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Abstract: A capillary high-pressure optical cell (HPOC) combined with a confocal Raman system was
used in this study of high-pressure methane/brine contact angles on a quartz surface. The contact
angle was determined from the shape of the methane/brine/quartz interface; it increased with fluid
pressure from 41◦ to 49◦ over a pressure range of 5.7–69.4 MPa. A linear relationship between the
contact angle and the Raman shift was also observed. The experimentally measured contact angle
was more accurately applied in calculations of capillary resistance than the empirically estimated 0◦,
and it provides an important parameter in the study of gas migration and production processes. For
a natural gas reservoir, pore-throat capillary resistance was 33% lower than the traditionally accepted
value, and low capillary resistance is conducive to deeply buried tight gas reservoirs becoming
more gas saturated. As burial depth increases, capillary resistance initially decreases and passes
through a maximum before decreasing again, rather than increasing linearly with depth. Our results
provide critical parameters for gas reservoir production, modeling, and resource assessment. This
non-destructive method may be useful for predicting contact angles through measurement of the
Raman shift of the HPOC and fluid inclusions in the reservoir.

Keywords: contact angle; wettability; methane; high pressure; tight reservoir; Raman spectra

1. Introduction

Pressure-driven volume flow is an efficient mechanism of natural gas migration. Pores
in a formation may originally be saturated with brine, in which gas gradually displaces
during the charging process [1–3]. In the multiphase fluid regimes of petroleum systems,
gas enters the reservoir when the capillary entry pressures of natural gas flow are exceeded,
at a rate depending on intrinsic and relative permeability [4–6]. Brine in larger pores is
displaced by gas before the brine in smaller pores with higher capillary pressures [7,8].
Wettability, indicated by the gas/brine contact angle, has a strong influence on reservoir
capillary pressures and is a critical parameter influencing immiscible fluid behavior in gas
reservoirs [9,10]. Wettability influences capillary pressure, relative permeability, and multi-
phase fluid distribution at the pore scale [11,12]. For a gas/brine system with cylindrical
capillaries, the contact angle, θ, is related to capillary pressure, Pc, by the Young−Laplace
equation [13]:

Pc =
2γlg cos θlg

r
(1)

where γlg is the interfacial tension (IFT) between brine and gas, and r is the average pore
radius. Strong wetting occurs as θ approaches zero (cosθ = 1), yielding the highest capillary
pressures [14,15]. As θ approaches 90◦ (cosθ = 0), the two interfaces involving the solid
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surface have equal interfacial tensions [16,17]. Less-wet reservoirs may have lower critical
capillary pressures, higher gas saturation, and larger gas resources [17–20].

An understanding of basic reservoir properties such as porosity, permeability, pore
size distribution, and (most importantly) wettability is critical for fluid transport [21]. The
key role of wettability in the mobility of different fluid phases is an important research topic
in petroleum engineering. Wettability is key to understanding the capacity of a reservoir
to store hydrocarbon gas over geological timescales [22]. Deeply buried gas reservoirs are
tight under high-pressure conditions (>45 MPa) associated with a thick overburden [23].
The high capillary resistance of small pore throats may reduce gas saturation. Capillary
resistance is in turn determined by wettability and interfacial tension, with the gas/brine
contact angle being a key factor in gas resource assessment. In the case of deeply buried
sandstone gas reservoirs, quartz grains and quartz cement are the most important porous
minerals, along with small amounts of carbonate, feldspar, and clay minerals [24]. Smooth
silicate mineral (represented by quartz) surfaces are always adopted in contact-angle
measurements; as the most common composition [25]. Methane is the most abundant
hydrocarbon in gas reservoirs.

Most air/brine contact angles are measured under ambient conditions [26,27], and for
smooth surfaces may range from 0◦ to 120◦ [28–30]. The contact angles of gases of different
composition vary greatly even under the same test conditions. For example, extrapolation
of behaviors from CH4 to CO2 must be avoided unless they have similar densities [31].
Previous studies have investigated wettability through the determination of brine/gas
contact angles under different conditions on many types of mineral, including minerals
under the effects of pressure, temperature, and brine salinity [32,33]. Pan et al. [34] observed
that the contact angle at 323 K was slightly higher than that at 300 K. Air/brine contact
angles increase with temperatures over the range from 35 ◦C to 70 ◦C [35]. The effect of
temperature was attributed mainly to the decrease in the density difference between the
two phases. Lower contact angles at higher temperatures have also been reported [36–38].
Temperature effects may thus cause increases or decreases in the contact angle, depending
on other physical parameters such as pressure, surface charge, and pH [35]. Theoretically,
contact-angle variations with temperature are linked to changes in the density of fluids and
van der Waals forces [39].

