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The objective of this work was to quantify the consequences at the water surface of an underwater gas
release. In particular the experimental tests were performed in two experimental basins, investigating the
effect of gas nature, injection diameter and gaseous mass flow rate. These phenomena can occur in the case
of incidents on oil platforms or during leaks from gas pipelines. The main objectives of this study were to
measure the water elevation at the water surface (fountain effect) due to rising plume gas in the water column.
The results for maximum water elevation clearly show a strong influence of gas flow rate with an increase in
elevation with decreasing gas density. The influence on the fountain effect related to the leak diameter was
also observed. Furthermore, the study clearly shows that the gas solubilisation in water has an impact on the
fountain effect with a strong decrease in the maximum level of water elevation.

1. Introduction

The release of gaseous substances can result in production of atmospheric plumes of potentially toxic,
flammable or reactive chemicals. These plumes can travel considerable distances with the potential to pose
risks over a wide area and on relatively short timescales. As incidents can happen close to the coast, the
response will often require actions to protect coastal communities, with informed decisions needing to be
made quickly often before monitoring can be initiated. Gas and oil platforms or subsea pipelines are widely
present in the North Sea, posing a potential risk of leakage with underwater gas release. Such leaks can result
in the formation of toxic or explosive clouds with the potential to impact English and European coasts as
illustrated by the blowout on the Elgin platform in the North Sea in 2012. This is the largest incident of this type
ever to occur in the North Sea. The gas leak was mainly composed of methane (around 200,000 m® / day) and
generated a visible cloud more than 10 km away. The worst ever environmental disaster was the Deepwater
Horizon drilling accident that occurred on 20" April 2010. The four million barrels of oil that were released into
the Gulf of Mexico generated major environmental impact and strong consequences on human activities
(Pereira, 2015, Thibaut, 2016, French-McCay et al., 2018). These potential hazards make it crucial to know
when, how, where and in what quantities the gas will reach the surface of the ocean. To perform an effective
risk assessment in the case of gas blowout, an accurate assessment of the gas blowout volume at the sea
surface is mandatory. Gas releases can be characterized in terms of multiphase plumes, where gas bubbles
and oil droplets can separate from the aqueous phase of the plume and rise to the surface separately. The
gas can dissolve in ambient water and/or form gas hydrates (a solid state of ice-like water). All these
processes will tend to deprive the plume of buoyancy, and in stratified water the plume cannot raise the sea
surface. This situation differs from the conditions observed during oil and gas eruptions in shallow and
moderate waters. In such cases, it has been observed that the plume of bubbles rises to the surface and
forms a strong radial flow (Figure 1a). So, in the case of a gas blowout, the risk of loss of buoyancy of an oil
rig corresponds to its depression due to a decrease in densities in the plume and can be extended to the
phenomenon of loss of stability (Johansen & Cooper, 2003; Fingas, 2017), as observed in Figure 1b
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(Schneider von Deimling et al., 2015). Indeed, the effort due to the speed of the water driven by the bubbles,
directed upwards, is much higher than the loss of buoyancy. The total effort applied by the plume is directed
upwards. The loss of stability therefore represents a greater risk than the loss of buoyancy identified initially.
This paper focuses on tests performed in two different experimental test devices. The first test series were
performed in the Oceanide towing tank (La Seyne Sur Mer, France) with compressed air. The objectives were
to define and calibrate measurements on phenomena that occur near the surface such as the fountain effect
(Water elevation at the surface) and the gas plume width and 2D current velocities at several elevations near
the surface. The second test series were carried out in the Cedre outdoor basin (Brest, France) with three
different gases (compressed air, carbon dioxide and methane). This second experimental phase focused on
the characterisation of the consequences of a real underwater natural gas blowout. Compressed air tests were
compared with the Oceanide test campaign in order to calibrate an experimental measurement system. The
other gases were used to measured blowout consequences with real gases, such as water elevation and
surface velocity at various mass flow rates.
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Figure 1: (a) Definition sketch of a time-averaged bubble plume proposed for underwater gas blowouts (Fried|
and Fannelgp, 2000), (b) 22/4b blowout image 1990. Inset shows blowout location. © MOBIL North Sea Ltd.
Rig is approximately 60 by 80 m wide and the diameter of the fountain is about 180 m (Schneider von
Deimling et al., 2015)

2. Experimental setup

The objective of this experimental study is twofold. Initially tests were carried out with air, for safety
considerations, on the premises of Oceanide, which has a controlled environment that is not influenced by
weather conditions. This first series of tests enabled the definition of the experimental procedure as well as the
safety conditions for the tests performed at Cedre with real gases. Then, the second series of tests was
carried out outdoors with air, methane and carbon dioxide with uncontrolled meteorological conditions such as
wind and humidity.

