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ABSTRACT 

 
 

In the design and optimization of an underground hydrogen (H2) storage 
facility in an aquifer or other reservoir system, the H2/water relative 
permeabilities (RP) are the most critical two-phase data for input to 
numerical simulation. In this paper, we present a critical analysis of the 
published experimental H2/water RP functions in the literature. We present 
fine-grid simulations of H2 displacing water (denoted H2  water) using three 
of the most widely cited steady-state RP datasets (13, 20, 38) in a mildly 
heterogeneous permeability field, at a field length scale of ~100m. Since the 
viscosity ratio between water and H2 is (µw/µH2) ≈ 70, then at some length 
scale above a few meters, it is inevitable that the system must show 
immiscible viscous fingering of the H2 into the water phase. Indeed, the 
emergence of viscous fingering at some length scale is a “sense check” that 
the input data used in the simulations are correct, especially the H2/water 
relative permeability functions.   
In fact, none of the three published H2/water RP curves leads to viscous 
fingering. Instead, they all show stabilized flood fronts. The reasons for this 
are due to shortcomings of the (conventional) gas/liquid experimental 
methods used to obtain the RP functions. These methods yield RP functions 
at the wrong force balance between the capillary, gravity and viscous forces. 
For fingering to emerge, it is necessary to derive the viscous dominated RP 
functions. An alternative, more physically appropriate set of viscous 
dominated “fingering RP functions” is proposed and applied. When applied 
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at the core scale, these new RP functions show fully dispersed flow, as they 
do when applied in a vertical (downwards) gravity stable displacement. 
However, the viscous fingering emerges naturally in horizontal flow as the 
length scale of the system increases and viscous forces become dominant.   
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1. INTRODUCTION AND BACKGROUND 
1.1. Background to Underground Hydrogen Storage (UHS) 
As a clean-burning energy vector, hydrogen (H2) is expected to play a crucial role in the future energy 
mix. Its ability to store renewable energy and address intermittency issues, potentially makes it a key 
player in pursuing energy security and sustainability goals (1). However, the volumetric energy density 
of H2 is much lower than that of gasoline (2). This means the amount of H2 required to achieve the Net-
Zero goal will be enormous (33). For small to medium-scale H2 storage (megawatt level), line packing 
and salt caverns are considered to be viable solutions, and these are currently being actively developed 
(4). However, for the seasonal energy storage at the gigawatt scale necessary to support widespread 
adoption of H2 energy, these methods alone are not adequate. Subsurface porous media, such as saline 
aquifers and depleted hydrocarbon reservoirs, are feasible options for large-scale H2 storage (40). These 
geological formations provide significant storage capacity while also offering an economic advantage 
by repurposing existing infrastructure, thereby reducing overall costs. 

1.2. Numerical Assessment of UHS and H2/Water Relative Permeability  
To determine the viability of UHS in porous media, it is important to assess key influencing factors and 
potential risks for field applications. A primary challenge lies in understanding the complex multiphase 
flow behavior during UHS operations (5). This understanding is essential for optimizing storage 
performance, particularly in terms of net recovery and H2 purity during back production (34, 36). As with 
other subsurface applications, computational fluid flow modelling in porous media is a powerful tool for 
analyzing reservoir behavior in UHS projects. The rigor and reliability of these simulations are greatly 
influenced by various input parameters, such as the geological characteristics, the permeability structure 
of the porous formation, fluid properties, etc. Of the multi-phase flow parameters, relative permeability 
is the most important since it plays a central role in governing the two-phase flow dynamics in UHS 
operations. The gas/liquid relative permeability (RP) functions are primarily related to the viscous forces 
in the system, although in the two-phase flow equations, they are coupled with both gravity and capillary 
forces, and while various formulations of these equations exist, they are all equivalent (3, 22, 24, 37). 
Capillary pressure (Pc) plays a local role (at shorter length scales) acting like a non-linear dispersivity term 
in a frontal displacement (7, 16, 39); capillary dispersivity can be dominant at the small (core) scale but, 
since it is a highly local effect, it reduces in influence as the system size increases and viscous and gravity 
forces become more prominent.     

