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ƴƛǘǊƻƎŜƴ ŜǾŀǇƻǊŀǝƻƴ ƻǾŜǊ ǘƘŜ ŘǳǊŀǝƻƴ ƻŦ ǘƘŜ ŜǾŜƴǘΦ.................................................... то 

CƛƎǳǊŜ пфΥ ¢ƻǇπŘƻǿƴ ŘǊƻƴŜ ƛƳŀƎŜ ƻŦ ǘƘŜ ǿŀǘŜǊ Ǉƻƻƭ ǎǳǊŦŀŎŜ ŘǳǊƛƴƎ ŀ ŎǊȅƻƎŜƴƛŎ ƴƛǘǊƻƎŜƴ 
ǊŜƭŜŀǎŜΣ ƛƭƭǳǎǘǊŀǝƴƎ ǘƘŜ [ŜƛŘŜƴŦǊƻǎǘ ŜũŜŎǘΦ 5ƛǎŎǊŜǘŜ ƭƛǉǳƛŘ ƴƛǘǊƻƎŜƴ ǇŀǘŎƘŜǎ ŀǊŜ ŎƭŜŀǊƭȅ 
ǾƛǎƛōƭŜ ŀǎ ŜƭƻƴƎŀǘŜŘ ōǊƛƎƘǘ ǎǘǊŜŀƪǎ ŘƛǎǇŜǊǎŜŘ ŀŎǊƻǎǎ ǘƘŜ ŜƴǝǊŜ Ǉƻƻƭ ǎǳǊŦŀŎŜΣ ǿŜƭƭ ōŜȅƻƴŘ 
ǘƘŜ ǊŜƭŜŀǎŜ Ǉƻƛƴǘ ƭƻŎŀǘŜŘ ŀǘ ǘƘŜ ǘƻǇ ƻŦ ǘƘŜ ƛƳŀƎŜΦ ¢ƘŜƛǊ ŜƭƻƴƎŀǘŜŘ ŀƴŘ ŘƛǊŜŎǝƻƴŀƭ ǎƘŀǇŜ 
ƛǎ ƛƴŘƛŎŀǝǾŜ ƻŦ ǊŀǇƛŘ ƭŀǘŜǊŀƭ Ƴƻǝƻƴ ŘǊƛǾŜƴ ōȅ ǘƘŜ ƛƴǎǳƭŀǝƴƎ ǾŀǇƻǊ ŬƭƳ ōŜƴŜŀǘƘ ŜŀŎƘ 
ǇŀǘŎƘΣ ǿƘƛŎƘ ŜƭƛƳƛƴŀǘŜǎ ŦǊƛŎǝƻƴ ǿƛǘƘ ǘƘŜ ǳƴŘŜǊƭȅƛƴƎ ǿŀǘŜǊ ǎǳǊŦŀŎŜΦ {Ƴŀƭƭ ǿƛǎǇǎ ƻŦ ǾŀǇƻǊ 
ǊƛǎƛƴƎ ŀǘ ǘƘŜ ǇŜǊƛǇƘŜǊȅ ƻŦ ǘƘŜ ǇŀǘŎƘŜǎ ŎƻƴŬǊƳ ŀŎǝǾŜ ƴƛǘǊƻƎŜƴ ŜǾŀǇƻǊŀǝƻƴΦ ................ тп 
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The safe handling, transportation, and storage of hazardous liquefied gases — including 
liquefied natural gas (LNG), liquid ammonia (NH₃), and cryogenic fluids such as liquid 
nitrogen — represents a growing challenge for the maritime, industrial, and energy 
sectors. The accidental release of such substances onto water surfaces or into marine 
environments can generate complex multiphase phenomena involving rapid phase 
transitions, toxic gas dispersion, significant thermal gradients, and chemical reactions 
with seawater, all of which pose serious risks to human safety, marine ecosystems, and 
surrounding infrastructure.  

Underwater gas leaks (e.g. pipelines) or release of cryogenic chemical above the water 
surface can pose significant challenges for responders, as evidenced by the Nord Stream 
pipeline accident in 2022, or more recently the accident of the Arctic Metagaz ship the 
4th of March 2026, carrying LNG from the Arctic port of Murmansk, and attacked by 
naval drones launched closed to Libyan coast (Figure 1). Such incidents can cause a range 
of issues, including loss of buoyancy for boats due to the rising of gas, creation of a toxic 
zone linked to the gas cloud spreading on the water's surface, and risk of fire and 
explosion. Therefore, it is crucial to assess the timing, location, magnitude, and path of 
any gas rising to the surface to develop effective response strategies. 

Despite the critical importance of understanding these phenomena, experimental data 
characterizing the physical, chemical, and dispersive behaviour of such releases under 
realistic conditions remain scarce. Most existing studies focus on idealized or small-scale 
configurations, and the coupled interactions between subsurface gas dynamics, free-
surface hydrodynamics, air-water chemical exchanges, and atmospheric dispersion are 
rarely captured simultaneously in a single experimental framework. 

This report presents the results of a series of medium- to large-scale experimental 
campaigns aimed at characterizing the behaviour of hazardous gas releases in and above 
water, conducted at two outdoor facilities: the CEDRE basin and the SDIS 29 training 
site. Three distinct release scenarios were investigated, each corresponding to a 
different hazard typology. The first scenario involved the subsurface injection of 
pressurized methane and ammonia gases into a seawater pool, focusing on the 
hydrodynamic response of the free surface, the atmospheric dispersion of the released 
gas, and the chemical impact of ammonia dissolution on the water body. The second 
scenario characterized the surface release of pressurized liquid ammonia onto a water 
pool, investigating the coupled thermal, chemical, and dispersive dynamics of the two-
phase plume and its interaction with the water surface. The third scenario examined the 
release of cryogenic liquid nitrogen onto a water surface, with a focus on the rapid vapor 
cloud propagation, the Leidenfrost effect, and the associated thermal response in both 
air and water phases. 
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Together, these three experimental configurations provide a comprehensive and 
complementary picture of the physical and chemical processes governing hazardous 
liquid and gas releases onto water surfaces, with direct implications for risk assessment, 
emergency response planning, and the validation of numerical dispersion models. 

 

 

CƛƎǳǊŜ м Υ !ǧŀŎƪ ƻŦ ǘƘŜ !ǊŎǝŎ aŜǘŀƎŀȊ ǎƘƛǇ ƛƴ aŜŘƛǘŜǊǊŀƴŜŀƴ {Ŝŀ ǘƘŜ пǘƘ ƻŦ aŀǊŎƘ нлнс 

 

 

For this first series of tests, experiments were performed with gaseous pressurized 
methane and ammonia at ambient temperature. The following paragraphs present 
information and main useful fluid physical properties of methane and ammonia at 
equilibrium state (gas and liquid) between 15°C and 30°C. Data are obtained with the 
WebBook of Chemistry from National Institute of Standards Technology (NIST). 
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In the context of the transportation of hazardous materials, LNG is identified with its 
CAS number and its UN number as follows: 

bŀƳŜ LŘŜƴǝŬŎŀǝƻƴ ƴǳƳōŜǊ 

CAS number уллсπмпπн (LNG) / тпπунπу (Methane) 

ONU Number мфтн (refrigerated fluid) / мфтм (pressurized fluid) 

¢ŀōƭŜ мΥ [bD ƛŘŜƴǝŬŎŀǝƻƴ  

The CAS number of a chemical substance, polymer, biological sequence and alloy is its 
unique registration number in the Chemical Abstracts Service (CAS) database, a division 
of the American Chemical Society (ACS). 

ONU numbers are four-digit numbers that identify hazardous materials in the 
international transportation of these goods, such as explosive, radioactive, toxic, 
corrosive, flammable substances, etc. 

2.1.1.1. Chemical composition of Methane 

Under normal temperature and pressure conditions (i.e. at 25°C and 1.013 bar), LNG is 
in a gaseous state. LNG consists mainly of methane but also includes up to 10% of ethane 
and small amounts of other gases (propane and butane in particular). 

The composition of LNG varies depending on the deposit from which it comes. The 
content of the various components respects the following values: 

- Methane > 85 % (mol), 
- Components C2 à C4 < 15 % (mol), 
- Sulfur < 0,01 % (masse) 

 

LNG is an odourless, colourless, non-corrosive and non-toxic liquid. In its gaseous phase, 
LNG can have an anaesthetic effect and/or an asphyxiant effect by reducing the oxygen 
content of the atmosphere. Contact with the product can cause cold burns. 

2.1.1.2. Methane chemical properties  

As LNG is a mixture that varies according to the gas field, it is tricky to provide a precise 
composition and universal physicochemical properties. However, orders of magnitude 
of the physicochemical properties of LNG can be provided by distinguishing three types 
of compositions (¢ŀōƭŜ н): 
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- Pure methane, 
- « Light » LNG (methane 97 %), 
- « Heavy » LNG (methane 88 %). 

 

bŀƳŜ tǳǊŜ ƳŜǘƘŀƴŜ ά[ƛƎƘǘέ [bD άIŜŀǾȅέ [bD 

Boiling point [°C] -162 -161 -160 

Liquid density at boiling point 
[kg/m3]  

423 431 464 

Vapour density at boiling point 
[kg/m3] 

1.81 1.80 1.76 

Vapour density à 20°C and 1 bar 
[kg/m3] 

0.67 0.69 0.78 

Heat of combustion [MJ/kg] 50 50 49 

Flammability range [%] 5-15 4.9-14.9 4.4-14.4 

Flash point at atmospheric 
pressure [°C] 

600 - - 

Auto ignition temperature [°C] -188 - - 

Solubility in water [mg/L] 22 - - 

¢ŀōƭŜ нΥ aŜǘƘŀƴŜ ŀƴŘ [bD ǇƘȅǎƛŎƻŎƘŜƳƛŎŀƭ ǇǊƻǇŜǊǝŜǎ  ώ1ϐΣ ώнϐΣ ώоϐ 

2.1.1.3. Hazard associated to Methane  

- IŀȊŀǊŘ ƭƛƴƪŜŘ ǘƻ aŜǘƘŀƴŜ ǎǘƻǊŀƎŜ ǘŜƳǇŜǊŀǘǳǊŜ 

As LNG is stored and transported at a temperature of around -160°C, contact between 
LNG and materials not specifically designed for such low temperatures (known as 
cryogenic temperatures) can cause them to become fragile and brittle. Furthermore, 
contact between LNG and the human body can cause cold burns. 

- IŀȊŀǊŘ ƭƛƴƪŜŘ ǘƻ ǘƘŜ ƅŀƳƳŀōƛƭƛǘȅ ƻŦ aŜǘƘŀƴŜ 

LNG is a flammable liquid, which means that, like petrol or diesel, the vapours it forms 
can combine with oxygen in the air under certain conditions and give rise to a 
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combustion reaction. A combustion reaction can give rise to various potentially 
dangerous phenomena, depending on the exact conditions in which it takes place. 

A distinction is thus made between: 

• A pool fire, caused by the ignition of LNG vapours created by a pool of LNG 
released on ground or water. This phenomenon lasts until the LNG is exhausted. 
 

• A cloud fire, caused by the delayed ignition of a drifting cloud of LNG vapours. 
This phenomenon lasts only a few seconds, with the flame quickly flowing back 
towards the source of the leak as soon as the contents of the cloud are 
consumed. 
 

• A “torch” fire, caused by the ignition of a continuous plume of LNG or pressurized 
natural gas. This phenomenon lasts as long as the leak is fed. 

- IŀȊŀǊŘ ƭƛƴƪŜŘ ǘƻ ǘƘŜ ŜȄǇƭƻǎƛƻƴ ƻŦ ŀƴ ŀƛǊπƎŀǎ ƳƛȄǘǳǊŜ όǾŀǇƻǳǊ ŎƭƻǳŘ ŜȄǇƭƻǎƛƻƴύ 

The ignition of an LNG vapor cloud or a natural gas plume can create blast waves. In 
open air, this excess pressure can potentially present a danger to the people, the 
environment and structures. Potentially dangerous pressure waves (detonation) can 
potentially appear in confined or congested environments (for example certain complex 
units in refineries or chemical plants). 

- IŀȊŀǊŘ ƭƛƴƪŜŘ ǘƻ ǘƘŜ ǎǳŘŘŜƴ ǾŀǇƻǊƛȊŀǝƻƴ ƻŦ aŜǘƘŀƴŜ ǊŜƭŜŀǎŜŘ ƻƴ ǿŀǘŜǊ  

In the event of a major spill of LNG into the water, a rapid vaporization phenomenon 
(called “rapid phase transition” or “RPT”) can occur, causing overpressure known as a 
“cold explosion” [1]. This danger exists particularly at the landing stage. 

 

Ammonia is an inorganic chemical compound of nitrogen and hydrogen with the 
formula NH3. Ammonia is a colourless gas with a distinctive pungent smell. It is widely 
used in fertilizers, refrigerants, explosives, cleaning agents, and is a precursor for 
numerous chemicals [3]. 

In the context of the transportation of hazardous materials, Ammonia is identified with 
its CAS number and its UN number as follows: 

bŀƳŜ LŘŜƴǝŬŎŀǝƻƴ ƴǳƳōŜǊ 

CAS number тсспπпмπт 

ONU Number мллр 

¢ŀōƭŜ оΥ !ƳƳƻƴƛŀ ƛŘŜƴǝŬŎŀǝƻƴ  
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2.1.2.1. Ammonia chemical properties 

Under normal temperature and pressure conditions (i.e. at 25°C and 1.013 bar), 
pressurized ammonia is in a gaseous state.  

 

bŀƳŜ !ƳƳƻƴƛŀ 

Boiling point [°C] -33,34 

Liquid density at boiling point [kg/m3] 860 

Vapour density at boiling point [kg/m3]  1.81 

Vapour density à 20°C and 1 bar [kg/m3]  [1 0.707 

Heat of combustion [MJ/kg]  22.5 

Flammability range [%] 15-28 

Flash point at atmospheric pressure [°C] N/A 

Auto ignition temperature [°C] 651 

Solubility in water [g/L] 
895 at 0°C  

529 at 20°C 

¢ŀōƭŜ пΥ !ƳƳƻƴƛŀ ǇƘȅǎƛŎƻŎƘŜƳƛŎŀƭ ǇǊƻǇŜǊǝŜǎ ώнϐΣ ώоϐ 

2.1.2.2. Hazard associated to Ammonia  

- IŀȊŀǊŘ ƭƛƴƪŜŘ ǘƻ ŀƳƳƻƴƛŀ ǎǘƻǊŀƎŜ  

The storage of ammonia presents significant risks related to temperature and pressure. 
Ammonia is generally stored either as a pressurized liquefied gas (approximately 8 to 10 
bar at ambient temperature) or as a refrigerated liquid at -33°C at atmospheric pressure. 
In both cases, a rise in temperature can lead to a dangerous increase in the internal 
pressure of the tank, potentially resulting in its rupture or even a BLEVE (Boiling Liquid 
Expanding Vapor Explosion) in the event of a nearby fire. Conversely, refrigerated 
storage exposes operators to the risk of cryogenic burns in the event of contact with the 
liquid. In the event of a leak, the rapid vaporization of liquid ammonia is particularly 
hazardous: one litre of liquid can generate up to 850 litres of gas, instantly forming a 
toxic and potentially flammable cloud. 
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- IŜŀƭǘƘ Ǌƛǎƪǎ 

Ammonia is an irritating and corrosive gas whose health effects vary depending on the 
concentration and duration of exposure. It can cause irritation of the eyes, nose, throat, 
and respiratory tract, and at higher concentrations may lead to chemical burns of the 
lungs and pulmonary oedema. Skin or eye contact can result in severe burns, and at very 
high concentrations, exposure can be fatal due to asphyxiation or cardiac arrest. 
Environmentally, ammonia is toxic to aquatic life even at low doses, contributes to the 
eutrophication of water bodies, and plays a role in the formation of fine particulate 
matter in the atmosphere. On an industrial level, ammonia is widely used in 
refrigeration, fertilizer production, and the chemical industry, and any leak can generate 
a toxic cloud posing a serious risk to surrounding populations. In France, the reference 
exposure limits established by the INRS set a time-weighted average value (VME) of 20 
ppm and a short-term exposure limit (VLE) of 50 ppm. 

- IŀȊŀǊŘ ƭƛƴƪŜŘ ǘƻ ǘƘŜ ƅŀƳƳŀōƛƭƛǘȅ ŀƴŘ ŜȄǇƭƻǎƛƻƴ ƻŦ !ƳƳƻƴƛŀ  

From a fire and explosion standpoint, ammonia is flammable within a concentration 
range of 15 to 28% in air and can explode if ignited in a confined space. Although 
ammonia is considered only moderately flammable compared to other combustible 
gases such as propane or methane, it can still create dangerous situations under certain 
conditions. Its flammability range is relatively narrow, between 15 and 28% 
concentration in air, and its auto-ignition temperature is quite high, around 630°C, 
meaning that it requires a significant ignition source to catch fire. However, in the event 
of a major leak, such as a tank rupture or pipeline failure, ammonia can form a 
flammable gas cloud. If this cloud encounters an ignition source, it can trigger an 
explosion, particularly in a confined space where concentrations can quickly reach the 
explosive range — a phenomenon known as a deflagration. In open spaces, this is 
referred to as an UVCE (Unconfined Vapor Cloud Explosion). This risk is of particular 
concern in industrial facilities that use large quantities of ammonia, such as industrial 
refrigeration systems or fertilizer plants, where a massive leak can generate a gas cloud 
of sufficient concentration to ignite and cause a significant explosion. 

- IŀȊŀǊŘ ƭƛƴƪŜŘ ǘƻ ǘƘŜ ǎǳŘŘŜƴ ǾŀǇƻǊƛȊŀǝƻƴ ƻŦ [bD ǊŜƭŜŀǎŜŘ ƻƴ ǿŀǘŜǊ  

While ammonia stored in its refrigerated liquid form at -33°C could theoretically trigger 
a Rapid Phase Transition (RPT) upon contact with water, this phenomenon should be 
considered with caution. Unlike liquefied natural gas (LNG), which is stored at much 
lower temperatures (around -162°C), refrigerated ammonia is significantly less prone to 
generating the violent explosive vaporization typically associated with RPT events. The 
temperature differential between liquid ammonia at -33°C and ambient water is 
considerably smaller than in the case of LNG, which reduces the intensity of the thermal 
shock and therefore the likelihood of a significant phase transition. That said, a sudden 
large-scale release of refrigerated liquid ammonia into water cannot be entirely ruled 
out as a potential source of rapid vaporization, particularly if the release is massive and 
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the contact is instantaneous. In such a scenario, the primary concern would remain the 
rapid formation of a toxic ammonia gas cloud rather than a significant mechanical shock 
wave. 

 

 

The test campaign carried out in July 2025 was conducted in the CEDRE’s basin (Figure 
н). Four different flow rates were tested por methane (100 L/min, 200 L/min, 300 L/min, 
and 400 L/min) and three flow rates were tested for ammonia (100 L/min, 200 L/min 
300 L/min) over a duration between 1 and 2 minutes.  

For ammonia tests, two explosimeters were located vertically above the release and the 
other 3 m away from the release (Figure 3). All experimental sensors and equipment 
used for these tests are listed Table 5. 

bŀƳŜ {ǳǇǇƭƛŜǊ 
!Ŏǉǳƛǎƛǝƻƴ Řŀǘŀ ǊŀǘŜ κ 
ƳŜŀǎǳǊŜƳŜƴǘ ǊŀƴƎŜ 

Datalogger National Instrument 0.1 s 

Thermocouple T TC-SA -200°C – 400°C 

Pressure sensors Omega 0 -10 bar 

Water pH and 
Temperature 

NKE Instrumentation WiMo 2s 

Mass flow regulator  BROOKS SLA5853 1 s 

Water current sensor VECTOR 3D acoustic 
velocimeter 

0.1 s 

Explosimeter Draeger 6811525 15 s 

¢ŀōƭŜ рΥ [ƛǎǘ ƻŦ ŜȄǇŜǊƛƳŜƴǘŀƭ ŘŜǾƛŎŜǎ ŀƴŘ ǎŜƴǎƻǊǎ ǳǎŜŘ ŦƻǊ ŀƳƳƻƴƛŀ ǘŜǎǘǎ ǇŜǊŦƻǊƳŜŘ ƛƴ Wǳƭȅ нлнр όōŀǎƛƴ 
ǘǊƛŀƭύ 
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CƛƎǳǊŜ нΥ LƭƭǳǎǘǊŀǝƻƴ ƻŦ ǘƘŜ /95w9 ŜȄǇŜǊƛƳŜƴǘŀƭ ŘŜǾƛŎŜ ǳǎŜŘ ŦƻǊ ōŀǎƛƴ ǘŜǎǘǎ ǇŜǊŦƻǊƳŜŘ ƛƴ Wǳƭȅ нлнр 

 

CƛƎǳǊŜ оΥ [ƻŎŀǝƻƴ ƻŦ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ŘŜǾƛŎŜǎ ǳǎŜŘ ŘǳǊƛƴƎ ŀƳƳƻƴƛŀ ōŀǎƛƴ ǘŜǎǘ ƛƴ Wǳƭȅ нлнр 
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2.2.2.1. Experimental setup 

The experimental setup is shown schematically in Figure 4. It consists of a metallic 
framework fabricated from square-section steel tubes. The tubes were assembled into 
a freestanding structure with a square base of side length 4 m and an overall height of 
5 m (Figure 4). The gases under investigation were supplied through a feed pipe and 
discharged via a circular nozzle positioned at the center of the square base, located at 
the bottom of a seawater pool (2.5m under the water surface). The nozzle had an inner 
diameter of approximately ŘƛƴƴŜǊ Ґ тΣу ƳƳ. 