2.1 Oceanide experimental setup

The OCEANIDE BGO FIRST test facility (Figure 2a) is an offshore basin located at La Seyne Sur Mer
(France). This is an oceanic basin filled with freshwater and presenting large dimensions (40 m of length, 16 m
of width, with an adjustable depth from 0 and 4.8 and a specific pit with a 5 m diameter and 10 m depth). This
basin allows the generation of regular and irregular waves up to 0.8 m with a period between 0.6 s and 4s.
The water current can be up to 0.4 m/s for 3 m depth and velocity can also be increased by reducing the water
depth and/or by adding a convergent. In addition, this facility is able to generate constant squalls or wind up to
5 m/s. The underwater gas blowout was simulated with an air compressor connected to an injection pipe with
a 6 mm nozzle and a 10 mm internal diameter. Gas injection was located at a depth of 2.5 m in order to
compare the results with those of the experiments performed at CEDRE in the same conditions. To measure
the water elevation at the sea surface, 8 resistive probes were used at different positions at the sea surface
(Figure 3). In addition to these resistive probes, other measurement devices were used: a high definition video
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camera, located at the water surface (HS CAM 1 on Figure 2b), to characterize the fountain shape, a high
speed video camera, set in the water column, to measure bubble shape (HS CAM 2 on Figure 2b). A current
meter was also used to measure water surface current velocities due to entrained water (1D propeller on
Figure 2b). Different flow rates were manually adjusted from 7.8 10 Nm®.s™ to 1.06 102 Nm®.s™ (respectively
25 L.min”" to 636 L.min™).
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Figure 2: (a) lllustration of the experimental OCEANIDE BGO FIRST test facility, (b) location of the different
measurement devices
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Figure 3: Illustration of the location of the 8 resistive probes used to measure the water elevation
2.2 Cedre experimental setup

The Cedre outdoor basin is an experimental test facility mainly used to deploy and test response means for
marine pollution and to run training courses. This basin extends over 1900 m? with a depth of 2.5 m and is
filled with seawater with a salinity of 21 psu (Practical Salinity Units). To perform the tests, a floating cell was
deployed in the middle of the basin to which the sensors were attached, intended to prevent boundary effects.
A 10 mm internal diameter nozzle was located at the center of the floating structure at a depth of 2.5 m. Three
different gases were used to study the gas fate at the water surface: compressed air, CO, and methane. Air
was used as non-hazardous and low-solubility calibration gas. The results were compared to those obtained
during the Oceanide experimental campaign. Carbon dioxide was used as a soluble gas and methane, which
is a major component of natural gas, was used as slightly soluble product. The physico-chemical properties of
air, CO; and methane are listed in Table 1 for atmospheric pressure and ambient temperature. The water
elevation was measured with 7 handmade capacitive sensors connected to an electronic module which make
the probe capacity conversion into height level. Sensors were located in the same configuration as for the
Oceanide tests (Figure 3). A 3D acoustic velocimeter (Vector — Nortek) was immerged 15 cm below the sea
surface and at 1m away from the center of fountain effect to measure the horizontal surface current average
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velocity. This measurement device uses the Doppler effect to measure current velocity by transmitting short
pairs of sound pulses, listening to their echoes and measuring the change in pitch or frequency of the returned
sound. A Brooks Instrument SLA5853 Series gas mass flow regulator was used to measure and control the
gas mass flow rate during the test. Different flow rates were manually adjusted from 4.17 10* Nm>s" to 7.5
10° Nm®.s™ (respectively 25 L.min™ to 450 L.min'1). To control the release conditions, temperature and
pressure were respectively measured inside the injection pipe before the flow regulator. Temperature was
measured with thermocouple K while pressure was measured with an industrial transducer with a range
between 0-40 bar with an accuracy of 5% of full scale. The mass flow measurements corresponding to normal
value (Patm, 0°C). The whole of the experimental set-up is detailed in Aprin et al., 2019.