High-pressure methane/brine contact angles have been reported for pressures of
<20 MPa, increasing with pressure for CH4/brine/quartz systems. The CH4/brine contact
angle increases from 0◦ to 30◦ and 34.8◦ at 300 K and 323 K, respectively, with pressures of
0.1–20 MPa [34]. An increase in pressure to 20 MPa from ambient conditions also increases
the gas/brine contact angle [27]. The increase in the contact angle at high pressures has been
attributed to a reduced density difference between the two fluid phases [40]. An empirical
methane/brine contact angle of 0◦ (cosθ = 1) has commonly been used with the premise
that reservoir pore throats are strongly water-wet [41]. However, a comprehensive study
with a wide range of pressures up to 65 MPa is required, especially for tight reservoirs, to
constrain the pressure dependence of contact angles.

The aims of this study were to (1) improve the understanding of gas enrichment in
deep basin layers through an assessment of CH4/brine/quartz contact-angle variations
with increasing pressure (up to 69.4 MPa); (2) calculate the capillary resistance of deeply
buried sandstone gas reservoirs; (3) devise a reliable non-destructive method for the study
of wettability under high-pressure conditions; (4) quantify the influence of the contact
angle on capillary resistance in a deeply buried gas reservoir; and (5) determine whether
wettability at low pressures (<5 MPa) can be neglected for deeply buried reservoirs with
pressures of >>5 MPa. A micro-capillary visual observation device was designed to measure
high-pressure methane/brine contact angles over a pressure range of 5–69 MPa (extending
the previous maximum measurement pressure of 20 MPa), representing gas reservoirs with
normal pressure gradients buried at 0.5–7.0 km depths. The influence of the contact angle
on gas reservoir capillary resistance and gas saturation was also considered.
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2. Materials and Methods

Fluids. Methane (99.999 mol.%) and brine (2 mol·L−1 CaCl2 in deionized water) were
used in all experiments. The methane was stored in a cylinder with an initial pressure of
12 MPa. Although higher salinity resulted in higher brine contact angles, it did not have
a major influence on the angles [31,34]. For the CH4/brine/silica system, contact angles
increased by <5◦ as salinity increased from 0 to 15 wt.% [34]. Although NaCl brine prevails
in sedimentary basins, the deeply buried gas reservoirs in China are usually dominated by
CaCl2 brine; for example, in the Keshen gas field in the Tarim Basin [24] and the Anyue gas
field in the Sichuan Basin [42]. Therefore, we used brine with a high salinity of 2 mol·L−1

CaCl2. In addition, Pan et al. [31] reported that these ion types (NaCl, CaCl2, and MgCl2)
only had an insignificant influence (2◦) on CH4 wettability (which is within experimental
error). Therefore, CaCl2 brine is representative of NaCl and MgCl2 systems.

High-pressure optical cell. A capillary high-pressure optical cell (HPOC) [43,44] was
developed for the methane/brine contact-angle study (Figure 1). It was constructed from a
fused-quartz capillary tube measuring 665 µm for the outer diameter, 300 µm for the inner
diameter, and ~20 cm in length (Polymicro Technologies, Phoenix, AZ, USA). Fluid in the
HPOC could be pressurized to over 100 MPa at an ambient temperature.
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Figure 1. Experimental system for contact-angle observation and Raman spectra acquisition.

Raman spectra were obtained using a LabRAM HR Evolution (HORIBA, France)
confocal Raman spectroscopy system (Figure 1). A 632.81 nm excitation beam was used
with a laser focused on the HPOC through a 2.5× Olympus objective lens. The laser power
was ~7.2 mW, and the spectral accuracy was ±0.2 cm. The Raman shift was measured
using the Lab Spec 6 software (Horiba Scientific). The Raman test is an effective non-
destructive measurement usually incorporated with a HPOC for the study of high-pressure
fluids [43,45]. As the Raman shift is sensitive to fluid pressure variations, it was used to
study relationships between shift and contact angle.

