
J. Marine Sci. Appl. (2016) 15: 433-441 

DOI: 10.1007/s11804-016-1376-4 

Modeling the Flow Regime Near the Source in  
Underwater Gas Releases 

Lakshitha T. Premathilake, Poojitha D. Yapa*, Indrajith D. Nissanka and Pubudu Kumarage 

Department of Civil and Environmental Engineering, Clarkson University, Potsdam, NY 13699, USA 

 
Abstract: Recent progress in calculating gas bubble sizes in a 
plume, based on phenomenological approaches using the release 
conditions is a significant improvement to make the gas plume 
models self-reliant. Such calculations require details of conditions 
Near the Source of Plume (NSP); (i.e. the plume/jet velocity and 
radius near the source), which inspired the present work. 
Determining NSP conditions for gas plumes are far more complex 
than that for oil plumes due to the substantial density difference 
between gas and water. To calculate NSP conditions, modeling the 
early stage of the plume is important. A novel method of modeling 
the early stage of an underwater gas release is presented here. 
Major impact of the present work is to define the correct NSP 
conditions for underwater gas releases, which is not possible with 
available methods as those techniques are not based on the physics 
of flow region near the source of the plume/jet. We introduce super 
Gaussian profiles to model the density and velocity variations of 
the early stages of plume, coupled with the laws of fluid mechanics 
to define profile parameters. This new approach, models the 
velocity profile variation from near uniform, across the section at 
the release point to Gaussian some distance away. The comparisons 
show that experimental data agrees well with the computations. 
Keywords: underwater gas releases, bubble plumes, near source 
conditions, plumes/jets, oil and gas spill models 
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1 Introduction1 

1.1 Background 
The rise in energy demand has increased the offshore oil 

and gas production dramatically in the last two decades. The 
new trend of replacing coal with natural gas in the power 
sector partially influenced the natural gas production in the 
world. To cater to this ever increasing natural gas demand, oil 
and gas producers are exploring more offshore natural gas 
resources. In the Arctic the largest portion of the offshore 
resources is found to be natural gas (85% is natural gas 
against 13% oil – Ferentinos, 2013). 85% of Brazil’s natural 
gas reserves are known to be located offshore (U.S. EIA, 
2014). With the growth of offshore gas production, the 
tendency is to produce more gas from deepwater than the 
shallow water. Permits issued for US Gulf of Mexico in 2012 
were nearly 100 for deepwater (well) drilling, while only 50 
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were for shallow water drilling (Ferentinos, 2013). The 
increase of natural gas production has increased the risk of an 
accidental underwater gas releases. Deep Water Horizon 
(DWH) accident in the Gulf of Mexico in 2010 is an example 
for such a major oil and gas release. In such incidents 
computer models play an important role in predicting the fate 
and transport of gas and surfacing rates, for contingency 
planning and emergency response. After the DWH incident 
there appears to be a tendency in the energy industry to use 
models more frequently for risk assessment and contingency 
planning. Many computer models have been developed to 
simulate underwater oil and gas releases, while only a few 
models have the capability to simulate the fate of deepwater 
gas releases (e.g. Johansen, 2000; Zheng et al., 2003; Yapa et 
al., 2010).  

The available models have shown an acceptable level of 
performance in predicting the spread of released gas from 
underwater gas releases. But the results calculated with 
those models depend on the Bubble Size Distribution (BSD) 
used. In most modeling endeavors BSD is either manually 
defined or computed using simple empirical relations based 
on limited experimental data (Johansen, 2000). In general 
the issue with empirical models is that there is uncertainty of 
their validity when they are used for conditions outside the 
range of the tested values. In the recent years, 
phenomenological models have been developed to calculate 
BSD more accurately (Bandara and Yapa, 2011; Zhao et al., 
2014; Nissanka and Yapa, 2016). They have been tested for 
a wide variety of release conditions and are known to work 
well. Because such models are phenomenologically based, 
they are expected to give reasonable results even outside the 
range they were tested as long as the underpinnedphysics are 
not totally different. In these models key processes that 
decide the BSD are bubble breakup and coalescence. 
Previous studies have shown that the bubble breakup and 
coalescence in the region near the source of gas jet/plume is 
critical to calculate the BSD (Bandara and Yapa, 2011). To 
compute the correct BSD, it is necessary to provide the 
correct plume/jet velocity near the source for underwater gas 
plume models. However defining Near the Source of Plume 
(NSP) conditions for an underwater gas release is more 
complicated than in underwater liquid releases. The large 
density difference between the gas and ambient water 
creates instabilities near the shear layer between the gas 
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jet/plume and the ambient water (Drew et al., 2011). As a 
consequence of instabilities together with gas momentum, 
much of the adjacent ambient water is set in motion to create 
an outer liquid plume around the gas jet/plume in a stagnant 
ambient (Olsen and Skjetne, 2016). This phenomenon has 
been discussed in previous studies done by Kobus (1968), 
Cederwall and Ditmars (1970), McDougall (1978), 
Fannelop and Sjoen (1980) and Milgram (1983) for bubble 
jets and plumes. The presence of outer liquid plume around 
the gas jet changes the NSP conditions for the composite 
gas-liquid plume. In previous integral models for bubble 
plumes, NSP conditions were roughly estimated since no 
BSD computation was considered for predicting the spread 
of the plume. Different techniques which have been used to 
determine the NSP conditions for these types of bubble 
jets/plumes are discussed in the following section. 

