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Abstract 

Gas hydrate formation involves low molecular gas mass transfer to a cage-like structure 

formed by water molecule under low temperature and high-pressure conditions. Gas hydrate 

is considered a problem if it develops along a pipeline. In order to solve the problem of gas 

hydrate formation in the pipeline, there is a need to understand the Interfacial Tension (IFT) 

behaviour at gas-water interface. This paper presents an experimental investigation of IFT of 

methane bubble in distilled water and varying concentration of salt (NaCl) using pendant 

drop (rising bubble) method.  The results obtained shows that the IFT decreases with an 

increase in temperature and pressure. This decreasing trend shows that IFT existing at CH4 – 

H2O interface is a function of temperature and pressure. Additionally, the concentration of 

2.9, 5.6, 8.2 and 10.7wt% NaCl resulted in an average increase of the IFT of the CH4-H2O 

system in 1.46, 2.57, 3.51 and 4.24 mN.m
-1

 respectively. 
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1 Introduction 

Considering the risk associated with blockages in a gas pipeline due to hydrate [1], [2], 

resulting from the natural gas flow with water under low temperature and high-pressure 

conditions [3]. It is essential to understand hydrate formation mechanisms, to prevent its 

formation along the pipeline. Hydrate formation is a process involving gas mass transfer to a 

cage-like structure formed by a water molecule. Interfacial Tension (IFT) working at the gas-

water interface is one of the vital parameter controlling such transfer [4], [5]. Also, the 

dynamic of a two-phase system involving gas-water depends intensely on the temperature 

and pressure conditions [6], as well as IFT. The recent studies on hydrates mainly focused on 

predicting hydrate formation conditions [7]–[9], preventing and managing it when formed 

[2], [10]–[13]. 

The reported literature on the interfacial tension exhibited at the interface isolating a gaseous 

methane, and liquid water is limited. The interfacial tension data presently accessible in the 
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literature was obtained under limited pressure and temperature conditions. Sachs & Meyn 

[14] reported the response in the interfacial tension in the system methane – water due to 

pressure variation using pendant drop method (rising bubble mode) at 298.15K, for pressures 

ranges between 0.5 and 46.8 MPa. The interfacial tension measurement was performed only 

at 298.15K and pressure increases from 0.5 up to 46.8 MPa. Ren et al. [15] investigated 

methane – water, interfacial tension in systems containing a mixture of methane with five 

different compositions of carbon dioxide ranging from 20 – 80 mole%. The study employed 

same pendant drop technique as [14], and the measurements covered the temperature ranges 

from 298.15 to 373.15 K and pressure ranges from 1.0 to 30 MPa. This investigation was 

subsequently followed up by Yan et al. [16]. Using same pendant drop (rising bubble) 

method, investigated the effect of temperature, pressure and gas composition on interfacial 

tension of (methane + Nitrogen) – water and (Carbon dioxide + Nitrogen) – water. The 

experimental temperature and pressure ranges were 298 – 373 K and 1 – 30 MPa, 

respectively. Rushing et al. [17] measured dry gas-liquid interfacial tension and evaluated the 

effect of gas contaminant (Carbon dioxide and Nitrogen) on the gas-liquid interfacial tension 

behaviour using a pendant drop method, with computer-aided image processing and analysis. 

They investigated a high pressure and temperature ranges of 6.89 - 137.89 MPa and 

temperatures of 422 - 477.6 K, while methane-water and the methane-brine mixture were not 

considered at this condition, despite salts presents in the gas pipeline along the crates [18]. 

Khosharay & Varaminian [19] reported the interfacial tension of water with lower 

hydrocarbon alkane including water-methane, water-ethane, water-carbon dioxide, and water-

propane systems using pendant drop method at temperatures from 284.15 to 312.15 K and 

pressures up to 6 MPa. Kashefi et al. [20] obtained interfacial tension data in methane – water 

and methane – brine using the pendant drop and bubble rise methods for temperatures 

ranging from 311 – 473 K and pressures up to 92 MPa. Yasuda et al. [6]reported the 

interfacial tension of water-methane system using pendant drop method at temperatures from 

278.15 - 298.15 K and pressures up to 10 MPa. The study by [6] was followed up Hayama et 

al. [21],  reported the interfacial tension of mixtures of methane with another hydrocarbon 

alkane (ethane and propane) at various proportion employing same techniques. The 

composition of their natural gas was 89.95% methane, 7.05% ethane and 3.00% propane and 

95.0% methane, 3.5% ethane and 1.5% propane. These measurements were conducted at a 

pressure of up to 10 MPa and temperature between 283.2 K and 298.2 K, respectively. 