Methane/brine contact-angle measurement. There are two main existing contact-
angle measuring devices. The first one is a Krüss DSA 100 instrument, using the tilted
plate method [31,46]. The second one is compromised by the liquid supply part and the
two-phase flow visualization part with an optical quartz capillary cell [47–49]. The contact
angle data measured at reservoir conditions higher than 20 MPa are scarce. The advantage
of the device used in this manuscript is that the HPOC extends the pressure range of
previous optical cells by affording a high-pressure condition (higher than 45 MPa) for
deeply buried reservoirs. Moreover, a Raman test was conducted while measuring the
contact angle, which has rarely been achieved before. The microfluidic system included a
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pump to inject methane and brine, the HPOC, and a microscope equipped with a camera
and connected to a computer (Figure 1). Methane/brine interfaces within the HPOC were
visualized using an Olympus (Tokyo, Japan) microscope. Photographs were captured with
a high-resolution camera in the confocal Raman system through a 2.5× Olympus objective
lens. Adobe Photoshop CS6 Software was used to measure the angle at the methane/brine
interfaces. The burial depths of the deep reservoir were generally >4500 m [50,51], so the
fluid pressure was >45 MPa based on the normal pressure gradient. Fluid pressures in
over-pressured reservoirs are >45 MPa. To ensure that the results represented most of the
fluid pressures of deeply buried gas reservoirs, the maximum pressure was extended to
69 MPa. Experiments were not undertaken at higher pressures because gas leaked from the
interface between the valve and the pipeline. Higher pressures will be applied in future
experiments when this problem is resolved.

Experimental procedures are illustrated in Figure 2. Brine and methane were in-
jected into the HPOC at a planned pressure, and the HPOC moved laterally to reach the
methane/brine interface. The focal length was adjusted, and photographs were taken be-
fore acquiring the methane Raman spectra. Methane injection pressure was then increased
and steps 3, 4, and 5 (Figure 2) were repeated. The experiment ended when the highest
planned methane pressure was reached.
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Figure 2. Flowchart of experimental procedure.

3. Experimental Results
3.1. CH4/brine/Quartz Contact Angle

The phase boundary remained clear with increasing pressure in the gas columns
(Figure 3A–H), with the methane/brine contact surface being curved toward the brine
section (Figure 3I). The methane/brine contact interface was still clear at a pressure of
69.4 MPa, with limited property variations. The morphology of fluid in the HPOC did
not change markedly at elevated pressures. The Raman technique is non-destructive, and
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spectra were measured using the HPOC, so changes in the Raman shift were associated with
methane pressure changes, as measured by the pressure gauge (Figure 3J). The observed
decrease in the Raman shift with CH4 pressure is consistent with previous studies [47].
It was also found that phase change is not obvious in methane with increasing pressure,
as the pressure–Raman shift relationship was continuous (Figure 3J). Free methane gas
thus remained at the methane/brine contact interface under pressures of up to 69.4 MPa
(Figure 3H). Miscible migration did not occur during hydrocarbon gas charging under
high pressure (Figure 3A–H), with the capillary-force model still being followed and the
capillary resistance controlling gas charging.
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Figure 3. Shape of the methane/brine interface at pressures of 5.7 MPa (A); 11.5 MPa (B); 22.9 MPa (C);
30.6 MPa (D); 40.6 MPa (E); 50.1 MPa (F); 59.9 MPa (G); and 69.4 MPa (H). Schematic diagram showing
the method of contact-angle measurement (I); and relationship between pressure and methane Raman
shift (J).
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Pressure varies with storage depth, so the methane contact angles in CH4/brine/quartz
systems were measured at ultra-high pressures based on changes in the shape of the
methane/brine interface (Figure 3I). Overall, the contact angle increased from 41◦ to 49◦

over a pressure range of 5.7–69.4 MPa (Table 1).

Table 1. CH4/brine/quartz contact angle and Raman shift for CH4 at elevated pressures.