For a gas-liquid system, the relative permeabilities of each phase can be determined through either 
steady-state (SS) or unsteady-state (USS) core flooding experiments (15). Both SS and USS RP 
determination involve measuring fluid saturations, pressure differences, and flow rates, from which 
relative permeability is calculated. The SS method involves simultaneous injection of both liquid and gas 
phases and assumes a uniform saturation profile throughout the (one-dimensional; 1D) core sample. 
The USS method involves the displacement of one phase by another (both gas  water and water  
gas) and the multidimensional core flooding problem is usually reduced to a 1D problem for 
mathematical analysis to find the RP functions (16). In general, gas has a much lower viscosity than the 
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water phase and thus viscous fingering (non-uniform frontal saturation profiles) would normally occur 
during USS horizontal displacements. To “mitigate” this effect, USS core flood tests are sometimes 
conducted on vertically oriented samples for gas-water systems (19, 21). This orientation invokes gravity 
to “stabilize” the gas-liquid interface, resulting in a more uniform displacement front (26, 30). Indeed, 
even SS gas/liquid floods are often conducted in a vertical (downwards) orientation to avoid gravity 
segregation (14). While the displacing front is successfully stabilized, gravity may significantly alter the 
derived relative permeability, shifting it from a viscous-dominated regime to a viscous/gravity influenced 
system. Additionally, capillary pressure also causes significant inter-phase mixing in typical core-scale 
systems, a phenomenon known as capillary dispersion, which may further stabilize the flowing front (27). 
Thus, RP experiments, both SS and USS, may be carried out at an uncertain combination of viscous, 
capillary and gravity forces, and this can be very important in determining the “correct” RP functions in 
a gas/liquid system.   

The methods for determining both SS and USS RP functions described briefly above have been 
extensively applied in studies on CO2 sequestration and hydrocarbon recovery (6, 21). Recently, the UHS 
research community applied these methods to derive H2-water relative permeability functions (13, 20, 
38). However, to date we are not aware of any flow simulation study to “sense check” these H2/water 
published RP functions, in the terms described in the following subsection.   

1.3. Viscous Instability and “Sense Check” on Current H2/water RP Results 
In an UHS project, H2 gas will displace water when it is injected into an aquifer during H2 storage. In this 

immiscible displacement, the water/gas viscosity ratio �𝜇𝜇𝑤𝑤 𝜇𝜇𝑔𝑔⁄ � is approximately 70. It is therefore 

certain that, at some length scale, immiscible viscous fingering (VF) will occur, thus leading to an 
inefficient frontal displacement region and much more fluid mixing than occurs in a piston-like stable 
displacement. The damping forces on immiscible viscous fingering at the smaller (i.e. core) scale are 
capillary dispersion and, to a lesser extent, local hydrodynamic dispersion due to the heterogeneity of 
the porous medium. It has been shown by Beteta et al (10) using scaling theory that, when the correct 
viscous dominated relative permeabilities are used then, at the small scale no fingers are observed due 
to capillary dispersion (when Pc ≠ 0). However, as the system size increases, viscous forces increase and 
capillary forces remain the same, and therefore at some length scale, the viscous forces dominate, and 
the viscous fingering will emerge. Therefore, if one is given an “experimental” core-scale RP for the 
H2/water system, it is a requirement that as the system size increases, even in a “slightly heterogeneous” 
permeability field, that viscous fingering is observed at some point (i.e. at some length scale). What this 
length scale is depends on the magnitude of the capillary dispersivity, but typically it will be in the 
approximate range of ~1 – 20m; obviously, a length which is much larger than the core scale, but much 
smaller than the full field scale. This emergence of viscous fingering at some length scale is the “sense 
check” on RP functions which we referred to above.  

In this work, we have systematically examined a range of published SS RP functions in 1D and two-
dimensional (2D) flow simulations of H2 displacing water (denoted H2  water), and the results are 
reported below for three of them (13, 20, 38). All three RP functions are based on steady-state methods 
using real rock samples. Yekta et al. (38) used samples from Adamswiller quarry, while Lysyy et al. (20) 
and Boon and Hajibeygi (13) used Berea rock. Both Yekta et al. (38) and Lysyy et al. (20) utilized vertical 
cores with fluid injection from the top and production from the bottom. In contrast, the experimental 
work by Boon and Hajibeygi (13) was conducted using a horizontal core setup. If one conducts a fine 
grid 2D (or 3D) H2  water displacement simulation in a simple heterogeneous permeability field (a 
correlated random field, CRF, in this work) using any of these published RP functions, they all predict 
stable displacement and show no evidence of viscous fingering. Thus, they fail our “sense check”. We 
regard this as due to an “inherent error” in the way in which the relative permeabilities have been 
measured. However, we note that this is not a criticism of the experimental groups who have produced 
these experimental results. All of these literature H2/water RP papers use very conventional experimental 
methods for measuring steady-state gas/water relative permeability curves, but we believe that these 
methods are deeply flawed.  