 

 

CƛƎǳǊŜ пΥ {ŎƘŜƳŀǝŎǎ ŦƻǊ ǘƘŜ Ǝŀǎ ǊŜƭŜŀǎŜ ǘƘǊƻǳƎƘ ŀ ŎƛǊŎǳƭŀǊ ƴƻȊȊƭŜ ƛƴ ǘƘŜ ōƻǧƻƳ ƻŦ ǎŜŀǿŀǘŜǊ Ǉƻƻƭ 

Figure 5 presents pictures of the complete experimental apparatus corresponding to the 
schematics introduced previously. The metallic supporting frame is shown in the right-
hand image. A water-curtain device was installed along one of the upper horizontal 
metal bars, on the right side of the frame. To quantify the spatial variability of the basin 
free surface, a square grid with 2 cm spacing was positioned in the background of the 
Canon 5D Mark III field of view. 
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CƛƎǳǊŜ рΥ tǊŜǇŀǊŀǝƻƴ ƻŦ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ǎŜǘǳǇ ŦƻǊ ǘƘŜ Ǝŀǎ ǊŜƭŜŀǎŜ ƛƴ ǘƘŜ ōƻǧƻƳ ƻŦ ǎŜŀǿŀǘŜǊ Ǉƻƻƭ 

The investigated gases were supplied from 50 L pressurized cylinders (left-hand image). 
The volumetric flow rate was regulated using a calibrated BROOKS SL5853S volumetric 
flow controller, after which the gas was conveyed via tubing to a nozzle placed at the 
bottom of the basin. Gas pressure and temperature were measured in the vicinity of the 
nozzle.  

 

   

CƛƎǳǊŜ сΥ tǊŜǇŀǊŀǝƻƴ ƻŦ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ǎŜǘǳǇ ŦƻǊ ǘƘŜ Ǝŀǎ ǊŜƭŜŀǎŜ ƛƴ ǘƘŜ ōƻǧƻƳ ƻŦ ǘƘŜ ǎŜŀǿŀǘŜǊ Ǉƻƻƭ 
όυπ ὰ ƛƴŘǳǎǘǊƛŀƭ Ǝŀǎ ŎȅƭƛƴŘŜǊΣ CƭƻǿƳŜǘŜǊ ǊŜƎǳƭŀǘƻǊΣ ¢ŜƳǇŜǊŀǘǳǊŜ ŀƴŘ ǇǊŜǎǎǳǊŜ ǎŜƴǎƻǊǎΣ bƻȊȊƭŜύ 
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CƛƎǳǊŜ т Υ ±ƛǎǳŀƭƛȊŀǝƻƴ ƻŦ ǘƘŜ Ǝŀǎ ƅƻǿ ǊŜƭŜŀǎŜŘ ƛƴ ǘƘŜ ōƻǧƻƳ ƻŦ ǎŜŀǿŀǘŜǊ Ǉƻƻƭ ǿƛǘƘ ŀ /ŀƴƻƴ р5 aŀǊƪ LLL 
ŎŀƳŜǊŀ ŜǉǳƛǇǇŜŘ ǿƛǘƘ ŀ /ŀƴƻƴ 9C χπ ςππ άά ŦκнΦу[ ¦{a Ŏŀƴƻƴ ƻōƧŜŎǝǾŜ όƭŜƊ ƛƳŀƎŜύΣ ŀƴŘ ƘƛƎƘπ
ǊŜǎƻƭǳǝƻƴ ŘƻƳŜ ǎǳǊǾŜƛƭƭŀƴŎŜ ŎŀƳŜǊŀ όǘƻǇ ƻŦ ǘƘŜ ǊƛƎƘǘ ƛƳŀƎŜύ 

A Canon 5D Mark III camera equipped with a Canon EF 70-200 mm, f/2.8L USM canon 
objective was employed to investigate the free surface elevation when the methane is 
released. This camera is equipped with a CMOS sensor featuring a resolution of 
υχφπσψτπ pixels, with square pixels of 6.5µm size, allowing the image resolution to 
be adjusted according to experimental requirements. In the present study, the full 
sensor resolution was used for image acquisition, while video recordings of the methane 
gas release were performed at a resolution of 1920 x 1080 pixels with an acquisition rate 
of 25 frames per second (Figure 7). 

Figure 8 shows typical images cropped images obtained with the Canon 5D Mark III 
Camera with and without free surface elevation of the seawater pool resulting from the 
methane gas release a flow rate ὗ  ρππ ὰȾάὭὲ. 

  

Π ωχς!ςυτυͺπππππρ Π ωχς!ςυτυͺπππωωω 

CƛƎǳǊŜ у Υ 9ȄŀƳǇƭŜ ƻŦ ǎŜŀǿŀǘŜǊ ŦǊŜŜ ǎǳǊŦŀŎŜ ŜƭŜǾŀǝƻƴ ƻōǎŜǊǾŜŘ ŘǳǊƛƴƎ ŀ ƳŜǘƘŀƴŜ Ǝŀǎ ǊŜƭŜŀǎŜ ƛƴ ǘƘŜ ōƻǧƻƳ 
ƻŦ ǎŜŀǿŀǘŜǊ Ǉƻƻƭ όǾƛŘŜƻ фтн!нрпр π Cƭƻǿ ǊŀǘŜ ὅὌ ὗ  ρππ ὰȾάὭὲύ 

2.2.2.2. Water level elevation 

In order to visualize and quantify the spatial displacements of the seawater free surface 
induced by methane gas release into the pool, a high-contrast black-and-white grid was 
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positioned behind the region of interest at the gas outlet. The grid comprised square 
cells with a side length of 2 cm (vertical and horizontal lines). Free-surface deformations 
were recorded from the front using a Canon EOS 5D Mark III camera equipped with a 
Canon EF 70-200 mm f/2.8L USM lens; the field of view was adjusted to circumscribe 
the measurement region. 

Video recordings of the free-surface elevation during methane injection were processed 
in MATLAB using custom image-processing routines developed to extract quantitative 
descriptors of the free-surface profile. For each imposed flow rate Qv, the corresponding 
video was decomposed into individual frames. The RGB frames were cropped to the 
area of interest and converted to grayscale, with subsequent intensity adjustment to 
enhance contrast. Spatial gradient images were then computed to maximize the 
distinction between the background grid and the free-surface boundary. Segmentation 
steps were applied to separate the background pattern from the free-surface region. 
The resulting images were subsequently binarized and subjected to morphological 
cleaning to obtain a continuous free-surface contour. A simplified diagram of the 
processing procedure is provided in Figure 9. 

 

CƛƎǳǊŜ фΥ LƳŀƎŜ ǇǊƻŎŜǎǎƛƴƎ ǇǊƻŎŜŘǳǊŜ ŦƻǊ ǘƘŜ ŜȄǘǊŀŎǝƻƴ ƻŦ ǘƘŜ ǎŜŀǿŀǘŜǊ ŦǊŜŜ ǎǳǊŦŀŎŜ ǇǊƻŬƭŜ όŦǊƻƳ ƭŜƊ ǘƻ 
ǊƛƎƘǘΥ wD. ŦǊŀƳŜ ƛǎ ŎƛǊŎǳƳŎƛǎŜŘ ǘƻ ǘƘŜ ŀǊŜŀ ƻŦ ƛƴǘŜǊŜǎǘ ŀƴŘ ŎƻƴǾŜǊǘŜŘ ǘƻ ƎǊŀȅǎŎŀƭŜ ǊŜǇǊŜǎŜƴǘŀǝƻƴΦ {Ǉŀǝŀƭ 
ƛƴǘŜƴǎƛǘȅ ƎǊŀŘƛŜƴǘǎ ǿŜǊŜ ǘƘŜƴ ŎƻƳǇǳǘŜŘ ǘƻ ƭƻŎŀƭƛȊŜ ǘƘŜ ŦǊŜŜ ǎǳǊŦŀŎŜ ōƻǳƴŘŀǊȅΣ ǘƘŜƴΣ ǘƘŜ ƛƳŀƎŜǎ ŀǊŜ 
ōƛƴŀǊƛȊŜŘ ǘƻ ƛǎƻƭŀǘŜ ǘƘŜ ŦǊŜŜ ǎǳǊŦŀŎŜ ǇǊƻŬƭŜ ŀǎ ƛƭƭǳǎǘǊŀǘŜŘ ōȅ ǘƘŜ ǊŜŘ ŎǳǊǾŜ ƛƴ ǘƘŜ Ŭƴŀƭ ƛƳŀƎŜΦύ 

For each flow-rate condition, the extracted free-surface profiles from all frames were 
assembled into a temporal representation to visualize the progressive evolution of the 
free surface. The spatiotemporal variations obtained for four methane flow rates: 
QV1=100 L/min, QV2=200 L/min, QV3=300 L/min and QV4=400 L/min are reported in 
Figure 7. 
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16ρЀρππ ,ȾÍÉÎ  

 

16ςЀςππ ,ȾÍÉÎ 

 

16σЀσππ ,ȾÍÉÎ 

 

16τЀτππ ,ȾÍÉÎ 

CƛƎǳǊŜ млΥ ¢ŜƳǇƻǊŀƭ ǾŀǊƛŀǝƻƴǎ ƻŦ ǘƘŜ ǎŜŀǿŀǘŜǊ Ǉƻƻƭ ŦǊŜŜ ǎǳǊŦŀŎŜ ŎƘŀƴƎŜǎ ƻōǎŜǊǾŜŘ ŘǳǊƛƴƎ ǘƘŜ ǊŜƭŜŀǎŜ ƻŦ 
ƳŜǘƘŀƴŜ Ǝŀǎ ǿƛǘƘ п ƅƻǿ ǊŀǘŜǎ όὗ   ρππ ὰȢάὭὲȟ  ὗ    ςππ ὰȢάὭὲ Σ  ὗ   σππ ὰȢάὭὲ ŀƴŘ 
 ὗ   τππ ὰȢάὭὲύ 

For comparative purposes, an identical spatial scale was applied to all reconstructions, 
as indicated by the colour bar fixed at 0.3 m. The three-dimensional visualizations 
employ a colour-coded elevation scale spanning 0 m to 0.3 m representing the free-
surface elevation, h. Dark blue regions correspond to an undisturbed, planar water 
surface (h=0 m), observed both prior to and following the release of methane gas, 
whereas dark red denotes the maximum elevation (h=0.3 m). Intermediate elevations 
are represented by intermediate colours on the same scale. 

The results demonstrate a monotonic increase in free-surface elevation h with 
increasing gas flow rate Qv. To obtain quantitative descriptors of this response, the 
median elevation profile associated with each flow condition was fitted using two 
Gaussian models. The first model (Gaussian A) constrains the baseline offset to zero, 
while the second model (Gaussian B) permits a variable baseline. Comparing these 
formulations enables identification of the most appropriate model and the best-fitting 
representation of the measured profiles. 

2.2.2.3. General model Gaussian A: 

The one-dimensional Gaussian function used for the first approximation of the median 
free surface water elevation is defined by equation (1): 
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 █ ● ╪ ▄z●▬
● ╫

╬
 (1) 

where ὥdenotes the amplitude, ὦthe centroid (location parameter), and ὧa scale 
parameter related to the peak width. 

The parameters ὥ, ὦ, and ὧ were determined for four controlled methane gas release 
experiments conducted at nominal volumetric flow rates. The resulting values are 
summarized in Table 6. 

/ƻŜŶŎƛŜƴǘǎ ώƳϐ  ■□░▪ϳ   ■□░▪ϳ   ■□░▪ϳ   ■□░▪ϳ  

╪  0.0407 0.06053 0.07818 0.09511 

╫  0.6766 0.7056 0.693 0.6919 

╬ 0.1735 0.2552 0.315 0.3085 

¢ŀōƭŜ сΥ {ǳƳƳŀǊȅ ƻŦ ǘƘŜ Ǝŀǳǎǎƛŀƴ ǇŀǊŀƳŜǘŜǊǎ όŜǉǳŀǝƻƴ мύ ƻōǘŀƛƴŜŘ ŦƻǊ ǘƘŜ п ǊŜƭŜŀǎŜǎ ƻŦ ƳŜǘƘŀƴŜ Ǝŀǎ 
ǿƛǘƘ п ƅƻǿ ǊŀǘŜǎ όὗ   ρππ ὰȢάὭὲȟ  ὗ    ςππ ὰȢάὭὲ Σ  ὗ   σππ ὰȢάὭὲ ŀƴŘ 
 ὗ   τππ ὰȢάὭὲύ 

Figure 11 presents the variation of the fitted model parameters as a function of the 
methane gas release volumetric flow rate. Several trends emerge from these data. First, 
the parameter ὥ, associated with the elevation Ὤ of the no disturbed seawater free 
surface, increases linearly over the investigated range [ρππ ὰȢάὭὲ  τππ ὰȢάὭὲ]. 
Second, the parameter ὦ, which represents the spatial location (centroid) of the 
Gaussian distribution, remains nearly invariant, indicating that the median position of 
the modelled Gaussian is insensitive to changes in gas release flow rate within the 
studied conditions. Third, the parameter ὧ, corresponding to the Gaussian width, 
increases with increasing methane flow rate and subsequently approaches a plateau, 
with saturation observed for ὗ   σππ ὰȢάὭὲ. 
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CƛƎǳǊŜ мм Υ ±ŀǊƛŀǝƻƴǎ ƻŦ ǘƘŜ ƳƻŘŜƭƭŜŘ Ǝŀǳǎǎƛŀƴǎ ǇŀǊŀƳŜǘŜǊǎ όὥȟὦ ὥὲὨ ȟὧύ ŦƻǊ ǘƘŜ ǎŜŀǿŀǘŜǊ Ǉƻƻƭ ŦǊŜŜ 
ǎǳǊŦŀŎŜ ŎƘŀƴƎŜǎ ƻōǎŜǊǾŜŘ ŘǳǊƛƴƎ ǘƘŜ ǊŜƭŜŀǎŜ ƻŦ ƳŜǘƘŀƴŜ Ǝŀǎ ǿƛǘƘ п ƅƻǿ ǊŀǘŜǎ όὗ   ρππ ὰȢάὭὲȟ 
 ὗ    ςππ ὰȢάὭὲ Σ  ὗ   σππ ὰȢάὭὲ ŀƴŘ  ὗ   τππ ὰȢάὭὲύ 
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The 95% confidence intervals associated with each parameter are reported in Table 2. 
The standard deviation associated with the free surface elevation profile for each 
methane gas release flow rate is illustrated by a transparent grey envelope surrounding 
the median free surface profile in Figure 12. These results indicate pronounced 
variability in the free-surface seawater elevation near the crest (i.e., upper portion) of 
the Gaussian profile. 

 

/ƻŜŶŎƛŜƴǘǎ ώƳϐ  ■□░▪ϳ   ■□░▪ϳ   ■□░▪ϳ   ■□░▪ϳ  

╪  [0.04022, 0.04117] [0.0596, 0.06146] [0.07701, 0.07935] [0.09407, 0.09616] 

╫  [0.675, 0.6783] [0.7024, 0.7088] [0.6891, 0.6968] [0.6891, 0.6946] 

╬ [0.1712, 0.1758] [0.2507, 0.2597] [0.3096, 0.3205] [0.3046, 0.3124] 

¢ŀōƭŜ тΥ {ǳƳƳŀǊȅ ƻŦ ǘƘŜ фр҈ ŎƻƴŬŘŜƴǘ ōƻǳƴŘǎ ǊŜƭŀǘŜŘ ǘƻ ǘƘŜ Ǝŀǳǎǎƛŀƴ ǇŀǊŀƳŜǘŜǊǎ όŜǉǳŀǝƻƴ Ὁύ ƻōǘŀƛƴŜŘ 
ŦƻǊ ǘƘŜ ǊŜƭŜŀǎŜ ƻŦ ƳŜǘƘŀƴŜ Ǝŀǎ ǿƛǘƘ ŦƻǳǊ ƅƻǿ ǊŀǘŜǎ όὗ   ρππ ὰȢάὭὲȟ  ὗ    ςππ ὰȢάὭὲ Σ 
 ὗ   σππ ὰȢάὭὲ ŀƴŘ  ὗ   τππ ὰȢάὭὲύ 

 

16ρЀρππ ,ȾÍÉÎ 

 

16ςЀςππ ,ȾÍÉÎ  

 

16σЀσππ ,ȾÍÉÎ  

 

16τЀτππ ,ȾÍÉÎ  

CƛƎǳǊŜ мн Υ Dŀǳǎǎƛŀƴ Ŭǘǎ όŜǉǳŀǝƻƴ Ὁύ ŦƻǊ ǘƘŜ ƳŜŘƛŀƴ ǇǊƻŬƭŜ ƻŦ ǘƘŜ ǘŜƳǇƻǊŀƭ ǾŀǊƛŀǝƻƴǎ ƻŦ ǘƘŜ ǎŜŀǿŀǘŜǊ 
Ǉƻƻƭ ŦǊŜŜ ǎǳǊŦŀŎŜ ŎƘŀƴƎŜǎ ƻōǎŜǊǾŜŘ ŘǳǊƛƴƎ ǘƘŜ ǊŜƭŜŀǎŜ ƻŦ ƳŜǘƘŀƴŜ Ǝŀǎ ǿƛǘƘ ŦƻǳǊ ƅƻǿ ǊŀǘŜǎ 
όὗ   ρππ ὰȢάὭὲȟ  ὗ    ςππ ὰȢάὭὲ Σ  ὗ   σππ ὰȢάὭὲ ŀƴŘ  ὗ   τππ ὰȢάὭὲύΦ ¢ƘŜ 
ōŀǎŜƭƛƴŜ ƛǎ ŬȄŜŘ ǘƻ π ά 
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The Gaussian approximation defined by equation (1) exhibits divergence near the 
domain tails as one moves away from the center of the jet and fails to accurately 
reproduce the median seawater elevation, with the discrepancy becoming more 
pronounced as the methane gas flow rate increases. These limitations indicate that an 
alternative modelling approach is required to provide a more faithful representation of 
the observed elevation profile. 

2.2.2.4. General model Gaussian B: 

In order to improve the theoretical agreement with the median free-surface elevation 
profile, the original model (equation (1)) was revised to account for baseline variations. 
Accordingly, a one-dimensional Gaussian approximation with an explicit baseline term 
was adopted, yielding the following expression: 

 █ ● ╪ ▄z●▬
● ╫

╬
▀  (2) 

where ╪  denotes the amplitude, ╫  the centroid (location), ╬ a parameter related to 
the peak width, and ▀  the baseline offset. 

The parameters (ὥȟὦȟὧ ÁÎÄ ȟὨ) were estimated for methane releases conducted at 
four volumetric flow rates: ὗ   ρππ ὰȢάὭὲȟ  ὗ    ςππ ὰȢάὭὲ , 
 ὗ   σππ ὰȢάὭὲ and  ὗ   τππ ὰȢάὭὲ . The resulting parameter values are 
summarized in Table 3. 

 

#ÏÅÆПÉÃÉÅÎÔÓ ɍÍɎ  ■□░▪ϳ   ■□░▪ϳ   ■□░▪ϳ   ■□░▪ϳ  

╪  πȢπσωρρ πȢπυυρχ πȢπχρχσ πȢπψφφω 

╫ πȢφχψρ πȢχπφ πȢφψψς πȢφωρτ 

╬ πȢρυτψ πȢρψρς ȤπȢρωφσ ȤπȢςςςω 

▀  πȢππςχστ πȢπρπω πȢπρχσχ πȢπρφυρ 

¢ŀōƭŜ уΥ {ǳƳƳŀǊȅ ƻŦ ǘƘŜ Ǝŀǳǎǎƛŀƴ ǇŀǊŀƳŜǘŜǊǎ όŜǉǳŀǝƻƴόнύύ ƻōǘŀƛƴŜŘ ŦƻǊ ǘƘŜ п ǊŜƭŜŀǎŜǎ ƻŦ ƳŜǘƘŀƴŜ Ǝŀǎ 
ǿƛǘƘ п ƅƻǿ ǊŀǘŜǎ όὗ   ρππ ὰȢάὭὲȟ  ὗ    ςππ ὰȢάὭὲ Σ  ὗ   σππ ὰȢάὭὲ ŀƴŘ 
 ὗ   τππ ὰȢάὭὲύ 

Figure 13 shows the dependence of the fitted parameters ὥ, ὦ, ὧ, and Ὠ on the 
methane volumetric flow rate, ὗ . Parameter estimation based on equation (2) provides 
an improved representation of the median free-surface seawater elevation profile. The 
resulting trends are consistent with those reported previously (Figure 11). Specifically, 
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the free-surface elevation amplitude ὥ increases linearly with ὗ , exhibiting 
characteristics comparable to ὥ over the range [ρππ ὰȢάὭὲ  τππ ὰȢάὭὲ]. The 
Gaussian centroid location, quantified by ὦ, remains approximately constant, indicating 
that the modelled Gaussian peak does not shift appreciably with increasing volumetric 
flow rate ὗ . In contrast, the Gaussian width parameter ὧ exhibits a linear increase in 
magnitude (i.e., ȿὧȿ increases) as ὗ  increases. Finally, the plateau behaviour previously 
observed for ὧ is instead manifested in the baseline free-surface elevation parameter 
Ὠ. 

