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Resumo 
 
A exploração de óleo e gás vem apresentando um rápido crescimento em 
regiões de baixa latitude, mesmo assim pouquíssimos experimentos e 
modelagens envolvendo vazamento de gás têm sido publicados pela 
comunidade científica. Este estudo foi desenvolvido de modo a aumentar o 
conhecimento a respeito do comportamento da pluma de gás durante um 
vazamento acidental em águas rasas. Os métodos usados e os resultados 
obtidos são apresentados neste estudo, assim como um modelo para 
simular o transporte e a dispersão de uma pluma de gás liberada em 
águas rasas. Primeiramente, experimentos de campo foram realizados 
através da simulação de um vazamento de gás natural a 
aproximadamente 30 m de profundidade na costa nordeste do Brasil. 
Quatro cenários distintos, com variadas condições de forçantes geofísicas, 
foram associados a diferentes fluxos de gás (de 3000 a 9000 L.h-1) e 
períodos sazonais (verão e inverno). Num segundo estágio, a análise de 
dispersão da pluma de gás foi realizada com os dados obtidos in situ. O 
modelo usou um volume de controle lagrangiano para discretização e 
simulou a evolução da pluma de gás associando a termodinâmica e o 
impacto desta na hidrodinâmica da pluma de gás. De acordo com os 
dados coletados, o transporte predominante da corrente ocorreu para sul-
sudoeste (nordeste) durante o verão (inverno). A diferença no diâmetro da 
pluma ocorreu principalmente na camada mais próxima à superfície. A 
pluma de gás deslocou-se para sul-sudoeste no verão e para nordeste-
norte durante o inverno. Os fluxos de gás liberados no assoalho oceânico 
pareceram não afetar a hidrodinâmica local. O movimento da pluma foi 
sempre influenciado pelas forçantes de maré e meteorológica, nesta 
ordem. Os resultados de modelagem indicaram que, à medida que a 
pluma sobe na coluna de água, a mesma é deslocada horizontalmente na 
direção da corrente predominante. A situação extrema estabeleceu um 
raio crítico (máximo deslocamento horizontal) da fonte de gás de 35,2 m. A 
comparação entre os dados medidos e os calculados mostrou que o 
modelo representou satisfatoriamente as principais características da 
liberação de gás, tais como o deslocamento, o diâmetro e o tempo de 
ascensão da pluma. Apesar das plumas apresentarem a largura média da 
mesma ordem de magnitude entre as medições e os cálculos, melhorias 
podem aumentar o desempenho do modelo durante o desenvolvimento 
inicial das plumas. Dados importantes e únicos foram coletados durante 
os vazamentos de gás, os quais contribuíram para a caracterização do 
comportamento de diferentes fluxos em diferentes períodos. Os 
experimentos forneceram uma base de dados para um modelo 
computacional que foi capaz de reproduzir o transporte e a dispersão de 
uma pluma de gás no ambiente marinho. O modelo foi capaz de prever o 
transporte e destino do gás liberado no ambiente. O mesmo pode, 
portanto, ser usado como uma ferramenta para planos de contingência de 
vazamentos acidentais de gás no oceano. 
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Abstract 
 
Underwater oil and gas exploration has been growing fast in low latitude 
regions, even though very few experimental data acquisition and modeling 
involving gas release in tropical and shallow waters have been published 
by the scientific community. This study was developed to increase the 
knowledge concerning the gas behavior during a subsurface blowout in 
shallow waters. The methods used and the results obtained from this 
study are presented, as well as a model to simulate the transport and 
dispersion of a subsurface gas plume released from shallow waters. At 
first, field experiments were carried out by simulating a subsurface 
blowout with natural gas at approximately 30 m depth in the Northeast 
Brazilian coast. Four distinct scenarios with varied conditions of 
geophysical forcing were associated with different fluxes (from 3000 to 
9000 L.h-1) and seasonal periods (summer and winter). As a second stage, 
the analysis of the gas plume dispersion was accomplished with the data 
obtained from the above campaigns. The model used a Lagrangian control 
volume for discretization and simulated the gas plume evolution, 
associating thermodynamics and the impact of the thermodynamics on 
the hydrodynamics of the gas plume. The predominant transport occurred 
toward the south-southwest (northeast) during the summer (winter) 
period. The difference in the plume width occurred mainly in the upper 
surface layer. The gas plume displaced toward the south-southwest 
(northeast-north) during the summer (winter) period. The gas flow releases 
seemed not to affect the local hydrodynamics. The plume movement was 
always influenced by the tidal and meteorological forcings, in that order. 
The simulation results indicated that, as the gas plume rose in the water 
column, the same plume was horizontally displaced toward current 
predominant direction. The extreme situation provided a critical radius 
(maximum horizontal displacement) from the gas release source of 35.2 m. 
The comparison between the measured and the calculated data showed 
that the model satisfactorily represented the main features of the gas 
release, such as the displacement, diameter and ascending time of the 
plume. Although the mean plume widths have the same order of 
magnitude between the measurements and the calculations, 
improvements may enhance the model’s performance during the earlier 
plume development. Important and unique data were collected during 
these subsurface releases, which contributed to the characterization of the 
behavior of different blowouts in different seasons. The experiments 
provided a baseline for a computational model capable of reproducing gas 
plume transport and dispersion in the marine environment. The model 
was able to predict the gas release transport and fate in the environment. 
Thus it can be used as a tool for contingency planning of an accidental 
underwater gas release. 
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Chapter 1  
 

 

 

 

 

 

 

 

Introduction  
 

Oil and gas exploration and exploitation from the sea floor has been 

a growing and lucrative activity around the world. With this growth, the 

possibility of an accidental oil/gas release increases and consequently 

enhances the need for a better understanding of the dimensions and 

behavior of the plumes. It is important to know where, when and how 

much gas will reach the surface. This motivation requires realistic 

descriptions of blowout scenarios based on field experiments. Further, as 

part of a contingency planning, these experiments will provide a baseline 

for the calibration and validation of computational models developed to 

describe subsurface plume behavior (e.g., Rye et al., 1997; Yapa et al., 

1999; Chen and Yapa, 2002; Johansen et al., 2003). Hence, more precise 

mathematical models are needed to better understand the behavior and 

dimensions of oil/gas plumes in addition to their consequences to the 

environment. 

In situ experiments are expensive and demand logistical planning, 

even on a small scale, because they require manpower, equipment and 

vessels. Furthermore, these experiments are dangerous because methane 

gas clouds can generate explosions (Fischer, 1982; Beegle-Krause and 

Lynch, 2005). In certain regions, such as the North Sea, vessels are 



Leite F.S.                                                                                           Chapter 1 – Introduction 

 17

prohibited to work above a gas blowout due to the potential for explosion, 

based on previous shallow water blowout experience (Johansen et al., 

2003). The major concern about accidental gas and oil blowouts is not 

only explosion/fire (Chen and Yapa, 2002). Other factors include the 

toxicity risks to humans and to the environment, and the commitment of 

ship buoyancy (or any floating object) due to the density decrease caused 

by the oil/gas mixture in the water. As a consequence very few in situ 

experiments have been reported in the literature, and most of them have 

been carried out in high latitude/deep water situations (Brewer et al., 

1997; Rye et al., 1997; Johansen et al., 2003).  

1.1. STATE OF ART 

There are many differences between deep and shallow water 

blowouts as Zheng et al. (2002) described. The major differences are the 

gas hydrate formation and decomposition that occur in deep water 

blowouts due to the high pressure and low temperature and the gas 

dissolution for deep water levels. For blowouts at shallow to moderate 

depths, the gas dissolution from rising bubbles into seawater may be 

negligible because its residence time is short (Johansen, 2000). Gas 

expands as it rises because of the pressure decrease and thus increases 

the buoyancy of the jet/plume (Zheng et al., 2002). Due to the difficulties 

mentioned above, there have been few experiments at sea (Figure 1). The 

major findings from several gas injection field experiments are 

summarized below. 

Brewer et al. (1997, 1998) investigated the process of methane 

hydrate formation in experiments conducted during January 1996 at the 

depth of 910 m in Monterey Bay, USA. The authors also aimed to develop 

instruments and methods for research in the natural sedimentary setting 

of the methane gas. For the experiments, the authors supplied a remotely 

operated vehicle (ROV) with a methane gas tank, two types of sediment 
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Figure 1. Worldwide field experiments at sea. 
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and four samplers, while ambient seawater pressure and temperature 

were used. They concluded that the formation of hydrates was rapid in 

seawater and that the sediment type was important for the hydrate 

formation pattern. In addition, the use of ROV technology was 

fundamental for their research. 

Rye et al. (1997) performed an in situ experiment with air and oil 

subsurface releases at 106 m during June 1996 in the North Sea. They 

collected data to improve their knowledge concerning oil/gas plume 

behavior during a blowout. They reproduced different blowout conditions 

and monitored the plume and the resulting surface oil slick. Moreover, 

they created a database for improving blowout models. Remote sensing of 

the surface slick was obtained, and they additionally used Metocean 

buoys, a CTD (conductivity, temperature, depth) and a ROV. The authors 

observed that the sampling methodology used was appropriate and that 

the model showed good representation of the release. Real and modeled 

plume presented the same proportions, although the size of the slick at 

the sea surface was overestimated by the model. 

The experiment performed by Bulatov et al. (2002) was based on gas 

plume detection by microwave remote sensing methods without attention 

to the physical conditions of the plume. The experiment was executed 

during 2000/2001 using compressed air in the Black Sea. The authors 

observed that radar images of the perturbed zone presented great 

polarization dependence and concluded that microwave remote sensing is 

effective for detecting underwater gas pipe leakage. 

The DeepSpill set of experiments were carried out by Johansen et al. 

(2001, 2003) in June 2000 at a depth of 844 m in the Norwegian Sea. The 

main goals of these experiments were to obtain high-quality data from a 

deep water oil/gas release and to use them to calibrate deep water plume 

models (Chen and Yapa, 2002). They also intended to explore methods to 

track the oil plume. For the trials, the authors used ROVs, echo sounders, 

an ADCP (Acoustic Doppler Current Profiler), a CTD and a rosette, in 

addition to boats, vessels and airplanes. The results indicated that the gas 
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had dissolved entirely by 150 m beneath the surface, and no gas hydrates 

were formed. Furthermore, the oil reached the surface a few hundred 

meters from the blowout source an hour after the initial release. 

Initial efforts to simulate the evolution of a single gas plume in the 

ocean were conducted by Fanneløp and Sjøen (1980). Those authors 

proposed a simplified analytical model for oil spills in shallow waters with 

nondimensional solutions. The classical ideal gas theory was considered 

to estimate the gas expansion throughout the water column. However, the 

authors neglected the horizontal advection of the gas by the ocean 

currents. Later, Friedl and Fanneløp (2000) improved the model by adding 

routines for the fountain effect, when the sea surface is elevated by the 

gas reaching the surface. 

Different models have been proposed and improved to 

simultaneously characterize and predict the behavior of gas and oil 

blowouts in the ocean. Three well-known mathematical models are the 

SINTEF blowout model (Rye et al., 1997), the DeepBlow model (Johansen, 

2000) and CDOG (Zheng et al., 2002). Modeling studies are also found in 

Yapa and Zheng (1997), Spaulding et al. (2000), Yapa et al. (2001), Chen 

and Yapa (2004) and Dasanayaka and Yapa (2009). However, studies 

specifically on gas release are more restricted and have been performed, 

for example, by Fanneløp and Sjøen (1980), Yapa and Xie (2002), Yapa et 

al. (2008a; 2008b). 