Pressure
(MPa) θ (◦) Raman Shift

(cm−1)

5.7 41.24 2916.16
11.5 46.13 2914.82
22.9 47.19 2912.64
30.6 47.75 2911.94
40.6 48.00 2911.29
50.1 48.65 2910.74
59.9 49.12 2910.5
69.4 49.16 2910.4

3.2. Raman Shift for CH4

Raman spectra were measured for CH4. The Raman shift decreased with increasing
pressure at a constant temperature. When pressure increased from 5.7 MPa, the CH4
peak position of the C–H symmetric stretching band (v1) shifted to lower wavenumbers of
2916.16–2910.4 (Table 1). A linear relationship between the contact angle and the Raman
shift (Figure 4) was also observed, suggesting the possibility of using the Raman shift to
predict contact angles, although further study is required to confirm this.
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4. Discussion
4.1. CH4/brine/Quartz Contact-Angle Variation with Pressure

CH4/brine/quartz contact angles were compared with those from previous studies
(Figure 5). Data were previously reported at pressures of <20 MPa [34]. The contact angles
measured here were higher than those of earlier studies at pressures of 0–20 MPa, possibly
due to the salinity difference. The brine salinity here was 22 wt.%, compared with 1.5 wt.%
in earlier studies [34]. Because the contact angle increases with salinity [34,52], higher
angles were observed here, with higher solubility of brine, resulting in higher contact
angles. The contact angle increased by 6◦ when salinity increased by 13.5 wt.%, so the
salinity is estimated to be an important factor affecting the contact angle. To isolate the role
of salinity, we used the brine of a deep-buried reservoir with high salinity. In addition, the



Minerals 2023, 13, 164 7 of 14

roughness of the quartz and the experimental accuracy of different methods would also
influence the result; therefore, we do not expect that the results in this study will match
exactly with those of Pan et al. [34]. Contact angles also increase with fluid pressure [34].
This trend is consistent with the gas/brine contact angle [53], even on different surfaces of
shale [31,54], coal [55], and clay minerals [34,52]. However, at fluid pressures of >20 MPa,
the influence of pressure was less obvious. With pressures increasing from 11.5 to 69.4 MPa,
the contact angle increased by only 3◦.
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It should also be stressed that the measured contact angle was much higher than the
widely used empirical angle of 0◦ [41], indicating the intermediate (rather than strong)
water wetness of the reservoir.

The sharp kink approximation [56,57] was applied to determine the factors affecting
the contact angle [39] using the following relationship:

cos θ =
∆ρ

γlg
I − 1 (2)

where ∆ρ = ρlf − ρg (ρlf and ρg are densities of liquid film and gas, respectively) [54] and I
is the van der Waals potential integral [58,59].

It is evident from Equation (2) that, although medium pressures influence the density
difference and gas–liquid interfacial tension, the effect on density difference is much greater
than that on γlg [60]. Because ρg is a direct function of pressure, any increase in pressure
significantly reduces ∆ρ, and to some extent, γlg. The ∆ρ/γlg ratio thus decreases with
pressure, increasing the contact angle on any surface [38]. In an ultra-high-pressure regime,
∆ρ, γlg, and ∆ρ/γlg tend to be stable [61].

The contact angle of CH4 increases with pressure due to the decreasing density dif-
ference between fluids and the stronger intermolecular interaction between CH4 and the
quartz/rock surface [31,40,62,63]. The methane/brine contact angle on a quartz surface is
lower than that on a shale surface [31], possibly due to the difference in the van der Waals
potential between CH4 and the different surfaces. Organic matter in shale causes an in-
crease in the contact angle, although in a quartz reservoir, the methane/brine contact angle
is not usually affected by organic matter unless bitumen is retained before gas charging.

Physically, the influence of pressure on wettability can be attributed to the higher
non-aqueous phase density [64], the consequently stronger inter-molecular interactions
between CH4, the solid surface of quartz due to the increased molecular density [62,64],
and the decrease in the interfacial tension between the CH4 and quartz. Due to stronger
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inter-molecular interactions between CH4 and the quartz surface [63], and lower density
differences between CH4 and brine [61,62,64], the decrease in the CH4/brine/quartz contact
angle occurred with increasing fluid pressure.