Table 1: Fluid physical properties for air, CO, and methane at atmospheric pressure and ambient temperature
(NIST Webbook of physical properties of fluid systems)

Chemical Air Carbon Dioxide Methane
CAS number 132259-10-0  124-38-9 74-82-8
Molecular weight (g/mol) 28.96 44.01 16.04
Density at 25°C [kg.m™] 1.292 1.83 0.66
Henry’s law constant at 25°C (atm.m®mol) / 0.0152 0.6576
Hydrosolubility in fresh water at 25°C [mg/L] / 1475 22
Hydrosolubility in fresh water at 25°C [mmol/L] / 335 1.4
Interfacial tension at 25°C [N/m] / 0.055 0.071
Dynamic viscosity at 25°C [Pa.s] 1.849 10® 1.49 10® 1.12 10°

3. Results analysis

When the gas plume reaches the surface, a boiling zone occurs with a fountain effect which causes an
increase in the water height and a strong radial flow is formed at the surface due to the interaction between
the plume gas and the surface. This phenomenon is illustrated in Figure 4a which presents the variation of
water elevation obtained with air injection and a 10 mm diameter nozzle for the tests carried out with the
Oceanide and Cedre experimental setup. Each curve represents the water level measured by resistive probes
(for Oceanide setup) and capacitive probes (for Cedre setup) for two different mass flow rates. It clearly shows
the fountain effect vertically from the injection point and it can be noted that for similar mass flow rates, the
water elevation is quite similar between tests. The difference between values can be explained by the
difference between environmental conditions: the Oceanide tests were performed indoors without weather
effects while the Cedre tests were carried out outside with wind impact on the blowout. This fountain effect is a
boiling zone at the water surface which causes strong radial currents and can cause stability problems for
floating structures as indicated in the literature (Engebretsen et al. 1997). As observed in Figure 4a, water
elevation is clearly influenced by gas flow rate. Figure 4b presents a comparison of the maximum water
elevation for different gas flow rates and two different nozzle diameters. The data were also compared with
results obtained by Friedl (Freidl, 1998), who performed tests with compressed air injected into a water tank
with a 6 mm injection nozzle. Figure 6b clearly shows the increase in water elevation with gas flow rate and
nozzle diameter.

Figure 5a presents the comparison of the maximum water elevation with regard to gas mass flow rate for the
three different fluids tested. These results were presented in Aprin et al. (2019) and clearly show that for a
given mass flow rate, the maximum water elevation obtained with methane is higher than the air data which
are in turn higher than those obtained for CO,. These remarks can be easily explained by the difference in
fluid density. The density of methane is lower than that of air and COg, so for a given mass released in water,
the methane volume will be two times larger than for air and approximatively three times larger than for CO,.
This volume of gas being larger, the momentum will be greater and the elevation of the water at the surface
will necessarily be higher. Thus the consequences of the fountain effect at the water surface will be greater in
the case of a methane release because the gas plume will entail a greater amount of water causing faster
radial flows at the surface which can cause devastating impacts on structures. Figure 5b is another
representation of water elevation versus gas volume flow rate. It can be noted that for the same volume of
released gas, the height of the fountain is the same for air and methane. This is consistent because these
gases are have low solubility in water. On the other hand, the curve obtained with carbon dioxide is lower than
the other two curves for all volume flow rates. This clearly reflects the greater solubility of carbon dioxide in
water which involves a reduced volume of gas raising the water surface and therefore less momentum and a
lower water elevation.
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Figure 4: (a) Comparison of maximum water elevation measured with resistive and capacitive probes for
compressed air tests and 10 mm diameter nozzle for two different mass flow rates. (b) Comparison of the
maximum water elevation with regard to gas flow rate for two different nozzle diameters.
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Figure 5: Comparison of the maximum water elevation for the tested fluids (air, carbon dioxide and methane)
versus (a) mass gas flow rate (Aprin et al., 2019) and (b) volume gas flow rate.

4. Conclusions

This paper presents the results obtained during experimental tests simulating underwater gas leaks carried
out in the test basins of two research labs, Oceanide and Cedre. These tests were carried out to assess the
consequences of submarine gas discharges, in particular in the case of an underwater pipeline incident with
methane. In this work, we aim at assessing the fountain effect consequences in the case of underwater
pipeline leakage. In particular, we measured the maximum water elevation at the sea surface, investigating
the effect of injection diameter, gaseous mass flow rate, gas density and solubility in water. The results clearly
show that the maximum elevation of water at the surface is strongly dependent on the diameter of the nozzle
and the gas flow rate. The comparison of the results between the fluids shows that for the same volume flow
of released gas, the fountain effect is substantially identical for methane and air. On the other hand, in the
case of a carbon dioxide release, the rise in the water level is lower and is due to the higher solubilisation rate
of CO,. This is mainly due to the fact that carbon dioxide is strongly dissolved in water, hence the amount of
gas raising the surface is lower and therefore the amount of movement is less at the surface. The prospects
for this work will now consist in comparing the results obtained with simulation tools (CFD or other numerical
tools) with the aim of better dimensioning the consequences of blowout type incidents for risk management

plans.
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