Initially, the classical ideal gas theory was used to study plume 

evolution (Fanneløp and Sjøen, 1980), and the essential processes at great 

depths were not considered. For example, Yapa and Zheng (1997) 

considered only the advective transport of the gas and the environmental 

thermodynamic conditions in equations to predict the space-time 

evolution of plumes.  

Eventually, improved gas modeling began to consider two important 

processes in deep water: gas dissolution (Zheng and Yapa, 2002; 

Johansen, 2003) and gas hydration (Topham, 1984a, b; Brewer et al., 

1998; Chen and Yapa, 2001; Yapa et al., 2008b). According to Johansen 
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(2003), the dissolution of gas into seawater is negligible for blowouts at 

shallow depths due to the short residence time of the gas bubbles. 

However, in deep water, the rising time of gas bubbles takes longer, 

possibilitizing dissolution (Johansen, 2000). In addition, under high 

pressure and low temperature, the gas can be converted into a solid-like 

phase called a gas hydrate (Johansen, 2003; Yapa et al., 2008b). Hydrate 

formation, which is a physically reversible process, might change the 

buoyancy of the plume in the water column (Chen and Yapa, 2001). 

A comparison between field and model’s results may therefore reveal 

where the largest potential for the improvement of existing models is 

expected. The main publications comparing experimental and numerical 

data are briefly described in the following sections. 

Rye et al. (1997) used the SINTEF blowout model, which is a 

combination of two other subsurface release models published by Koh and 

Fan (1970) and Fanneløp and Sjøen (1980). Both models are based on the 

principle of the conservation of mass, momentum and buoyancy to 

simulate the mixing of a subsurface jet. However, neither model considers 

the ambient currents that can cause bending on subsurface plumes. The 

authors found that the field methodology was appropriate to simulate the 

mixing of a jet. A number of features obtained from the field 

measurements (formerly described) were well reproduced by the model, 

such as the subsurface plume dimensions and the rising time of the 

plume. However, other features were not properly represented, such as its 

diameter (Figure 2), which was smaller than the measured one, and the 

vertical velocity, which was higher than that observed, of the subsurface 

plume. 

Yapa and Zheng (1997) developed a three-dimensional numerical 

model based on the Lagrangian method to simulate the behavior of an oil 

and gas plume during a blowout. It considered shear-induced and forced 

entrainments in addition to stratified and unstratified ocean environments 

and multi-directional ambient currents. Zheng and Yapa (1998) used 

experimental data comprising buoyant jets in unstratified and stratified 
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environments. Those data included cases both with and without ambient 

currents, as well as bi- and tri-dimensional jet trajectories. The observed 

data were collected on small and large scales and compared with the 

numerical model’s results (Figure 3) presenting satisfactorily comparable 

results. 

 
Figure 2. Example of the comparison of measured and modeled width of the 
plume using SINTEF blowout model (source: Rye et al., 1997). 

 

 

 
Figure 3. Example of the comparison between the larger-scale data radius and 
the numerical model’s results developed by Yapa and Zheng (1997) (source: 
Zheng and Yapa, 1998). 

 

Zheng et al. (2002) developed a mathematical model called CDOG 

(Comprehensive Deepwater Oil and Gas Blowout Model) to simulate the 

behavior of oil and gas plumes released into deep waters. The model 

integrates a set of modules regarding jet/plume hydrodynamics and 

thermodynamics, the kinetics and thermodynamics of hydrate formation, 



Leite F.S.                                                                                           Chapter 1 – Introduction 

 23

decomposition and gas dissolution. The numerical results obtained by 

CDOG were compared with the “DeepSpill” field data (Johansen et al., 

2001, 2003) by Chen and Yapa (2002) and presented satisfactory results 

(Figure 4), despite some constrains related to the experiments like the 

uncertainty regarding hydrate formation. In addition, the authors 

concluded that gas releases from those depths (approximately 800 m) 

would be entirely dissolved before they could reach the surface. 

 

 
Figure 4. Comparison between the model simulation with gas and water, 
developed by Zheng et al. (2002), and the Echo Sounder data at 0-300 m (source: 
Chen and Yapa, 2002). 

 

The experiments performed by Rye et al. (1997) were simulated by 

Yapa and Xie (2002) using the COMBOS3D model (Yapa et al., 1999) with 

the purpose of testing the model’s ability to predict underwater blowouts 

(Figure 5). The same set of coefficients was used for all the simulations 

and the entrainment formula was described by Yapa et al. (1999). The 

comparison between numerical and experimental data was reasonably 

good for distances far from the nozzle, and better results were obtained for 

jets with a higher GLR (gas to liquid ratio), which was from 67 N.m3.s-1/ 

m3.s-1 and greater. The differences observed were due to experimental 

errors and the inadequate entrainment provided by the entrainment 

formula for the lower GLR. The authors concluded that the model was 

capable of simulating oil and gas spills only if no hydrates were formed. 
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Figure 5. Comparison between the numerical data, developed by Yapa et al. 
(1999), and the observed data (source: Yapa and Xie, 2002). 

 

A coherent dataset collected in deep water that allowed calibration 

of plume models was generated by the DeepSpill experiments presented by 

Johansen et al. (2003). Comparing its experimental data with the 

numerical results of the DeepBlow model (Johansen, 2000) was part of 

their analysis. The model included cross currents, gas dissolution, hydrate 

formation, gas bubbles escape from a bent plume and underwater plume 

trapping. The numerical results predicted hydrate formation, but no 

hydrate was observed. Modeled natural gas dissolved faster than the field 

data. After some adjustments, the model satisfactorily predicted the 

surfacing time of the plume and the location of the slick. In another 

publication, Johansen (2003) reviewed the theories and behaviors of deep 

water blowouts and compared them to those for shallow water. The author 

observed that the slick formation in deep water releases would be 

governed by the surfacing of individual oil droplets in a depth and time 

variable current. In contrast, for shallow and moderate deep waters, the 

bubble plume would rise to the surface, forming a strong radial flow and, 

consequently, contributing to a rapid spreading of the oil in the surface. 

Yapa et al. (2008a) developed the MEGADEEP (MEthane GAs in 

DEEPwater) model to simulate the transport of methane gases from deep 

water. The foci of this model were gas and hydrates, and the model 

included gas hydrate formation and dissociation, gas and hydrate 

dissolution, hydrate crumbling and reformation, and gas bubble size 
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variety and splitting. As part of their analysis, the authors simulated the 

DeepSpill experiments and compared the numerical results with the 

DeepSpill field data. The simulations worked well, except for the 

simulation that formed hydrates, once it was not observed during the 

experiments. This discrepancy was attributed to experimental 

uncertainties. 

1.2. JUSTIFICATION AND OBJECTIVE 

To our knowledge, there are very few studies addressing the analysis 

of gas plume evolution in coastal and tropical shallow waters. Neither the 

acquisition of experimental data nor its comparison to model’s results was 

found in the literature. Collecting a comprehensive data set from shallow 

water gas releases in the Northeast of Brazil provides a valuable one-time 

view of the fate of such gases. The data obtained from a prosperous 

gas/oil-producing region of the world would enhance the knowledge 

concerning blowouts in shallow tropical waters. These data would 

additionally supply a baseline for model validation and fine-tuning. This 

study also describes a model developed to simulate the transport and 

dispersion of a subsurface gas plume released into shallow waters. It 

presents the model formulations and its use to simulate and compare the 

results with the small-scale field experiments conducted along the 

Northeast Brazilian coast. 

The main objective of this study is to analyze the evolution of 

natural gas plumes under the hydrodynamics of a tropical and shallow 

coastal region regarding an accidental gas blowout. To achieve this intent, 

specific goals were performed: 

• Execution of field experiments to characterize the evolution of 

hydrocarbon plumes in the water column during distinct seasonal 

and dynamic situations; 
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• Execution of field experiments to determine the occurrence of 

hydrodynamic forcing during dry and rainy seasons for neap and 

spring tides during in situ experiments; 

• Development of a numerical model to simulate the transport and 

dispersion of a subsurface gas plume released from shallow waters; 

• Verification of the model output through comparison between 

numerical and experimental data. 

This manuscript is structured as follows. Chapter 2 describes the 

Methodology used including an overview of the study area, a detailed 

description of the field experiments and the main model formulations. In 

Chapters 3 and 4, the main contributions from this study are described. 

In each of these two chapters, a synthesis of the results is initially 

presented followed by a copy of the manuscript submitted to two scientific 

journals. Finally the main conclusions and perspectives are given in 

Chapter 5. 
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Chapter 2 
 

 

 

 

 

 

 

 

Methodology 
 

2.1. THE STUDY AREA  

The sea experiments were conducted in the coastal region near the 

Suape Harbor industrial park area, Pernambuco, Brazil (Figure 1). 

According to the Köppen-Geiger climate classification scheme (Peel et al., 

2007), the climate is warm and humid (type Am) in the region. Two well-

defined seasons are observed, which are the dry season (from September 

to March) and the raining season (from April to August). The average 

annual rainfall is 1,500 mm, and the evaporation is 1,200 mm. According 

to Araujo et al. (2005), semidiurnal tides occur at Suape with a mean 

spring range of 2.2 m, and mean neap range of 1.1 m. The southeasterly 

trade winds are predominant throughout the year, oscillating from the 

east and the northeast during summer (Lins, 2002). 

A weak daily thermocline (halocline) occurs near the surface as a 

result of radiation (evaporation) during the day. Below this region, a well-

mixed and homogeneous flow has been observed. The current intensity 

indicates the influence of momentum exchange near the surface and 

bottom boundary layers (Araujo et al., 2005). According to the upper flow  
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Figure 1. Map of the coastal region where sea experiments were carried out 
(source: Google Earth, 2010). 

 

structures, the authors observed stronger surface variations in the 

current intensity and direction, which were associated with slack waters, 

when the wind effects were more pronounced. The authors also noticed 

weak wind shear effects near the surface that were associated with the 

strong bottom variations in current direction during the dynamic tidal 

stages, when gravitational forces drive the flow. As stated by Araujo et al. 

(2005), the energy balance is often driven by the equilibrium between the 

production and dissipation of turbulent kinetic energy (TKE) near 

boundaries. Strong dissipation rates are associated with the surface and 

bottom boundary layers during spring tides and the less accentuated rates 

occur at inner regions of the flow. The regions of maximum TKE 

production and vertical diffusion are associated with different levels of 

maximum energy. 
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2.2. OBSERVATIONAL DATA 

2.2.1. Field Experiment Planning and Preparations 

The experiments were organized as 2-day campaigns. Four distinct 

campaigns with varied conditions of geophysical forcing were associated 

with different fluxes (from 3000 to 9000 L.h-1), tides (spring and neap) and 

seasonal periods (summer and winter). As described in Table 1, the field 

work was executed during neap and spring tides for each period of 

summer/dry (December 2007) and winter/rainy and (July 2008) to 

represent the primary seasons at the region (Aragão, 2004). The sea 

experiments were completed during tidal stages that characterized the 

extremes of the dynamic situation – one slack water tidal period (high or 

low tidal stage) and one dynamic tidal period (flood or ebb tidal stage). The 

site for the experiments was determined considering the maximum depth 

that could provide good visibility in the water column, logistic viability and 

security. Following this criterion, an area of 30 meters depth was defined 

that is approximately 11 km from the Suape Harbor coastline. 

 

Table 1. Campaigns carried out during the sea experiments. 