https://doi.org/10.69631/ipj.v2i1nr42


 
Wang et al.  Page 4 of 14 
 

 
InterPore Journal, Vol. 2, Issue 1, 2025                                  https://doi.org/10.69631/ipj.v2i1nr42                

In previous work, we have presented what we believe are more physically correct methods for obtaining 
RP functions in two phase immiscible fingering systems (10, 31). These new simulation methods have 
been applied to analyze the results from core floods in which we assume the presence of viscous 
fingering, and 2D slab flood experiments where viscous fingering is directly observed via x-ray scanning 
(8). These methods have also been applied very successfully to the modelling of other viscous fingering 
experiments in the literature (10, 28). In brief, the problem is that very small (core) scale gas water 
experiments are “measuring” the “wrong” RP since the system is too capillary dispersed locally (or 
stabilized too much by gravity), and the local total mobility (𝜆𝜆𝑇𝑇) of the two phase system is too low. 

Recall that mobility of a phase is 𝜆𝜆𝑤𝑤 = �𝑘𝑘𝑟𝑟𝑤𝑤 𝜇𝜇𝑤𝑤⁄ � and 𝜆𝜆𝑔𝑔 = �𝑘𝑘𝑟𝑟𝑔𝑔 𝜇𝜇𝑔𝑔� � for water and gas, respectively, 

and the total mobility is 𝜆𝜆𝑇𝑇 = �𝜆𝜆𝑤𝑤 + 𝜆𝜆𝑔𝑔�. These observations are shown experimentally by Beteta et al 
(11). We use these methods to derive a more physically realistic RP function for the H2/water system, 

with �𝜇𝜇𝑤𝑤 𝜇𝜇𝑔𝑔⁄ � ≈ 70, which exhibits viscous fingering at the larger scale while showing fully dispersed 

flow at the core scale. We have also used scaling theory to show how this leads to emergent immiscible 
fingers at the larger scale in the H2/water system.   

It may be thought that a pore scale modelling approach would be useful to address the problem of the 
inadequacy of the H2/water RP functions. However, while pore-scale modelling offers valuable insights 
into fundamental flow dynamics, it has significant limitations for deriving field-scale relative permeability 
functions. The primary constraints are twofold: pore-scale models predominantly capture localized 
phenomena, and their results are dominated by capillary effects alone. Indeed, our analysis suggests that 
going down to the pore scale is looking in the “wrong direction” and our results suggest we need to 
look at the global state of the system. Therefore, this study deliberately concentrates on core-flooding 
experimental methodologies and the scale up of these to the field using scaling theory (10, 24, 35).  

In summary, we point out the misconceptions in selecting flow functions for modelling the multiphase 
UHS system. We systematically reviewed and evaluated a range of H2/water relative permeabilities from 
literature using our 2D fine-scale simulations. In particular, three widely cited SS RP datasets (13, 20, 38) 
for H2 and water were examined to demonstrate how the inherent errors in conventional RP 
measurement methods can lead to misleading predictions of the flow behavior. We present an example 
of “fingering” RP functions which are more qualitatively correct in their predicted flow behavior. The 
scale dependence of the capillary pressure and the emergence of viscous fingering with length scale are 
also discussed and illustrated by numerical examples.  

2. NUMERICAL SIMULATION METHODOLOGY 
2.1. The Numerical Simulation Model  
Figure 1 shows the correlated 2D horizontal permeability field used in the calculation presented here. 
This correlated random field (CRF) was generated using the Petrel software to mimic the minor 
heterogeneity in a simple aquifer reservoir model (29). The model dimensions are 100 m by 20 m, with 
a fine grid resolution of 0.1m in all directions to accurately capture any fingering patterns in the 
saturation distribution which may occur over time, i.e. Sw(x, y, t) or Sg(x, y, t). The permeability follows a 

 

Figure 1: The heterogeneous permeability field configured to induce flow of interest; this field 
represents a porous medium with a relatively low permeability contrast. 
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log-normal distribution, ranging from approximately 200 mD to 600 mD across the formation. The 
permeability heterogeneity is characterized by a Dykstra-Parsons coefficient of 0.13, indicating a 
relatively low degree of permeability variation. The porosity is set to a constant value of 0.1. The 
correlation range is 10 m in the x-direction and 2 m in the y-direction, respectively.   

