 
experiments showed ̴ 15% lower H2 saturations (Figs. 4 and 5, SI 
Figs. S2 and S3) and a decrease of the kr by four orders of magnitude at a 
brine flow fraction of 0.9 compared to values in Thaysen et al. [13]. This 
notable difference was despite the fact that the rock samples were 
collected from the same outcrop bulk sample and a similar average 
porosity was measured (12.5–13.5 % and 13.6 % respectively). While 
the error ranges on relative permeability measurements using small rock 
samples applied in µCT studies are high [61,66] and may well span 
across the observed differences, the distribution of H2 in the pore space 
differed between the two studies: In Thaysen et al. [13] it was even and 
all over the rock (SI Fig. S4), whereas in the current study H2 never 
entered one section of the rock (SI Fig. S2 and S3; upper right side of the 
rock). This suggests some heterogeneity in the pore structure of the 
Clashach sample applied in this study. Added heterogeneity was not 
evident from the porosity variation along the length of the sample (SI 
Fig. S9). While generally areas of high porosity correspond to areas of 
high permeability and low capillary entry pressure [67], porosity 

heterogeneity is not always correlated with capillary or permeability 
heterogeneity [66], which may have been present in our sample. As such 
permeability variations of two orders of magnitude at only 2 % varia
tions in porosity have been reported in Clashach [68]. Jangda et al. [25] 
showed that H2 may bypass areas of Clashach rock with lower perme
ability, to migrate rapidly along a single channel, lowering the Snwi. 
When the channel is broken by imbibition, the Snwr may be higher than 
the Snwi [25]. Considering the small size of rock samples in µCT-studies, 
any heterogeneity in the samples is likely to be impactful, and care must 
be taken when extracting bulk properties from µCT studies [66]. How
ever, even in rocks with homogeneous porosity and permeability 
channelizing of the gas plume may be observed as a result of gravita
tional [67], and viscous forces [26] acting on the system.

From the fractional flow versus saturation curves for H2 it is evident 
that H2 saturation is low at low H2/brine injection ratios, and only be
comes significant at higher ratios, peaking at a maximum of 50 % 
saturation for a H2 fractional flow of 1 for the Clashach sample studied in 
Thaysen et al. [13] (Fig. 10a). This is as expected from Eq. (6), given the 
M of H2 to water, and indicative of a water wet system. The H2 fractional 
flow versus saturation curves for Clashach sandstone are in line with 
previously reported H2 fractional flow experiments in untreated Vosges 
sandstone at 5.5 MPa and 20 ◦C (Fig. 10a) [34]. Compared to CO2, H2 
displaces more brine, indicating it is more wetting (Fig. 10a). Previous 
contact angle comparisons in cleaned pure quartz and hydrophilic silica 
reported lower wettability of H2 [69,70], indicating that sample pre- 
treatment, or a lack of the latter as in our studies and in Yekta et al. 
[34], significantly affects displacement mechanisms.

Hydrogen fractional flow graphs are not directly comparable to H2 
relative permeability graphs (Figs. 10 and 1, respectively) because the 
former do not consider the Swi of the rock. In reality, the relative 
permeability of the gas will never be the same as the absolute perme
ability. Meanwhile, the Swi for Clashach sandstone was determined to 
12.6–14.0 % at 0.43 MPa [18], indicating a high krH2 and H2 storage 
capacity. A high krH2 would be consistent with results of the unsteady 
state relative permeability experiments by Rezeai et al. [17] but stands 
in contrast to relative permeability studies with the steady state tech
nique reporting low krH2 (Fig. 1). In line with this, previously reported 
LET parameters for a Berea sandstone with low krH2 differ to the ones 
reported for Clashach in this study (Table 2). Very similar fractional flow 
graphs as in Yekta et al. [34] (Fig. 10) and further comparison with the 
low krH2 results from the same study (Fig. 1), both obtained on a rock 
sample of only slightly bigger size than in our experiments (61 mm 
length and 15 mm diameter), suggests that the real krH2 in Clashach 
sandstone is lower than what is estimated based on the fractional flow 
graph.

The estimated absolute permeability of 35 mD was an order of 
magnitude lower than experimentally determined permeabilities of 
122–178 mD in larger Clashach cores [18,68]. Absolute permeability 
estimations on a small sample are subject to increased uncertainty 
related to the weaker differential pressure across a small rock core and a 
higher impact of any heterogeneities in smaller samples relatively to 
larger ones [66].

4.6. Processes or experimental conditions that may have affected the 
results

4.6.1. Dissolution
Dissolution of H2 into non-H2-equilibrated brine may manifest as an 

elevated water saturation at the core inlet at low H2 fractional flows 
[32], an increase in disconnected H2 ganglia further down the core as 
the H2 partial pressure drops and H2 is coming out of the solution [32] 
and/or an increase in Snwr relative to when H2-equilibrated brine is 
injected [16]. Those effects were not observed within the field of view of 
the sample, however it neither covered the inlet nor the close-to-outlet 
region of the rock (SI Fig. S8). Meanwhile Thaysen et al. [13], using 
the same injection conditions and field of view as in this study, found 
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that the H2 saturation and H2 pore occupancy deviated only 0.02 % from 
the initial value after a 10-hour lock-in period after injection stop, 
indicating negligible dissolution.