Period Campaign Tidal forcing Date 

Summer C1 Neap Dec/17-18/2007 
C2 Spring Dec/23-24/2007 

Winter C3 Spring Jul/05-06/2008 
C4 Neap Jul/10-11/2008 

 

The seasonal analysis is important due to the variation between the 

seasonal periods concerning the physical characteristics of the area. The 

highest temperatures are observed from December to February (Lins, 

2002), which is during the dry period, and consequently the tide and 

evaporation increase the salinity at the surface. During the rainy period, 

heavy rains increase the continental runoff into the Suape Bay. Hence, 

suspended particulate matter (which determines turbidity) increases and 

reduces the water transparency. The tides are additionally observed due to 
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the influence of the gravitational forces. The spring tide represents the tide 

of maximal range, while the neap tide usually resembles tidal ranges that 

are less than the mean tidal range. 

Very few studies have been found in the literature involving analysis 

of gas plume evolution in coastal and tropical shallow waters. Because of 

this paucity of publications, information concerning methodology and field 

data collection was obtained from the literature, which has focused 

primarily on temperate deep waters (Rye et al., 1997; Johansen et al., 

2003).  

Three vessels were simultaneously used to achieve all of the planned 

activities during each field campaign (Figure 2). Vessel V1 was responsible 

for the gas injection into the sea floor, the submarine video camera 

recordings, and the diving staff. On board vessel V2, the data were 

collected for the thermohaline structures, and vessel V3 was used for the 

current meter settlement. A group of 12 scientists, operators and 

assistants participated in the field campaigns. 

 

Figure 2. Schematic figure of field campaigns.  
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2.2.2. Gas Release Apparatus Arrangement 

The composition of Vehicular Natural Gas (VNG) is similar to that of 

methane, which in turn is the predominant gas from exploitation 

reservoirs. Because of that, as well as the VNG facility to acquire and 

manipulate, the release arrangement used three 7.5 m3 VNG cylinders for 

the gas injection into the water.  

The VNG was released from a device made especially for this 

purpose prior to the sea trial. The panel-like device consisted of two 

manometers and one rotameter with two simultaneous gas outlets. Each 

cylinder was connected to one manometer, which was hooked to the 

rotameter linked to a hose. First, the pressure was defined, and 

subsequently the gas flow was set to be released into the sea bottom.  The 

outlet arrangement consisted of a U-shaped release pipe, which was 

anchored to a 20-kg ballast, guiding the release almost vertically upwards. 

The diameter of the nozzle was 0.635 cm, which was hooked to the ballast 

at 30 m depth. During the campaigns, the fluxes were released (exit 

conditions) through a ¼-inch flexible hose at 3000 and 9000 L.h-1 (low 

and high flows, respectively), except for C1 campaign, for which the low 

flow was set to 6000 L.h-1. 

2.2.3. Video and Snapshot Camera Recordings  

The gas release from the bottom to the sea surface was recorded by 

a diver with a digital video camera (mod. Sony TRV130) in a waterproof 

case (mod. Croma-MR1). The camera had an “arm” attached in front of it 

with a depth gauge in its extremity. A second diver held a 1.4 meter ruler 

as a reference of size to later calculate the gas bubble plume’s dimension. 

To obtain relevant plume data, flows from 3000 to 9000 L.h-1 of 

natural gas were released outside of Suape Harbor, on the northeast coast 

of Brazil, at approximately 30 m deep over a time span of approximately 
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15 minutes per release. The flow and the plume dimension were used to 

evaluate a numerical model for gas blowout. 

2.2.4. Sea Measurements 

The plume direction and dispersion are directly affected by the tide. 

Hence, the acquisition of current and wave data is important. Strong, 

cross-flowing currents tend to bend over the plume in the water column 

(Yapa et al., 2008a), and waves lead to the dispersion of the plume close to 

the surface. Therefore, obtaining thermodynamic data are also necessary 

because they are involved in the rise velocity of the gas plume in addition 

to the gas physicochemical processes because of the density difference 

between gas and water. 

Field measurements were simultaneously performed to collect 

background information with S4, ADCP and CTD equipment, as well as 

video recordings of underwater plume evolution. The wave field 

characterization and the tide gauge measurements were obtained with the 

Interocean S4ADW-i Current Meter. This equipment was moored for 24 

hours at half the mean depth water. Data were registered at 2 Hz 

sampling rate every three (two) hours in the summer (winter) period 

during periods of 30 minutes. The tide gauge data at this frequency 

allowed for the characterization of the temporal evolution of the high-

frequency (wind-driven waves) and low-frequency (tide-driven waves) 

waves that occurred in the area during the campaigns. The sea level 

variation measured was compared to the tide forecast available from the 

Diretoria de Hidrografia e Navegação (Directorate of Hydrography and 

Navigation; DHN, 2007; 2008) of Brazilian Navy. 

The current intensity and direction were obtained from the ADCP 

equipment (mod. Workhorse Rio Grande 600 kHz) configured for 80 levels, 

which correspond to the number of water profiling depth cells (WN) to 

cover the maximum expected water depth. Once a depth around 30 

meters was defined for the study area, the sampling data with WN=80 
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occur every 0.4 m along the water column. The ADCP was placed half a 

meter from the water surface, and two transects were done at the gas 

plume area. One cross section surveyed along a zigzag course, and the 

other cross section surveyed in a straight line with the purpose of 

comprising the plume area. 

Thermodynamic data were obtained by the CTD equipment (mod. 

SBE-19plus Seacat Profiler) performing one vertical profile in the plume of 

rising droplets during each gas flow release. Generally, before the first gas 

flow release, two ADCP transects and one CTD profile were executed to be 

used as control data (with no gas release) for the hydrodynamic and 

thermodynamic surveys, respectively. Furthermore, the CTD data (salinity, 

temperature and density) were averaged in one-meter bins. All of the field 

work was georeferenced using two Global Positioning System devices 

(GPSs; mod. Garmin III-Plus and mod. GPSmap Garmin 298 Sounder).  

2.3. THE MODELING TOOLS 

A mathematical model was used for the forecasting and analysis of a 

gas plume evolution throughout the water column. It was formulated from 

a set of routines produced in computational code. The model’s 

development was primarily based on theoretical propositions from Yapa 

and Zheng (1997). Following the usual framework and notations used in 

previous gas modeling, the nomenclature proposed by Friedl and Fanneløp 

(2000) was adopted as presented in Figure 3. 

The model, GASOCEAN, is founded on the linear momentum 

balance of gas, seawater and oil (Chen and Yapa, 2004). The variation of 

mass inside the plume is provided considering the prime physical-

chemical processes of water entrainment, gas dissolution and bubble 

separation process. The equations use a Lagrangian control volume 

approach for discretization. The plume evolution is calculated through the 

vertical displacement of this Lagrangian control volume along the ocean 

depth for each numerical time step. This displacement occurs due to the  
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Figure 3. Bubble plume definition sketch adopted in the modeling (source: Friedl 
and Fanneløp, 2000). 

 

non-linear features between the current velocity fields and the initial 

momentum of the plume.The position of the control volume along the 

simulation is obtained by the following equations: 

 

h V t= ⋅Δ                    (1) 

 

and 

 

0 0t 0.1 b / VΔ = ⋅ ,                 (2) 

 

where h = the depth of the control volume [m]; V  = the local plume 

velocity [m.s-1]; and Δt  = a specified time step [s]. In Eq. (2), 0b  = the ratio 

of the initial control volume [m] in contact with the sea bottom, which is 

obtained from the blowout release, and 0V  = the initial blowout velocity 

[m.s-1]. 

The main equations used in this model describing the gas plume 

evolution are presented as follows and further detailed explanations may 
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be found in Yapa’s publications (Yapa and Zheng, 1997; Chen and Yapa, 

2004). The momentum equations are applied to the average conditions in 

each control volume, taking into account the relative velocities between 

the gas and liquid: 

 

( ) ρ ρ+ + = −⎡ ⎤⎣ ⎦l b h a a e com g
d m m m u ,
dt

u Q u Q              (3) 

( ) ρ ρ+ + = −⎡ ⎤⎣ ⎦l b h a a e com g
d m m m v v Q v Q ,
dt

                (4) 

The momentum equation in the vertical direction, with the 

incorporation of bubble ascending velocities relative to the slip (buoyant) 

velocity, is given by the following equation: 

 

( ) ( )

( ) ( ) ( )

ρ ρ

ρ ρ π βε ρ ρ π βε

+ + + = −

+ − − + −

⎡ ⎤⎣ ⎦l b h b a a e com g

2 2
a l a com

d m w m m w w w Q w Q
dt

g b 1 h g b h ,
              (5) 

 

where lm = the plume liquid mass [kg], bm = the plume gas mass [kg], hm = 

the mass of hydrates inside the plume [kg], u= the horizontal plume 

velocity in the x direction [m.s-1], au = the ambient horizontal velocity in 

the x direction [m.s-1], aρ = the density of the ambient seawater [kg.m-3], 

which was obtained from the field data, eQ = the entrainment water flux 

[m3.s-1], comρ = the composite density of the hydrates and gas [kg.m-3], gQ = 

the gas flux [m3.s-1], v = the horizontal plume velocity in the y direction 

[m.s-1] and av = the ambient horizontal velocity in the y direction [m.s-1], 

which was obtained from field data. For the vertical direction, w = the 

plume vertical velocity [m.s-1], aw = the ambient vertical velocity [m.s-1], 

bw = the gas bubble (or bubble slip) velocity [m.s-1], lρ = the liquid density 

of the plume [kg.m-3], g = the acceleration due to gravity [m2.s-1], b  = the 

plume radius [m], β = the ratio between the cross-sectional areas occupied 

by the gas and that of the plume, and h  = the control volume height [m], 
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which ranges from 0.65 to 0.8 for vertical plumes (Yapa and Zheng, 1997). 

The gas bubble volume fraction inside the control volume, including 

hydrate shells, is represented by ( ) ( )l l com/ε ρ ρ ρ ρ= − − , where ρ = the 

density of gas plume and liquid mixture [kg.m-3].  

The bubble slip velocity ( bw ) is intimately related to the sea 

temperature and its practically stable condition of relative density with the 

surroundings. According to some authors (Yapa and Zheng, 1997; Yapa et 

al., 1999; Zheng and Yapa, 2000), the vertical velocity difference between 

the gas and liquid inside a plume ( bw ) varies from 0.25 to 0.35 m.s-1. A 

gas bubble, which ranges in diameter from 1 to 10 mm, affects the plume 

behavior as the slip velocity of gas bubbles (Zheng et al., 2002). In this 

study, the slip velocity for underwater releases was assumed to be 0.3 

m.s-1 as proposed by Yapa and Zheng (1997) and Johansen (2000). 

The fate of the underwater plume is also determined by the 

entrainment process. As the plume rises through the water column, the 

ambient fluid enters through the outer surface of the plume. There are 

many models that use methods of constant coefficient, which need to 

change the coefficient based on the case under consideration. In this 

study we use the equations given in Yapa and Zheng (1997), which 

extended the formulations proposed by Lee and Cheung (1990) to account 

for 3D velocities. These equations do not require changing entrainment 

coefficients from case to case. 

Lee and Cheung (1990) proposed that the entrainment is the 

combination of shear-induced entrainment and forced entrainment. The 

former, which is always present even with no ambient currents, occurs 

because of shear between the plume and the ambient fluid. The latter is 

considered when the advection of ambient fluid into the plume takes 

place. The equations resulted from the work of above authors are given 

below: 

 

π α= −
uur

'
s a ,Q 2 bh V V                 (6) 
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in which sQ = shear-induced entrainment, and α = entrainment coefficient. 