All parameters (ὥ, ὦ, ὧ, and Ὠ) were obtained from methane release experiments 
conducted at four flow rates: ὗ   ρππ ὰȢάὭὲȟ  ὗ    ςππ ὰȢάὭὲ , 
 ὗ   σππ ὰȢάὭὲ and  ὗ   σππ ὰȢάὭὲ.  
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CƛƎǳǊŜ моΥ ±ŀǊƛŀǝƻƴǎ ƻŦ ǘƘŜ ƳƻŘŜƭƭŜŘ Ǝŀǳǎǎƛŀƴǎ ǇŀǊŀƳŜǘŜǊǎ όὥȟὦȟὧ ὥὲὨ ȟὨύ ŦƻǊ ǘƘŜ ǎŜŀǿŀǘŜǊ Ǉƻƻƭ ŦǊŜŜ 
ǎǳǊŦŀŎŜ ŎƘŀƴƎŜǎ ƻōǎŜǊǾŜŘ ŘǳǊƛƴƎ ǘƘŜ ǊŜƭŜŀǎŜ ƻŦ ƳŜǘƘŀƴŜ Ǝŀǎ ǿƛǘƘ п ƅƻǿ ǊŀǘŜǎ όὗ   ρππ ὰȢάὭὲȟ 
 ὗ    ςππ ὰȢάὭὲ Σ  ὗ   σππ ὰȢάὭὲ ŀƴŘ  ὗ   σππ ὰȢάὭὲύ 

 

Table 9 reports the 95% confidence intervals for each estimated parameter. The 
standard deviation associated with the free surface elevation profile for each ὅὌ gas 
release flow rate is depicted by a transparent gray envelope surrounding the median 
free surface profile in Figure 14. As shown in Figure 12, the theoretical Gaussian model 
exhibits improved agreement with the median free-surface seawater elevation profile. 
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#ÏÅÆПÉÃÉÅÎÔÓ ɍÍɎ  ■□░▪ϳ   ■□░▪ϳ   ■□░▪ϳ   ■□░▪ϳ  

╪  ɍπȢπσψχςȟ πȢπσωυɎ ɍπȢπυτωρȟ πȢπυυτςɎ ɍπȢπχρσρȟ πȢπχςρυɎ ɍπȢπψφσυȟ πȢπψχπσɎ 

╫ ɍπȢφχφωȟ πȢφχωσɎ ɍπȢχπυτȟ πȢχπφχɎ ɍπȢφψχσȟ πȢφψωρɎ ɍπȢφωπψȟ πȢφωςρɎ 

╬ ɍπȢρυςωȟ πȢρυφχɎ ɍπȢρψπςȟ πȢρψςσɎ ɍȤπȢρωχψȟ ȤπȢρωτψɎ ɍȤπȢςςτρȟ ȤπȢςςρψɎ 

▀  ɍπȢππςυχωȟ πȢππςψψψɎ ɍπȢπρπχωȟ πȢπρρπςɎ ɍπȢπρχρφȟ πȢπρχυχɎ ɍπȢπρφσςȟ πȢπρφχɎ 

¢ŀōƭŜ фΥ {ǳƳƳŀǊȅ ƻŦ ǘƘŜ Ǝŀǳǎǎƛŀƴ ǇŀǊŀƳŜǘŜǊǎ όŜǉǳŀǝƻƴ όнύύ ƻōǘŀƛƴŜŘ ŦƻǊ ǘƘŜ п ǊŜƭŜŀǎŜǎ ƻŦ ƳŜǘƘŀƴŜ Ǝŀǎ 
ǿƛǘƘ п ƅƻǿ ǊŀǘŜǎ όὗ   ρππ ὰȢάὭὲȟ  ὗ    ςππ ὰȢάὭὲ Σ  ὗ   σππ ὰȢάὭὲ ŀƴŘ 
 ὗ   τππ ὰȢάὭὲύ 

 

16ρЀρππ ,ȾÍÉÎ 

 

16ςЀςππ ,ȾÍÉÎ  

 

16σЀσππ ,ȾÍÉÎ  

 

16τЀτππ ,ȾÍÉÎ  

CƛƎǳǊŜ мпΥ Dŀǳǎǎƛŀƴ Ŭǘǎ όŜǉǳŀǝƻƴ όнύύ ŦƻǊ ǘƘŜ ƳŜŘƛŀƴ ǇǊƻŬƭŜ ƻŦ ǘƘŜ ǘŜƳǇƻǊŀƭ ǾŀǊƛŀǝƻƴǎ ƻŦ ǘƘŜ ǎŜŀǿŀǘŜǊ 
Ǉƻƻƭ ŦǊŜŜ ǎǳǊŦŀŎŜ ŎƘŀƴƎŜǎ ƻōǎŜǊǾŜŘ ŘǳǊƛƴƎ ǘƘŜ ǊŜƭŜŀǎŜ ƻŦ ƳŜǘƘŀƴŜ Ǝŀǎ ǿƛǘƘ п ƅƻǿ ǊŀǘŜǎ 
όὗ   ρππ ὰȢάὭὲȟ  ὗ    ςππ ὰȢάὭὲ Σ  ὗ   σππ ὰȢάὭὲ ŀƴŘ  ὗ   τππ ὰȢάὭὲύΦ ¢ƘŜ 
ōŀǎŜƭƛƴŜ ƛǎ ǾŀǊƛŀōƭŜ ǘƻ ŀŎƘƛŜǾŜ ǘƘŜ ōŜǎǘ Ǝŀǳǎǎƛŀƴ Ŭǘ 

 

Figure 15 shows the maximum water surface elevation measured during experimental 
trials conducted to simulate a subsea methane pipeline leak. The results demonstrate a 
clear and consistent linear relationship between the gas flow rate and the maximum 
surface elevation, described by the following equation: 
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 ▐ Ȣ  ╠○ Ȣ  (3) 

where Ƙ is the maximum elevation in meters and vǾ is the gas flow rate in L/min. The 
excellent coefficient of determination (R² = 0.9996) confirms that this linear model fits 
the experimental data almost perfectly, indicating a highly predictable and stable 
hydraulic behaviour within the tested flow rate range. At 100 l/min, the maximum 
surface elevation was approximately 4.2 cm, rising to around 10.5 cm at 400 l/min. While 
these elevations may appear moderate, they are accompanied by significant transverse 
currents and surface turbulence generated by the rising gas bubbles. 

 

 

CƛƎǳǊŜ мрΥ 9ũŜŎǘ ƻŦ ǎǳōǎŜŀ ƳŜǘƘŀƴŜ Ǝŀǎ ƅƻǿ ǊŀǘŜ ƻƴ ƳŀȄƛƳǳƳ ǿŀǘŜǊ ǎǳǊŦŀŎŜ ŜƭŜǾŀǝƻƴ τ ŜȄǇŜǊƛƳŜƴǘŀƭ 
ǊŜǎǳƭǘǎ ŀǘ нΦр Ƴ ƛƴƧŜŎǝƻƴ ŘŜǇǘƘ 

2.2.2.5. Water surface velocity 

In the present study, the propagation of water velocity ὠ  of swell waves generated 
at the free surface of a seawater pool during the release of methane at four distinct 
volumetric flow rates ὗ  from the bottom of the basin is also examined. The temporal 
evolution of the free-surface elevation was recorded using a high-resolution Hikvision 
Mini PTZ dome surveillance camera (Model DS–2DE2A404IW-DE3; ςȡψ ρȢς άά lens). 
Video sequences were acquired at 25 frames per second with a spatial resolution of 
ςυφπρττπ pixels. Each sequence was subsequently segmented into individual 
frames and digitally processed using MATLAB. 
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Figure 16 presents the front and lateral views of the experimental apparatus used to 
release methane gas into a seawater pool; the dome camera was positioned in the 
upper-right corner of the setup. A fan was installed and operated to direct the methane 
gas toward the water curtain. 

  

CƛƎǳǊŜ мсΥ CǊƻƴǘ ǾƛŜǿ όƭŜƊ ƛƳŀƎŜύ ŀƴŘ ƭŀǘŜǊŀƭ ǎƛŘŜ ǾƛŜǿ ƻŦ ǘƘŜ ὅὌ Ǝŀǎ ǊŜƭŜŀǎŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ǎŜǘǳǇ όǊƛƎƘǘ 
ƛƳŀƎŜύΦ 

A zoom of the dome camera and the corresponding field of view of the seawater free 
surface are shown in Figure 17. Upon release at the bottom of the basin, methane rises 
through the water, forming a bubble plume. On reaching the free surface, the plume 
interacts with the air–water interface and induces a fountain phenomenon, generating 
concentric surface waves (swell). 

  

CƛƎǳǊŜ мтΥ ½ƻƻƳ ƻƴ ǘƘŜ ǎǳǊǾŜƛƭƭŀƴŎŜ ŘƻƳŜ ŎŀƳŜǊŀ όƭŜƊ ƛƳŀƎŜύ ŀƴŘ ǘƘŜ ƻōǎŜǊǾŜŘ ǎŎŜƴŜ ƻŦ ǘƘŜ ǎŜŀǿŀǘŜǊ 
ŦǊŜŜ ǎǳǊŦŀŎŜ ǾŀǊƛŀǝƻƴ ǊŜǎǳƭǝƴƎ ŦǊƻƳ ǘƘŜ ὅὌ Ǝŀǎ ǊŜƭŜŀǎŜ ŀǘ ŀ ƅƻǿ ǊŀǘŜ ὗ ƻŦ ρππ ὰȾάὭὲ όǊƛƎƘǘ ƛƳŀƎŜύ 
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Figure 18 presents a representative temporal sequence of the fountain produced by 
methane gas release into the seawater pool at a volumetric flow rate of ὗ
ρππ ὰȾάὭὲ, together with the associated swell propagation. As evidenced by the 
individual frames, the dome camera provides time-resolved imaging of the generated 
swells. This time-resolved dataset therefore enables the swell propagation velocity 
along the free surface to be quantified. 

 

 

CƛƎǳǊŜ муΥ ¢ŜƳǇƻǊŀƭ ǾŀǊƛŀǝƻƴ ƻŦ ǘƘŜ ǎŜŀǿŀǘŜǊ ŦǊŜŜ ǎǳǊŦŀŎŜ ǊŜǎǳƭǝƴƎ ŦǊƻƳ ǘƘŜ ὅὌ Ǝŀǎ ǊŜƭŜŀǎŜ ŀǘ ŀ ƅƻǿ 
ǊŀǘŜ ὗ ƻŦ ρππ ὰȾάὭὲΦ 

 

Because regular, nearly circular surface waves are generated on the seawater free 
surface, selecting an appropriate radial intensity profile — so as to minimize parasitic 
solar glare in the digital frames — can be used to determine the swell-wave propagation 
velocity. To this end, two orthogonal axes (Profile 1 and Profile 2 on Figure 19) were 
defined on the images, and the axis providing the most reliable signal was retained. The 
two axes, each implemented with a thickness of 10 pixels, are shown in Figure 19a and 
Figure 19b, respectively. For the image-processing workflow, the RGB frames were first 
converted to grayscale images, and their intensity levels were adjusted. Then, for each 
profile, the grayscale intensity was averaged over windows of 10, 20, 30, 40, and 50 
pixels in order to obtain the most representative depiction of swell-wave propagation. 
The resulting grayscale intensity profiles (along both axes), extracted from all frames 
corresponding to a methane release, were compiled and are reported in Figure 19c and 
Figure 19d. These space–time representations describe the temporal evolution of the 
swell wave along the predefined axes, namely Profile 1 and Profile 2. A comparison of 
the two maps indicates that Figure 19c is affected by a higher noise level than 
Figure 19d. In Figure 19d, each high-amplitude diagonal ridge (with increasing time) 
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corresponds to a swell wave propagating along the seawater free surface. The first 
prominent, rounded trajectory is associated with the initial wave generated by the 
methane release and is observed in all experiments. Conversely, the lower-amplitude 
diagonal features with decreasing time are attributed to reflected swell waves 
originating from the boundaries of the experimental structure. 

 

Ȥ Á Ȥ 

 

Ȥ Â Ȥ 

 

Ȥ Ã Ȥ 

 

Ȥ Ä Ȥ 

CƛƎǳǊŜ мфΥ {ŜŀǿŀǘŜǊ ŦǊŜŜ ǎǳǊŦŀŎŜ ǎŎŜƴŜ ǾƛǎǳŀƭƛȊŜŘ ōȅ ǘƘŜ ŘƻƳŜ ŎŀƳŜǊŀΦ LƳŀƎŜǎ ŀ ŀƴŘ ō ǎƘƻǿ ǇǊƻŬƭŜǎ ƻŦ 
ƛƴǘŜǊŜǎǘ όtǊƻŬƭŜ м ŀƴŘ tǊƻŬƭŜ нύ ƻƴ ǘƘŜ ǎŎŜƴŜ ŜȄǇƭƻƛǘŜŘ ŦƻǊ ƛƴǾŜǎǝƎŀǝƻƴ ƻŦ ǎǿŜƭƭ ǾŜƭƻŎƛǝŜǎΦ LƳŀƎŜǎ Ŏ ŀƴŘ Ř 
ǎƘƻǿ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǝƳŜ ŜǾƻƭǳǝƻƴ ƻŦ ǘƘŜ ƎǊŜȅ ƭŜǾŜƭ ǇǊƻŬƭŜǎ όὅὌ Ǝŀǎ ǊŜƭŜŀǎŜ ƅƻǿ ǊŀǘŜ ὗ
ρππ ὰȾάὭὲΦύ  

For each methane gas release, curves were extracted from the temporal evolution of 
the swell wave along the predefined axes and were found to be quasi-linear. 
Consequently, these curves can be accurately approximated by linear regressions, the 
slope of which corresponds to the mean propagation velocity of the swell ὠ  along 
the considered axes. 

In the case of a methane release at a flow rate of ρππ ὰȢάὭὲ , three such curves were 
extracted, and their corresponding linear regressions are presented in Figure 20. 
Averaging the resulting velocities yields a representative swell propagation velocity of 
ὠ πȢςω άȢί . 
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The same methodology is applied to the other gas-release flow rates, with the number 
of velocities included in the averaging process being determined by the quality of the 
measured temporal evolution of the swell. 

 

 

 

CƛƎǳǊŜ нлΥ [ƛƴŜŀǊ ǊŜƎǊŜǎǎƛƻƴ ƻŦ ƭƛƴŜǎ ŜȄǘǊŀŎǘŜŘ ŦǊƻƳ ǘŜƳǇƻǊŀƭ ŜǾƻƭǳǝƻƴ ƻŦ ƎǊŜȅ ƭŜǾŜƭ ǇǊƻŬƭŜǎ ƻŦ ǘƘŜ 
ǎŜŀǿŀǘŜǊ ŦǊŜŜ ǎǳǊŦŀŎŜ ǊŜǎǳƭǝƴƎ ŦǊƻƳ ǘƘŜ ὅὌ Ǝŀǎ ǊŜƭŜŀǎŜ ŀǘ ŀ ƅƻǿ ǊŀǘŜ ὗ ƻŦ ρππ ὰȾάὭὲΦ 
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Two independent series of measurements were conducted for the release of ὅὌ gas at 
four volumetric flow rates: ὗ   ρππ ὰȢάὭὲȟ  ὗ    ςππ ὰȢάὭὲ , 
 ὗ   σππ ὰȢάὭὲ and  ὗ   τππ ὰȢάὭὲ. The corresponding time-averaged 
swell velocities, denoted ὠ , are reported in Table 10. The experimental results 
indicate a systematic increase in the swell velocity ὠ  with increasing gas flow rate 
ὗ . The variation of the swell velocity ὠ  as a function of the gas flow rate ὗ  is 
illustrated in Figure 19. The results reveal a clearly nonlinear dependence of the swell 
velocity on the gas flow rate. An optimal fit of the experimental data was obtained using 
a logarithmic relationship, expressed as ὠ   πȢπχτφὗȢ , with a regression 
coefficient of Ὑό  πȢωψςω for ὗ  expressed in ὰȢάὭὲ (Figure 21). 

 Cƭƻǿ ǊŀǘŜ ╠○ □ Ȣ▼  0,0067 0,0050 0,0033 0,0017 

 Cƭƻǿ ǊŀǘŜ ╠○ ■Ȣ□░▪  400 300 200 100 

{
ǿ
Ŝ
ƭ
ƭ
 
Ǿ
Ŝ
ƭ
ƻ
Ŏ
ƛ
ǝ
Ŝ
ǎ
 

□
Ȣ▼

 

╥▼◌▄■■ȟ   0.40 0.39 0.35 0.29 

╥▼◌▄■■ȟ   0.44 0.39 0.37 0.28 

╥▼◌▄■■ лΦпн лΦоф лΦос лΦну 

¢ŀōƭŜ млΥ !ǾŜǊŀƎŜŘ ǎǿŜƭƭ ǾŜƭƻŎƛǝŜǎ ŜȄǘǊŀŎǘŜŘ ŦǊƻƳ ŘƻƳŜ ŎŀƳŜǊŀ ŦǊŀƳŜǎ 
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CƛƎǳǊŜ нмΥ {ǿŜƭƭ ǾŜƭƻŎƛǘȅ ŜǾƻƭǳǝƻƴ ŀǎ ŦǳƴŎǝƻƴ ƻŦ ǘƘŜ ὅὌ Ǝŀǎ ǊŜƭŜŀǎŜ ƅƻǿǊŀǘŜ όƛƴ ὰȢάὭὲύΦ 

The experimental investigation of methane gas injection in a shallow water basin (2 m 
depth) reveals a coupled hydrodynamic response governed by buoyancy-driven plume 
dynamics and strong free-surface constraints. The results highlight a clear distinction 
between the internal plume behaviour and the surface response. 

From a dimensional analysis perspective, the governing parameter of the system is the 
buoyancy flux: 

 ὄ ὫȢὗ  (4) 

where vƎ is the volumetric flow rate and g the gravitational acceleration. In classical 
turbulent plume theory (Morton–Taylor–Turner framework), the characteristic vertical 
velocity scale evolves as: 

 Ὗͯ ὄȢὌ  (5) 

which leads to a surface radial velocity scaling: 

 ὟͯὄȢὌ ὗͯ  (6) 

The experimental results are in excellent agreement with this prediction, with a 
measured exponent close to 0.29. This confirms that the internal flow remains governed 
by buoyancy-controlled turbulent entrainment. In dimensionless form, the velocity can 
be expressed as: 
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Ȣ

 ÃÏÎÓÔÁÎÔ (7) 

indicating a robust similarity law consistent with plume theory. 

In contrast, the maximum surface elevation h exhibits a much stronger dependence on 

the gas flow rate, approximately linear (h~vƎ) deviating significantly from the classical 
scaling: 

 –ͯ ὗͯ  (8) 

expected for an unconstrained plume impacting a free surface. This discrepancy reveals 
a transition toward a confinement-controlled regime, in which the surface deformation 
is not solely governed by the conversion of kinetic energy into potential energy, but by 
a local accumulation of liquid volume. 

This behaviour can be interpreted through a balance between the upward liquid flux 
induced by the plume and the radial outflow capacity at the surface. The entrained liquid 
flow rate scales as: 

 ὗ ὄͯȢὌ  (9) 

while the radial evacuation scales with ¦ǊΦw, where w is the characteristic plume radius 
at the surface. In a confined basin, w is weakly dependent on vƎ, the limited evacuation 
capacity leads to a build-up of liquid, yielding: 

 –ͯ
Ȣ
ὗͯ  (10) 

This explains the quasi-linear dependence observed experimentally. 

A useful dimensionless indicator of this regime shift is the ratio: 

 
Ȣ

 (11) 

which compares kinetic to potential energy at the surface. In a classical regime, this ratio 
is of order unity, whereas in the present experiments it decreases with increasing flow 
rate, indicating that gravitational (potential) energy dominates due to surface 
accumulation effects. 

Overall, the experiments demonstrate that while the subsurface plume dynamics follow 
classical buoyancy-driven similarity laws, the free-surface response is strongly altered 
by geometric confinement and finite depth. This leads to a decoupling between velocity 
and elevation scaling, and highlights the importance of considering system-scale 
constraints when extrapolating plume behaviour to real configurations such as shallow 
basins, ports, or offshore releases. 
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2.2.2.6. Atmospheric gas cloud detection 

In addition to the hydrodynamic characterization of the bubble plume, methane 
dispersion in the gas phase was investigated using a hyperspectral imaging system 
positioned laterally to the release (Figure 22). This configuration enabled the 
visualization and quantification of methane concentration fields above the free surface, 
providing unique insight into the coupling between subsurface plume dynamics and 
atmospheric dispersion 

 

CƛƎǳǊŜ ннΥ hōǎŜǊǾŀǝƻƴ ƻŦ ƳŜǘƘŀƴŜ ŘƛǎǇŜǊǎƛƻƴ ƛƴ ǘƘŜ ŀǘƳƻǎǇƘŜǊŜΦ CƛŜƭŘ ƻŦ ǾƛŜǿ ŦǊƻƳ {ƛƳŀƎŀȊ ŎŀƳŜǊŀ 

The hyperspectral measurements reveal that methane does not disperse as a steady, 
homogeneous plume, but rather as highly intermittent and structured turbulent puffs 
(Figure 23a). These structures originate directly from the unsteady release of gas at the 
free surface, which is itself controlled by the dynamics of the bubble plume and the 
associated surface deformation. In particular, the strong agitation and localized 
upwelling observed at the surface generate episodic gas releases, leading to coherent 
methane clouds that are then advected and diluted by the ambient airflow. 