Studies of CH4 and CO2 on shale [31] and N2, Ar, SF6, and He on quartz [40] have
shown that when fluid densities are similar, their wettabilities are also similar. Previous
data [53] for the CO2/brine/quartz system were used to plot θ versus CH4 and CO2 density
(Figure 6), with density being a function of fluid temperature and pressure [65,66], as
calculated using the US National Institute of Standards and Technology (NIST) Chemistry
WebBook (https://webbook.nist.gov, accessed on 1 September 2021). When the CH4 and
CO2 densities were approaching a supercritical state, their brine contact angles became
similar: CH4 and CO2 densities of 249.5 and 252.6 kg m−3 were related to θ values of
48◦ and 47.8◦, respectively. The contact angles matched well when CH4 and CO2 had
similar densities, indicating that gas density strongly influences the contact angle on the
same surface, even with different gases. Previous studies [31] have shown that with
CO2/brine/quartz at high densities, CO2 reaches a high density under a much lower
pressure than CH4. This provides the possibility of predicting CH4/brine/quartz contact
angles under high pressures by combining CH4 and CO2 data with Equation (3), gradually
increasing in the range of 50◦–60◦ under higher pressures on a quartz surface.

θ = 29.45 ρg
0.0922 (3)

where θ relates to CH4/brine/quartz, and ρg represents the density of CH4.
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Figure 6. Effect of fluid density on contact angle in the CH4/brine/quartz and CO2/brine/quartz
systems [53].

4.2. Raman Shift Variation with Contact Angle

Increasing CH4 density causes a decrease in the Raman shift [67,68]. At the same
time, the contact angle increases with increasing pressure. As a result, a negative rela-
tionship between the Raman shift and the contact angle was observed. Mechanically,
according to hard sphere models of fluids [69], increasing pressure results in the increasing
density of a molecular fluid [61]. The peak position initially shifts to a lower wavenum-
ber (lower energy), followed by a minimum, and then shifts to a higher wavenumber
(higher energy) while pressure increases at a constant temperature [68]. In other words,
the inter-molecular forces are dominated by van der Waals-type attractive forces until
a certain density (i.e., 300 kg m−3) is reached, at which repulsive forces between hard
spheres begin to dominate the inter-molecular potential [68]. Moreover, there exist stronger
inter-molecular interactions between CH4 and the quartz surface [63], combined with lower
density differences between CH4 and brine [61], and the decrease in the CH4/brine/quartz
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contact angle occurred with increasing fluid pressure [62,64]; therefore, the Raman peak
position of CH4 shifted to a lower wavenumber when there was an increased contact angle.

4.3. Capillary Resistance of Deeply Buried Gas Reservoirs

Taking a hypothetical sandstone gas reservoir as an example (Table 2), we see that it
becomes more severely compacted with increasing burial depth, with the pore-throat radius
decreasing exponentially with increasing depth [45,70]. As burial depth increases from
1000 m to 4000 m, pore radii decrease from 1.1 µm to 0.1 µm. However, over a depth range of
4000–7000 m, the pore radius becomes stable at ~0.1 µm (Figure 7A), assuming a formation
pressure gradient of 10 MPa km−1, temperature gradient of 30 ◦C km−1, and surface
temperature of 15 ◦C. Based on Equation (1), capillary resistance at different depths may be
calculated from the contact angle, interfacial tension [61], and pore-throat radius at different
depths (Figure 7B–D). At the appropriate wettability, the contact angle was obtained by
calculating gas density at each depth using Equation (3) (Table 2). Capillary resistance
calculated from the measured contact angle is generally much lower than that based on the
empirical parameter (θ = 0◦) [41], indicating that the previously applied simplification of
the empirical methane/brine contact angle results in a substantial overestimation of the
capillary resistance of gas reservoirs.

Table 2. Comparison between capillary resistances when incorporating or neglecting wettability.

Depth
(m)

Temperature
(K)

Pressure
(MPa)

r
(10−6 m)

ρg
(kg m−3)

ρw
(kg m−3)

IFT, γlg
(mN m−1) θ (◦)

Capillary Resistance (MPa)

Incorporation
of Wettability

Neglecting
Wettability
(i.e., θ = 0◦)