 

ρ π ϕ θ θ ϕ

π ϕ θ

= Δ + Δ −

+ Δ Δ

2 2
x a a

2

Q u ( b b cos cos 2b s 1 cos cos
b (cos cos )) t ,
2

           (7) 

ρ π ϕ θ θ ϕ

π ϕ θ

= Δ + Δ −

+ Δ Δ

2 2
y a a

2

Q v ( b b cos sin 2b s 1 sin cos
b (cos sin )) t ,
2

            (8) 

πρ π ϕ ϕ ϕ= Δ + Δ + Δ Δ
2

z a a

bQ w ( b b sin 2b s cos sin ) t ,
2

   (9) 

 

where x y zQ ,Q andQ = forced entrainment components in x, y and z, 

respectively, a a au ,v and w = components of aV
uur

, θ  = angle between the x axis 

and the plume projection on the horizontal plane, x, y and zΔ Δ Δ  = 

displacements of a control volume during one time step, which are found 

in 2 2 2s x y zΔ = Δ + Δ + Δ . 

Another implementation of the GASOCEAN model regards the gas 

dissolution mechanism in the plume’s surroundings and the bubble 

separation process during the plume’s ascension (Johansen, 2003; Zheng 

and Yapa, 2002). The gas dissolution process in the liquid environment is 

considered through the following expression (Zheng and Yapa, 2002): 

 

( )= −s 0
dn KA C C ,
dt

               (10) 

 

in which n = the number of moles of gas in a bubble [mol]. K  = the mass 

transfer coefficient [m.s-1], A  = the surface area of a gas bubble [m2], SC = 

the gas solubility (i.e., saturated value of 0C ) [mol.m-3] and 0C = the 

dissolved gas concentration [mol.m-3]. 
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Based on Henry’s Law, the concentration gradient across the bubble 

interface causes its dissolution. Accordingly, if the aqueous methane 

concentration of the plume enhances, the gradient decreases and slows 

the bubble dissolution (Leifer et al., 2006). 

The gas slip velocity makes gas rise faster than the plume fluid. The 

whole trajectory of the bubbles may vary expressively because of this gas 

separation. The critical length represents the distance at which occurs the 

separation between the plumes of gas and oil. Its computation is done by 

comparing the momentum in the control-volume (gas and oil) with the 

horizontal momentum induced by environmental current fields. 

The theoretical concept developed by Davidson and Pun (1999) and 

Davidson and Wang (2002) is applied for estimating the eventual 

separation between gas and oil plumes throughout the seawater column. 

This approach defines the excess momentum (per unit density - M0) of the 

mixture according to the environment forcing for each time step as 

follows: 

 

( )π= − 2
0 0 A 0 0M U U U b ,               (11) 

 

where M0 = excess momentum in the control volume (gas and oil) [m4.s-2], 

U0 = initial velocity of the gas and oil mixture [m.s-1], and UA = velocity of 

the currents in the ocean [m.s-1]. 

The characteristic length scale - XSW [m], which is calculated at each 

numerical time step, supplies an estimate of the transition point between 

the weakly advected and the strongly advected behavior. This scale relates 

to the excess momentum in the mixture (oil and gas) to the ocean 

momentum (always by units of density) and is represented by: 

 

≅
1/2
0

SW
A

M
X ,

U
                        (12) 
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Experimental data reveal that plumes separation (XSEP) actually 

occurs when the excess momentum in the ambient fluid is about 

hundred-fold the momentum of the plumes, which means: 

( )
≤SEP

1/2
0 A

X 100 ,
M /U

                       (13) 

 

The variation (loss) of gaseous mass from the hydration and 

dissolution processes in the ambient water is given by the following 

equation: 

 

τ= − ⋅ ⋅ ⋅ +
⎛ ⎞
⎜ ⎟
⎝ ⎠

b s
g

dm dndnf J M ,
dt dt dt

             (14) 

 

in which bdm /dt = the gaseous mass loss due to hydration and dissolution 

[kg.s-1], f ε=  is the gas fraction inside the control volume, J= the gas 

bubble flow inside the control volume [bubble nº.s-1], tτ =Δ  is the gas 

traveling time through the control volume [s], dn/dt = the hydrate 

formation tax [mol.s-1], and sdn /dt = the gas dissolution tax regarding the 

gas bubble [mol.s-1]. gM is the gas molecular weight [kg.mol-1] according to 

the following equation: 

 

ρ=g bPM ZRT ,                (15) 

 

where P  = the ambient pressure [Pa], Z = the compressibility factor, R = 

the universal gas constant [8.31 J.mol.K] and T = the temperature [K]. 

The liquid mass conservation for each time step is computed by the 

equation below: 

 

ρ= − ⋅l
a e h W

dm dnQ f n M ,
dt dt

                      

(16) 
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where ldm /dt  = the gaseous mass loss due to dissolution [kg.s-1], hn = the 

hydrate number (ex.: hn = 6 for CH4) and WM = the water molecular weight 

[kg.mol-1]. 

In the present simulations, the main component of the gaseous 

mixture considered was methane (C1), which amounts to 94.2% of the 

released VNG. The ambient salinity, temperature, density and current 

velocity fields at each depth, obtained during the campaigns in the coastal 

region of the Suape Harbor industrial park area, were used to represent 

sea conditions in the routines of the gas plume model. Those forcings were 

used as the input data to the GASOCEAN model to simulate the evolution 

of the gas plume.  Table 2 presents the constant values used in the 

simulations. 

 

Table 2. Constant values used in model’s simulations. 

Parameter Value 
Gas core width/jet diameter 0.8 
Shear-induced entrainment coefficient 0.083 
Orifice diameter 0.00635 m 
Bubble slip velocity 0.3 m.s-1 
Initial bubble radius 0.005 m 
Molecular weight of gas 0.017 kg.mol-1 
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Chapter 3 
 

 

 

 

 

 

 

 

Experimental Set-Up and Field Data 
Acquisition 
 

3.1. SUMMARY OF THE RESULTS 

This chapter aims to enhance the knowledge concerning subsurface 

gas blowouts in shallow tropical waters. This analysis occurred through 

the collection of seawater physical properties, in situ video registrations 

and hydrodynamic data during four sea experiments. The evolution of gas 

plumes in the water column was also observed from the bottom to the 

water surface. These experiments simulated distinct gas discharges (from 

3000 to 9000 L.h-1) at approximately 30 m depth (close to 15 km far from 

the coast) during neap/spring tides of different seasonal periods 

(summer/dry and winter/rainy). The data would additionally supply a 

baseline for model validation and fine-tuning. The methods used and the 

results obtained from this study are presented in this chapter. The main 

objective is to describe and document sea experiments regarding an 

accidental gas blowout in the Brazilian Continental Shelf by analyzing the 

evolution of the natural gas plume under the coastal hydrodynamics of 

the region.  
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Results presented predominant transport toward the south-

southwest during the summer period and toward the northeast during the 

winter. Highest current intensities were observed during the winter spring 

tide. A vertical stratification could be observed during the summer season, 

differently from the winter, which registered a slight mixed water column. 

The thermohaline structure presented shallow clines during the winter 

period with the highest parameters values observed during the summer 

period. The difference in the plume width occurred mainly in the upper 

surface layer. The gas plume displaced toward the south-southwest 

(northeast-north) during the summer (winter) period. The gas flow releases 

seemed not to affect the local hydrodynamics. The plume movement was 

always influenced by the tidal and meteorological forcing. 

The next Section of this chapter presents the manuscript entitled 

Field study of a simulated subsurface gas blowout in tropical and shallow 

water along the Brazilian coast, which was accepted in September 3th, 

2012, and is available at the on-line journal Tropical Oceanography 

(http://www.ufpe.br/tropicaloceanography). 
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3.2. PAPER 
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Chapter 4 
 

 

 

 

 

 

 

 

Modeling Subsurface Gas Release 
 

4.1. SUMMARY OF THE RESULTS 

The data obtained in situ during four field campaigns were used in 

the analysis of the gas plume dispersion accounting for more than 10 

different scenarios. The model formulations are presented as well as its 

use to simulate and compare the results with the small-scale field 

experiments conducted along the Northeast Brazilian coast. Theoretical 

propositions were obtained from Yapa and Zheng (1997) and usual 

framework and notations were adopted from Friedl and Fanneløp (2000).  

The model is based on the linear momentum balance of gas, 

seawater and oil. The discretization of equations uses a Lagrangian control 

volume approach. The vertical displacement of this Lagrangian control 

volume calculates the plume evolution along the ocean depth for each 

numerical time step. The variation of mass inside the plume is provided 

considering the prime physical-chemical processes of water entrainment, 

gas dissolution and bubble separation. 

The numerical results indicated an important gas plume 

displacement in the southwest-northeast axis with a southwest direction 
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for the summer scenarios. The gas plumes were completely displaced from 

the release source along the southwest-northeast axis northeastward 

during the winter period scenarios. The plume displacement occurred 

inside a radius of 35 m from the gas release source, which was observed 

during the winter neap ebb tide toward the northeast. Comparing the 

experimental and numerical results, the model responded positively in 

reproducing the plume evolution throughout the water column presenting 

satisfactorily displacement, diameter and ascending time of the plume. 

The next Section of this chapter presents the manuscript entitled 

Modeling Subsurface Gas Release in Tropical and Shallow Waters: 

Comparison with Field Experiments off Brazil’s Northeast Coast accepted 

for publication in the Human and Ecological Risk Assessment: An 

International Journal and available on Taylor & Francis Online at: 

http://www.tandfonline.com/doi/abs/10.1080/10807039.2012.723182 

since August 30th, 2012.  
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ABSTRACT 

Despite the fast grow of underwater oil and gas exploration in low latitude 

regions, very few experimental data acquisition and modeling involving gas 

release in tropical and shallow waters are found in literature. In this 

paper, a dataset of geophysical and gas release measurements obtained 

from an in situ experiment conducted off the Northeast Brazil coast are 

used as a baseline for evaluating the GASOCEAN blowout model. 

Hydrological and hydrodynamic data were collected for distinct seafloor 

gas plume releases (3000 to 9000 L/hr) during neap/spring tides of 

summer/dry and winter/rainy periods. Simulation results indicate that 

the gas plume is horizontally displaced by the horizontal current as it 

rises through seawater column. The extreme situation provided a critical 

radius (maximum horizontal displacement) from the gas release source of 

35.2 m. The comparison between the measured and the calculated data 

showed that the model satisfactorily represented the main features of the 

gas release, such as the displacement (11.6–35.2 m), diameter (1.2–2.8 m) 

and ascending time (1.1–1.6 min) of the plumes. Although the mean 

plume widths have the same order of magnitude between the 

measurements and the calculations, improvements may enhance the 

model’s performance during the earlier plume development. 

 

Key Words: underwater gas blowout, tropical shallow water, northeastern 

Brazilian coast, mathematical modeling, GASOCEAN model. 
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INTRODUCTION 

Recent industrial accidents such as toxic spills have caused catastrophic 

damage to the ecological environment (plants and animals) and 

consequently great economic losses to the responsible company, as British 

Petroleum painfully learned after the oil spill in the Gulf of Mexico, 

causing one of the most severe ecological disasters in history and a loss to 

the company estimated at U$37 billion to be spent with cleanup, fines, 

and repairs. However, this leakage could have been avoided with the 

purchase of an equipment of U$500,000, able to seal the well in case of 

accident. The savings were therefore miscalculated under the risk-taking, 

which means that risk assessment estimates were inaccurate (Betti and 

Barrucho 2010). 