A key feature observed in the experiments is the dominant influence of the ambient 
wind, blowing from the left-hand side of the (Figure 23b). This crossflow strongly affects 
the near-field dispersion by advecting the methane puffs horizontally while 
simultaneously pressing them toward the water surface. As a result, the structures 
remain confined close to the interface over a certain distance, forming a shallow, 
elongated cloud before progressively lifting and diluting into the atmosphere. This near-
surface confinement enhances local concentration levels and prolongs the residence 
time of methane in the vicinity of the source, compared to what would be expected 
under quiescent conditions. 
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CƛƎǳǊŜ ноΥ hōǎŜǊǾŀǝƻƴ ƻŦ ƳŜǘƘŀƴŜ ŎƭƻǳŘ ǿƛǘƘ ƘȅǇŜǊǎǇŜŎǘǊŀƭ {ƛƳŀƎŀȊ ŎŀƳŜǊŀ όǊŜŘ Řƻǘ ŎƛǊŎƭŜ ƻƴ ǇƛŎǘǳǊŜ 
όŀύύΦ hōǎŜǊǾŀǝƻƴ ƻŦ ǘƘŜ ƳŜǘƘŀƴŜ ŎƭƻǳŘ ŘƛǎǇŜǊǎƛƻƴ όōύ 

The spatial and temporal characteristics of these gas structures are therefore governed 
by a coupled interaction between: 

π the unsteady release dynamics at the free surface, 
π the buoyancy and initial momentum of the gas phase 
π the shear and advection induced by the ambient wind field. 

From a scaling perspective, while the total methane emission rate is directly linked to 
the injected gas flow rate, the effective dispersion is controlled by this competition 
between buoyancy (tending to lift the gas) and wind-induced shear (tending to advect 
and confine it near the surface). This highlights that near-field dispersion cannot be 
described using steady-state Gaussian assumptions, but instead requires a transient and 
shear-influenced framework, particularly in the presence of even moderate crossflow. 

Overall, the combined analysis demonstrates a strong coupling between subsurface gas 
injection, free-surface hydrodynamics, and atmospheric dispersion. While the plume 
dynamics follow classical buoyancy scaling, the surface processes control the temporal 
structure of gas release, and the ambient wind governs the subsequent transport and 
near-surface confinement of methane, ultimately shaping the dispersion patterns 
observed above the water. 

The temporal evolution of the methane mass flow rate, measured using the Simagaz 
hyperspectral camera, shows significant unsteady behaviour in the gas emission at the 
free surface (Figure 24). The data show pronounced fluctuations over time, with 
instantaneous mass flow rates ranging from approximately 0.5 to 6.5 g/s, and an average 
value around 2.5–3 g/s. These variations highlight the highly intermittent nature of the 
gas release process, which is consistent with the previously observed turbulent plume 
dynamics and surface agitation. The fluctuations in mass flow rate can be attributed to 
a combination of mechanisms, including the intrinsic unsteadiness of the bubble plume, 
the episodic bursting of gas at the surface, and the influence of wind-induced shear. In 

όōύ όŀύ 
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particular, the crossflow wind contributes to modulating the apparent emission by 
intermittently dispersing and redistributing methane near the surface, leading to 
temporal variability in the detected signal. This suggests a strong coupling between 
underwater hydrodynamics, surface processes, and atmospheric transport, where the 
effective gas release is not steady but governed by transient interactions across the air–
water interface. Such behaviour reinforces the need to consider time-resolved emission 
rates rather than steady averages when assessing gas dispersion and associated risks. 

 

CƛƎǳǊŜ нпΥ LƭƭǳǎǘǊŀǝƻƴ ƻŦ ǘƘŜ ǘŜƳǇƻǊŀƭ ǾŀǊƛŀǝƻƴ ƻŦ ŀǘƳƻǎǇƘŜǊƛŎ ƳŜǘƘŀƴŜ Ǝŀǎ Ƴŀǎǎ ƅƻǿ ǊŀǘŜ ƳŜŀǎǳǊŜŘ 
ǿƛǘƘ ƘȅǇŜǊǎǇŜŎǘǊŀƭ {ƛƳŀƎŀȊ ŎŀƳŜǊŀ 

A comparison between the mean gas injection flow rates at the underwater nozzle and 
the mean methane mass flow rates measured by the hyperspectral camera shows a 
generally good agreement across most operating conditions (Table 5). This indicates 
that, despite the complex multiphase processes involved (bubble rise, surface release, 
and atmospheric dispersion), the hyperspectral measurements provide a reliable 
estimate of the effective gas emission to the atmosphere. However, a notable 
discrepancy is observed for the 300 L/min case (corresponding to an expected mass flow 
rate of approximately 3.33 g/s), for which the hyperspectral system records a 
significantly lower value (around 1.48 g/s). This deviation is most likely attributable to 
stronger wind effects during this specific test, which enhanced the lateral dispersion of 
the methane cloud and reduced the fraction of gas captured within the camera’s field 
of view. In this configuration, the crossflow not only advects the gas plume away from 
the measurement region but also increases dilution and intermittency, leading to an 
underestimation of the actual emission rate. In addition, it is important to emphasize 
that the accuracy of hyperspectral measurements strongly depends on the viewing 
geometry: the camera optical axis should be as perpendicular as possible to the plane 
of the gas cloud in order to maximize the detected signal and minimize geometric 
distortions. Any misalignment can lead to partial sampling of the plume and thus to 
further underestimation of the mass flow rate. This result highlights the sensitivity of 
optical measurement techniques to both environmental conditions and measurement 
configuration, and underscores the importance of carefully controlling wind effects and 
sensor positioning when interpreting remote sensing data of gas release 
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aŜŀƴ ƛƴƧŜŎǝƻƴ 
ƅƻǿ ǊŀǘŜ ώ[κƳƛƴϐ 

aŜŀƴ ƛƴƧŜŎǝƻƴ ƅƻǿ ǊŀǘŜ 
ώƎκǎϐ 

aŜŀƴ ƅƻǿ ǊŀǘŜ ƳŜŀǎǳǊŜŘ 
ōȅ ŎŀƳŜǊŀ ώƎκǎϐ 

100 1,11 0,94 

200 2,22 2,53 

300 3,33 1,48 

400 4,60 4,73 

¢ŀōƭŜ ммΥ [ƛǎǘ ƻŦ ŜȄǇŜǊƛƳŜƴǘŀƭ ŘŜǾƛŎŜǎ ŀƴŘ ǎŜƴǎƻǊǎ ǳǎŜŘ ŦƻǊ ŀƳƳƻƴƛŀ ǘŜǎǘǎ ǇŜǊŦƻǊƳŜŘ ƛƴ Wǳƭȅ нлнр όōŀǎƛƴ 
ǘǊƛŀƭύ 

This chapter presented an experimental investigation of underwater gas release 
dynamics and the associated hydrodynamic and atmospheric dispersion phenomena, 
conducted at the CEDRE basin facility. Two gases were studied — methane and 
ammonia — at various volumetric flow rates, using a comprehensive instrumentation 
system including thermocouples, pressure sensors, flow controllers, acoustic 
velocimeters, visible and hyperspectral cameras, and explosimeters. 

For methane releases, the experimental results demonstrated a clear and monotonic 
increase in free-surface elevation with increasing gas flow rate, well described by a 
Gaussian model. The maximum surface elevation followed a quasi-linear relationship 
with flow rate, ranging from approximately 4.2 cm at 100 L/min to 10.5 cm at 400 L/min, 
with an excellent coefficient of determination (R² = 0.9996). Two Gaussian formulations 
were evaluated: a zero-baseline model (Gaussian A) and a variable-baseline model 
(Gaussian B), the latter providing improved agreement with the experimental median 
profiles, particularly at higher flow rates where the zero-baseline model showed 
increasing divergence at the profile tails. 

The analysis of swell wave propagation at the free surface revealed a nonlinear 
dependence of the swell velocity on the gas flow rate, best described by a power-law 
relationship (±ǎǿŜƭƭ Ґ лΦлтпс vǾ

лΦнф, R² = 0.9829). This measured exponent of 
approximately 0.29 is in excellent agreement with classical buoyancy-driven turbulent 
plume theory, which predicts a surface radial velocity scaling as vǾмκо. In contrast, the 
maximum surface elevation exhibited a quasi-linear dependence on flow rate, deviating 
significantly from the classical vǾнκо scaling expected for an unconstrained plume. This 
discrepancy was interpreted as a transition toward a confinement-controlled regime, in 
which the limited radial evacuation capacity of the confined basin leads to a local 
accumulation of liquid at the surface, decoupling the velocity and elevation scaling laws. 

Atmospheric methane dispersion above the free surface was characterized using a 
hyperspectral Simagaz camera. The measurements revealed a highly intermittent and 
structured gas emission, driven by the unsteady dynamics of the bubble plume and the 
episodic bursting of gas at the air-water interface. Ambient wind was identified as a 
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dominant factor controlling near-field dispersion, advecting the methane puffs 
horizontally while confining them close to the water surface, thereby enhancing local 
concentration levels and prolonging residence times near the source. The temporal 
evolution of the methane mass flow rate showed pronounced fluctuations, with 
instantaneous values ranging from approximately 0.5 to 6.5 g/s around a mean of 2.5–
3 g/s, confirming the strongly transient nature of the emission process. A generally good 
agreement was found between the injected flow rates and the hyperspectral 
measurements, with the exception of the 300 L/min test, where stronger wind 
conditions led to underestimation of the detected mass flow rate due to lateral 
dispersion beyond the camera's field of view. 

Overall, the experiments demonstrated a strong coupling between subsurface gas 
injection dynamics, free-surface hydrodynamics, and atmospheric dispersion. While the 
subsurface plume behaviour follows classical buoyancy-driven similarity laws, the free-
surface response is strongly influenced by geometric confinement, and the subsequent 
atmospheric transport is governed by the interplay between gas buoyancy and ambient 
wind shear.  

 

2.2.3.1. Experimental setup 

The ammonia test campaign was conducted at the CEDRE basin facility (Figure 2). Based 
on the results obtained in November 2024, the injection nozzle diameter was increased 
from 10 mm to 20 mm internal diameter in order to achieve higher gas flow rates. The 
nozzle was positioned at the center of the basin, 10 cm below the water surface. Three 
flow rates were investigated (100, 200 and 260 L/min), each sustained for approximately 
one to two minutes. Concentration measurements were performed using two 
explosimeters, one placed vertically above the release point and the other located 3 m 
away (Figure 3). A full list of the instrumentation used is provided in ¢ŀōƭŜ р. 

For all three flow rates, the ammonia release produced no observable impact at the 
water surface — neither a fountain effect nor any significant variation in the measured 
water current was detected. However, a white precipitate formed in the water column, 
consistent with observations from previous experiments. This precipitate had been 
difficult to identify during previous test campaign (November 2024). 

Figure 25 presents the pressure and temperature measurements recorded along the 
release line during the three successive flow rate conditions. The pressure at the cylinder 
outlet (solid blue curve) shows a sharp increase at the onset of each release, reflecting 
the initial pressurization of ammonia at approximately 8 bar within the cylinder, 
followed by a stabilization during sustained injection. The gas temperature at the 
cylinder outlet (dashed orange curve) exhibits a progressive decrease with increasing 
flow rate, consistent with adiabatic expansion of the gas through the piping system 
(Joule-Thomson effect). In contrast, the temperature measured at the nozzle exit (solid 
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orange curve) shows a systematic increase with flow rate, indicative of the exothermic 
dissolution of ammonia in seawater occurring at the injection point. 

The contrasting thermal behaviours observed at the two measurement locations — 
cooling at the cylinder outlet and heating at the nozzle exit — confirm that the dominant 
thermodynamic process at the air-water interface is the exothermic dissolution of 
ammonia in seawater, which more than compensates for the upstream cooling induced 
by gas expansion (Figure 26). Furthermore, temperature fluctuations at the nozzle exit 
were observed to intensify with increasing flow rate, particularly at 260 L/min, 
suggesting the onset of a turbulent or slug flow regime within the injection pipe at higher 
flow conditions. The average, minimum and maximum temperatures recorded at each 
flow rate are summarized in Table 12. 

 

 

 

CƛƎǳǊŜ нрΥ ¢ŜƳǇƻǊŀƭ ǇǊŜǎǎǳǊŜ ŀƴŘ ǘŜƳǇŜǊŀǘǳǊŜ ƘƛǎǘƻǊƛŜǎ ǊŜŎƻǊŘŜŘ ŀƭƻƴƎ ǘƘŜ ŀƳƳƻƴƛŀ ǊŜƭŜŀǎŜ ƭƛƴŜ ŘǳǊƛƴƎ 
ǘƘŜ ǘƘǊŜŜ ǎǳŎŎŜǎǎƛǾŜ ƛƴƧŜŎǝƻƴ ǘŜǎǘǎ όмллΣ нлл ŀƴŘ нсл [κƳƛƴύΦ {ƻƭƛŘ ōƭǳŜ ŎǳǊǾŜ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ǇǊŜǎǎǳǊŜ ŀǘ 
ǘƘŜ ŎȅƭƛƴŘŜǊ ƻǳǘƭŜǘ ŀƴŘ ŘŀǎƘŜŘ ƻǊŀƴƎŜ ŎǳǊǾŜ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ Ǝŀǎ ǘŜƳǇŜǊŀǘǳǊŜ ŀǘ ǘƘŜ ŎȅƭƛƴŘŜǊ ƻǳǘƭŜǘΦ 
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CƛƎǳǊŜ нсΥ ±ŀǊƛŀǝƻƴ ƻŦ ŀǾŜǊŀƎŜ ǘŜƳǇŜǊŀǘǳǊŜǎ ŀǘ ǘƘŜ ōƻǧƭŜ ƻǳǘƭŜǘ ŀƴŘ ƛƴƧŜŎǝƻƴ ƴƻȊȊƭŜ ŦƻǊ ŀƳƳƻƴƛŀ 
ŜƳƛǎǎƛƻƴǎ ŀǘ ŘƛũŜǊŜƴǘ ƅƻǿ ǊŀǘŜǎ 

¢ŀōƭŜ мнΥ ±ŀǊƛŀǝƻƴ ƻŦ ŀǾŜǊŀƎŜΣ ƳƛƴƛƳǳƳ ŀƴŘ ƳŀȄƛƳǳƳ ǘŜƳǇŜǊŀǘǳǊŜ ŀǘ ŎȅƭƛƴŘŜǊ ŜȄƛǘ ŀƴŘ ƴƻȊȊƭŜ ŜȄƛǘ ŦƻǊ 
ǘƘǊŜŜ ŘƛũŜǊŜƴǘ ƅƻǿ ǊŀǘŜǎ  

±ŀƭǳŜ ¢ŜƳǇŜǊŀǘǳǊŜ ώϲ/ϐ 
Cƭƻǿ ǊŀǘŜ ώ[ΦƳƛƴπмϐ 

млл нлл олл 

Average 

at cylinder exit 20.07 17.67 16.0 

at nozzle exit 23.78 24.28 24.52 

Min 

at cylinder exit 19.56 16.53 13.98 

at nozzle exit 23.47 23.60 23.78 

Max 

at cylinder exit 21.68 21.7 21.75 

at nozzle exit 24.28 25.62 26.12 

 

The Figure 27 presents the ammonia injection pressure (blue curve) alongside the 
atmospheric ammonia concentration measured 30 cm above the water surface, directly 
above the release point, by the Dräger explosimeter (red curve). Despite the high 
solubility of ammonia in seawater, the sensor recorded significant atmospheric 
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concentrations, with a peak value of approximately 295 ppm. It should be noted that 
this value corresponds to the upper measurement limit of the Dräger explosimeter, 
meaning that the actual atmospheric concentration may have been equal to or greater 
than this value during the peak events. A striking feature of these measurements is that 
the concentration peaks occurred well after the injection phases had concluded, as 
evidenced by the pressure returning to its baseline value prior to any detectable 
atmospheric release. This temporal decoupling between the injection and the 
atmospheric detection confirms that the measured gas does not originate directly from 
the injection flow, but rather from a secondary release from the water body itself. 

Two hypotheses are proposed to explain this delayed atmospheric release. The first 
hypothesis involves volatilization of dissolved ammonia from the upper layers of the 
water column, either through progressive outgassing as the dissolved ammonia 
equilibrates with the atmosphere, or through the delayed arrival of a saturated water 
plume at the surface. The second hypothesis relates to instrumental factors, including a 
possible synchronization offset between data loggers or a slow sensor recovery time 
following exposure to high humidity or elevated concentration levels. However, the 
clear correlation between the pressure baseline and the concentration peaks strongly 
supports the first hypothesis, suggesting that volatilization is the dominant mechanism. 

From a safety perspective, the peak atmospheric concentration of approximately 295 
ppm is particularly significant. This threshold of 295 ppm approaches the Immediately 
Dangerous to Life or Health (IDLH) level of 300 ppm defined by NIOSH for ammonia, at 
which 30 minutes of exposure may cause irreversible health effects or prevent self-
evacuation. The fact that such concentrations — potentially underestimated due to 
sensor saturation — were detected 30 cm above the water surface after the active 
injection had ceased highlights a critical and often overlooked hazard: the delayed 
volatilization of dissolved ammonia can generate a toxic atmosphere in the immediate 
vicinity of the water surface even in the absence of any ongoing gaseous release, with 
significant implications for operational safety in confined or semi-confined 
environments. 
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CƛƎǳǊŜ нтΥ ¢ŜƳǇƻǊŀƭ ƘƛǎǘƻǊƛŜǎ ƻŦ ŀƳƳƻƴƛŀ ƛƴƧŜŎǝƻƴ ǇǊŜǎǎǳǊŜ όōƭǳŜ ŎǳǊǾŜύ ŀƴŘ ŀǘƳƻǎǇƘŜǊƛŎ ŀƳƳƻƴƛŀ 
ŎƻƴŎŜƴǘǊŀǝƻƴ ƳŜŀǎǳǊŜŘ ол ŎƳ ŀōƻǾŜ ǘƘŜ ǿŀǘŜǊ ǎǳǊŦŀŎŜ ŘƛǊŜŎǘƭȅ ŀōƻǾŜ ǘƘŜ ǊŜƭŜŀǎŜ Ǉƻƛƴǘ όǊŜŘ ŎǳǊǾŜύ ŘǳǊƛƴƎ 
ǘƘŜ ǘƘǊŜŜ ǎǳŎŎŜǎǎƛǾŜ ƛƴƧŜŎǝƻƴ ǘŜǎǘǎ όмллΣ нлл ŀƴŘ нсл [κƳƛƴύΦ 

The Figure 28 illustrates the evolution of seawater pH in response to subsea ammonia 
injection. Prior to the releases, the seawater pH remained stable at a baseline value of 
approximately 8.6. No significant variation was observed during the 100 and 200 L/min 
injection phases. However, following the 260 L/min release, a sharp and sustained 
increase in pH was recorded, reaching a peak value of approximately 9.3. This 
alkalinisation is a direct consequence of the dissolution of ammonia in seawater, which 
produces hydroxide ions (OH⁻) through the following equilibrium reaction:   

 ὔὌ ὌὕᵶὔὌ ὕὌ  (12) 

thereby increasing the pH of the surrounding water. 

Consistent with the atmospheric concentration measurements, a significant time lag 
was observed between the end of the injection and the onset of the pH rise, with the 
pH remaining elevated for several hundred seconds after the gas flow had ceased. This 
delayed response suggests that the pH sensor captured the arrival of a concentrated 
dissolved ammonia plume that persisted in the measurement area due to slow ambient 
currents or localized saturation of the water column, further confirming that ammonia 
remains chemically active in the aqueous phase well after the physical injection has 
ended. 

From an environmental and safety perspective, the recorded pH increases to 9.3 is of 
concern. At this level, seawater alkalinity can damage the protective mucus layers of fish 
and adversely affect the eggs and larvae of crustaceans, posing a significant risk to 
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marine organisms in the vicinity of the release. For human exposure, while a pH of 9.3 
is considerably less corrosive than strong alkaline substances, it remains irritating to skin 
and potentially harmful to eyes upon direct contact, highlighting the importance of 
appropriate protective measures during ammonia release operations. 

 

 

CƛƎǳǊŜ нуΥ ¢ŜƳǇƻǊŀƭ ƘƛǎǘƻǊƛŜǎ ƻŦ ŀƳƳƻƴƛŀ ƛƴƧŜŎǝƻƴ ǇǊŜǎǎǳǊŜ όōƭǳŜ ŎǳǊǾŜύ ŀƴŘ ǎŜŀǿŀǘŜǊ ǇI όƎǊŜŜƴ ŎǳǊǾŜύ 
ƳŜŀǎǳǊŜŘ ƛƴ ǘƘŜ ōŀǎƛƴ ŘǳǊƛƴƎ ǘƘŜ ǘƘǊŜŜ ǎǳŎŎŜǎǎƛǾŜ ƛƴƧŜŎǝƻƴ ǘŜǎǘǎ όмллΣ нлл ŀƴŘ нсл [κƳƛƴύΦΦ 

Figure 29 presents a direct comparison between the seawater pH and the atmospheric 
ammonia concentration measured above the water surface throughout the entire test 
campaign. The combined visualization of these two quantities provides compelling 
evidence of a causal relationship between aqueous ammonia saturation and 
atmospheric re-volatilization. During the initial injection phases, while the seawater pH 
remained at its baseline value of approximately 8.6, no significant atmospheric 
ammonia concentration was detected. However, once the pH exceeded approximately 
8.8, a pronounced off-gassing event was observed, with atmospheric concentrations 
peaking at approximately 295 ppm — the upper measurement limit of the Dräger 
explosimeter. This behaviour suggests the existence of a critical pH threshold beyond 
which the buffering capacity of seawater is overcome, shifting the dissolution-
volatilization chemical equilibrium toward the gas phase and triggering significant 
ammonia release at the air-water interface. 