However, the investigations above did not cover a broader range of temperature and pressure 

and also no evidence of methane-brine systems except for [20]. Kashefi et al. [20] also failed 

to consider investigating the IFT below 311 K, which this present work seeks to address. 



Additionally, the significance of gas bubble and their rise, due to buoyancy for different types 

of gas-liquid reactors have been investigated [23], [24] and they fail to consider the influence 

of the IFT of the gas bubble rise. Apart from the experimental investigation of interfacial 

tension working at gas – liquid and liquid-liquid interface, a thermodynamics-based 

theoretical approach to the nature of interfacial tension in water-methane and other related 

systems has been attempted by several research groups, and these can be found in [25]–[28] 

Therefore, based on the literature surveyed as outlined above, this study aimed at 

investigating the interfacial tension in the methane – water system at temperatures ranges 

298.15 – 313.15 K and pressures ranges 0.172 – 13.1 MPa. Pendant drop (rising bubble) 

method was used for conducting the present work, due to its convenience in dealing with the 

gas-liquid,  closed, and a pressurised system similar to conditions found in most of the 

processing facilities. 

2 Theory of Interfacial Tension 

Interfacial tension of the methane bubble is determined from the profile of the bubble created 

using a radius of the curvature (R0) and the shape factor (β) by the equation 1 & 2: 

𝛾 =  ∆𝜌𝑔 (
𝑅0

2

𝛽
)       (1) 

and  

∆𝜌 = 𝜌𝑔𝑎𝑠 𝑝ℎ𝑎𝑠𝑒 − 𝜌𝑙𝑖𝑞𝑢𝑖𝑑 𝑝ℎ𝑎𝑠𝑒     (2) 

Where ∆ρ is the density difference between the continuous and risen bubble phase, g is the 

gravitational constant, R0 is the radius of curvature at the hanging bubble apex, and β is the 

shape factor. 

The bubble profile has been described using Young-Laplace equation, which is presented in a 

dimensionless form as shown in equation 3 - 5: 

𝑑𝜃

𝑑𝑆
= 2 − 𝛽𝑌 −

𝑠𝑖𝑛𝜃

𝑋
        (3) 

𝑑𝑋

𝑑𝑆
= 𝑐𝑜𝑠𝜃         (4) 

𝑑𝑌

𝑑𝑆
= 𝑠𝑖𝑛𝜃        (5) 

Fig. 1 illustrated the bubble with the descriptions of the x, y, s and θ. 



 

Fig. 1: Dimensions and symbols used 

The parameter, s, is the distance along the drop profile from the drop apex, X, Y and S are 

dimensionless parameters made by dividing x, y, and s, respectively by R0. H
”
 and H

’
 are the 

distance from the centre of the curvature to the drop apex. A large number of theoretical 

dimensionless profiles were calculated for the whole possible β-range, from β = -0.55 to 10
20

 

using Kutta-Merson’s numerical integration algorithm with automatic step length adjustment. 

The maximum relative error was set to 10
-4

. Each profile was measured mathematically by 

using cubic interpolation. In this way curves correlating the parameters β and R0 with 

measurable parameters as indicated in Fig. 1 were produced, and these curves were fitted 

with linear polynomials by the method of least squares. 

For pendant drops too short for the determination of DS (DS is the diameter at a distance DE 

from the drop apex), the drop height (H), and the radius (R) is used. R is given as shown in 

equation 6: 

𝑅 =
𝐷𝐸

2
         (6) 

DE is the maximum diameter of the bubble from the bubble apex of methane gas. Equation 1 

may be re-written in term of H as shown in equation 7 as: 

𝛾 = ∆𝜌𝑔 (
𝐻2

𝛽
)        (7) 

Where β is a transformed shape parameter. It is easily observed that H will have an upper 

limit because of the maximum hydrostatic pressure the surface tension may resist. When the 

drop becomes infinitely full, only one radius of curvature will be necessary, and the limiting 
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value of β is 2.0. Equation 7 is therefore much more convenient for small pendant bubbles. 

Another parameter B may derive from Equation 1 and 7 as a function of the ratio x = H/R as 

shown in equation 8 and 9 as: 

𝐵 = 𝛽 ∗ (
𝐻

𝑅0
)

2

= 𝑓(𝑥)      (8) 

𝐻

𝑅0
= 𝑔(𝑥)        (9) 

Combining equation 8 and 9 yields: 

𝑏 = 𝑓(𝑥)/𝑔(𝑥)       (10) 

Therefore R0 and  are determined for all values of <1000 from the measured values of H 

and R from the profile and equations 9 and 10. 