Several other dramatic industrial accidents have occurred in recent 

years, resulting in the discharge of chemicals and damaging valuable 

ecosystems, e.g., the wrecks of the oil tankers Erika (1999) and Prestige 

(2002) and the chemical spills at Doñana (Spain) in 1998 and Baia Mare 

(Romania) in 2000. Furthermore, a high number of less harmful incidents 

happen every year (EEA 2003). 

Despite the abovementioned events, oil and gas exploration from the 

sea floor has been experiencing a rapid growth in the low latitude regions. 

However, very few gas blowout experiments in tropical and shallow waters 

have been published by the scientific community. There are many 

differences between deep and shallow water blowouts (Zheng et al. 2002). 

In deep water blowouts the gas hydrate formation and decomposition 

occur due to the high pressure and low temperature, as well as gas 

dissolution when the depth is great. For blowouts at shallow to moderate 

depths, the gas dissolution from rising bubbles into seawater may be 

negligible and no hydrates are observed (Johansen 2000). In situ natural 

gas releasing experiments are expensive, dangerous, and demand 

logistical planning because they require the movement of people, 

equipment, and vessels. As a consequence, very few in situ experiments 

have been reported in literature, and most of them have occurred in high 
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latitude/deep water situations (Brewer et al. 1997; Rye et al. 1997; 

Johansen et al. 2003). Brewer et al. (1997, 1998), for example, 

investigated the process of methane hydrate formation in experiments 

conducted during January 1996 at the depth of 910 m in Monterey Bay, 

USA. Rye et al. (1997) performed an experiment with air and oil 

subsurface release at 106 m during June 1996 in the North Sea. The 

experiment performed by Bulatov et al. (2002) was based on gas plume 

detection by microwave remote sensing methods without attention to the 

physical conditions of the plume. The experiment was executed during 

2000/2001 using compressed air in the Black Sea. The DeepSpill set of 

experiments were also carried out by Johansen et al. (2001, 2003) during 

June 2000 at a depth of 844 m in the Norwegian Sea. The main goals of 

these experiments were to obtain high-quality data from a deep water 

oil/gas release and to use them to calibrate deep water plume models 

(Chen and Yapa 2002). 

Concerning gas release modeling, initial efforts to study the evolution 

of a single gas plume in the ocean were conducted by Fanneløp and Sjøen 

(1980). Those authors proposed a simplified analytical model for spills in 

shallow waters with nondimensional solutions, neglecting the horizontal 

advection of the gas by the currents. Yapa and Zheng (1997) first 

considered the advective transport of the gas and the environmental 

thermodynamic conditions in equations to predict the space-time 

evolution of plumes. Later, Friedl and Fanneløp (2000) improved the 

model by adding routines for the fountain effect, when the sea surface is 

elevated by the gas reaching the surface. Other important processes were 

progressively improved in deep water modeling, such as bubble separation 

process (Davidson and Pun 1999; Davidson and Wang 2002; Socolofsky 

and Adams 2002), gas dissolution (Zheng and Yapa 2002; Johansen 

2003), and gas hydration (Topham 1984a,b; Brewer et al. 1998; Chen and 

Yapa 2001; Yapa et al. 2008b).  

A comparison between field and a model’s results may therefore 

reveal where the largest potential for the improvement of existing models 
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is expected. Rye et al. (1997) carried out in situ experiments with air, 

water, and oil subsurface releases at approximately 100 m depth during 

June 1996 in the North Sea. They used the SINTEF blowout model, which 

is a combination of two other subsurface release models published by Koh 

and Fan (1970) and Fanneløp and Sjøen (1980). Both models are based on 

the principle of the conservation of mass, momentum, and buoyancy to 

simulate the mixing of a subsurface jet. The authors found that the field 

methodology was appropriate. A number of features obtained from the 

field measurements were well reproduced by the model, such as the 

subsurface plume dimensions and the rising time of the plume. However, 

other features were not properly represented, such as the diameter, which 

was smaller than that measured, and the vertical velocity, which was 

higher than the measured, of the subsurface plume. Yapa and Zheng 

(1997) developed a three-dimensional numerical model based on the 

Lagrangian method to simulate the behavior of an oil and gas plume 

during a blowout. It considered shear-induced and forced entrainments in 

addition to stratified and unstratified ocean environments and multi-

directional ambient currents. Zheng and Yapa (1998) used experimental 

data that comprised buoyant jets in unstratified and stratified 

environments. These data included cases both with and without ambient 

currents, as well as two- and tri-dimensional jet trajectories. The observed 

data were collected on small and large scales and compared with the 

numerical model’s results, presenting satisfactorily comparable results. 

Zheng et al. (2002) developed a mathematical model called CDOG to 

simulate the behavior of oil and gas plumes released from deep water. The 

model integrates a set of modules regarding jet/plume hydrodynamics and 

thermodynamics, the kinetics and thermodynamics of hydrate formation, 

and decomposition and gas dissolution. The numerical results obtained by 

CDOG were compared with the “DeepSpill” field data (Johansen et al. 

2001, 2003) by Chen and Yapa (2002) and presented satisfactory results 

despite some constrains related to the experiments like the uncertainty 

regarding hydrate formation. In addition, the authors concluded that gas 
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releases from these depths (approximately 800 m) will be entirely dissolved 

before they can reach the surface. 

The experiments performed by Rye et al. (1997) were simulated by 

Yapa and Xie (2002) using the COMBOS3D model (Yapa et al. 1999) with 

the purpose of testing the model’s ability to predict underwater blowouts. 

The same set of coefficients was used for all the simulations and the 

entrainment formula was described by Yapa et al. (1999). The numerical 

and experimental comparison was reasonably good for distances far from 

the nozzle, and better results were obtained for jets with a higher GLR (gas 

to liquid ratio), which was from 67 N m3s-1/ m3s-1 and greater. The 

differences observed were due to experimental errors and the inadequate 

entrainment provided by the entrainment formula for the lower GLR. The 

authors concluded that the model is capable of simulating oil and gas 

spills only if no hydrates are formed. 

A coherent dataset collected in deep water able to calibrate plume 

models was generated by the DeepSpill experiments (Johansen et al. 

2003). Johansen (2000) compared this experimental dataset with the 

numerical results of the DeepBlow model. The model included cross 

currents, gas dissolution, hydrate formation, gas bubbles escape from a 

bent plume, and underwater plume trapping. The numerical results 

predicted hydrate formation, but no hydrate was observed. According to 

the model, natural gas dissolved more quickly when compared to the field 

data. After some adjustments, the model satisfactorily predicted the 

surfacing time of the plume and the location of the slick. In another 

publication, Johansen (2003) reviewed the theories and behaviors of deep 

water blowouts and compared them to those for shallow water. The author 

observed that the slick formation in deep water releases will be governed 

by the surfacing of individual oil droplets in a depth and time variable 

current. In contrast, for shallow and moderate waters, the bubble plume 

will rise to the surface, forming a strong radial flow and, consequently, 

contributing to a rapid spreading of the oil in the surface.  
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Yapa et al. (2008a) developed the MEGADEEP model to simulate the 

transport of methane gases from deep water. The foci of this model were 

gas and hydrates, and the model includes gas hydrate formation and 

dissociation, gas and hydrate dissolution, hydrate crumbling and 

reformation, and gas bubble size variety and splitting. As part of their 

analysis, the authors simulated the DeepSpill experiments and compared 

the numerical results with the DeepSpill field data. The simulations 

worked well, except for the simulation that formed hydrates because this 

was not observed during the experiments. This discrepancy was attributed 

to experimental uncertainties. 

As far as the authors of this article are concerned there are very few 

studies addressing the analysis of gas plume evolution in coastal and 

tropical shallow waters. Neither the acquisition of experimental data nor 

its comparison to a model’s results was found in the literature. The main 

objective of this paper is therefore to increase the knowledge concerning 

the gas behavior during a subsurface blowout under typical tropical and 

shallow seawater forcings. 

The paper is structured as follows: a description of the experimental 

set-up and main model features are provided in the Methods and 

Materials section; measurements obtained during the experiments as well 

as the comparison between in situ observations and the model’s 

simulations are described in the Results section. Finally, the Discussion 

section describes the comparison between field and numerical data as well 

as the conclusions from the study. The set of main equations and 

processes included in the model are presented in Appendix A. The 

symbols used in the paper are listed in Appendix B. 

 

METHODS AND MATERIALS  

Gas Release Experiments and Sea State Measurements 

The sea experiments were conducted in the coastal region near the Suape 

Harbor industrial park area, Pernambuco, Brazil. It comprised in situ 

observation of a natural gas plume throughout the water column. In this 
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region, the climate is warm and humid (type Am - Peel et al. 2007) and 

two well-defined seasons are observed: the summer/dry season (from 

September to March) and the winter/rainy season (from April to August). 

The average annual rainfall is 1,500 mm and the evaporation is 1,200 

mm. Semidiurnal tides occur at Suape with a mean spring (neap) range of 

2.2 m (1.1 m) (Araujo et al. 2005).  

The experiments were organized as 2-day campaigns with natural gas 

released from the sea bottom at approximately 30 meters depth, 11 km 

from the coastline (at -8.40º and -34.85º; Figure 1), simulating a 

subsurface gas blowout. Four distinct campaigns with varied conditions of 

geophysical forcing were associated with different fluxes (from 3000 to 

9000 L/hr), tides (spring and neap) and seasonal periods (summer and 

winter). Specifically, the campaigns (C1, C2, C3, C4; Table 1) occurred in 

order to: (i) characterize the evolution of hydrocarbon plumes in the water 

column during distinct seasonal and dynamic situations; and (ii) 

determine the existent hydrodynamic forcing during the dry and rainy 

seasons for the neap and spring tides. 

 

Table 1. Summary of the sea campaigns. 

Period Campaign Tidal forcing Date 

Summer C1 Neap 12/17-18/2007 
C2 Spring 12/23-24/2007 

Winter C3 Spring 07/05-06/2008 
C4 Neap 07/10-11/2008 
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Figure 1. Localization map in the coastal region of the Suape Harbor, 
Pernambuco, Brazil ( ), presenting the experimental station ( ), located 11 km 
far from the coastline (solid line). Isobaths of 20 m (dashed line) and 30 m (dash-
dotted line) are also plotted.  
 

The months of December (2007) and July (2008) were chosen to 

represent the primary seasons of the region, which are the summer/dry 

and winter/rainy periods (Aragao 2004). Experiments were executed 

during neap and spring tides for each representative seasonal period. The 

sea work was completed during tidal stages that characterized the 

extremes of the dynamic situation – slack water tidal period (high or low 

tidal stage) and dynamic tidal period (flood or ebb tidal stage). In Figure 2 

are exhibited the main activities during the subsurface blowout field 

experiment. 
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Figure 2. Logistic scheme of the field campaigns. 

 

The composition of Vehicular Natural Gas (VNG) is similar to that of 

methane, which in turn is the predominant gas from exploitation 

reservoirs. Because of that, the release arrangement used three 7.5 m3 

VNG cylinders (Figure 3), also taking into account the VNG facility to 

acquire and manipulate. A panel-like device, especially made for the gas 

release, consisted of two manometers and one rotameter with two 

simultaneous gas outlets. The outlet arrangement consisted of a U-shaped 

release pipe, which was anchored to a 20-kg ballast, guiding the release 

almost vertically upwards. The diameter of the nozzle was ¼ inches, which 

was hooked to the ballast at 30 m depth. During the campaigns, the 

fluxes were released (exit conditions) through a ¼-inch flexible hose at 

3000 and 9000 L/hr (low and high flows, respectively), except for C1 

campaign, for which the low flow was set to 6000 L/hr. 
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Figure 3. Set of used equipment for gas release from the sea bottom. 