The temporal synchronization between the pH surge and the atmospheric concentration 
peaks further supports this interpretation, indicating that the high alkalinity of the 
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dissolved ammonia plume is the primary driver of volatilization at the surface. These 
findings have direct implications for safety protocols in environments where subsea 
ammonia releases may occur: continuous monitoring of seawater pH could serve as an 
early warning indicator of imminent toxic gas release at the surface, potentially 
providing critical reaction time before atmospheric concentrations reach hazardous 
levels. 

 

CƛƎǳǊŜ нфΥ {ƛƳǳƭǘŀƴŜƻǳǎ ǝƳŜ ƘƛǎǘƻǊƛŜǎ ƻŦ ǎŜŀǿŀǘŜǊ ǇI όƎǊŜŜƴ ŎǳǊǾŜύ ŀƴŘ ŀǘƳƻǎǇƘŜǊƛŎ ŀƳƳƻƴƛŀ 
ŎƻƴŎŜƴǘǊŀǝƻƴ ƳŜŀǎǳǊŜŘ ол ŎƳ ŀōƻǾŜ ǘƘŜ ǿŀǘŜǊ ǎǳǊŦŀŎŜ όǊŜŘ ŎǳǊǾŜύ ŦƻǊ ǘƘŜ ǘŜǎǘ ŎŀƳǇŀƛƎƴΦ 

Experimental campaigns conducted in July 2025 in CEDRE's outdoor basin investigated 
the physical and chemical behaviour of underwater ammonia releases at a depth of 10 
cm below the water surface. The results revealed that the dissolution of ammonia in 
seawater is governed by an exothermic process, with temperatures at the nozzle exit 
reaching up to 26.12°C, effectively overriding the upstream cooling induced by adiabatic 
gas expansion. Despite the absence of any visible surface disturbance — no fountain 
effect or measurable water current variation was observed at any of the tested flow 
rates — the chemical impact on the water body was significant. The seawater pH 
increased from a baseline of 8.6 to a peak value of 9.3, reflecting the progressive 
saturation of the water column with dissolved ammonia and the associated production 
of hydroxide ions, which substantially increases the fraction of toxic un-ionized 
ammonia in solution. 

Atmospheric monitoring above the water surface revealed an important safety subject, 
with ammonia concentrations reaching the upper measurement limit of the Dräger 
explosimeter (~295 ppm), approaching the IDLH threshold of 300 ppm defined by 
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NIOSH, at a height of only 30 cm above the surface. It is important to noted taht these 
peak concentrations were recorded with a significant time delay relative to the end of 
the injection phases, confirming that the dominant source of atmospheric ammonia was 
not direct release during injection but rather secondary volatilization from the dissolved 
ammonia plume persisting in the water column. The synchronization between the pH 
surge above 8.8 and the onset of atmospheric concentration peaks suggests that this pH 
value constitutes a critical threshold beyond which the buffering capacity of seawater is 
overcome and volatilization becomes significant. This finding establishes seawater pH 
monitoring as a potentially valuable predictive indicator for imminent toxic gas release 
at the surface, with important implications for operational safety in marine 
environments where subsea ammonia discharges may occur. 

 

 

2.3.1.1. Experimental setup 

This experimental phase was conducted at the SDIS 29 training site and aimed to 
characterize the thermal and chemical dynamics of a pressurized liquid ammonia release 
onto a water surface. The experimental configuration was closely analogous to that used 
for the cryogenic nitrogen release campaign, with liquid ammonia discharged from a 
pressurized cylinder onto the water surface of the same 3 m × 3 m portable pool (Justrite 
Rigid-Lock QuickBerm®), filled to a depth of 19 cm. The ammonia release nozzle was 
positioned 10 cm above the water surface, at one end of the pool. Given the acute 
toxicity of ammonia, the entire trial was conducted under remote control to ensure 
personnel safety. 

Temperature measurements were performed using a network of 12 Type-T 
thermocouples deployed along the central axis of the pool, aligned with the release axis, 
as illustrated in Figure 30 and Figure 32. At each measurement position, two sensors 
were deployed simultaneously: one in air, placed 15 cm above the water surface, and 
one in water, placed 5 cm below the water surface. The spatial configuration included a 
reference sensor (T₀) positioned 25 cm upstream of the release point and a near-field 
sensor (T₁) located 5 cm downstream of the nozzle, followed by sensors spaced at 
regular 40 cm intervals along the release axis (Figure 31).  

In addition to the thermocouple network, the chemical impact of the ammonia release 
on the water body was monitored using a WiMo probe for continuous pH and 
temperature measurements, complemented by an NH₄⁺ ion-selective probe to quantify 
the concentration of dissolved ammonium ions in the water column. The experiment 
was further instrumented with a comprehensive imaging suite comprising visible light 



51 

D2.3. Characterisation and detection of a gas cloud 

31/03/2026 

 

surveillance cameras, a FLIR infrared camera coupled with an ONERA ammonia-specific 
detector, and a SDIS 29 drone equipped with thermal imaging, providing multi-scale 
visualization of both the vapor cloud dispersion and the thermal footprint of the liquid 
ammonia evaporation at the water surface. 

 

CƛƎǳǊŜ олΥ {ŎƘŜƳŀǝŎ ƻǾŜǊǾƛŜǿ ƻŦ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ǎŜǘǳǇ ŦƻǊ ǘƘŜ ǇǊŜǎǎǳǊƛȊŜŘ ƭƛǉǳƛŘ ŀƳƳƻƴƛŀ ǊŜƭŜŀǎŜ 
ŎŀƳǇŀƛƎƴΦ [ƛǉǳƛŘ ŀƳƳƻƴƛŀ ƛǎ ŘƛǎŎƘŀǊƎŜŘ ŦǊƻƳ ŀ ǇǊŜǎǎǳǊƛȊŜŘ ŎȅƭƛƴŘŜǊ ƻƴǘƻ ǘƘŜ ǿŀǘŜǊ ǎǳǊŦŀŎŜ ƻŦ ŀ о Ƴ Ҏ о 
Ƴ ǇƻǊǘŀōƭŜ ǇƻƻƭΦ ¢ŜƳǇŜǊŀǘǳǊŜ ƳŜŀǎǳǊŜƳŜƴǘǎ ŀǊŜ ǇŜǊŦƻǊƳŜŘ ōȅ ŀ ƴŜǘǿƻǊƪ ƻŦ ¢ȅǇŜπ¢ ǘƘŜǊƳƻŎƻǳǇƭŜǎ 
ŘŜǇƭƻȅŜŘ ŀƭƻƴƎ ǘƘŜ ǊŜƭŜŀǎŜ ŀȄƛǎΣ ǿƛǘƘ ǎŜƴǎƻǊǎ ǇƻǎƛǝƻƴŜŘ мр ŎƳ ŀōƻǾŜ ǘƘŜ ǿŀǘŜǊ ǎǳǊŦŀŎŜ ό¢ψŀƛǊύ ŀƴŘ р ŎƳ 
ōŜƭƻǿ ǘƘŜ ǿŀǘŜǊ ǎǳǊŦŀŎŜ ό¢ψǿŀǘŜǊύΦ ¢ƘŜ ŜȄǇŜǊƛƳŜƴǘ ƛǎ ƳƻƴƛǘƻǊŜŘ ōȅ ŀ ǾƛǎƛōƭŜ ƭƛƎƘǘ ŎŀƳŜǊŀΣ ŀ C[Lw ƛƴŦǊŀǊŜŘ 
ŎŀƳŜǊŀ ǿƛǘƘ ŀƴ hb9w! ŀƳƳƻƴƛŀπǎǇŜŎƛŬŎ ŘŜǘŜŎǘƻǊΣ ŀƴŘ ŀ {5L{ нф ŘǊƻƴŜ ŜǉǳƛǇǇŜŘ ǿƛǘƘ ǘƘŜǊƳŀƭ ƛƳŀƎƛƴƎΦ 

 

CƛƎǳǊŜ омΥ {ŎƘŜƳŀǝŎ ǎƛŘŜ ǾƛŜǿ ƻŦ ǘƘŜ ǘƘŜǊƳƻŎƻǳǇƭŜ ŀǊǊŀȅ ŀƴŘ ŎƘŜƳƛŎŀƭ ǇǊƻōŜ ŘŜǇƭƻȅƳŜƴǘ ŀƭƻƴƎ ǘƘŜ 
ŎŜƴǘǊŀƭ ŀȄƛǎ ƻŦ ǘƘŜ ǇƻƻƭΦ !ƛǊ ǘŜƳǇŜǊŀǘǳǊŜ ǎŜƴǎƻǊǎ όǊŜŘύ ŀǊŜ ǇƻǎƛǝƻƴŜŘ мр ŎƳ ŀōƻǾŜ ǘƘŜ ǿŀǘŜǊ ǎǳǊŦŀŎŜ ŀƴŘ 
ǿŀǘŜǊ ǘŜƳǇŜǊŀǘǳǊŜ ǎŜƴǎƻǊǎ όōƭǳŜύ ŀǊŜ ǇƭŀŎŜŘ р ŎƳ ōŜƭƻǿ ǘƘŜ ǿŀǘŜǊ ǎǳǊŦŀŎŜΦ  ! ²ƛaƻ ǇI ŀƴŘ ǘŜƳǇŜǊŀǘǳǊŜ 
ǇǊƻōŜ ŀƴŘ ŀƴ bIјя ƛƻƴπǎŜƭŜŎǝǾŜ ǇǊƻōŜ ŀǊŜ ŀŘŘƛǝƻƴŀƭƭȅ ŘŜǇƭƻȅŜŘ ƛƴ ǘƘŜ ǿŀǘŜǊ ŎƻƭǳƳƴ 
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CƛƎǳǊŜ онΥ tƘƻǘƻƎǊŀǇƘ ƻŦ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ǎŜǘǳǇ ŀǘ ǘƘŜ {5L{ нф ǘǊŀƛƴƛƴƎ ǎƛǘŜ ǇǊƛƻǊ ǘƻ ǘƘŜ ǇǊŜǎǎǳǊƛȊŜŘ ƭƛǉǳƛŘ 
ŀƳƳƻƴƛŀ ǊŜƭŜŀǎŜΦ ¢ƘŜ ǇǊŜǎǎǳǊƛȊŜŘ ŀƳƳƻƴƛŀ ŎȅƭƛƴŘŜǊ ŀƴŘ ǘƘŜ ǊŜƳƻǘŜπŎƻƴǘǊƻƭƭŜŘ ǊŜƭŜŀǎŜ ƳŜŎƘŀƴƛǎƳ ŀǊŜ 
ǾƛǎƛōƭŜ ƻƴ ǘƘŜ ƭŜƊΦ ¢ƘŜ ǘƘŜǊƳƻŎƻǳǇƭŜ ǎǳǇǇƻǊǘ Ǌŀƛƭ ƛǎ ƳƻǳƴǘŜŘ ŀƭƻƴƎ ǘƘŜ ŎŜƴǘǊŀƭ ŀȄƛǎ ƻŦ ǘƘŜ ǇƻƻƭΣ ǿƛǘƘ ǎŜƴǎƻǊ 
Ǉƻǎƛǝƻƴǎ ¢є ǘƻ ¢љ ƛƴŘƛŎŀǘŜŘΦ ¢ƘŜ ²ƛaƻ ǇǊƻōŜ ŀƴŘ bIјя ǇǊƻōŜǎ ŀǊŜ ǾƛǎƛōƭŜ ǿƛǘƘƛƴ ǘƘŜ Ǉƻƻƭ 

2.3.1.2. Analysis of experimental results 

Figure 33 illustrates the pressurized liquid ammonia discharge at the water surface as 
recorded by the surveillance camera during the test. The image clearly shows that 
ammonia exits the nozzle as a dense white plume, characteristic of a two-phase liquid-
gas mixture resulting from the rapid adiabatic expansion of the pressurized fluid at the 
discharge valve and within the supply line. This expansion induces significant cooling of 
the gas phase through the Joule-Thomson effect, suggesting that the thermocouples 
located immediately downstream of the nozzle are likely to record very low, potentially 
sub-zero temperatures during the initial phase of the release, before the exothermic 
dissolution reaction begins to contribute heat. 

The white appearance of the plume is attributed to the instantaneous condensation of 
atmospheric water vapor in the vicinity of the nozzle. As liquid ammonia expands from 
the pressurized cylinder to atmospheric pressure, the resulting flash-cooling drops the 
local gas temperature well below the dew point of the surrounding air, causing water 
vapor to condense into fine liquid droplets and forming a visible fog. Due to the extreme 
hygroscopicity of ammonia, the gas dissolves rapidly into these droplets, forming an 
ammonium hydroxide aerosol. This dissolution process is exothermic and partially 
offsets the initial cooling induced by gas expansion before the plume reaches the water 
surface. It is therefore important to note that the air temperature sensors are not 
measuring dry ambient air but are instead immersed in this two-phase aerosol mixture, 
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capturing the complex thermal balance between expansion cooling and dissolution 
heating. 

Although pure ammonia gas is lighter than air under ambient conditions, the cold and 
moisture-laden aerosol formed at the nozzle exit is denser than the surrounding 
atmosphere, explaining the ground-hugging behaviour of the plume visible in the image. 
This density-driven behaviour promotes prolonged contact between the ammonia cloud 
and the water surface, maximizing the air-water interaction and facilitating ammonia 
dissolution into the pool. The alignment of the plume with the thermocouple array axis 
is also clearly visible, confirming that both the air and water sensors are directly exposed 
to the ammonia cloud, which is an essential condition for the interpretation of the 
thermal and chemical measurements recorded during the experiment. 

 

CƛƎǳǊŜ ооΥ !ŜǊƛŀƭ ǾƛŜǿ ƻŦ ǘƘŜ ǇǊŜǎǎǳǊƛȊŜŘ ƭƛǉǳƛŘ ŀƳƳƻƴƛŀ ǊŜƭŜŀǎŜ ƻƴǘƻ ǘƘŜ ǿŀǘŜǊ ǎǳǊŦŀŎŜΣ ǊŜŎƻǊŘŜŘ ōȅ ǘƘŜ 
ǎǳǊǾŜƛƭƭŀƴŎŜ ŎŀƳŜǊŀ ŘǳǊƛƴƎ ǘƘŜ ǘŜǎǘΦ ! ŘŜƴǎŜ ǿƘƛǘŜ ǇƭǳƳŜΣ ŎƘŀǊŀŎǘŜǊƛǎǝŎ ƻŦ ŀ ǘǿƻπǇƘŀǎŜ ƳƛȄǘǳǊŜ ƎŜƴŜǊŀǘŜŘ 
ōȅ ǘƘŜ ŀŘƛŀōŀǝŎ ŜȄǇŀƴǎƛƻƴ ƻŦ ƭƛǉǳƛŘ ŀƳƳƻƴƛŀ ŀǘ ǘƘŜ ƴƻȊȊƭŜ ŜȄƛǘΣ ǇǊƻǇŀƎŀǘŜǎ ŀƭƻƴƎ ǘƘŜ ǘƘŜǊƳƻŎƻǳǇƭŜ ŀǊǊŀȅ 
ŀȄƛǎΣ ŜƴǎǳǊƛƴƎ ŘƛǊŜŎǘ ŜȄǇƻǎǳǊŜ ƻŦ ōƻǘƘ ŀƛǊ ŀƴŘ ǿŀǘŜǊ ǎŜƴǎƻǊǎ ǘƻ ǘƘŜ ŀƳƳƻƴƛŀ ŎƭƻǳŘΦ 

A close-up observation of the injection nozzle during the release reveals significant frost 
accumulation on the outer surface of the supply pipe, as illustrated in Figure 34. This 
icing is direct evidence that pipe wall temperatures dropped well below 0°C, driven by 
the adiabatic expansion of the pressurized ammonia upstream of the nozzle exit. Under 
these conditions, partial re-liquefaction of ammonia within the piping system is 
thermodynamically plausible, and the presence of a distinct circular impact zone on the 
water surface confirms that ammonia enters the pool at least partially in liquid form 
rather than exclusively as a gas or aerosol. 

This transition from a two-phase plume to localized liquid droplets impacting the water 
surface has important implications for the local energy balance at the point of impact. 
The direct contact of liquid ammonia — at its boiling point of approximately −33°C — 
with the warmer seawater concentrates the exothermic dissolution reaction at a well-
defined location, potentially generating a sharp thermal contrast between the intense 
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local cooling induced by liquid ammonia evaporation and the subsequent heat release 
associated with ammonia dissolution in water. This competing thermal balance is 
expected to produce complex and rapidly evolving temperature profiles in both the 
water and air phases immediately downstream of the release point. 

A detailed observation of the injection nozzle reveals a significant accumulation of frost 
on the injection pipe, indicating that the wall pipe temperatures well below 0°C due to 
the upstream expansion of the gas within the release pipe (Figure 34). This thermal 
gradient facilitates partial re-liquefaction within the piping. The presence of a distinct 
circular impact zone on the water surface confirms that the ammonia enters the basin 
partly in liquid form. This transition from a gaseous plume to localized liquid droplets is 
essential for the energy balance: it concentrates the exothermic dissolution reaction at 
the point of impact, potentially creating a sharp temperature contrast in the water 
between the extreme cold of the liquid ammonia (approximately -33°C) and the 
subsequent heat of reaction. 

 

CƛƎǳǊŜ опΥ /ƭƻǎŜπǳǇ ǾƛŜǿ ƻŦ ǘƘŜ ŀƳƳƻƴƛŀ ƛƴƧŜŎǝƻƴ ƴƻȊȊƭŜ ŘǳǊƛƴƎ ǘƘŜ ǊŜƭŜŀǎŜΣ ǎƘƻǿƛƴƎ ŦǊƻǎǘ ŀŎŎǳƳǳƭŀǝƻƴ 
ƻƴ ǘƘŜ ǎǳǇǇƭȅ ǇƛǇŜ ŀƴŘ ŀ ŘƛǎǝƴŎǘ ƭƛǉǳƛŘ ŀƳƳƻƴƛŀ ƛƳǇŀŎǘ ȊƻƴŜ ŀǘ ǘƘŜ ǿŀǘŜǊ ǎǳǊŦŀŎŜΣ ƛƴŘƛŎŀǝǾŜ ƻŦ ǇŀǊǝŀƭ ǊŜπ
ƭƛǉǳŜŦŀŎǝƻƴ ƻŦ ŀƳƳƻƴƛŀ ǿƛǘƘƛƴ ǘƘŜ ǇƛǇƛƴƎ ǎȅǎǘŜƳ ǇǊƛƻǊ ǘƻ ŘƛǎŎƘŀǊƎŜΦ 

The aerial thermal infrared image presented in Figure 35 provides a top-down view of 
the thermal footprint of the ammonia plume during the release. The dark region 
extending from the nozzle exit across the water surface corresponds to the cold thermal 
signature of the expansion-cooled ammonia aerosol, confirming that the plume remains 
concentrated at the water surface level and in direct contact with the pool along the 
entire length of the thermocouple array. The longitudinal extent of this cold signature is 
consistent with the sustained ground-hugging behaviour of the plume observed in the 
visible light images. 

The propagation dynamics of the ammonia jet above the water surface can be described 
in terms of three successive regimes classically associated with the expansion of a 
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pressurized fluid. In the near-field region, the plume dynamics are dominated by the 
initial momentum of the jet at the nozzle exit, driving rapid forward propagation along 
the release axis. As the jet momentum dissipates with increasing distance from the 
nozzle, the plume transitions into a gravity-dominated regime, in which the negative 
buoyancy of the cold, dense ammonia aerosol becomes the controlling factor. The 
progressive widening of the cold infrared signature observed in Figure 35 , combined 
with the tendency of the plume to settle and remain near the water surface, is 
characteristic of this transition. In the far field, passive atmospheric dispersion is 
expected to govern the dilution and transport of the ammonia cloud. Under the 
experimental conditions tested, the thermal imagery and visible light camera recordings 
indicate that the plume dynamics above the water surface were primarily governed by 
the momentum-dominated and gravity-dominated regimes, with the cold dense aerosol 
remaining confined close to the water surface throughout the observation period. 