All flow simulations are conducted using a full-compositional simulator CMG/GEM based on the 
Equation of State (EOS) fluid model of Peng and Robinson (23). The input values are drawn from our 
previous work, which has validated the key fluid properties (35). This will allow us to build future studies 
involving multi-component systems based on this work. One horizontal injection well and one horizontal 
production well are positioned at either end of the model (at x = 0 and x = 100m). The injector is 
perforated across the entirety of the left side, while the producer is perforated along the entire right side. 
The injection rate is set at 0.05 pore volumes per day (PV/day) and saturation patterns are shown after 
3 days (0.15PV) of injection. The producer is operated with a bottom-hole pressure (BHP) constraint 
equal to the initial reservoir pressure of 130 bar to mimic a constant pressure boundary. No gas 
breakthrough to the producer occurs in any of our simulations presented in this work.  

2.2. The Flow Functions – Relative Permeabilities and Capillary Pressure 
As previously discussed, many studies have utilized standard core flooding techniques to determine the 
relative permeability of H2 and water. Our research evaluates three widely cited datasets to highlight the 
limitations of this method in the context of UHS (13, 20, 38). The reported RP functions are plotted 
collectively in Figure 2. Note that Case 3 uses RP functions directly from Bo et al (12), who applied the 
Brooks-Corey-variable Corey model to extend original data from Boon and Hajibeygi (13). Capillary 
pressure is excluded to maximize the potential for viscous instability in our 2D areal “sense-checking” 
simulations.  

Both 1D and 2D flow simulations were 
conducted to illustrate the flow 
patterns predicted by these various RP 
functions. For comparison, a “fingering” 
RP model adapted from a water-oil 
system is incorporated to illustrate the 
presence of viscous instability in the 
configured system (9). This is denoted 
as Case 4 and is shown in Figure 3 (left 
side). This dataset was selected because 
it has been experimentally and 
numerically validated for modelling 
immiscible viscous fingering pheno-
mena. Refer to Figure 1S in the 
Appendix (available online) for their CT 
scan results showing the fluid 
distribution during the core-flooding displacement. The unusual form of the Case 4 RP has been noted 
in our previous publications, but it provides an excellent match to experimental data, and can be 
explained straightforwardly (10, 28, 31). See in particular the discussion in the Appendix to Salmo et al 
(28). In this earlier work, the water displacing oil injection was a drainage process (non-wetting phase 
displacing a wetting phase), which is the case in the water displacements by H2. Therefore, in our 
adaptation, the water relative permeability (krw) from Beteta et al (9) was used as the gas relative 
permeability (krg) in this work, and similarly, their oil relative permeability (kro) for our liquid relative 
permeability (krl). 

The central difference between conventional RP derivation methods and that used here to obtain the RP 
function in Figure 3 for systems that are viscous unstable lies in the assumed model of the flow. The 
objective of all methods is to match pressure drop, fluid saturations (if available), and gas/water recovery 
data. The conventional assumed model is usually a 1D system, and often Corey curves are taken as the 
RP functions. Data is often matched through history matching of the core flood (usually in 1D) using 

 

Figure 2: Relative permeability curves for H2-water systems 
from three publications in the literature. 
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numerical simulation and parameter adjustments to achieve the best fit. This method is “blind” to any 
fingering phenomena that take place (it is 1D). Our method assumes that fingering will take place, and 
it models the system as a 2D (or 3D) model. It then aims to match the system’s fractional flow, pressure 
drop, and fluid saturations, incorporating LET correlations to establish initial relative permeability curves. 
The final relative permeability is then selected from multiple candidate curves by maximizing the total 
mobility, as explained in detail in previous papers (9, 31).   