4.6.2. Effect of the viscosity difference between brine and hydrogen in 
steady state injections

In steady state injections with H2 and brine, the two fluids will enter 
pores preferentially based on the difference in capillary pressure of the 
fluids. For any given pressure condition and flow rate, the brine should 
enter pores more readily due to its more than two orders of magnitude 
higher viscosity (1.247 × 10− 3 Pa s at 5 MPa for the brine [71] and 9.01 
× 10− 6 Pa s at 298 K and 4.7 MPa for H2 [65]) that increases the Nc 
(more viscous forces). This effect will be reflected in the observed H2 
saturations and connectivity. In a real reservoir, the injection-induced 
brine flow rates will vary locally, reflecting a range of capillary 
numbers that will not always be in favour of preferential entry of brine.

4.6.3. Pressure and temperature
This study used a pore fluid pressure of 5 MPa and ambient tem

perature, which is lower than for many real-world aquifers. At the time 
of writing the effect of pressure and temperature on H2 fluid flow dy
namics is not elucidated. Existing studies on the effect of pressure on the 
wettability, the primary control on multiphase fluid flow [72], show 
discrepancy [18]. A comparison of µCT studies on H2 fluid flow in 
sandstone (Table 1) indicates little effect of pressure on the Snwi. Further 
investigation is needed to determine whether the applied experimental 
conditions constitute a limitation to the prediction of the H2 fluid flow at 
higher pressure and temperature.

5. Conclusions

Real-time imaging of steady state injections of H2 and brine into 
Clashach sandstone provided insights into the evolution of the H2 
saturation and connectivity in the pore space at different H2 fractional 
flows. A higher H2 fractional flow of 0.75 relative to 0.5 increased the H2 
saturation in the pore space from 20–22 % to 28 %, suggesting a lower 
H2 storage capacity in sandstone aquifers with higher injection-induced 
hydrodynamic flow. Contrary to our hypothesis and to previous findings 
for oil at high capillary numbers of 10− 4 to 10− 6 [55], H2 connectivity 
was weak and remained similar across different H2 fractional flows. This 
indicates little influence of connectivity on pore space H2 saturation 
during steady state flow and suggests a low H2 recovery from sandstone 
aquifers with injection-induced hydrodynamic flow, which may 
adversely affect the economic feasibility of the H2 storage operation. 
Future studies should attempt to µCT-image H2 and brine injections at a 
higher resolution to confirm observations of low H2 connectivity.

Intermittent flow pathways were observed in minor parts of the rock 
during macroscopically steady state flow. Intermittent flow has not 
previously been observed at low capillary numbers of 4.7 × 10− 9 and 
was most likely caused by the high viscosity ratio of the H2-brine system 
relative to previous studies reporting intermittency in N2-brine and oil- 
brine fluid flow, e.g. [55,56,60,61]. Dynamic fluid rearrangements are 
outside the framework of Darcy’s law extended to multiphase flow. 
However, the evolution of H2 saturation with H2 fractional flow could 
still be described using the conventional framework of relative perme
ability functions, suggesting that the large-scale movement of H2 was 
not affected by intermittent flow. Estimations of the H2 relative 
permeability based on Darcýs law and using the fractional flow data 
indicated relatively high permeability relative to previous studies in 
similar systems but predictions of gas injectivity and recovery should be 
made with caution due to the neglection of the irreducible water satu
ration in these estimations and the small size of the rock sample in our 
experiments.

The fraction of intermittent H2 flow to constant pathway flow is 
likely to increase at flow rates corresponding to higher capillary 
numbers, as shown previously for N2 [62]. Considering the lower 

viscosity ratio of the H2-brine system compared to the N2-brine system, 
relatively more intermittent flow can be expected for H2 for a given flow 
rate and shifts in the H2 relative permeability in response to increasing 
intermittent flow can be expected at lower capillary number than for N2 
(i.e. < 0.38–1.1 £ 10− 6 [62]). Future experiments should measure the 
volume of H2 fluctuating intermittently as a function of capillary num
ber and fractional flow to allow the quantification of the increase of 
intermittent flow with increasing capillary number as well as a deter
mination of the capillary number at which intermittent flow will affect 
macroscale flow behaviour such as the relative permeability. To model 
intermittent flow alongside laminar flow, new reservoir models incor
porating Navier-Stokes equations may have to be developed.

Unsteady state injections of H2 into a brine saturated rock were 
captured with live 2D radiography to provide insights on dynamic fluid 
processes that occur over timescales of 10 s–100 s of milliseconds. The 
radiographs showed that H2 enters the brine-saturated rock within 
seconds, dispersing in bursts, also known as Haines jumps. Haines jumps 
have been studied extensively using oil, CO2 or air as nonwetting phase, 
e.g. [22,73–75], but have not previously been reported for H2. Haines 
jumps are important energy-dissipating pore-scale events that are the 
cause of hysteresis and hence affect non-wetting phase retention in rock. 
Yet common reservoir models lack consistent links to these elementary 
pore-scale displacement processes. Future research should assess tech
niques to scale these events for improved reservoir modelling of H2 
injectivity and storage efficiency. This will be pivotal not only for un
derground H2 storage applications but extends to areas such as natural 
H2 exploration and subsurface H2 farming.
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