 

CƛƎǳǊŜ орΥ ŀŜǊƛŀƭ ǘƘŜǊƳŀƭ ƛƴŦǊŀǊŜŘ ƛƳŀƎŜ ƻŦ ǘƘŜ ǇǊŜǎǎǳǊƛȊŜŘ ƭƛǉǳƛŘ ŀƳƳƻƴƛŀ ǊŜƭŜŀǎŜ ǊŜŎƻǊŘŜŘ ōȅ ǘƘŜ {5L{ 
нф ŘǊƻƴŜ ŘǳǊƛƴƎ ǘƘŜ ǘŜǎǘΦ ¢ƘŜ ŘŀǊƪ ǊŜƎƛƻƴ ŜȄǘŜƴŘƛƴƎ ŦǊƻƳ ǘƘŜ ƴƻȊȊƭŜ ŜȄƛǘ ŀŎǊƻǎǎ ǘƘŜ ǿŀǘŜǊ ǎǳǊŦŀŎŜ 
ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ŎƻƭŘ ǘƘŜǊƳŀƭ ǎƛƎƴŀǘǳǊŜ ƻŦ ǘƘŜ ŜȄǇŀƴǎƛƻƴπŎƻƻƭŜŘ ŀƳƳƻƴƛŀ ǇƭǳƳŜΣ ŎƻƴŬǊƳƛƴƎ ƛǘǎ ƎǊƻǳƴŘπ
ƘǳƎƎƛƴƎ ōŜƘŀǾƛƻǳǊ ŀƴŘ ǎǳǎǘŀƛƴŜŘ ŎƻƴǘŀŎǘ ǿƛǘƘ ǘƘŜ ǿŀǘŜǊ ǎǳǊŦŀŎŜ ŀƭƻƴƎ ǘƘŜ ŜƴǝǊŜ ǎŜƴǎƻǊ ŀǊǊŀȅ 

Figure 36 presents simultaneous visible light and thermal infrared aerial images of the 
pool recorded after the ammonia release, providing complementary evidence of the 
chemical impact of the discharge on the water body. In the visible image, a diffuse white 
precipitate cloud is clearly visible at the water surface, consistent with the formation of 
ammonium hydroxide and associated reaction products upon dissolution of ammonia in 
seawater. The synchronized infrared image reveals a corresponding warm thermal 
signature in the same region, confirming that the exothermic dissolution reaction occurs 
rapidly at the air-water interface and generates a localized heat source within the pool 
despite the aerial mode of discharge. 
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The irregular and spatially extended shape of both the precipitate cloud and the thermal 
signature indicates that once the initial momentum of the jet has dissipated, the further 
transport and chemical impact of ammonia within the water body are governed by 
passive diffusion and convective mixing rather than by the directed dynamics of the 
release. This observation highlights the persistence of dissolved ammonia in the liquid 
phase well beyond the active injection period, with the pollutant continuing to spread 
laterally through the pool under the influence of slow water currents and concentration-
driven diffusion. These post-release dynamics underscore the importance of considering 
not only the immediate impact zone but also the longer-term evolution of the dissolved 
ammonia plume when assessing the environmental and safety consequences of liquid 
ammonia spills onto water surfaces. 

 

CƛƎǳǊŜ осΥ {ƛƳǳƭǘŀƴŜƻǳǎ ǾƛǎƛōƭŜ ƭƛƎƘǘ όƭŜƊύ ŀƴŘ ǘƘŜǊƳŀƭ ƛƴŦǊŀǊŜŘ όǊƛƎƘǘύ ŀŜǊƛŀƭ ƛƳŀƎŜǎ ƻŦ ǘƘŜ ǿŀǘŜǊ Ǉƻƻƭ 
ǊŜŎƻǊŘŜŘ ŀƊŜǊ ǘƘŜ ǇǊŜǎǎǳǊƛȊŜŘ ƭƛǉǳƛŘ ŀƳƳƻƴƛŀ ǊŜƭŜŀǎŜΦ ¢ƘŜ ǾƛǎƛōƭŜ ƛƳŀƎŜ ǊŜǾŜŀƭǎ ŀ ǿƘƛǘŜ ǇǊŜŎƛǇƛǘŀǘŜ ŎƭƻǳŘ 
ŀǘ ǘƘŜ ǿŀǘŜǊ ǎǳǊŦŀŎŜ ǊŜǎǳƭǝƴƎ ŦǊƻƳ ǘƘŜ ŜȄƻǘƘŜǊƳƛŎ Řƛǎǎƻƭǳǝƻƴ ƻŦ ŀƳƳƻƴƛŀ ƛƴ ǎŜŀǿŀǘŜǊΣ ǿƘƛƭŜ ǘƘŜ ƛƴŦǊŀǊŜŘ 
ƛƳŀƎŜ ǎƘƻǿǎ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƘŜǊƳŀƭ ǎƛƎƴŀǘǳǊŜΣ ǿƛǘƘ ǿŀǊƳŜǊ ȊƻƴŜǎ ƛƴŘƛŎŀǝƴƎ ƭƻŎŀƭƛȊŜŘ ƘŜŀǘ ǊŜƭŜŀǎŜ 
ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘŜ ŘƛǎǎƻƭǳǝƻƴΦ 

Figure 37 presents the air temperature time histories recorded during the pressurized 
liquid ammonia release, which lasted approximately 3 minutes. It should be noted that 
achieving a continuous and steady release was challenging during the test, as the supply 
pipe was subject to intermittent freezing caused by the adiabatic expansion of ammonia, 
temporarily blocking the flow. Sustained discharge could only be maintained by allowing 
periodic thermal recovery of the line, which accounts for the fluctuating temperature 
signal observed at T_air_1 throughout the injection period. 

The reference sensor T_air_0, located 25 cm upstream of the release point, remained 
stable at approximately 23°C throughout the entire test, confirming that the ambient air 
temperature was unaffected by the release and providing a reliable thermal baseline. In 
contrast, T_air_1, positioned 5 cm downstream of the nozzle, recorded a minimum 
temperature of approximately −14°C, providing direct quantitative evidence of the 
intense adiabatic cooling induced by the expansion of pressurized liquid ammonia at the 
nozzle exit. This extreme near-field cooling is fully consistent with the frost accumulation 
observed on the supply pipe and the partial re-liquefaction of ammonia within the piping 
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system discussed previously. The synchronous temperature depression recorded across 
all downstream sensors (T_air_2 to T_air_5) during the injection period confirms that 
the cold ammonia aerosol plume successfully enveloped the entire thermocouple array, 
validating the alignment of the plume with the measurement axis. 

Following the end of the injection at approximately t = 4 min, all sensors exhibited a 
rapid recovery toward ambient conditions, reflecting the efficient thermal equilibration 
of the cold aerosol plume through turbulent mixing with the warmer surrounding air. As 
the plume propagates downwind, the progressive entrainment of ambient air at 23°C 
raises the mixture temperature and dilutes the ammonia concentration, consistent with 
the transition from a momentum- and gravity-dominated regime to a passive dispersion 
regime observed in the thermal imagery. This rapid atmospheric warming confirms that 
the persistence of the cold aerosol is primarily limited to the active injection period, 
beyond which dilution and heat exchange with the environment quickly restore near-
ambient conditions. 

 

CƛƎǳǊŜ отΥ ¢ŜƳǇƻǊŀƭ ŀƛǊ ǘŜƳǇŜǊŀǘǳǊŜ ƘƛǎǘƻǊƛŜǎ ǊŜŎƻǊŘŜŘ ōȅ ǘƘŜ ǎƛȄ ǘƘŜǊƳƻŎƻǳǇƭŜ ǎŜƴǎƻǊǎ ό¢ψŀƛǊψл ǘƻ 
¢ψŀƛǊψрύ ŘǳǊƛƴƎ ǘƘŜ ǇǊŜǎǎǳǊƛȊŜŘ ƭƛǉǳƛŘ ŀƳƳƻƴƛŀ ǊŜƭŜŀǎŜΦ ¢ƘŜ ƛƴƧŜŎǝƻƴ ǇŜǊƛƻŘ όŀǇǇǊƻȄƛƳŀǘŜƭȅ ǘ Ґ м ǘƻ ǘ Ґ п 
Ƴƛƴύ ƛǎ ƛƴŘƛŎŀǘŜŘ ōȅ ǘƘŜ ǊŜŘ ŘŀǎƘŜŘ ƭƛƴŜǎΦ ¢ψŀƛǊψлΣ ƭƻŎŀǘŜŘ нр ŎƳ ǳǇǎǘǊŜŀƳ ƻŦ ǘƘŜ ǊŜƭŜŀǎŜ ǇƻƛƴǘΣ ǎŜǊǾŜǎ ŀǎ 
ŀƴ ŀƳōƛŜƴǘ ǊŜŦŜǊŜƴŎŜ ŀƴŘ ǊŜƳŀƛƴǎ ǎǘŀōƭŜ ŀǘ ŀǇǇǊƻȄƛƳŀǘŜƭȅ ноϲ/ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ǘŜǎǘΦ 

Figure 38 presents the water temperature time histories recorded at 5 cm below the 
water surface during the ammonia release. In sharp contrast to the pronounced thermal 
response observed in the air phase, all water temperature sensors remained within a 
narrow range of approximately 26.2°C to 26.8°C throughout the entire test, reflecting 
the high thermal inertia of the water body and its capacity to buffer local thermal 
perturbations. 



58 

D2.3. Characterisation and detection of a gas cloud 

31/03/2026 

 

A slight upward temperature trend was observed for sensors T_eau_1 to T_eau_4 during 
the injection period, which could be tentatively attributed to the local heat release 
associated with the exothermic dissolution of ammonia in seawater. However, these 
variations remain within the measurement uncertainty range of standard Type-T 
thermocouples (±0.5°C), making it difficult to unambiguously distinguish a genuine 
thermal signal from background noise or natural convection within the pool. 
Furthermore, analysis of the aerial imagery suggests that the sub-surface dissolution 
plume was not perfectly aligned with the thermocouple array, meaning that the water 
temperature sensors were likely positioned at the periphery rather than at the core of 
the exothermic reaction zone. This spatial offset would explain the limited thermal 
response recorded by the submerged sensors and underscores the complementary 
value of drone-based thermal infrared imaging for capturing the full spatial extent of the 
chemical impact within the basin, beyond what can be inferred from point 
measurements alone. 

Sensor T_eau_5 (purple curve) exhibited an anomalous behaviour, displaying a lower 
baseline temperature and a slight downward trend throughout the test. This deviation 
is likely attributable to a positioning issue, whereby the sensor may have been partially 
exposed to the cold ammonia aerosol at the air-water interface, or to a localized cooling 
effect caused by the dense cold gas settling at the end of the pool and locally depressing 
the surface water temperature. 

 

 

CƛƎǳǊŜ оуΥ ¢ŜƳǇƻǊŀƭ ǿŀǘŜǊ ǘŜƳǇŜǊŀǘǳǊŜ ƘƛǎǘƻǊƛŜǎ ǊŜŎƻǊŘŜŘ ōȅ ǘƘŜ ǎƛȄ ǘƘŜǊƳƻŎƻǳǇƭŜ ǎŜƴǎƻǊǎ ό¢ψŜŀǳψл ǘƻ 
¢ψŜŀǳψрύ ŀǘ р ŎƳ ōŜƭƻǿ ǘƘŜ ǿŀǘŜǊ ǎǳǊŦŀŎŜ ŘǳǊƛƴƎ ǘƘŜ ǇǊŜǎǎǳǊƛȊŜŘ ƭƛǉǳƛŘ ŀƳƳƻƴƛŀ ǊŜƭŜŀǎŜΦ ¢ƘŜ ƛƴƧŜŎǝƻƴ 
ǇŜǊƛƻŘ όŀǇǇǊƻȄƛƳŀǘŜƭȅ ǘ Ґ м ǘƻ ǘ Ґ п Ƴƛƴύ ƛǎ ƛƴŘƛŎŀǘŜŘ ōȅ ǘƘŜ ǊŜŘ ŘŀǎƘŜŘ ƭƛƴŜǎΦ  
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Figure 39 presents the atmospheric ammonia concentrations recorded by two Dräger 
explosimeters positioned in the vicinity of the test area to assess potential exposure 
risks to operators. It should be noted that the upper measurement limit of the Dräger 
explosimeter is approximately 280 ppm, meaning that peak concentrations recorded at 
this value may reflect sensor saturation rather than the true atmospheric concentration, 
which could have been significantly higher during the most intense phases of the 
release. The primary sensor (blue markers) recorded peak concentrations reaching this 
upper limit, while the secondary sensor (orange markers) recorded a peak concentration 
of approximately 120 ppm. The pronounced temporal variability observed in both 
datasets is characteristic of turbulent passive dispersion of the gas cloud, consistent with 
the intermittent and structured plume dynamics observed in the thermal infrared 
imagery. 

A notable feature of the atmospheric concentration data is the significant time lag 
observed between the onset of ammonia injection and the first detection of elevated 
concentrations by the sensors. This delayed response is consistent with the behaviour 
previously observed during the subsea ammonia injection experiments conducted at the 
CEDRE basin, where atmospheric concentration peaks were systematically recorded 
well after the end of the injection phases, confirming that volatilization from the water 
body rather than direct atmospheric release is the dominant source of prolonged 
atmospheric exposure. 

Although the active injection phase lasted approximately 3 minutes, residual 
atmospheric ammonia concentrations of up to 50 ppm were detected well after the end 
of the release, with measurable concentrations persisting beyond t = 500 s. These post-
injection detections are unlikely to originate from the initial gas cloud, which would have 
been rapidly diluted by atmospheric mixing following the cessation of the release. 
Instead, they are attributed to the volatilization of ammonia dissolved in the water body, 
which transitions from an active dissolution zone during the release to a secondary 
atmospheric emission source thereafter, sustaining a residual hazardous atmosphere 
through continuous air-water exchange driven by the concentration gradient between 
the ammonia-saturated water surface and the ambient air. This behaviour further 
highlights the persistent atmospheric hazard associated with ammonia spills onto water 
surfaces even after the active release has ceased, and underscores the importance of 
continued atmospheric monitoring well beyond the end of any ammonia discharge. 



60 

D2.3. Characterisation and detection of a gas cloud 

31/03/2026 

 

 

CƛƎǳǊŜ офΥ !ǘƳƻǎǇƘŜǊƛŎ ŀƳƳƻƴƛŀ ŎƻƴŎŜƴǘǊŀǝƻƴ ƳŜŀǎǳǊŜŘ ōȅ ǘǿƻ 5ǊŅƎŜǊ ŜȄǇƭƻǎƛƳŜǘŜǊǎ όōƭǳŜ ŀƴŘ ƻǊŀƴƎŜ 
ƳŀǊƪŜǊǎύ ƛƴ ǘƘŜ ǾƛŎƛƴƛǘȅ ƻŦ ǘƘŜ ǘŜǎǘ ŀǊŜŀ ŘǳǊƛƴƎ ŀƴŘ ŀƊŜǊ ǘƘŜ ǇǊŜǎǎǳǊƛȊŜŘ ƭƛǉǳƛŘ ŀƳƳƻƴƛŀ ǊŜƭŜŀǎŜΦ ¢ƘŜ ƻƴǎŜǘ 
ƻŦ ŀƳƳƻƴƛŀ ƛƴƧŜŎǝƻƴ ƛǎ ƛƴŘƛŎŀǘŜŘ ōȅ ǘƘŜ ǊŜŘ ŀǊǊƻǿΦ 

This experimental phase, conducted at the SDIS 29 training site, investigated the 
thermal, chemical and dispersive dynamics of a pressurized liquid ammonia release onto 
a water surface. The instrumentation comprised a network of 12 Type-T thermocouples 
deployed along the release axis to measure thermal gradients in both air and water, 
complemented by a WiMo probe for pH and temperature monitoring, an NH₄⁺ ion-
selective probe to quantify dissolved ammonium concentrations, and a comprehensive 
imaging suite including visible light surveillance cameras, a FLIR infrared camera with an 
ONERA ammonia-specific detector, and a SDIS 29 drone equipped with thermal imaging. 

Visual observations confirmed that liquid ammonia exits the nozzle as a dense white 
two-phase plume, generated by the rapid adiabatic expansion of the pressurized fluid 
at the nozzle exit. This expansion induces intense cooling through the Joule-Thomson 
effect, evidenced by frost accumulation on the supply pipe and a minimum air 
temperature of approximately −14°C recorded at the nearest sensor. Although pure 
ammonia gas is lighter than air under ambient conditions, the cold moisture-laden 
aerosol formed at the nozzle exit is denser than the surrounding atmosphere, causing 
the plume to remain close to the water surface and maximizing contact time and 
physicochemical interactions at the air-water interface. Aerial thermal infrared imagery 
further confirmed this ground-hugging behavior, revealing a cold thermal signature 
extending along the entire thermocouple array, and showed that the plume dynamics 
transitioned rapidly from a momentum-dominated near-field regime to a gravity-
dominated regime within a short distance from the nozzle. 
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The air temperature measurements confirmed the severe thermal impact of the release, 
with T_air_1 recording a minimum of approximately −14°C during the injection period 
and all downstream sensors (T_air_2 to T_air_5) exhibiting a synchronous thermal 
depression, validating the full lateral coverage of the sensor array by the cold ammonia 
plume. In contrast, the water temperature sensors remained within a narrow range of 
approximately 26.2°C to 26.8°C throughout the test, reflecting the high thermal inertia 
of the water body. The slight upward temperature trend observed in the near-field 
water sensors during injection may be tentatively attributed to the exothermic 
dissolution of ammonia in seawater, though these variations remained within the 
measurement uncertainty of the thermocouples. Post-release dual visible and infrared 
aerial imaging provided complementary confirmation of the exothermic dissolution 
reaction, revealing plumes of white precipitates at the water surface associated with 
residual warm thermal signatures in the basin, and indicating that the chemical impact 
continues to evolve after the active injection has ceased through passive diffusion and 
convective mixing within the water body. 

Atmospheric concentration measurements recorded by the Dräger explosimeters — 
with an upper measurement limit of approximately 280 ppm — revealed peak 
concentrations reaching this saturation threshold during the active injection phase, 
indicating that actual concentrations may have been even higher. A significant time lag 
was observed between the onset of injection and the first atmospheric detections, 
consistent with the delayed volatilization behaviour previously identified during the 
subsea ammonia injection experiments at the CEDRE’s basin. Furthermore, residual 
atmospheric concentrations of up to 50 ppm persisted well beyond the end of the 
injection phase, with detections recorded beyond t = 500 s. This prolonged atmospheric 
presence confirms that the water body transitions from an active dissolution zone 
during the release to a secondary emission source thereafter, sustaining a hazardous 
atmosphere through continuous volatilization driven by the concentration gradient at 
the air-water interface. These findings collectively underscore the complexity of the 
physicochemical processes governing liquid ammonia spills onto water surfaces and 
highlight the critical importance of sustained atmospheric monitoring well beyond the 
cessation of any ammonia discharge. 

 

 

2.3.2.1. Experimental setup 

The experiments were conducted outdoors in a portable water pool (Justrite Rigid-Lock 
QuickBerm®) with dimensions of 3 m × 3 m and a total height of 30 cm, filled with water 
to a depth of 19 cm. The pool was filled with water maintained at an initial temperature 
of approximately 22°C. Cryogenic liquid nitrogen was stored in an open-top cryogenic 
vessel and released onto the water surface by tilting the vessel using a wire-and-pulley 
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system mounted on a rigid frame positioned at one end of the pool. This release 
mechanism ensured a repeatable and controlled spill initiation, as illustrated in Figure 
X. Four successive release tests were performed, with liquid nitrogen masses of 3, 5, 7 
and 12 kg respectively, in order to investigate the influence of the released mass on the 
thermal and dispersive behaviour of the cryogenic spill. 

Temperature measurements were performed using a network of Type-T thermocouples 
arranged along the central axis of the pool, aligned with the release axis. Sensors were 
placed at six positions located at 20, 60, 120, 220, 280 and 340 cm from the release 
point, so as to capture the thermal attenuation of the cryogenic cloud as it propagates 
downrange. At each position, two sensors were deployed simultaneously: one in air, 
placed 15 cm above the water surface, and one in water, placed 5 cm below the water 
surface. All temperature signals were acquired at a sampling frequency of 10 Hz using a 
data acquisition system. Type-T thermocouples were selected for their accuracy in the 
low-temperature range, which is particularly suited to cryogenic applications. 