To illustrate the scale-dependent dispersion effect of capillary pressure, a synthetic capillary pressure 
curve (right side of Fig. 3) with a typical gas-liquid maximum value of 35 kPa (~5psi) is incorporated in 
our simulations. This synthetic capillary pressure is applied only in Case 4 in which the RP function is 
based on the data of Beteta et al (9), as it is the only scenario exhibiting viscous fingering. In Case 4, the 
model size is adjusted by modifying the grid cell dimensions (Δx and Δy), while  maintaining a constant 
pore volume injection rate of 0.05 PV/day under reservoir conditions to achieve different balances 
between viscous and capillary forces. This approach demonstrates how capillary pressure can mitigate 
and mask viscous instabilities at small scales but not at larger scales. It is shown in Section 3.2, the cases 
derived from three sets of actual H2/water relative permeabilities from literature do not display viscous 
fingering, regardless of capillary pressure.  

2.3. Description of the Simulations Presented 
Both 1D and 2D fine grid simulations have been carried out in this work to illustrate the points discussed 
in the previous sections, and to explain how we reached our conclusions. The work structure and the 
rationale of each of the simulation tests are outlined in Table 1.  

 

Figure 3: Relative permeability published by Beteta et al. (9) and synthetic capillary pressure. 

 

Table 1: Simulation scenarios and objectives. 
Step  Scenarios Objectives 
# 1 1D simulation based on all four sets of relative 

permeabilities. 
To compare the gas saturation profiles and 
gas saturation front height at the displacing 
front for each of the 4 cases. 

# 2 Case 1 (38) Vs. Case 4 (9) To “sense check” the existing RP functions 
without Pc by testing the emergence of 
viscous fingering in 2D areal simulations. 

Case 2 (20) 
Case 3 (13) 

# 3 2D vertical simulation of Case 4 To demonstrate the stabilizing effects of 
gravity on RP functions in a 2D vertical 
simulation. 

# 4 Reduced size of Case 
4 (100 times smaller) 

Vs. Corresponding 
cases with 
synthetic Pc 

To illustrate the scale-dependent impact of 
capillary pressure on flow behavior. 

Reduced size of Case 
4 (4 times smaller) 
Original Case 4 
Enlarged size of Case 4 
(25 times larger) 
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3. RESULTS AND DISCUSSION 
3.1. The 1D Simulations and Fractional Flow Functions 
The first (#1) stage of the study (Table 1) involved carrying out a series of one-dimensional (1D) 
simulations using reported literature RP data. A homogeneous model with permeability k = 500 mD at 
100% saturation water (Sw = 1) was used. Despite the assumption of incompressible fluid in the 
construction of the fractional flow profiles, a good estimate of the shock front gas saturations (Sgf) at the 
displacing front is obtained. As seen in Figure 4, the gas saturation at the displacing front is lowest in 
the case with data by Lysyy et al (20) whereas highest in the case with data by Yekta et al (38). Based on 
these one-dimensional experimental and numerical results, a preliminary assessment suggests that the 
flow in the subsequent 2D simulations is likely most unstable in the Case 2 (20) and most stable in the 
Case 1 (38). The Case 4 1D saturation profile (modified from Beteta et al (9)) in Figure 4 lies in the middle 
of the “experimental” RP cases, at the apparently “stable” end of this set close to that of Yekta (38). Our 
forthcoming 2D simulations using these H2-water relative permeabilities will show the predicted flooding 
patterns arising from these RP functions.  

3.2. 2D Areal Simulations of Water Displacement by Hydrogen (Sense 
check) 

In Step 2 of this study (Table 1), 2D simulations of H2 injection into water-saturated zones were 
conducted. These simulations used all four sets of relative permeability data without capillary pressure 
(Cases 1 – 3 for the published RP cures and Case 4 as described previously). In these initial simulations, 
there was no capillary pressure (Pc = 0), and thus only viscous forces were acting. Hence, the only 
dispersive force in the simulation was the numerical dispersion, which was very small due to the very fine 
grid being used. According to Jessen et al (17), the dispersivity (𝛼𝛼) from the grid is 𝛼𝛼~ ∆𝑥𝑥 2⁄ ~0.05m for 
the numerical scheme used, which leads to a grid Peclet number of NPe,grid ~ 2Nx = 2000. This is clearly 
advection (viscous) dominated, as can be seen from the simulated shock front structure in Figure 4. 

The predicted 2D saturation profiles of all four RP cases after 0.15 PV of H2 injection are plotted in Figure 
5. Given that the viscosity ratio between hydrogen (0.008 mPa·s) and water (0.53 mPa·s) is approximately 
(𝜇𝜇𝑤𝑤 𝜇𝜇𝑔𝑔⁄ ) ~ 70, severe gas fingering should theoretically occur. Surprisingly, none of the three published 

H2-water relative permeability datasets produced the expected viscous fingering flow of hydrogen. In 
contrast, very evident viscous fingering occurred in Case 4, which is based on the relative permeability 
data from Beteta et al (9). In other words, all three RP functions in literature failed in our “sense check” 
analysis.  