 

The gas release from the bottom to the sea surface was recorded by a 

diver with a digital video camera (mod. Sony TRV130) in a waterproof case 

(mod. Croma-MR1). The camera had an “arm” attached in front of it with a 

depth gauge in its extremity. A second diver held a 1.4 meter ruler as a 

reference of size to later calculate the gas bubble plume’s dimension. To 

obtain relevant plume data, natural gas was released over a time span of 

approximately 15 minutes for each flow rate. 

Sea measurements were simultaneously performed to collect 

background information with S4, ADCP, and CTD equipment, as well as 

video recordings of underwater plume evolution. The wave field 

characterization and the tide gauge measurements were obtained with the 

Interocean S4ADW-i Current Meter. This equipment was moored for 24 

hours at half the mean depth water. Data were registered at a 2 Hz 

sampling rate every three (two) hours in the summer (winter) period 

during periods of 30 minutes. The tide gauge data at this frequency 

allowed for the characterization of the temporal evolution of the high-

frequency (wind-driven waves) and low-frequency (tide-driven waves) 

waves that occurred in the area during the campaigns. The ADCP 

equipment (mod. Workhorse Rio Grande 600 kHz), configured for 80 

levels, was placed half a meter from the water surface to collect current 

intensity and direction. Thermodynamic data were obtained by the CTD 
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equipment (mod. SBE-19plus Seacat Profiler) performing one vertical 

profile in the plume of rising droplets during each gas flow release. 

 

GASOCEAN Model Formulation 

A mathematical model was used for the forecasting and analysis of a gas 

plume evolution throughout the water column. The model’s development 

was primarily based on theoretical propositions from Yapa and Zheng 

(1997) and (Chen and Yapa 2004). Following the usual framework and 

notations used in previous gas modeling, the nomenclature proposed by 

Friedl and Fanneløp (2000) was adopted. A summary of the equations 

used for the model’s development is presented in Appendix A.  

The model GASOCEAN is founded on the linear momentum balance 

of gas, seawater, and oil. The variation of mass inside the plume is 

provided considering the prime physical-chemical processes of water 

entrainment, gas dissolution, and bubble separation process.  

The bubble slip velocity ( bw ) is intimately related to the sea 

temperature and its practically stable condition of relative density with the 

surroundings. According to some authors (Yapa et al. 1999, Yapa and 

Zheng 1997, Zheng and Yapa 2000), the vertical velocity difference 

between the gas and liquid inside a plume ( bw ) varies from 0.25 to 0.35 

m/s. A gas bubble, which ranges in diameter from 1 to 10 mm, affects the 

plume behavior as the slip velocity of gas bubbles (Zheng et al. 2002). In 

this study, the slip velocity for underwater releases was assumed to be 0.3 

m/s as proposed by Yapa and Zheng (1997) and Johansen (2000). 

The fate of the underwater plume is also determined by the 

entrainment process. As the plume rises through the water column, the 

ambient fluid enters through the outer surface of the plume. There are 

many models that use methods of constant coefficient, which need to 

change the coefficient based on the case under consideration. In this 

paper we use the equations given in Yapa and Zheng (1997), which 

extended the formulations proposed by Lee and Cheung (1990) to account 
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for 3D velocities. These equations do not require changing entrainment 

coefficients from case to case.  

Another implementation of the GASOCEAN model regards the gas 

dissolution mechanism in the plume’s surroundings and the bubble 

separation process during the plume’s ascension (Johansen 2003; Zheng 

and Yapa 2002). Based on Henry’s Law, the concentration gradient across 

the bubble interface causes its dissolution. Accordingly, if the aqueous 

methane concentration of the plume enhances, the gradient decreases and 

slows the bubble’s dissolution (Leifer et al. 2006). 

The gas slip velocity makes gas rise faster than the plume fluid. The 

whole trajectory of the bubbles may vary expressively because of this gas 

separation. The critical length represents the distance at which occurs the 

separation between the plumes of gas and oil. Its computation is done by 

comparing the momentum in the control-volume (gas and oil) with the 

horizontal momentum induced by environmental current fields.  

In the present simulations, the considered main component of the 

gaseous mixture was methane (C1), which totals 94.2% of the VNG 

released. The ambient salinity, temperature, density, and current velocity 

fields at each depth, obtained during the campaigns in the coastal region 

of the Suape Harbor industrial park area, were used to represent sea 

conditions in the gas plume model. Those forcings were used as the input 

data to the GASOCEAN model to simulate the evolution of the gas plume. 

The model’s main parameters used in the simulations are listed in Table 

2. 

Table 2. Model input data/parameters used in simulations. 

Parameter Value 
Gas core width/jet diameter 0.8 
Shear-induced entrainment coefficient 0.083 
Orifice diameter 0.00635 m 
Bubble slip velocity 0.3 m.s-1 
Initial bubble radius 0.005 m 
Molecular weight of gas 0.017 kg.mol-1 
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RESULTS 

Sea State Measurements and Gas Plume Evolution 

Wind measurements were obtained from the Porto de Galinhas 

meteorological station at 10 m height, which is located 15 km south of the 

study area. They presented mean intensity around 7 m/s in both seasons 

with directions from east-northeast and from southeast during the austral 

summer and winter, respectively. Significant wave heights were registered 

between 0.7 to 1.0 m, propagating mainly westward, and waves presented 

significant period of 6.5 to 6.7 seconds during the summer period. The 

winter period presented waves with significant heights between 1.2 and 

1.8 m and significant period of 7.0 to 7.4 seconds, moving toward 

northwest. 

Mean surface current intensities obtained with the ADCP were 

around 0.5 m/s during both seasons. The current direction prevailed 

toward the south-southwest during the summer period. Otherwise, the 

northeastward current preponderated during the winter period as a 

consequence of the southeasterly trades (Figure 4). During the dry period, 

when highest salinity, temperature, and density values were recorded, 

thermodynamic data varied from 36.8 to 37.3 psu for salinity, 25.3 to 

27.6ºC for temperature and 1024 to 1025 kg/m3 for density. During the 

rainy period, these values ranged from 34.7 to 37 psu for salinity, 26 to 

26.4ºC for temperature, and 1022.8 to 1024.6 kg/m3 for density. A 

vertical stratification could be observed during the summer season, 

differently from the winter, which registered a slight mixed water column 

(Figure 5).  
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Figure 4. Polar plots of the mean current velocity for the surface ( ), middle ( ) 
and bottom ( ) of the water column in the summer spring low tide during the low 
(a) and high (b) gas flow release; and in the neap ebb tide during the low (c) and 
high (d) gas flow release.  
 

The gas plume displacement during the summer period was toward 

south-southwest and plume width reached up to 2.7 m close to the 

surface. During the winter period, the gas plume width was higher than 

1.3 m close to the surface and the plume presented a northeast-northward 

displacement. These results confirmed that gas plume displacement was 

always influenced by the tidal and meteorological forcing. Examples of 

screenshots of the submarine recordings during summer and winter are 

presented in Figure 6. They correspond to the vertical evolution of a 9000 

L/hr natural gas plume released during the summer period for neap/ebb 

and spring/flood tides. 
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Figure 5. Examples of vertical CTD profiles obtained off Suape Harbor, Brazil, 
during: (a) austral summer; and (b) austral winter period. 
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Figure 6. Screenshots of the natural gas plume vertical evolution during the 
summer period campaigns. Neap ebb tide at the depths of (a) 4 m and (b) 24 m 
during high flow release. Spring low tide at the depths of (c) 1.5 m and (d) 19 m 
during low flow release and of (e) 4 m and (f) 20 m during high flow release. 
Spring flood tide at the depths of (g) 15 m and (h) 24 m during low flow release 
and of (i) 3 m and (j) 21 m during high flow release. 
 

Comparison Between In Situ Observations and the Model’s Results 

The experimental data obtained by the field campaigns at the study area 

and synthesized in the Methods and Materials section were used to three-

dimensionally model the transport of the natural gas plume generated 

from the GASOCEAN model’s routines. This procedure allowed for the 

estimation of the radius of action of the gas plume along the entire depth 

(bottom → surface) as a function of the physical-oceanographic conditions. 

The GASOCEAN model was forced from horizontal advective fields 

and in situ thermodynamic profiles. Examples of plume evolutions 

throughout the water column are presented in Figures 7–9 for different 

types of forcing during the summer and winter periods. In each figure, the 

gas plume trajectories are plotted along the south-north axis (S-N, positive 

toward north) and west-east (W-E, positive toward east). The horizontal 

lines in Figures 7–9 correspond to the observed plume diameter at that 

specific depth. 

The vertical plume evolution reproduced under the environmental 

conditions of C1 campaign for an ebb tide pointed mainly southwestward 

(Figure 7). The simulation of a bottom release of 6000 L/hr of vehicular 

natural gas (VNG) presented a plume radius on the order of 0.6 m (Figures 

7a-7b). The radius oscillated between the hose diameter (the gas source at 

the sea bottom) and 0.6 m, reaching this value in the first meters of 

ascending. A horizontal distance of 26.5 m from the gas source was 

achieved by the plume at the sea surface. Figures 7c-7d show a 9000 L/hr 

gas blowout, which was reproduced for C1 campaign. In this situation, the 

plume radius was approximately 1.2 m and stabilized a few centimeters 

above the gas source. The plume centerline reached a distance of 28.3 m 

from the release source when it arrived at the sea surface. The ascending 



Leite F.S.                                                     Chapter 4 – Modeling Subsurface Gas Release 
 

 85

time (bottom → surface) of the gas plume was almost 1.6 minutes, which 

implies a vertical velocity of 0.3 m/s. The horizontal plume displacement 

became more pronounced above 15 m, which was near the base depth of 

the clines. 

 

 
Figure 7. Gas plume evolution for C1 campaign (summer/ neap tide) during the 
ebb tide from (a) east to west and (b) north to south with a 6000 L/hr flow and (c) 
east to west and (d) north to south with a 9000 L/hr flow. The horizontal lines 
correspond to the observed plume diameter at the specific depth. 

 

For the C2 campaign, the slack water period is shown in Figures 8a-

8d. By the time of the lowest flow release (3000 L/hr), the plume radius 

was near 0.6 m and had reached this value a few centimeters above the 

gas source. The horizontal displacement of the plume occurred above 18 

m, moving mainly toward southwest, 23 m from the source of gas. When 

the gas release of 9000 L/hr was simulated, the plume radius duplicated, 

reaching 1.2 m right above the gas source. The distance from the release 

source achieved by the plume radius was 25.2 m in the surface, moving 

westward. With an ascending velocity of the plume of 0.3 m/s, it took 

approximately 1.55 minutes to reach the surface.  
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Figure 8. Gas plume evolution for C2 campaign (summer/ spring tide) during 
the low tide from (a) east to west and (b) north to south with a 3000 L/hr flow 
and (c) east to west and (d) north to south with a 9000 L/hr flow. During the 
flood tide, (e) east to west and (f) north to south with a 3000 L/hr flow and (g) 
east to west and (h) north to south with a 9000 L/hr flow. The horizontal lines 
correspond to the observed plume diameter at the specific depth. 
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The dynamic flood period observed during the C2 campaign is 

presented in Figures 8e-8h. For both flow releases, the plume parameters 

were similar to those from the slack water period of the same release, 

although moving westward. The difference observed was in the plume 

displacement. The simulation of a 3000 L/hr bottom gas release presented 

a more evident displacement above 18 meters, with a distance from the 

source of 19.4 m. For the highest flow release, the horizontal plume 

displacement was more pronounced above 20 m, where the plume 

centerline reached a distance from the release source of 34.4 m.  