In addition to the thermocouple network, the experiment was instrumented with three 
imaging systems providing complementary perspectives on the phenomenon. A visible 
light camera recorded the temporal evolution of the vapor cloud from a lateral 
viewpoint, enabling detailed visualization of the cloud propagation dynamics along the 
release axis. A drone was deployed above the pool to provide a top-down aerial view of 
the nitrogen spill, allowing the lateral spreading of the cloud over the water surface to 
be characterized. Finally, a FLIR SC6700 infrared camera was positioned to monitor the 
thermal footprint of the nitrogen release on the water surface. Together, these 
measurement systems provided both quantitative thermal data and qualitative visual 
information on the cryogenic spill phenomenon. 
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CƛƎǳǊŜ плΥ {ŎƘŜƳŀǝŎ ƻǾŜǊǾƛŜǿ ƻŦ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ǎŜǘǳǇΦ /ǊȅƻƎŜƴƛŎ ƭƛǉǳƛŘ ƴƛǘǊƻƎŜƴ ƛǎ ǊŜƭŜŀǎŜŘ ŦǊƻƳ ŀƴ 
ƻǇŜƴπǘƻǇ ǾŜǎǎŜƭ ƻƴǘƻ ǘƘŜ ǿŀǘŜǊ ǎǳǊŦŀŎŜ ƻŦ ŀ о Ƴ Ҏ о Ƴ ǇƻǊǘŀōƭŜ ǇƻƻƭΦ ¢ŜƳǇŜǊŀǘǳǊŜ ƳŜŀǎǳǊŜƳŜƴǘǎ ŀǊŜ 
ǇŜǊŦƻǊƳŜŘ ōȅ ŀ ƴŜǘǿƻǊƪ ƻŦ ¢ȅǇŜπ¢ ǘƘŜǊƳƻŎƻǳǇƭŜǎ ŘŜǇƭƻȅŜŘ ŀƭƻƴƎ ǘƘŜ ǊŜƭŜŀǎŜΦ ¢ƘŜ ŜȄǇŜǊƛƳŜƴǘ ƛǎ ƳƻƴƛǘƻǊŜŘ 
ōȅ ŀ ǾƛǎƛōƭŜ ƭƛƎƘǘ ŎŀƳŜǊŀ ŀƴŘ ŀ C[Lw {/стлл ƛƴŦǊŀǊŜŘ ŎŀƳŜǊŀ 

 

 

CƛƎǳǊŜ пмΥ ¢ŜƳǇƻǊŀƭ tƘƻǘƻƎǊŀǇƘ ƻŦ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ǎŜǘǳǇ ǇǊƛƻǊ ǘƻ ǘƘŜ ŎǊȅƻƎŜƴƛŎ ƴƛǘǊƻƎŜƴ ǊŜƭŜŀǎŜΦ ¢ƘŜ 
ǇƻǊǘŀōƭŜ ǿŀǘŜǊ Ǉƻƻƭ ƛǎ ŬƭƭŜŘ ǿƛǘƘ ǎŜŀǿŀǘŜǊΦ ¢ƘŜ ƻǇŜƴπǘƻǇ ŎǊȅƻƎŜƴƛŎ ƴƛǘǊƻƎŜƴ ǾŜǎǎŜƭ ƛǎ ǾƛǎƛōƭŜ ƛƴ ƛǘǎ ƛƴƛǝŀƭ 
ǝƭǘŜŘ Ǉƻǎƛǝƻƴ ŀǘ ǘƘŜ ŜŘƎŜ ƻŦ ǘƘŜ ǇƻƻƭΣ ƘŜƭŘ ōȅ ǘƘŜ ǿƛǊŜπŀƴŘπǇǳƭƭŜȅ ǊŜƭŜŀǎŜ ƳŜŎƘŀƴƛǎƳΦ ¢ƘŜ ǘƘŜǊƳƻŎƻǳǇƭŜ 
ǎǳǇǇƻǊǘ Ǌŀƛƭ ƛǎ ƳƻǳƴǘŜŘ ŀƭƻƴƎ ǘƘŜ ŎŜƴǘǊŀƭ ŀȄƛǎ ƻŦ ǘƘŜ ǇƻƻƭΦ 
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CƛƎǳǊŜ пнΥ {ŎƘŜƳŀǝŎ ǎƛŘŜ ǾƛŜǿ ƻŦ ǘƘŜ ǘƘŜǊƳƻŎƻǳǇƭŜ ŀǊǊŀȅ ŘŜǇƭƻȅƳŜƴǘ ŀƭƻƴƎ ǘƘŜ ŎŜƴǘǊŀƭ ŀȄƛǎ ƻŦ ǘƘŜ ǇƻƻƭΦ 
!ƛǊ ǘŜƳǇŜǊŀǘǳǊŜ ǎŜƴǎƻǊǎ ό¢ψŀƛǊΣ ƻǊŀƴƎŜύ ŀǊŜ ǇƻǎƛǝƻƴŜŘ мр ŎƳ ŀōƻǾŜ ǘƘŜ ǿŀǘŜǊ ǎǳǊŦŀŎŜΣ ŀƴŘ ǿŀǘŜǊ 
ǘŜƳǇŜǊŀǘǳǊŜ ǎŜƴǎƻǊǎ ό¢ψŜŀǳΣ ƎǊŜŜƴύ ŀǊŜ ǇƭŀŎŜŘ р ŎƳ ōŜƭƻǿ ǘƘŜ ǿŀǘŜǊ ǎǳǊŦŀŎŜΣ ŀǘ ǎƛȄ ƳŜŀǎǳǊŜƳŜƴǘ 
Ǉƻǎƛǝƻƴǎ ƭƻŎŀǘŜŘ ŀǘ нлΣ слΣ мнлΣ ннлΣ нул ŀƴŘ опл ŎƳ ŦǊƻƳ ǘƘŜ ǊŜƭŜŀǎŜ ǇƻƛƴǘΦ ¢ƘŜ ǿŀǘŜǊ ŘŜǇǘƘ ƛǎ мф ŎƳ 
ŀƴŘ ǘƘŜ ǘƻǘŀƭ Ǉƻƻƭ ƘŜƛƎƘǘ ƛǎ ол ŎƳΦ 

2.3.2.2. Analysis of experimental results 

- ±ƛǎǳŀƭ ƻōǎŜǊǾŀǝƻƴ 

The sequential images recorded during the experiment reveal the rapid propagation of 
the cold vapor cloud generated upon the release of cryogenic nitrogen onto the water 
surface. At t₀ = 0.00 s, the water surface remains undisturbed, with no visible cloud 
present. As early as t₁ = 0.40 s, a white vapor cloud begins to form at the release point. 
The white appearance of the cloud is characteristic of the condensation of atmospheric 
water vapor, which occurs as the surrounding humid air is rapidly cooled below its dew 
point by contact with the cryogenic nitrogen and its cold evaporation products. This 
condensation phenomenon is thus an indirect tracer of the cold gas dispersion rather 
than a direct visualization of the nitrogen itself. 

The cloud expands rapidly and progressively covers the entire pool surface, reaching the 
far end of the basin by t₅ = 2.00 s, corresponding to a propagation distance of 
approximately 250 cm in less than 2 seconds. The propagation dynamics are governed 
by the interplay of several physical mechanisms. First, the initial momentum of the 
cryogenic release imparts a preferential direction to the cloud, driving it along the 
release axis. Second, the evaporation kinetics of liquid nitrogen — which vaporizes 
almost instantaneously upon contact with the warmer water surface due to the large 
temperature difference — generates a rapid and sustained volumetric expansion of cold 
gas, further fuelling the cloud growth. Third, ambient wind conditions present during 
the outdoor experiment likely contributed to the directionality and asymmetry of the 
cloud dispersion, advecting the vapor preferentially downwind. 

Throughout the sequence, the cloud grows in both height and lateral extent, 
overflowing beyond the pool boundaries, which suggests that the cold dense gas 
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spreads not only along the water surface but also rises and disperses into the 
surrounding atmosphere as it warms and its density approaches that of ambient air. 

 

CƛƎǳǊŜ поΥ  [ŀǘŜǊŀƭ ǝƳŜπƭŀǇǎŜ ǎŜǉǳŜƴŎŜ ƻŦ ǘƘŜ ŎƻƭŘ ǾŀǇƻǊ ŎƭƻǳŘ ǇǊƻǇŀƎŀǝƻƴ ŦƻƭƭƻǿƛƴƎ ŀ ŎǊȅƻƎŜƴƛŎ ƴƛǘǊƻƎŜƴ 
ǊŜƭŜŀǎŜ ƻƴǘƻ ǘƘŜ ǿŀǘŜǊ ǎǳǊŦŀŎŜΦ LƳŀƎŜǎ ŀǊŜ ŎŀǇǘǳǊŜŘ ŀǘ ǘє Ґ лΦлл ǎ όǇǊƛƻǊ ǘƻ ǊŜƭŜŀǎŜύΣ ǘѕ Ґ лΦпл ǎΣ ǘі Ґ лΦул ǎΣ 
ǘї Ґ мΦнл ǎΣ ǘј Ґ мΦсл ǎ ŀƴŘ ǘљ Ґ нΦлл ǎΦ ¢ƘŜ ǿƘƛǘŜ ŎƭƻǳŘΣ ǊŜǎǳƭǝƴƎ ŦǊƻƳ ǘƘŜ ŎƻƴŘŜƴǎŀǝƻƴ ƻŦ ŀǘƳƻǎǇƘŜǊƛŎ 
ǿŀǘŜǊ ǾŀǇƻǊ ƛƴ ǘƘŜ ŎƻƭŘ ƴƛǘǊƻƎŜƴ Ǝŀǎ ƭŀȅŜǊΣ ǇǊƻǇŀƎŀǘŜǎ ǊŀǇƛŘƭȅ ŀƭƻƴƎ ǘƘŜ ǊŜƭŜŀǎŜ ŀȄƛǎ ŀƴŘ ŎƻǾŜǊǎ ǘƘŜ ŜƴǝǊŜ 
Ǉƻƻƭ ǎǳǊŦŀŎŜ ǿƛǘƘƛƴ н ǎŜŎƻƴŘǎΣ ƻǾŜǊƅƻǿƛƴƎ ōŜȅƻƴŘ ǘƘŜ Ǉƻƻƭ ōƻǳƴŘŀǊƛŜǎΦ 

 

- !ƛǊ ǘŜƳǇŜǊŀǘǳǊŜ ƳŜŀǎǳǊŜƳŜƴǘǎ 

The air temperature sensors, positioned 15 cm above the water surface along the 
release axis, recorded sharp and spatially dependent thermal depressions following 
each cryogenic nitrogen release. Prior to each test, all sensors indicated stable ambient 
air temperatures of approximately 20–22°C. In all four tests, the onset of the 
temperature drop was nearly simultaneous across the sensor array, consistent with the 
rapid propagation of the cold vapor cloud observed visually. Following the thermal 
minimum, all sensors exhibited a gradual recovery toward ambient conditions, typically 
within 3 to 5 minutes after the release, reflecting the progressive warming and dilution 
of the cold gas layer by the surrounding atmosphere. 

Across all four tests, a consistent spatial pattern was observed: the magnitude of the 
temperature depression generally decreased with increasing distance from the release 
point, with the nearest sensor T_air_1 systematically recording among the lowest 
temperatures. A clear influence of the released mass on the overall severity of the 
thermal response was also observed, with larger releases producing deeper and more 
spatially extensive temperature drops. However, this trend was not strictly monotonic 
for all sensors across all tests, likely reflecting the influence of varying ambient wind 
conditions between tests, which may have altered the directionality and dilution rate of 
the cold cloud. Notably, during the 7 kg release, T_air_2 recorded an anomalously low 
minimum of approximately 3°C compared to sensors at similar or greater distances, a 
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behaviour likely attributable to direct contact between a liquid nitrogen droplet and the 
thermocouple junction rather than the actual local gas temperature. 

 

 

CƛƎǳǊŜ ппΥ !ƛǊ ǘŜƳǇŜǊŀǘǳǊŜ ǝƳŜ ƘƛǎǘƻǊƛŜǎ ǊŜŎƻǊŘŜŘ ōȅ ǘƘŜ ǎƛȄ ǘƘŜǊƳƻŎƻǳǇƭŜ ǎŜƴǎƻǊǎ ŘǳǊƛƴƎ ǘƘŜ ŦƻǳǊ 
ǎǳŎŎŜǎǎƛǾŜ ŎǊȅƻƎŜƴƛŎ ƴƛǘǊƻƎŜƴ ǊŜƭŜŀǎŜ ǘŜǎǘǎ όоΣ тΣ р ŀƴŘ мн ƪƎύΦ 9ŀŎƘ ǊŜƭŜŀǎŜ ǇǊƻŘǳŎŜǎ ŀ ǎƘŀǊǇ ŀƴŘ ǘǊŀƴǎƛŜƴǘ 
ǘŜƳǇŜǊŀǘǳǊŜ ŘŜǇǊŜǎǎƛƻƴΣ ǘƘŜ ƳŀƎƴƛǘǳŘŜ ŀƴŘ ǎǇŀǝŀƭ ŜȄǘŜƴǘ ƻŦ ǿƘƛŎƘ ƛƴŎǊŜŀǎŜǎ ǿƛǘƘ ǘƘŜ ǊŜƭŜŀǎŜŘ ƳŀǎǎΦ  

 

- CƻŎǳǎ ƻƴ ǘƘŜ мн ƪƎ ǊŜƭŜŀǎŜ τ ŀƛǊ ǘŜƳǇŜǊŀǘǳǊŜǎ 

The 12 kg release produced the most severe and spatially extensive thermal decrease of 
the entire test campaign, with all six air temperature sensors recording significant 
cooling. Prior to the release, ambient air temperatures were stable at approximately 20–
21°C across all measurement points. The thermal event initiated abruptly at 
approximately t = 2.7 min, with a quasi-simultaneous temperature drop recorded across 
the entire sensor array, indicating that the cold vapor cloud propagated rapidly and 
reached all measurement positions within a very short time interval. 

The minimum temperatures recorded at each sensor position reveal a complex spatial 
pattern. T_air_1, located at 20 cm from the release point, reached a minimum of 
approximately 2°C, corresponding to a drop of nearly 21°C from its initial value. T_air_2, 
at 60 cm, dropped to approximately 0°C and exhibited the slowest thermal recovery of 
all sensors, remaining several degrees below ambient temperature for several minutes 
after the event. Unexpectedly, the lowest temperature of the entire campaign was 
recorded not at the nearest sensor but at T_air_5, located at 280 cm from the release 
point, which reached a minimum of approximately −6°C. Similarly, T_air_6 at 340 cm 
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recorded a minimum of approximately 1°C, lower than T_air_3 and T_air_4 located at 
120 and 220 cm respectively, which reached minima of approximately 13°C and 7°C. This 
non-monotonic spatial distribution of minimum temperatures suggests that the cold 
cloud dispersion was influenced by ambient conditions during the test, which may have 
advected the densest and coldest portion of the cloud preferentially toward the distant 
sensors rather than following a simple axisymmetric dilution pattern. 

The overall duration of the significant thermal depression, defined as the period during 
which at least one sensor recorded a temperature below 10°C, was approximately 1.5 
minutes, between t ≈ 2.7 min and t ≈ 4.2 min. Following the minimum, all sensors 
exhibited a progressive recovery toward ambient conditions, with most returning to 
near-initial values within approximately 3 to 4 minutes after the onset of the event. 
T_air_2 was the notable exception, remaining persistently below ambient temperature 
throughout the observation period, which may reflect a more sustained local cooling 
effect at close range to the release point, consistent with the prolonged presence of 
evaporating liquid nitrogen in the near-field region. 

 

CƛƎǳǊŜ прΥ ¢ŜƳǇƻǊŀƭ ŀƛǊ ǘŜƳǇŜǊŀǘǳǊŜ ǊŜŎƻǊŘŜŘ ōȅ ǘƘŜ ǎƛȄ ǘƘŜǊƳƻŎƻǳǇƭŜ ǎŜƴǎƻǊǎ ŘǳǊƛƴƎ ǘƘŜ мн ƪƎ ŎǊȅƻƎŜƴƛŎ 
ƴƛǘǊƻƎŜƴ ǊŜƭŜŀǎŜΦ 

The recorded minimum temperatures, while reflecting significant thermal release, 
remain considerably higher than the boiling point of liquid nitrogen (−196°C). This 
observation is physically consistent and can be attributed to several concurrent 
mechanisms. First, liquid nitrogen vaporizes almost instantaneously upon contact with 
the water surface due to the large temperature difference between the two fluids, and 
the resulting cold nitrogen gas rapidly mixes with the warmer ambient air, leading to 
significant thermal dilution before reaching the sensors. Second, the turbulent mixing 
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induced by the momentum of the release further accelerates this dilution process. Third, 
the sensors are located 15 cm above the water surface, whereas the coldest gas layer, 
being denser than ambient air, tends to remain close to the water surface, meaning the 
sensors may not capture the absolute minimum temperatures occurring at the air-water 
interface. 

A notable physical phenomenon observed during the experiments was the Leidenfrost 
effect at the water surface. Patches of liquid nitrogen were seen moving erratically 
across the water surface, exhibiting a characteristic levitation behaviour in which the 
nitrogen pools glided freely without immediately vaporizing [4], [5]. This effect occurs 
when the water surface temperature is sufficiently high relative to the boiling point of 
nitrogen, causing the formation of an insulating vapor film beneath the liquid nitrogen 
layer that thermally decouples it from the water surface and significantly slows down 
the evaporation rate (Figure 46). This delayed evaporation prolongs the presence of 
liquid nitrogen at the surface and contributes to sustaining the cold gas source over a 
longer duration than would be expected from simple contact vaporization. 

 

CƛƎǳǊŜ псΥ {ŎƘŜƳŀǝŎ ƛƭƭǳǎǘǊŀǝƻƴ ƻŦ ǘƘŜ [ŜƛŘŜƴŦǊƻǎǘ ŜũŜŎǘ ŘǳǊƛƴƎ ŎǊȅƻƎŜƴƛŎ ƭƛǉǳƛŘ ƴƛǘǊƻƎŜƴ ǎǇƛƭƭ ƻƴǘƻ ŀ 
ǎŜŀǿŀǘŜǊ ǎǳǊŦŀŎŜΦ ¢ƘŜ ƛƴǎǳƭŀǝƴƎ ǾŀǇƻǊ ŬƭƳ ŦƻǊƳŜŘ ōŜƴŜŀǘƘ ǘƘŜ ƭƛǉǳƛŘ ƴƛǘǊƻƎŜƴ ǇŀǘŎƘŜǎ όҍмфсϲ/ύ ǘƘŜǊƳŀƭƭȅ 
ŘŜŎƻǳǇƭŜǎ ǘƘŜ ŎǊȅƻƎŜƴƛŎ ƭƛǉǳƛŘ ŦǊƻƳ ǘƘŜ ǿŀǘŜǊ ōƻŘȅΣ ǎƛƎƴƛŬŎŀƴǘƭȅ ǊŜŘǳŎƛƴƎ ƘŜŀǘ ǘǊŀƴǎŦŜǊ ŀƴŘ ǎǳǎǘŀƛƴƛƴƎ ǘƘŜ 
ŎƻƭŘ Ǝŀǎ ǎƻǳǊŎŜ ƻǾŜǊ ǘƘŜ Ǉƻƻƭ ǎǳǊŦŀŎŜ 
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- ²ŀǘŜǊ ƳŜŀǎǳǊŜƳŜƴǘǎ 

The water temperature sensors, placed 5 cm below the water surface along the release 
axis, recorded only marginal temperature variations throughout the entire test 
campaign, in sharp contrast to the pronounced thermal depressions observed in the air. 
Prior to each release, all sensors indicated stable water temperatures in the range of 
21.7°C to 22.2°C. Following each cryogenic nitrogen release, the water temperature 
fluctuations remained extremely limited, with maximum deviations of approximately 1 
to 2°C from the initial values, even for the largest 12 kg release. This is particularly 
striking given the severity of the thermal response recorded simultaneously in the air 
phase. 

Across all four tests, no clear spatial pattern was observed in the water temperature 
response: the sensors closest to the release point were not systematically the most 
affected, and the magnitude of the fluctuations did not increase monotonically with the 
released mass. This contrasts with the spatially organized thermal response observed in 
the air and suggests that the water temperature variations are not driven by a sustained 
and directional heat extraction process, but rather by localized and transient 
phenomena. Two physical mechanisms are believed to contribute to these fluctuations. 
First, the erratic displacement of liquid nitrogen spill at the water surface in the 
Leidenfrost regime may induce localized and intermittent heat extraction at the air-
water interface, generating small thermal disturbances that propagate downward into 
the water column and are detected by the submerged sensors as brief temperature 
drops. Second, the violent vaporization of nitrogen at the water surface may induce 
localized convective mixing within the water body, momentarily bringing slightly cooler 
near-surface water into contact with the sensors. 

The limited overall thermal response of the water can furthermore be explained by two 
complementary mechanisms. On one hand, the Leidenfrost effect thermally decouples 
the cryogenic liquid from the water surface by forming an insulating vapor film beneath 
the liquid nitrogen patches, thereby significantly reducing the net heat flux extracted 
from the water body. On the other hand, even in the absence of this insulating effect, 
the sensors located 5 cm below the water surface would be expected to respond only 
weakly and with a significant time delay, as any surface cooling would need to propagate 
downward through the water column by conduction and convection before being 
detected. The combination of these effects — reduced surface heat extraction due to 
the Leidenfrost regime, thermal inertia of the water column, and the absence of a 
sustained directional cooling source — thus provides a consistent physical explanation 
for the negligible temperature variations recorded by the submerged sensors 
throughout the experiment. 
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CƛƎǳǊŜ птΥ ¢ŜƳǇƻǊŀƭ ǿŀǘŜǊ ǘŜƳǇŜǊŀǘǳǊŜ ƘƛǎǘƻǊƛŜǎ ǊŜŎƻǊŘŜŘ ōȅ ǘƘŜ ǎƛȄ ǘƘŜǊƳƻŎƻǳǇƭŜ ǎŜƴǎƻǊǎ ŘǳǊƛƴƎ ǘƘŜ ŦƻǳǊ 
ǎǳŎŎŜǎǎƛǾŜ ŎǊȅƻƎŜƴƛŎ ƴƛǘǊƻƎŜƴ ǊŜƭŜŀǎŜ ǘŜǎǘǎ όоΣ тΣ р ŀƴŘ мн ƪƎύΦ Lƴ ŎƻƴǘǊŀǎǘ ǘƻ ǘƘŜ ŀƛǊ ǘŜƳǇŜǊŀǘǳǊŜ 
ƳŜŀǎǳǊŜƳŜƴǘǎΣ ŀƭƭ ǎŜƴǎƻǊǎ ǊŜƳŀƛƴ ǿƛǘƘƛƴ ŀ ƴŀǊǊƻǿ ǘŜƳǇŜǊŀǘǳǊŜ ǊŀƴƎŜ ƻŦ ŀǇǇǊƻȄƛƳŀǘŜƭȅ нлΦлϲ/ ǘƻ ннΦоϲ/ 
ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ŜƴǝǊŜ ǘŜǎǘ ŎŀƳǇŀƛƎƴΣ ǿƛǘƘ ƳŀȄƛƳǳƳ ŘŜǾƛŀǝƻƴǎ ƴƻǘ ŜȄŎŜŜŘƛƴƎ нϲ/ ŦǊƻƳ ƛƴƛǝŀƭ ǾŀƭǳŜǎΦ  

 

- CƻŎǳǎ ƻƴ ǘƘŜ мн ƪƎ ǊŜƭŜŀǎŜ τ ǿŀǘŜǊ ǘŜƳǇŜǊŀǘǳǊŜǎ 

The zoomed water temperature data for the 12 kg release provides a more detailed 
picture of the thermal response within the water body. Prior to the release, all sensors 
indicated stable temperatures between 21.8°C and 22.1°C. The thermal event initiated 
at approximately t = 2.8 min, coinciding with the onset of the air temperature 
depression, and was characterized by a series of brief but pronounced temperature 
drops superimposed on a more gradual overall cooling trend. 