 

Figure 4: Fractional flow functions arising from the experimental RP curves of Cases 1 – 4 (Table 1) 
and their corresponding gas displacement fronts in1D simulations (Sg front height, Sgf) after 0.15PV of 
H2 injection. 
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To understand why viscous fingering is entirely smeared out in Cases 1-3 where the published 
experimental SS RPs were used, we review (i) the precise forms of these relative permeability curves, and 
(ii) the experimental procedures described in the three papers. As seen in Figure 2, all these experimental 
results indicate very low gas mobility, even at gas saturations up to 0.5 (krg ~ 0.1) during the initial 
drainage process. Figure 6 shows a comparison of the total mobility, 𝜆𝜆𝑇𝑇 vs. 𝑆𝑆𝑔𝑔 ; recall that 𝜆𝜆𝑇𝑇�𝑆𝑆𝑔𝑔� =
�𝜆𝜆𝑤𝑤 + 𝜆𝜆𝑔𝑔� = �𝑘𝑘𝑟𝑟𝑤𝑤 𝜇𝜇𝑤𝑤⁄ � + �𝑘𝑘𝑟𝑟𝑔𝑔 𝜇𝜇𝑔𝑔� �. Note that all of the experimental cases (1 to 3) show much lower 

𝜆𝜆𝑇𝑇 functions than the Case 4 “fingering” RP case. Obviously, these functions are suppressed by the low 
gas mobility at high 𝑆𝑆𝑔𝑔, and this low mobility causes a pressure build up in the finger, which in turn 
suppresses finger formation. The RP of Case 4 was actually constructed deliberately as “maximum 
mobility” RP functions (31) in order to correctly reproduce immiscible viscous fingering (9).  

We may ask: Why do the experimental SS RPs give such low mobilities? The answer to this question is 
partly theoretical and partly practical, as we explain below. From a theoretical perspective, we noted that 
the relative permeability is related to viscous  forces. To be unique, we would like to measure this 
quantity under viscous dominated conditions, i.e. free from the influence of the other two forces of 
gravity (∆𝜌𝜌𝑔𝑔) and capillarity. As mentioned earlier, the flooding experiments (Case 1 & 2) conducted by 
Yekta et al (38) and Lysyy et al. (20) were based on a vertical set-up to better achieve the steady-state 
two-phase flows by avoiding gravity override (preferential gas flow at the top). However, the 
displacement will then be affected by gravity forces as well as by both capillary and viscous forces. In 
this case, the stabilization from gravity will affect the RP functions, again leading to an RP which is correct 
for describing a similar gravity stable displacement, but not appropriate when viscous forces alone 
dominate; such a RP function will be “over stable” in a 2D adverse viscosity displacement in the absence 
of gravity (i.e. in a horizontal direction). In addition, from a practical perspective, the gas/liquid RP 

Case1 (39) Case2 (21) 
 

 

Sg 

  

Case 3 (13) Case 4 (9) 

  

Figure 5:  Gas saturation profile after 0.15 PV H2 injection in the four cases. 
 

 

Figure 6: Total mobility varying with gas saturations of four cases (1D 
simulations). 
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experiments are typically performed using small cores. Therefore, capillary forces will almost certainly 
play an important role in the core flooding experiments. For this reason, although the flooding 
experiments (Case 3) by Boon and Hajibeygi (13) were conducted in a horizontal direction, capillary 
dispersion has overly stabilized the viscous fingering patterns. Such flow experiments are therefore not 
suitable for capturing flow behavior at the field scale, where viscous flow regimes typically occur.  

In summary, locally in a small core, the effects of both capillarity and gravity tend to lead to very disperse 

gas/liquid distributions which will have a lower mobility �𝜆𝜆𝑡𝑡�𝑆𝑆𝑔𝑔��, rather than more realistic fingering, 

which overall will have much higher total mobility. These effects are clearly demonstrated in recent work 
by this author group, modelling H2  water displacements in larger 2D sandstone slabs monitored by 
X-ray scanning (8), as well as in analogue water  oil or air  water experiments using a very similar 
viscosity ratio.  