The simulated plumes presented in Figures 9a-9h represent the C4 

campaign. During high tide (Figures 9a-9d), the plume radius was on the 

order of 0.6 m when considering the gas release of 3000 L/hr. In the high 

release, the radius was twofold, specifically 1.2 m. The plume’s centerline 

emerged in the sea surface 11.6 (12.3) m far from the gas source during 

the 3000 (9000) L/hr release toward the northeast.  

In the dynamic ebb tide period (Figures 9e-9h), the radius of the 

plume presented the same values of the slack water period for both flow 

releases. The plumes also displaced toward the northeast, taking 1.6 

minutes to reach the surface with an upward velocity of 0.3 m/s; however, 

in this scenario, the bend was more pronounced and reached longer 

distances. For the low release, the plume centerline reached the surface at 

a distance of 32.2 m from the release source, while, during the higher 

release, it achieved 35.2 m. 
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Figure 9. Gas plume evolution for C4 campaign (winter/ neap tide) during the 
high tide from (a) east to west and (b) north to south with a 3000 L/hr flow; and 
(c) east to west and (d) north to south with a 9000 L/hr flow. During the ebb tide, 
(e) east to west and (f) north to south with a 3000 L/hr flow and (g) east to west 
and (h) north to south with a 9000 L/hr flow. The horizontal lines correspond to 
the observed plume diameter at the specific depth. 
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Once the evolution of the gas plume was simulated, it was possible to 

obtain the value of maximum horizontal displacement from the gas source 

achieved by the gas plume, which is called the critical radius. Presented in 

Figure 10 is the critical radius for each of the four campaigns. The plume 

displacement occurred inside a radius of 35 m from the gas release 

source. This greatest distance of the gas plume outbreak at the sea 

surface was observed during the winter neap ebb tide toward the 

northeast. During this period of the C4 campaign, the highest mean 

intensities were registered, reaching 0.5 m/s at the surface when the high 

flow was released. 

 

 
Figure 10. Gas plume distances from the gas source at the moment that they 
reach the sea surface: (a) summer neap ebb tide (small/large circles for low/high 
flows); (b) summer spring tide (small/large circles for low/high flows during flood 
tide, inside a dashed rectangle, and small/large dashed circles for low/high flows 
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during low tide); (c) winter spring low tide (high flow); (d) winter neap tide 
(small/large circles for low/high flows during ebb tide, inside a dashed rectangle, 
and small/large dashed circles for low/high flows during high tide). 

 

The first campaign indicated a critical radius of 28 m when the plume 

emerged to the sea surface. The results of the C2 campaign presented a 

critical radius of up to 34 m, which occurred during the highest flow 

release in the spring flood tide. The shortest critical radius of 23 m was 

registered during the C3 campaign under the conditions of a low tide 

scenario. In this circumstance, the plume horizontal transport followed 

the advective fields, inducing the plume to displace northeastward with a 

plume radius of 1.4 m and a distance from the source of 23 m at surface. 

The ascending time was similar to that during the dry period and was 

approximately 1.1 minutes. 

 

DISCUSSION 

Comparing the experimental and numerical results, the model responds 

positively in reproducing the plume evolution throughout the water 

column. Observations from the submarine recordings showed bubbles 

rising up to the sea surface, which is in accordance with the model’s 

results. 

Simulations indicated gas plume displacement in the southwest-

northeast axis with a southwest direction for the summer campaigns (C1 

and C2). This transport was expected once the dominant current occurred 

toward as a consequence of the observed northeasterly trade winds during 

this period. Additionally, the registered current intensities appeared 

stronger during the spring flood tide of the C2 campaign, reaching 0.7 

m/s at the surface during the 9000 L/hr flow release. For the winter 

period campaigns (C3 and C4), the gas plumes were completely displaced 

northeastward from the release source, thus in agreement to the 

measured in situ horizontal current fields. 

The plume widths calculated by the GASOCEAN model, for all 

scenarios, have the same order of magnitude as those registered by 
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submarine records. However, the simulated plume widths stabilized a few 

centimeters above the gas source and presented a nearly constant value 

for each flow release in all sea campaigns (0.6 m for low flow and 1.2 for 

high flow rates). These values are often represented by the highest 

diameter recorded on the video. In contrast, the vertical plume evolution 

from all the campaigns presented an increasing width along the water 

column. However, this parameter maintained the same order of magnitude 

between the measurements and the calculations. Further sensibility tests 

involving new parameterizations of the entrainment coefficient will be 

necessary to reproduce the along depth evolution of the plume width with 

higher precision correcting these differences. Some discrepancies about 

this parameter have been observed by other authors (i.e., Rye et al. 1997; 

Yapa and Xie 2002). Those authors also observed that the values of the 

plume diameter were different compared to the simulations and 

measurements results. The simulated plume width was generally smaller 

than the measured plume width. They suggested that discrepancies were 

associated to the interference of the remotely operated vehicle (ROV), 

combined to the use of low entrainment coefficient values. 

The upwelling times of the gas plumes were similar, which were 

approximately 1.5 minutes, and were associated with the surrounding 

temperature conditions and the relative density between the fluids (the 

gas and water). Concerning the critical radius, the greatest value was 

observed during the C4 campaign during the winter neap ebb tide. 

Stronger influence for this plume displacement was the wind forcing, as 

the upper layers’ momentum are directly sustained by surface wind stress 

(Wunsch 2002). Additionally, the weak influence of the tidal forcing helps 

to make the wind action more pronounced, as observed by Araujo et al. 

(2005) in the coastal area of Suape Harbor. As in the C4 campaign, the 

weak influence of the neap tide (C1 campaign) led to prevailing action from 

the winds.  

A thermocline (vertical temperature differences greater than 2ºC) was 

observed between the 20 m and 24 m depths, and was caused by the daily 
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variation of solar radiation. The bend of the plume was observed at this 

depth, probably due to stronger current intensities over the plume along 

these depths. The plume curvature observed during the C4 campaign in 

the dynamic ebb tide period was strictly related to the current velocity, 

once it was more intense during this higher gas release, registering up to 

0.5 m/s in the surface layers. 

The plume of the C3 campaign was closer to the gas source. However, 

focusing on the slack water period, this critical radius was above the 

average. The observed differences between the C2 and C3 campaigns were 

the tidal stages and the vertical stratification depths. The vertical 

temperature gradients were observed in shallow depths (from the surface 

to 6 m depth). Near these depths, stronger currents caused the plume to 

bend. During the C4 campaign, the bottom of the plume in the W-E 

direction for the low flow presented a displacement eastward due to 

plume, which was mirrored in the x-z plan. 

 

CONCLUSION  

A synthesis of the comparison between the model’s results and sea 

measurement for the main characteristics of the gas plume campaigns is 

presented in Table 3. The comparison between the measured and the 

calculated data indicate that the GASOCEAN model satisfactorily 

represents the main features of the gas release, such as the displacement, 

diameter, and ascending time of the plume. However, the calculation of 

the vertical evolution of earlier gas plume width must be improved to more 

precisely reproduce the real situation. Moreover, other blowout 

combinations (flow rates, durations, etc.) and natural forcings (different 

periods of the year) will result in distinct configurations of the plume 

displacement and should therefore be double-checked by using the same 

methods adopted in this study. Nevertheless, the presented results and 

discussed herein represent an original and very useful dataset for 

calibration and validation of underwater gas blowout models in tropical 

and shallow oceanic systems. 
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Table 3. Synthesis observed (in situ) and modeled results gas plume features for 

different sea campaigns. 

Period Campaign-
Tide 

Mean upwelling 
time (min) 

Plume 
transport 

Mean width 
(m) 

Critical 
radius (m) 

In situ Model In 
situ Model In 

situ Model In 
situ Model 

Summer C1- Neap 1.5 1.55 S SW 2.0 1.8 26 28.3 
C2 - Spring 1.45 1.45 SW W-SW 2.7 2.1 31 34.4 

Winter 
C3 - Spring 1.4 1.10 NE NE 2.0 2.8 20 23 

C4 - Neap 1.5 1.48 NE-
N NE 1.4 1.8 32 35.2 
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APPENDIX A. GASOCEAN MODEL 

The GASOCEAN model uses a Lagrangian control volume approach for 

discretization. The plume evolution is calculated through the vertical 

displacement of this Lagrangian control volume along the ocean depth for 

each numerical time step. This displacement occurs due to the non-linear 

features between the current velocity fields and the initial momentum of 

the plume. The position of the control volume along the simulation is 

obtained by the following equations: 

tVh Δ⋅=             

 (A1) 

and 

00 V/b1.0t ⋅=Δ ,          

 (A2) 

where h  = the depth of the control volume [m], V  = the local plume 

velocity [m.s-1], and Δt  = a specified time step [s]. In Eq. (2), 0b  = the ratio 

of the initial control volume [m] in contact with the sea bottom, which is 

obtained from the blowout release, and 0V  = the initial blowout velocity 

[m.s-1]. 

The main equations used in GASOCEAN model describing the gas 

plume evolution are presented as follows and further detailed explanations 

may be found in Yapa and Zheng (1997), Zheng et al. (2002), and Chen 

and Yapa (2004). The notation of variables used in the model is presented 

in Appendix B.  
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The momentum equations are applied to the average conditions in 

each control volume, taking into account the relative velocities between 

the gas and liquid: 

( )[ ] gcomeaahbl QuQuummm
dt
d ρρ −=++        

 (A3) 

( )[ ] gcomeaahbl QvQvvmmm
dt
d ρρ −=++        

 (A4) 

The momentum equation in the vertical direction, with the 

incorporation of bubble ascending velocities relative to the slip (buoyant) 

velocity, is given by the following equation: 

( ) ( )

( ) ( ) ( )
l b h b

2 2
a a e com g a l a com

d m w m m w w
dt

w Q w Q g b 1 h g b hρ ρ ρ ρ π βε ρ ρ π βε

+ + + =

− + − − + −

⎡ ⎤⎣ ⎦          (A5) 

 

where lm = the plume liquid mass [kg], bm = the plume gas mass [kg], hm = 

the mass of hydrates inside the plume [kg], u = the horizontal plume 

velocity in the x direction [m.s-1], au = the ambient horizontal velocity in 

the x direction [m.s-1], aρ = the density of the ambient seawater [kg.m-3], 

which was obtained from the field data, eQ = the entrainment water flux 

[m3.s-1], comρ = the composite density of the hydrates and gas [kg.m-3], gQ = 

the gas flux [m3.s-1], v = the horizontal plume velocity in the y direction 

[m.s-1] and av = the ambient horizontal velocity in the y direction [m.s-1], 

which was obtained from field data. For the vertical direction, w = the 

plume vertical velocity [m.s-1], aw = the ambient vertical velocity [m.s-1], 

bw = the gas bubble (or bubble slip) velocity [m.s-1], lρ = the liquid density 

of the plume [kg.m-3], g = the acceleration due to gravity [m2.s-1], b  = the 

plume radius [m], β = the ratio between the cross-sectional areas occupied 

by the gas and that of the plume and h  = the control volume height [m], 

which ranges from 0.65 to 0.8 for vertical plumes (Yapa and Zheng 1997). 
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The gas bubble volume fraction inside the control volume, including 

hydrate shells, is represented by ( ) ( )comll / ρρρρε −−= , where ρ = the density 

of gas plume and liquid mixture [kg.m-3].  