3 Experimental setup 

A custom-assembled experimental device (as shown in Fig. 2) was used to perform IFT 

estimation tests through pendant bubble procedure and investigated images utilising Drop 

Image Advanced Analysis (DAA) Method. This section provides detail explanation of 

material, experimental setup and procedure. 

3.1 Materials 

The sample fluids utilised as part of the trials were research-grade methane gas provided by 

BOC Industrial Gases Co., Ltd., and distilled water prepared in our laboratory. The former 

having certified purity of 99.9% in mole fraction was used as received from the supplier. The 

latter was produced by treating tap water with a laboratory water distiller (D400 Distinction 

water still, Stuart Equipment). Fisher Scientific supplied the NaCl used for the brine 

preparation. 

3.2 Apparatus and procedure 

Fig. 2 shows the experimental setup used in the current work. The fundamental part of the rig 

was a cylindrical chamber made of stainless steel. The volume of the cell is 39 cm
3
 and is 

fitted with a glass window to allow visual observation and a live recording of the shape of 

each risen bubble using a rame-hart camera. The temperature controller controlled the 

temperature of the chamber, using heating element mounted on the cell made from copper. A 

capillary tube, made of stainless-steel, 3.16 mm in outside diameter (O.D.), was inserted via 

the needle insertion hole at the bottom of the cell such that each bubble of methane suspended 

from the tip can be seen at the midpoint of the inside cell. The opposite end of the chamber’s 

viewing window is the illuminating light source. Liquid water source (15 cm
3
 stainless-steel 



cylinder) is connected by the side of the chamber. Also, a platinum-wire resistance 

thermometer (Type K) was inserted into the cell from its side. The thermometer is located 

that its tip was only ~1mm away from the inside of the chamber. The uncertainty of the 

temperature measurement using this thermometer was estimated to be ±0.2 K. The inside 

pressure of the cell was control using a manual pump and the back-pressure regulator and 

was recorded using E-Zone pressure regulator with an estimated uncertainty of ±0.03 MPa. 

 

Fig. 2: Experimental set-up for IFT measurement (1-Data acquisition system; 2-Temperature 

and pressure recorder; 3-Illuminator; 4-IFT Measurement Chamber; 5-Back-pressure 

regulator; 6-Rame-hart Camera; 7-Methane cylinder; 8-Vibration control table; 9-water 

sample cylinder; 10-Manual pump; 11-Automatic pump) 

Each trial for measuring the interfacial tension was commenced by filling the liquid sample 

cylinder with water sample using an automatic pump and then to the chamber via the sample 

cylinder. The manual pump was subsequently charged with the fluid sample after isolating 

the automatic pump. The pressure of the chamber was then adjusted to the desired pressure 

by using both manual pump and the back-pressure regulator. The methane source connected 

to the capillary tube mating valve was then used to form a rising bubble of the appropriate 

size at the tip of the capillary tube. The bubble was allowed to stand for 5-10 min to ensure 

that the bubble was thermally equilibrated with the surroundings. Images of the drop were 

then captured by the rame-hart camera and analysed using the Drop image advanced. Ten 

measurements were acquired for each image captured within 10sec at 1sec time interval 

between measurements. The average value of the interfacial tension values obtained from the 

bubble profile at each prescribed experimental pressure and temperature was regarded as the 
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interfacial tension value representative of the present work. As visual illustrations of such 

risen bubble images, Fig. 3 shows eight typical images obtained under significantly different 

temperature and pressure conditions. 

   
@ 298.15 K  and 0.172MPa  @298.15 K  and 13.10MPa @ 303.15 K and 0.172MPa 

 
@ 303.15 K and 13.10MPa 

 
@ 308.15 K and 0.172MPa 

 
@ 308.15 K and 13.10MPa 

 
                               @313.15 K and 0.172MPa 

 

 
          @ 313.15 K and 13.10MPa 

Fig. 3: Typical images of pendant drops captured at different temperature and pressure 

conditions 

The measurements of the surface tension of water with air were also performed to affirm the 

dependability of this technique utilised for the present work. The analyses of the interfacial 

tensions were performed under five temperature conditions; i.e., 298.15, 303.15, 308.15 and 

313.15 K.  

A contour determines the pendant bubbles shape following algorithm, and the profile 

coordinates were used to determine the interfacial tension and area and volume of the drops 

or bubbles captured. The density of liquid water saturated with methane and that of gaseous 

methane was evaluated using REFPRO. The error analysis estimated the combined standard 

uncertainty of each interfacial tension value. 