3.3. Stabilization Effects by Gravity Force on RP functions  
Simulations varying the balance between viscous, gravity and capillary forces are conducted to validate 
our hypothesis mentioned in the last section. Case 4, which does exhibit viscous fingering, was used to 
simulate the system in a vertical (downward flowing) orientation to allow gravitational forces to take 
effect. All other parameters for this vertical case remain the same as in the original horizontal Case 4 
setup. This is the third step of the simulations.  

The results are shown in Figure 7 where, as expected, the viscous fingering 
is eliminated. However, as shown previously (Fig. 5; Case 4), using the 
viscous dominated Case 4 RP functions in the simulations allows fingering 
to emerge when the system orientation is horizontal. To minimize the 
stabilizing effect of gravitational force on RP functions, we recommend 
that H2-water relative permeability tests be conducted in a horizontal 
orientation. At a high enough flow rate, this approach reduces the 
influence of gravitational forces on the displacing front, ensuring that 
viscous forces remain dominant rather than being suppressed. In other 
words, the fingering flow pattern should be sustained and reflected in core 
flooding experiments.  

Conventional calculation methods tend to simplify core floods as 1D linear 
displacements based on Buckley-Leverett theory. Beteta et al (9) propose 
matching experimental results with a 2D (or 3D) simulation approach, 
assuming the presence of viscous fingers (when they are known to occur), 
and using a numerical scheme designed to match such experiments (31). 
This approach better captures the viscous-dominated immiscible 
fingering flow patterns occurring in gas-water systems.  

In some experimental scale cases, both gravity and viscous forces may be 
significant. But in this work, we have only addressed the influence of 
gravity forces by demonstrating that when using a “fingering RP function” 
in gravity stable conditions, a non-fingering H2  water displacement 
results (see Fig. 7). This is as expected, however if RP functions are derived 
from the core-scale measurements of such a flood (i.e. Δ𝑃𝑃 and fluid recoveries of water and gas vs. PV), 
then this does not result in a “fingering RP function”, due to the over-stable conditions. Therefore, this 
“experimentally derived” RP function will be incorrect for purely viscous dominated flow, although it may 
be adequate for modelling gravity stable downward displacement. Regardless of the importance of 
gravity, if the RP function does not lead to fingering under viscous dominated conditions, it is incorrect 

for simulating field scale flows where �𝜇𝜇𝑤𝑤 𝜇𝜇𝑔𝑔⁄ � >> 1. In this paper, we do not address how to separate 

viscous fingering and gravity effects, other than by making gravity negligible—such as by conducting 
viscous-dominated experiments in thin 2D slabs or performing very high-rate, long core horizontal 

 

Figure 7: Gas saturation 
after 0.15 PV of H2 
injection in vertically 
orientated simulation of 
Case 4. 
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floods. Therefore, we cannot provide a clear conclusion for the “mixed” case. However, work is currently 
in progress to resolve this matter.   

3.4. Scale-dependent Capillary Dispersivity 
As discussed, the effect of capillary pressure (capillary dispersivity) is very significant at the core scale. As 
with gravity, the capillary dispersivity will affect the experimental measurement of the “true” viscous-
dominated relative permeability. The focus of this section (Step #4 in Table 1) is on the scale-dependent 
influence of capillary pressure. To analyze this, the model size is varied by adjusting the cell dimensions 
while maintaining the same pore volume injection rate (0.05 PV/day) under reservoir conditions. This 
creates the following four scenarios: one with cell size reduced by 10 times in both x and y directions, 
one with halved cell size, one with the original size (Case 4), and one with cell size increased by 5 times 
in horizontal directions, as noted in Table 1. The synthetic capillary pressure shown in Figure 3 is then 
included in each model for comparison. Figure 8 shows gas saturation profiles after 0.15 PV injection 
for all six cases, with the left column showing scenarios without capillary pressure (Pc = 0) and the right 
column including it (Pc ≠ 0).  