The most significant response was recorded by T_eau_3, located at 120 cm from the 
release point, which reached an absolute minimum of approximately 20.1°C, 
representing a drop of nearly 2°C from its initial value. This sensor also exhibited 
multiple successive sharp temperature spikes, suggestive of repeated intermittent 
contact with cold water masses driven by the erratic displacement of liquid nitrogen 
patches in the Leidenfrost regime at the water surface above. T_eau_1, at 20 cm, 
dropped to approximately 20.4°C with a similarly brief and sharp profile, while T_eau_4 
at 220 cm exhibited more moderate and sustained fluctuations of approximately 0.8°C 
persisting until t ≈ 4.5 min. In contrast, T_eau_5 and T_eau_6, located at 280 and 340 
cm respectively, remained largely unaffected, with variations below 0.3°C throughout 
the event. 
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Notably, T_eau_2 displayed a delayed thermal response, with its most pronounced 
fluctuations occurring around t ≈ 5.5 min, well after the main thermal event had 
subsided for most other sensors. This delayed response is consistent with the slow 
lateral drift of liquid nitrogen patches across the water surface in the Leidenfrost regime, 
which may have reached the vicinity of this sensor at a later stage, locally enhancing the 
heat extraction from the water surface and generating a cold perturbation detectable 
at 5 cm depth. 

Overall, the water temperature variations recorded during the 12 kg release, while more 
pronounced than for the smaller releases, remained limited to a maximum of 
approximately 2°C. This confirms that the thermal impact of the cryogenic nitrogen spill 
on the water body is substantially attenuated by the combined effects of the Leidenfrost 
insulating vapor film and the thermal inertia of the water column, with the liquid 
nitrogen patches acting as transient and localized rather than sustained heat sinks. 

 

- ¢ƘŜǊƳŀƭ ƛƳŀƎƛƴƎ  

The FLIR SC6700 infrared camera provided complementary qualitative observations of 
the thermal footprint of the cryogenic nitrogen release on and above the water surface. 
In the absence of any release, the infrared images showed a relatively uniform thermal 
signature across the water surface, consistent with the stable initial water temperature 
of approximately 22°C recorded by the submerged sensors. Following the nitrogen 
release, the infrared images revealed a strongly heterogeneous thermal field, with the 
cold vapor cloud appearing as a distinct region of contrasting thermal signature 
propagating across the water surface from the release point. The spatial extent and 
progression of this cold region are consistent with the rapid cloud propagation observed 
in the visible light images and with the thermal depressions recorded by the air 
temperature sensors. However, due to the highly transient and optically complex nature 
of the phenomenon — in particular the presence of a dense condensation cloud that 
partially obstructs the infrared signal — a fully quantitative analysis of the infrared data 
was not performed, and the infrared imagery is used here solely as a qualitative 
indicator of the spatial dynamics of the thermal event. 
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CƛƎǳǊŜ пуΥ LƴŦǊŀǊŜŘ ƛƳŀƎŜǎ ƻŦ ǘƘŜ ǿŀǘŜǊ Ǉƻƻƭ ǊŜŎƻǊŘŜŘ ōȅ ǘƘŜ C[Lw {/стлл ŎŀƳŜǊŀ ōŜŦƻǊŜ όƭŜƊύ ŀƴŘ ŘǳǊƛƴƎ 
όǊƛƎƘǘύ ǘƘŜ ŎǊȅƻƎŜƴƛŎ ƴƛǘǊƻƎŜƴ ǊŜƭŜŀǎŜΦ ¢ƘŜ ǇǊŜπǊŜƭŜŀǎŜ ƛƳŀƎŜ ǎƘƻǿǎ ŀ ǊŜƭŀǝǾŜƭȅ ǳƴƛŦƻǊƳ ǘƘŜǊƳŀƭ ǎƛƎƴŀǘǳǊŜ 
ŀŎǊƻǎǎ ǘƘŜ ǿŀǘŜǊ ǎǳǊŦŀŎŜΣ ǿƘƛƭŜ ǘƘŜ ƛƳŀƎŜ ǊŜŎƻǊŘŜŘ ŘǳǊƛƴƎ ǘƘŜ ǊŜƭŜŀǎŜ ǊŜǾŜŀƭǎ ŀ ǎǘǊƻƴƎƭȅ ƘŜǘŜǊƻƎŜƴŜƻǳǎ 
ǘƘŜǊƳŀƭ ŬŜƭŘ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘŜ ǇǊƻǇŀƎŀǝƻƴ ƻŦ ǘƘŜ ŎƻƭŘ ǾŀǇƻǊ ŎƭƻǳŘ ŀƴŘ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ƭƛǉǳƛŘ ƴƛǘǊƻƎŜƴ 
ǇŀǘŎƘŜǎ ŀǘ ǘƘŜ ǿŀǘŜǊ ǎǳǊŦŀŎŜΦ  

The aerial drone imagery provided a particularly valuable top-down perspective of the 
cryogenic spill phenomenon, capturing both the early-stage liquid nitrogen behavior at 
the water surface and the full-scale vapor cloud propagation. During the initial phase of 
the release, drone images clearly revealed the presence of numerous discrete liquid 
nitrogen patches scattered across the water surface in the Leidenfrost regime, 
appearing as elongated bright streaks moving erratically across the pool, driven by the 
insulating vapor film beneath each patch. Their non-uniform distribution across the full 
pool extent, well beyond the release point, is consistent with the non-monotonic 
temperature responses observed along the sensor array. 

As the release progressed, the nine-image drone sequence captured the complete 
temporal evolution of the cold vapor cloud from initiation to maximum dispersion. 
Starting from a localized white plume at the release point, the cloud expanded rapidly 
both vertically and laterally within the first few seconds, quickly covering the entire pool 
surface before propagating well beyond the pool boundaries. The cloud dispersion was 
clearly asymmetric and strongly directional, with ambient wind playing a dominant role 
in advecting the cold dense gas preferentially downwind. Due to its higher density 
relative to ambient air, the cold nitrogen gas remained close to the ground surface as it 
propagated beyond the pool, forming a dense ground-hugging layer that spread over a 
surface area estimated to be approximately five to ten times larger than the pool itself 
at maximum extent. The cloud remained dense and optically opaque throughout the 
sequence, indicating sustained nitrogen evaporation over the duration of the event. This 
extended ground-level propagation beyond the source area underscores the significant 
hazard zone potentially associated with large cryogenic spills in outdoor environments, 
where the cold asphyxiating gas cloud can reach distances well beyond the immediate 
spill area. 
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CƛƎǳǊŜ пфΥ !ŜǊƛŀƭ ŘǊƻƴŜ ƛƳŀƎŜ ǎŜǉǳŜƴŎŜ ǎƘƻǿƛƴƎ ǘƘŜ ǘŜƳǇƻǊŀƭ ŜǾƻƭǳǝƻƴ ƻŦ ǘƘŜ ŎƻƭŘ ǾŀǇƻǊ ŎƭƻǳŘ ŘǳǊƛƴƎ ǘƘŜ 
мн ƪƎ ŎǊȅƻƎŜƴƛŎ ƴƛǘǊƻƎŜƴ ǊŜƭŜŀǎŜΣ ŦǊƻƳ ƛƴƛǝŀǝƻƴ ǘƻ ƳŀȄƛƳǳƳ ŘƛǎǇŜǊǎƛƻƴ όƭŜƊ ǘƻ ǊƛƎƘǘΣ ǘƻǇ ǘƻ ōƻǧƻƳύΦ ¢ƘŜ 
ŎƭƻǳŘ ŦƻǊƳǎ ǊŀǇƛŘƭȅ ŀǘ ǘƘŜ ǊŜƭŜŀǎŜ Ǉƻƛƴǘ ŀƴŘ ŜȄǇŀƴŘǎ ōƻǘƘ ǾŜǊǝŎŀƭƭȅ ŀƴŘ ƭŀǘŜǊŀƭƭȅΣ ǉǳƛŎƪƭȅ ŎƻǾŜǊƛƴƎ ǘƘŜ 
ŜƴǝǊŜ Ǉƻƻƭ ǎǳǊŦŀŎŜ ōŜŦƻǊŜ ǇǊƻǇŀƎŀǝƴƎ ǿŜƭƭ ōŜȅƻƴŘ ǘƘŜ Ǉƻƻƭ ōƻǳƴŘŀǊƛŜǎ ƛƴ ǘƘŜ ŘƻǿƴǿƛƴŘ ŘƛǊŜŎǝƻƴΦ ¢ƘŜ 
ŎƻƭŘ ƴƛǘǊƻƎŜƴ ƎŀǎΣ ŘŜƴǎŜǊ ǘƘŀƴ ŀƳōƛŜƴǘ ŀƛǊΣ ŦƻǊƳǎ ŀ ŘŜƴǎŜ ƎǊƻǳƴŘπƘǳƎƎƛƴƎ ƭŀȅŜǊ ǘƘŀǘ ǎǇǊŜŀŘǎ ƻǾŜǊ ŀ 
ǎǳǊŦŀŎŜ ŀǊŜŀ ǎƛƎƴƛŬŎŀƴǘƭȅ ƭŀǊƎŜǊ ǘƘŀƴ ǘƘŜ Ǉƻƻƭ ƛǘǎŜƭŦ ŀǘ ƳŀȄƛƳǳƳ ŜȄǘŜƴǘΦ ¢ƘŜ ŎƭƻǳŘ ǊŜƳŀƛƴǎ ŘŜƴǎŜ ŀƴŘ 
ƻǇǝŎŀƭƭȅ ƻǇŀǉǳŜ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ǎŜǉǳŜƴŎŜΣ ǊŜƅŜŎǝƴƎ ǎǳǎǘŀƛƴŜŘ ƴƛǘǊƻƎŜƴ ŜǾŀǇƻǊŀǝƻƴ ƻǾŜǊ ǘƘŜ ŘǳǊŀǝƻƴ ƻŦ 
ǘƘŜ ŜǾŜƴǘΦ  

 

The aerial drone imagery provided a particularly striking top-down perspective of the 
cryogenic spill phenomenon. As illustrated in Figure X, the drone images clearly reveal 
the presence of numerous discrete liquid nitrogen patches scattered across the entire 
water surface, characteristic of the Leidenfrost regime. These patches appear as 
elongated bright streaks of varying size and orientation, their directional shape being 
indicative of rapid lateral motion across the water surface. Their distribution is non-
uniform, with patches observed across the full extent of the pool, well beyond the 
release point, and their trajectories appear influenced by ambient wind conditions, with 
a preferential displacement toward the distal end of the basin. Between the patches, 
the dark water surface remains clearly visible, confirming that the liquid nitrogen 
contact with the water is intermittent and spatially localized rather than forming a 
continuous film. Small wisps of white vapor rising from the pool edges further confirm 
the active evaporation of nitrogen occurring at the periphery of each patch. This 
confirms the erratic and unpredictable nature of the liquid nitrogen displacement at the 
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water surface, driven by the insulating vapor film beneath each patch that effectively 
eliminates friction with the underlying water. The spatial distribution of these drifting 
patches, as captured by the drone, is fully consistent with the non-monotonic water and 
air temperature responses observed along the sensor array, as they locally sustain cold 
gas emission at unpredictable locations across the pool surface. 

 

 

CƛƎǳǊŜ рлΥ ¢ƻǇπŘƻǿƴ ŘǊƻƴŜ ƛƳŀƎŜ ƻŦ ǘƘŜ ǿŀǘŜǊ Ǉƻƻƭ ǎǳǊŦŀŎŜ ŘǳǊƛƴƎ ŀ ŎǊȅƻƎŜƴƛŎ ƴƛǘǊƻƎŜƴ ǊŜƭŜŀǎŜΣ 
ƛƭƭǳǎǘǊŀǝƴƎ ǘƘŜ [ŜƛŘŜƴŦǊƻǎǘ ŜũŜŎǘΦ 5ƛǎŎǊŜǘŜ ƭƛǉǳƛŘ ƴƛǘǊƻƎŜƴ ǇŀǘŎƘŜǎ ŀǊŜ ŎƭŜŀǊƭȅ ǾƛǎƛōƭŜ ŀǎ ŜƭƻƴƎŀǘŜŘ ōǊƛƎƘǘ 
ǎǘǊŜŀƪǎ ŘƛǎǇŜǊǎŜŘ ŀŎǊƻǎǎ ǘƘŜ ŜƴǝǊŜ Ǉƻƻƭ ǎǳǊŦŀŎŜΣ ǿŜƭƭ ōŜȅƻƴŘ ǘƘŜ ǊŜƭŜŀǎŜ Ǉƻƛƴǘ ƭƻŎŀǘŜŘ ŀǘ ǘƘŜ ǘƻǇ ƻŦ ǘƘŜ 
ƛƳŀƎŜΦ ¢ƘŜƛǊ ŜƭƻƴƎŀǘŜŘ ŀƴŘ ŘƛǊŜŎǝƻƴŀƭ ǎƘŀǇŜ ƛǎ ƛƴŘƛŎŀǝǾŜ ƻŦ ǊŀǇƛŘ ƭŀǘŜǊŀƭ Ƴƻǝƻƴ ŘǊƛǾŜƴ ōȅ ǘƘŜ ƛƴǎǳƭŀǝƴƎ 
ǾŀǇƻǊ ŬƭƳ ōŜƴŜŀǘƘ ŜŀŎƘ ǇŀǘŎƘΣ ǿƘƛŎƘ ŜƭƛƳƛƴŀǘŜǎ ŦǊƛŎǝƻƴ ǿƛǘƘ ǘƘŜ ǳƴŘŜǊƭȅƛƴƎ ǿŀǘŜǊ ǎǳǊŦŀŎŜΦ {Ƴŀƭƭ ǿƛǎǇǎ ƻŦ 
ǾŀǇƻǊ ǊƛǎƛƴƎ ŀǘ ǘƘŜ ǇŜǊƛǇƘŜǊȅ ƻŦ ǘƘŜ ǇŀǘŎƘŜǎ ŎƻƴŬǊƳ ŀŎǝǾŜ ƴƛǘǊƻƎŜƴ ŜǾŀǇƻǊŀǝƻƴΦ 

This chapter presented an experimental investigation of the thermal and dispersive 
behaviour of cryogenic liquid nitrogen released onto a water surface. Four release tests 
were conducted with increasing nitrogen masses (3, 5, 7 and 12 kg) in a 3 m × 3 m 
outdoor water pool filled with seawater, instrumented with a network of Type-T 
thermocouples in air and water, complemented by visible light, infrared and aerial drone 
imaging systems. 

The visual observations revealed the extremely rapid propagation of a dense white 
vapor cloud, generated by the condensation of atmospheric water vapor in the cold 
nitrogen gas layer, covering the entire pool surface within 2 seconds and overflowing 
well beyond the pool boundaries. The cloud dynamics were governed by the initial 
momentum of the release, the evaporation kinetics of liquid nitrogen, and ambient wind 
conditions. 
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The air temperature measurements confirmed a sharp and transient thermal decrease 
following each release, with minimum temperatures decreasing with distance from the 
release point and increasing severity with released mass. The most extreme thermal 
event was recorded during the 12 kg release, with a minimum temperature of −6°C at 
280 cm from the release point. The spatial distribution of minimum temperatures was 
non-monotonic, reflecting the combined influence of ambient wind and the erratic 
displacement of liquid nitrogen spills due to the Leidenfrost regime. Despite the large 
temperature drops recorded, all minimum values remained well above the boiling point 
of liquid nitrogen (−196°C), consistent with the rapid dilution and mixing of the cold gas 
with ambient air. 

In contrast, the water temperature sensors recorded only marginal variations of 1 to 2°C 
throughout the entire test campaign, even for the largest release. This limited thermal 
response is attributed to the thermal insulation provided by the Leidenfrost vapor film 
at the water-nitrogen interface, which significantly reduces heat transfer from the water 
to the cryogenic liquid, combined with the thermal inertia of the water column that 
attenuates any surface cooling before it reaches the submerged sensors. 

Finally, the infrared and drone imagery provided qualitative confirmation of the 
Leidenfrost regime, with liquid nitrogen patches clearly visible as elongated bright 
streaks drifting erratically across the pool surface, and of the large-scale ground-hugging 
vapor cloud propagating well beyond the pool boundaries, highlighting the significant 
spatial extent of the potential hazard zone associated with large cryogenic spills in 
outdoor environments. 

 

This report presented the results of three complementary experimental campaigns 
investigating the behaviour of hazardous gas and liquid releases in and above water, 
covering a range of substances — methane, ammonia, and cryogenic nitrogen — and 
release configurations, from water subsurface gas injection above the water surface 
liquid spills. 

The water subsurface methane injection experiments demonstrated that the 
hydrodynamic response of the free surface is governed by buoyancy-driven plume 
dynamics, with a free-surface elevation following a quasi-linear dependence on flow 
rate consistent with a confinement-controlled accumulation regime, and a swell 
propagation velocity well described by classical turbulent plume scaling laws. 
Atmospheric dispersion of methane above the surface was found to be highly 
intermittent and strongly influenced by ambient wind, highlighting the limitations of 
steady-state Gaussian dispersion assumptions in near-field configurations. 
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The subsurface ammonia injection experiments revealed a fundamentally different 
behaviour compared to methane, driven by the high solubility and reactivity of ammonia 
in seawater. Despite producing no visible surface disturbance, the ammonia releases 
generated significant chemical impacts on the water body, with seawater pH rising from 
8.6 to 9.3 and atmospheric concentrations approaching the IDLH threshold of 300 ppm 
at only 30 cm above the surface. A notable visual indicator of the ammonia-seawater 
reaction was the formation of a white precipitate in the water column, resulting from 
the chemical interaction between dissolved ammonia and seawater constituents. This 
precipitate was clearly identified during the July 2025 tests and constitutes a useful 
qualitative indicator of active ammonia dissolution in the water body. Critically, both the 
pH elevation and the atmospheric concentration peaks were observed with time delays 
relative to the end of injection, confirming that volatilization of dissolved ammonia from 
the water body constitutes a persistent secondary emission source well after the active 
release has ceased. The identification of a critical pH threshold of approximately 8.8 
beyond which volatilization becomes significant provides a potentially valuable early 
warning indicator for operational safety protocols. 

The pressurized liquid ammonia surface release experiments further highlighted the 
complexity of ammonia spill dynamics. The adiabatic expansion of the pressurized fluid 
at the nozzle exit generated a cold, dense two-phase aerosol that remained close to the 
water surface, maximizing air-water contact and dissolution. Extreme near-field cooling 
of approximately −14°C was recorded immediately downstream of the nozzle, while the 
water body remained largely unaffected due to its high thermal inertia. Post-release 
dual visible and infrared imaging confirmed the persistence of the exothermic 
dissolution reaction through white precipitate formation and residual thermal 
signatures, and atmospheric monitoring revealed peak concentrations reaching the 
sensor saturation limit of 280 ppm with significant post-injection persistence, consistent 
with the volatilization mechanism identified in the subsurface injection experiments. 

The cryogenic liquid nitrogen surface release experiments demonstrated the extremely 
rapid and dynamic nature of cryogenic spills onto water. The cold vapor cloud covered 
the entire pool surface within 2 seconds and propagated well beyond the pool 
boundaries, driven by the combined effects of release momentum, evaporation kinetics, 
and ambient wind. The Leidenfrost effect played a central role in governing both the 
evaporation dynamics and the thermal response of the water body, with erratically 
drifting liquid nitrogen patches sustaining localized cold gas emission at unpredictable 
locations across the pool and contributing to the non-monotonic spatial distribution of 
temperature minima observed along the sensor array. Despite temperature drops of up 
to 27°C in the air phase, the water body remained thermally stable, confirming the 
insulating role of the Leidenfrost vapor film. 

Across all three experimental configurations, several recurring themes emerge. First, the 
coupling between underwater or water surface release dynamics and atmospheric 
dispersion is consistently governed by transient and highly intermittent processes that 
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cannot be adequately captured by steady-state models. Second, the water body 
systematically acts as a buffer for thermal perturbations while simultaneously serving as 
a reservoir for chemical pollutants, generating delayed secondary atmospheric 
emissions through volatilization that prolong the hazard zone beyond the active release 
period. Third, ambient wind conditions exert a dominant influence on the directionality, 
extent, and intensity of the atmospheric hazard zone, underscoring the importance of 
site-specific meteorological conditions in risk assessment. These findings collectively 
provide a valuable experimental database for the validation of multiphase dispersion 
models and the development of improved safety protocols for hazardous liquid and gas 
release scenarios in marine environments.  
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