1000 318 10 0.13 68 1065 58.56 43.47 0.65 0.90
2000 348 20 0.026 120 1052 51.67 45.81 2.77 3.97
3000 378 30 0.013 151 1037 45.64 46.80 4.81 7.02
4000 408 40 0.0097 171 1019 40.21 47.33 5.62 8.29
5000 438 50 0.0092 185 997 35.47 47.66 5.19 7.71
6000 468 60 0.009 194 975 30.03 47.88 4.48 6.67
7000 498 70 0.009 202 952 27.6 48.05 4.10 6.13
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Capillary resistance changed when considering or neglecting wettability (i.e., θ = 0◦)
(Table 2). When neglecting wettability, a contact angle of 0◦ was used at each burial depth.
The difference between the two conditions indicates the influence of wettability on gas
storage. Capillary resistance calculated from the measured contact angle was generally 33%
lower than that based on the empirical value (θ = 0◦), indicating that the previously applied
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simplification that neglects wettability results in a substantial overestimation of the capillary
resistance of gas reservoirs. When considering reservoir wettability, the capillary resistance
for gas entering the reservoir decreases and the relative gas permeability increases, which
promotes charging and seepage of natural gas [71,72].

The variation of capillary resistance as a function of depth indicates that with in-
creasing burial depth, the natural gas charging resistance first increases then decreases
(Figure 7D). As depth increases from 1000 to 4000 m, capillary resistance increases from
0.8 to 4.8 MPa, mainly owing to the sharp decrease in the capillary radius. At depths of
4500–7000 m, the capillary radius tends to be stable and capillary resistance decreases
due to the decreasing contact angle and interfacial tension, with natural gas charging and
migration resistance decreasing by 19% over a range of 3.9–4.8 MPa.

Without considering the change of wettability and interfacial tension, the capillary
resistance is controlled by the pore throat. The pore throat of the reservoir decreases with
increasing burial depth, resulting in increased capillary resistance [73]. However, without
considering the change in pore diameter, the contact angle and interfacial tension decrease
with increasing depth, with decreasing capillary resistance. Therefore, in both scenarios,
both an increase and decrease with burial depth are possible. Owing to the predominant
effect of pore diameter, capillary resistance initially decreases with depth and passes
through a maximum before decreasing again due to the influence of the decreasing contact
angle and interfacial tension at greater depth. The maximum capillary resistance occurs at
~4000 m depth. There are few reports of the point of inflection in capillary resistance.

Therefore, under a certain reservoir charging pressure, the reservoir capillary resistance
is reduced, which is conducive to gas charging into smaller pore throats with the discharge
of brine. The gas then occupies more reservoir space with higher gas saturation. The
presumed low gas saturation of deep reservoirs should therefore be re-evaluated, as many
natural gas resources may be buried at a substantial depth.

5. Conclusions

Deeply buried tight sandstone reservoirs are important fuel resources, and CH4
wettability is important for determining capillary resistance and gas saturation. However,
CH4 wettability at high pressures (>20 MPa) is poorly understood. The traditionally
accepted empirical CH4 contact angle of 0◦ is misleading because it implies that tight
reservoirs have low gas saturation levels due to high capillary resistance. We used a micro-
capillary visual observation device to measure contact angles in the CH4/brine/quartz
system at pressures of up to 69.4 MPa and developed a method of predicting the contact
angle based on gas density. We also examined their influence on gas charge resistance and
gas saturation. The results led to the following conclusions:

(a) With a pressure increase from 5.7 to 11.5 MPa, the methane/brine contact angle
increases from 41◦ to 46◦, consistent with published data. However, when pressures
increase from 11.5 to 69.4 MPa, the contact angle increases by only 3◦, as the interfacial
tension and density difference between gas and brine is stable.

(b) Capillary resistance calculated from the measured contact angle is much lower than
that based on the empirical parameter (θ = 0◦). The previously applied simplification
of the empirical methane/brine contact angle results in a large overestimation (33%)
of gas reservoir capillary resistance.

(c) As the burial depth increases from 4500 to 7000 m, the natural gas charging resistance
decreases from 4.8 to 3.9 MPa, reducing by 19%, owing to the decreases in the contact
angle and interfacial tension. The presumed low gas saturation of deep reservoirs
should therefore be re-evaluated.

(d) The Raman shift decreases with an increasing contact angle. This non-destructive
method could be used to predict contact angles by measuring the Raman shift of
the HOPC and fluid inclusions in the reservoir. In future studies, the measurement
system may be applied in the exploration of high-pressure oil/brine and gas/oil
contact angles.
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