4 Results and Discussions 

The experimental results obtained for the IFT of the methane-water system were measured at 

298.15, 303.15, 308.15 and 313.15 K of temperature and pressure up to 13.10MPa. The 



results obtained are plotted in Fig. 4. The validity of both the methodology and equipment 

used were assessed by comparison of the results obtained against literature data [6], [16], 

[19]. Additionally, the effect of salts was investigated by measuring the interfacial tension of 

methane-brine systems.  

The brine sample used in the study contained 2.9, 5.6, 8.2 and 10.7% NaCl and the results 

obtained are plotted in Fig. 7, Fig. 8, Fig. 9 and Fig. 10. The results for methane-brine were 

compared against a literature [20]. These experiments were conducted to investigate the 

influence of pressure, temperature and salinity on the interfacial tension working at methane-

water and methane-brine interface. 

4.1 Methane-water 

The experimental results of the present work showed a reduction of the interfacial tension 

with increasing pressure as can be seen in Fig. 4 and also Fig. 6 showed the corresponding 

decrease in IFT due to temperature though was not as pronounced as the pressure effect. 

Which could be as a result of the three pressures (0.172, 5.343 and 13.10MPa) chosen to see 

the impact of temperature and also the temperature ranges selected for the investigation. 

Moreover, this reduction seems to be more pronounced at a pressure ranges (3.62 – 13.1) 

MPa. 

Even though, several data on methane-water IFT at wide range of pressures and temperatures 

available in the literature [6], [14], [15], [17], [19]–[21], [25], [29]–[32]. Only Khosharay & 

Varaminian [18]; Yan et al. [16]; and Yasuda et al. [6] measured isotherms are adequately 

close for correlation with the IFT data from the present work (see Fig. 5). As indicated in Fig. 

5, the IFT values measured in this work are in reasonable agreement with the data from 

Yasuda et al. and Khosharay & Varaminian at a lower pressure up to 7.02MPa with an 

average deviation above 7.02MPa at T = 298.15K. However, there is significant disparity 

while compared to the data obtained by Yan et al. [16], within the investigated conditions and 

uncertainties of the present study. 



 

 
Fig. 4: IFT measurement for methane – liquid water at a constant temperature and various 

pressure 

 
Fig. 5: A comparison of IFT-pressure diagrams for methane-water between this work and 

data obtained in some of the literature 

 
Fig. 6: Temperature effect on the methane-water IFT at constant pressure 

4.2 Methane-Brine 

The addition of salt resulted in a general increase of the interfacial tension values over the 

pressures and temperatures considered, as depicted in Fig. 7, Fig. 8, Fig. 9 and Fig. 10. In 
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general, the presence of 2.9, 5.6, 8.2 and 10.7 wt% NaCl resulted in an average increase of 

the IFT in 1.46, 2.57, 3.51 and 4.24 mN.m
-1

, respectively, when compared to the methane- 

water IFT. Furthermore, the change in IFT for the methane-brine system with pressure and 

temperature was found to be similar to that of the methane-water as mentioned above. 

 
Fig. 7: IFT-pressure diagram for methane – brine measured at 298.15K and various 

concentration of NaCl  

 
Fig. 8: IFT-pressure diagram for methane – brine measured at 303.15K and different 

concentration of NaCl 
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Fig. 9: IFT-pressure diagram for methane – brine measured at 308.15K and different 

concentration of NaCl 

 
Fig. 10: IFT-pressure diagram for methane – brine measured at 313.15K and different 

concentration of NaCl 

 
Fig. 11: Effect of NaCl concentration on methane – brine IFT measurement 
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Fig. 12: A comparison of IFT-pressure diagrams for methane-brine between this work and 

data obtained in some of the literature 

5 Conclusion 

In the present work, pendant drop (risen bubble) method was used to measure the IFT for 

methane-water and methane-brine system for temperature range (298.18 to 313.15) K and 

Pressure (0.172 to 13.10) MPa. The effects of pressure, temperature, and salinity (NaCl) on 

the IFT were demonstrated. The results show the importance of IFT during mass transfer of 

methane into the water molecules. The presence of salt (NaCl) indicated a reduction of 

methane dissolution in the water thereby increasing the interfacial area of the methane bubble 

and hence the increase in the IFT. Additionally, the bubble size also affects the IFT values 

obtained. Both equipment and methodology were validated by comparison against methane-

water and methane-brine in the literature. 
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