As seen in the left column of Figure 8, all four cases without capillary pressure show clear immiscible 
viscous fingering. The gas displacing front is slightly more advanced in larger models (as indicated by 
white lines) with the same pore volume injections due to small compressibility effects with H2. In the 
right column, the included capillary pressure suppresses the viscous fingers to some extent and retards 
the gas displacing front (as indicated by right lines). The effect is most marked in the smaller system. In 
our smallest system tested here (10×2m), the viscous fingering would be totally absent. However, the 
mitigating impact of capillary dispersivity decreases with the increasing model size and is very minor in 
the largest model (Bottom row in Figure 8; 500m×100m). As model size increases, pressure gradients 
across the model grow accordingly, leading to more viscous-dominated flow and emergent immiscible 
fingering.  

The question has been raised: Is there a critical or threshold capillary number where we go from capillary 
dominated to viscous dominated flow? This question is addressed in Appendix B (available online).  

Along with the recommendation raised in the last section, H2-water relative permeability tests should be 
conducted in a horizontal orientation at high flow rates to maximize the dominance of viscous forces. 
The rationale is to sustain the viscous fingering patterns and reflect them in the derived RP functions. 
When a range of RP functions is produced based on the fractional flow curves, the best RP match is 
selected based on which functions lead to the maximum total mobility 𝜆𝜆𝑇𝑇. As noted previously, the total 

2D horizontal 
model 

No capillary pressure With Capillary pressure  

Size reduced, 
10m × 2m, 
Dx=Dy=0.01m   

 

Sg 

Size reduced 
50m × 10m 
Dx=Dy=0.05m   

Case 4 
(original) 
100m × 20m 
Dx=Dy=0.1m   

Size increased 
500m × 100m 
Dx=Dy=0.5m   

Figure 8: Gas saturation profiles for Case 4 after 0.15 PV of H2 injection, comparing scenarios varying 
grid dimensions without (left) and with (32) capillary pressure.  
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mobility varying with gas saturations (𝜆𝜆𝑇𝑇�𝑆𝑆𝑔𝑔� versus 𝑆𝑆𝑔𝑔)  in all of the four cases is plotted in Figure 6. 
The case based on the data by Beteta et al (9) shows a significantly higher total mobility compared to 
the other three cases. Detailed information on this approach can be found in the literature (9, 10, 29, 32). 

4. CONCLUSIONS 
The main aim of this work was to point out the inherent errors in relative permeability selection for UHS, 
and to suggest how these can be remedied. Specifically, three sets of steady-state H2-water relative 
permeability datasets widely cited in literature were tested. We identified three key observations.  

1. None of the published H2/water relative permeability datasets properly reflect the unstable flow 
behavior of H2  water in porous media. The main numerical reason for the failure of these 
published RP curves to show the expected viscous instability is that they lead to total mobilities 

�𝜆𝜆𝑇𝑇�𝑆𝑆𝑔𝑔�� which are too low. This then suppresses the fingering. The practical reason such curves 

arise is that the experiments are not carried out at viscous dominated conditions. In the very small 
cores, local capillary dispersion dominates, and the core orientation imposes a strong gravity force, 
which again stabilizes the fingering. Both effects lead to RP curves which yield too low total mobility 
functions, �𝜆𝜆𝑇𝑇(𝑆𝑆𝑤𝑤)�, which then predict over-stable displacements. 

2. Contrary to the normal practice in conventional methods, core flooding tests for UHS (and other 
gas/liquid systems) should use larger cores, and the displacement should be performed 
horizontally and treated as a multi-dimensional flow process. When matching these results by 
numerical modelling, then viscous fingering (which can be observed) should be assumed in the 
numerical model. The approach which we have used is to choose the correct fractional flow which 
matches the two-phase transport correctly and then derive the “maximum mobility RP functions”. 
An example of this was shown through the application of the Case 4 RP curves (9) for simulating 
H2  water displacements.   

3. If the fingering RP function described above in Case 4 is used, then it will be limited correctly when 
either capillary or gravity forces are then introduced into the system. That is, at the small scale, Pc 

will stabilize the system and stop fingering or when flooded vertically (downwards) at typical flow 
rates, gravity will suppress the fingering. However, as the system size increases the gas viscous 
fingering will emerge correctly in the system. In other words, the effects of capillarity are strongly 
scale-dependent, decreasing as model sizes increase. To accurately assess the interplay of forces 
involved—including viscous, capillary, and gravitational forces—the application of scaling theory 
is recommended (10, 35). This approach allows for a more precise evaluation of their relative 
impacts across different scales, enabling better prediction and control of displacement processes 
in various reservoir conditions.   

STATEMENTS AND DECLARATIONS 
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Appendices to this paper are available online here.  
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