Lee and Cheung (1990) proposed that the entrainment is the 

combination of shear-induced entrainment and forced entrainment. The 

former occurs because of shear between the plume and the ambient fluid 

and is always present even with no ambient currents. The latter is 

considered when the advection of ambient fluid into the plume takes 

place. The equations resulted from the work of above authors are given 

below: 

'
as VVbh2Q −= απ           

 (A6) 

in which sQ = shear-induced entrainment, and α = entrainment coefficient. 

t))cos(cos
2

coscos12coscos(Q
2

22
x ΔΔ+−Δ+Δ= θφπφθθφπρ bsbbbuaa   

 (A7) 

t))sin(cos
2

cossin12sincos(Q
2

22
y ΔΔ+−Δ+Δ= θφπφθθφπρ bsbbbvaa   

 (A8) 

t)sin
2

cos2sin(Q
2

z ΔΔ+Δ+Δ= φπφφπρ bsbbbwaa      

 (A9) 

where zyx QandQ,Q = forced entrainment components in x, y and z, 

respectively, aaa wandv,u = components of aV , θ  = angle between the x axis 

and the plume projection on the horizontal plane, zandy,x ΔΔΔ  = 

displacements of a control volume during one time step, which are found 

in 222 zyxs Δ+Δ+Δ=Δ . 

The gas dissolution process in the liquid environment is considered 

through the following expression (Zheng and Yapa 2002): 
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( )0CCKA
dt
dn

s −= ,                     

(A10) 

in which n = the number of moles of gas in a bubble [mol]. K  = the mass 

transfer coefficient [m.s-1], A  = the surface area of a gas bubble [m2], SC = 

the gas solubility (i.e., saturated value of 0C ) [mol.m-3] and 0C = the 

dissolved gas concentration [mol.m-3]. 

The theoretical concept developed by Davidson and Pun (1999) and 

Davidson and Wang (2002) is applied for estimating the eventual 

separation between gas and oil plumes throughout the seawater column. 

This approach defines the excess momentum (per unit density - M0) of the 

mixture according to the environment forcing for each time step as 

follows: 

( ) 2
00A00 bUUUM −= π                     

(A11) 

where M0 = excess momentum in the control volume (gas and oil) [m4.s-4], 

U0 = initial velocity of the gas and oil mixture [m.s-1], and UA = velocity of 

the currents in the ocean [m.s-1]. 

The characteristic length scale - XSW [m], which is calculated at each 

numerical time step, supplies an estimate of the transition point between 

the weakly advected and the strongly advected behavior. This order of 

magnitude estimate associates the excess momentum in the mixture (oil 

and gas) to the ocean momentum (always by units of density) and is 

represented by: 

A
SW U

MX
2/1

0≅                       

(A12) 

Experimental data reveal that plumes separation (XSEP) actually 

occurs when the excess momentum in the ambient fluid is about 

hundredfold the momentum of the plumes, which means: 
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( ) 100
/2/1

0

≤
A

SEP
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X                      

(A13) 

The variation (loss) of gaseous mass from the hydration and 

dissolution processes in the ambient water is given by the following 

equation: 

g
sb M

dt
dn

dt
dnJf

dt
dm

⎟
⎠
⎞

⎜
⎝
⎛

+⋅⋅⋅−= τ ,                   

(A14) 

in which dt/dmb = the gaseous mass loss due to hydration and dissolution 

[kg.s-1], ε=f  is the gas fraction inside the control volume, J  = the gas 

bubble flow inside the control volume [bubble nº.s-1], tΔ=τ  is the gas 

traveling time through the control volume [s] dt/dn = the hydrate formation 

rate [mol.s-1] and dt/dns = the gas dissolution tax regarding the gas bubble 

[mol.s-1]. gM is the gas molecular weight [kg.mol-1] according to the 

following equation: 

ZRTPM bg ρ= ,                     

(A15) 

where P  = the ambient pressure [Pa], Z = the compressibility factor, R = 

the universal gas constant [8.31 J.mol.K] and T = the temperature [K]. 

The liquid mass conservation for each time step is computed by the 

equation below: 

Whea
l M

dt
dnnfQ

dt
dm

⋅−= ρ ,                    

(A16) 

where dt/dml  = the gaseous mass loss due to dissolution [kg.s-1], hn = the 

hydrate number (ex.: hn = 6 for CH4) and WM = the water molecular weight 

[kg.mol-1]. 
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APPENDIX B. PAPER’S NOTATIONS 

The following symbols are used in this paper: 

A  surface area of a gas bubble [m2] 

b  plume radius [m] 

0b  ratio of the initial control volume [m] 

0C  dissolved gas concentration [mol.m-3] 

SC  dissolved gas saturation concentration (i.e., solubility) [mol.m-3] 

g  gravity acceleration [m2.s-1] 

h  depth of control volume or plume height [m] 

k  coefficient of mass transfer [m.s-1] 

bm , hm , lm  mass of the gas, hydrates and liquid, respectively in the plume [kg] 

n  number of moles of gas in a bubble [mol] 

eQ  entrainment water flux [m3.s-1] 

gQ  gas flux [m3.s-1] 

br  internal radius of the gas bubble [m] 

hr  external radius of the gas bubble (including hydrate) [m] 

u , v  
plume horizontal velocities respectively in the x and y directions, 

respectively [m.s-1] 

au , 

av  

ambient horizontal velocities respectively in the x and y directions, 

respectively [m.s-1] 

w  plume vertical velocity [m.s-1] 

aw  ambient vertical velocity [m.s-1] 

bw  gas bubble (or bubble slip) velocity [m.s-1] 

β  
ratio between the cross-sectional areas occupied by the gas and that 

of the plume OR the gas core width/jet diameter 

ε  volume fraction of gas bubbles (including hydrate)  
ρ  density of the gas plume and the liquid mixture [kg.m-3] 

aρ  density of the ambient seawater [kg.m-3] 

bρ  gas density [kg.m-3] 

comρ  composite density of the hydrates and gas [kg.m-3] 

hρ  density of the hydrate [kg.m-3] 

lρ  liquid density of plume [kg.m-3] 

Δt  specified time step [s] 
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V  local plume velocity [m.s-1] 

0V  initial blowout velocity [m.s-1] 
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Chapter 5 
 

 

 

 

 

 

 

 

Conclusions and Perspectives 
 

The increasing demand for offshore production and exploration of 

gas and oil has directed the attention to the sea in the last decades due to 

such lucrative activity. As the number of subsea installations for 

petroleum exploration increases, the risk of potential accidents also 

increases. It is important to know where, when and how much gas will 

reach the surface. The use of computer models in contingency planning 

and emergency response is often required in order to simulate the 

behavior of gas/oil plumes if accidently released in the sea through wells 

or ships. On the other hand, realistic experiments, which are essential to 

verify the model response, are expensive, potentially dangerous and 

demand complex logistical planning. In consequence, the publication of 

these field experiments is sparse in the literature and the existing ones 

were done in temperate climate deep zones.    

According to the motivations above, the main objective of this study 

was to enhance the knowledge concerning blowouts in shallow tropical 

waters. In order to achieve this intent, the evolution of natural gas plumes 

was analyzed under the coastal hydrodynamics of a region in the 

Northeast of Brazil. Field experiments were done during two different gas 

release rates at approximately 30 m depth in neap/spring tides of the 
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summer/dry and winter/rainy periods. Afterward, a computational model 

was developed and applied to simulate the transport and dispersion of a 

subsurface gas plume released from shallow waters. The model used the 

field data as forcing and also for verification of the numerical results. 

The field experiments during the simulated subsurface releases 

yielded unique data for shallow tropical waters. No discrepancy was 

observed between the gas release data and the control data. The gas flow 

releases (up to 9000 L.h-1) seemed not to affect the local hydrodynamics, 

which followed its natural course where the meteorological and tidal 

forcing prevailed. The plume width was similar from the bottom to the 

middle depth of the water column for all of the campaigns. Differences 

appeared mainly in the upper surface layer, when the plume reached a 

width of up to 3 m close to the surface. The gas plume displacement was 

toward the south-southwest during the summer period and toward the 

northeast-north during the winter period being always influenced by the 

tidal and meteorological forcing.  

The gas model was formulated from a set of routines produced in 

computational code using a Lagrangian control volume approach for 

discretization. The simulations of the gas plume evolution, associating 

thermodynamics and its impact on the hydrodynamics of the gas plume, 

were applied for several scenarios encountered during the field campaigns. 

It was possible to evaluate the temporal evolution of the gas plume 

transport during different seasons and gas flows. 

Considering the difficulties faced in operating at sea and the 

singularity of the field data, the opportunity to compare these observed 

data with numerical results could not be missed. Simulations indicated 

gas plume displacement in the southwest-northeast axis with a southwest 

direction for the summer campaigns (C1 and C2). This transport was 

expected once the dominant current occurred toward this direction as a 

consequence of the observed northeasterly trade winds during this period. 

The registered current intensities appeared stronger during the spring 

flood tide of the C2 campaign, reaching 0.7 m.s-1 at the surface during the 
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9000 L.h-1 flow release. On the other hand, the gas plumes were 

completely displaced northeastward from the release source during the 

winter period campaigns (C3 and C4), thus in agreement to the measured 

in situ horizontal current fields. The plume widths (1.2–2.8 m) and 

ascending times (1.1–1.6 min) from the modeling presented the same 

order of magnitude as those registered by submarine records for all 

scenarios. 

The numerical results, as well as the experimental data, indicated 

that the gas plume is horizontally displaced toward the predominant 

current direction as the plume rises in the water column. The most 

extreme situation (maximum transport) was observed during the ebb tidal 

stage of the winter neap tide, which provided a critical radius (maximum 

horizontal displacement) of 35.2 m from the gas release source. 

As this is the first known gas experiment performed in the shallow 

coastal waters of Brazil, it seems also important to register difficulties and 

suggestions for later studies. A considerable improvement for this 

methodology would be setting four GPS waypoints in a rectangular area, 

with the gas release location and the potential area for plume dispersion 

inside it to acquire better data for comparison. This simple practical 

approach would avoid additional efforts to align and to compare 

measurements issued from different campaigns. Another aspect is 

associated with the absence of a real-time strict recording control from the 

surface, which would lead to a better capture of the overall plume 

evolution.  

The ADCP results sometimes did not registered the data, which 

could be associated with the intersection of the transmitted pulse with the 

gas bubbles. Several tests with the ADCP frequency should be taken into 

account. These experiments would help to calibrate the equipment and to 

obtain an accurate value to track gas bubbles. Besides, the water turbidity 

during winter campaigns lowered the quality of the video recordings. Such 

mishaps could be amended with the use of a camcorder spotlight or, even 

better, with the use of a remotely operated vehicle (ROV). 
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Although the mean plume widths have the same order of magnitude 

between the measurements and the calculations, improvements may 

enhance the model’s performance in reproducing precisely the real 

situation. 

Nevertheless, the presented experimental results represent an 

original and very useful dataset for calibration and validation of 

underwater gas blowout models in tropical and shallow oceanic systems. 

The comparison between the measured and the calculated data indicate 

that the GASOCEAN model satisfactorily represents the main features of 

the gas release, such as the displacement, diameter, and ascending time 

of the plume. Other blowout combinations (flow rates, durations, etc.) and 

natural forcings (different periods of the year) will result in distinct 

configurations of the plume displacement and should therefore be double-

checked by using the same methods adopted in this study. 
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