1.2 Literature review 
Virtual Origin Technique (VOT) is commonly used to 

determine NSP conditions for bubble plume models 
(Cederwall and Ditmars, 1970; Liro et al., 1991). This 
technique was derived by simplifying the general governing 
equations for buoyancy driven bubble plume in shallow 
waters combined with experimentally observed facts. 
Although VOT is a semi-empirical method, it disregards the 
detailed physics in near source region by using the length of 
the Zone of Flow Establishment (ZFE) as the distance to the 
virtual origin. However, deepwater gas releases are not 
always buoyancy driven. Deepwater Well Blowouts (DWBs) 
can contain high momentum at the source. Furthermore, 
ZFE of a deepwater gas release is much more important, 
because a significant percentage of bubble break-up and 
coalescence takes place during this near source region. 
However, VOT does not provide the velocity distribution of 
the near source region of the gas jet or plume that can be 
used to calculate the bubble break-up and coalescence. 

Another technique that has been used by the researchers is 
the initial Froude number (Fr) method (Wüest et al., 1992; 
Socolofsky et al., 2008; Lima Neto, 2012), which is also 
empirically derived for buoyancy driven shallow water gas 
plumes used for lake aerations. Nevertheless the initial Fr 
value for bubble plumes used in lake aeration has not been 
verified for DWBs with experimental data. McDougall 
(1978) also presented a theoretical formulation to compute 
the approximate plume velocity and radius of a bubble 
plume. McDougall’s analysis is based on the assumptions 
that the plume is solely driven by buoyancy and the 
existence of a constant gas flux up to the surface. 
Furthermore, McDougall assumes a Gaussian velocity 
profile for the theoretical derivations, which implies that 
McDougall’s formulation is valid beyond the ZFE. 
Therefore, it is unlikely that we can get the correct NSP 
conditions using Mcdougall’s formulation. Smith (1998), 
Mudde and Simonin (1999), Sokolichin et al. (2004), 
Fabregat et al., (2015) proposed analytical bubble plume 
models with numerical simulations. Since these models 
solve Navier-Stokes equations with different turbulent 

closure models to compute the hydrodynamics of the 
ambient water, they do not need specific treatment for the 
NSP conditions of the liquid phase as in integral models. 
But these models are computationally more expensive 
(Cloete et al., 2009) by orders of magnitude compared to 
integral models. McGinnis et al. (2004) studied the near 
field behavior of a bubble plume in a stratified lake with an 
integral model, yet the NSP conditions were based on initial 
Fr number technique as suggested by Wüest et al. (1992).  

Hirst (1971) presented a model to simulate the behavior in 
ZFE of a buoyant jet. The objective of Hirst’s model is to 
define the NSP conditions for fully developed gas jet/plume 
by using the physical properties at the end of the ZFE region. 
The major drawback in this method is disregarding the 
variations of the averaged velocity profiles and the density 
profiles within the ZFE which is particularly important for 
an underwater gas release. Further, Hirst suggests an 
empirical formulation for the entrainment function to be 
used in the ZFE which is not specifically for gas releases. 
Although Hirst had the proper vision to consider the physics 
of ZFE to determine the NSP conditions for jet/plume, his 
method needs further modifications to compute NSP 
conditions for underwater gas releases. As highlighted in 
Hirst’s work we also emphasize the modeling of the 
phenomena that exist in ZFE, to determine the NSP 
conditions of an underwater gas release. But according to 
our findings, there are very few published, detailed studies 
on the near source regions of underwater gas releases. 
Further, many of them contain qualitative experimental 
observations and very few have experimentally measured 
useful data. Hussain and Siegel (1976) proposed a 
mathematical model to simulate the liquid jet induced by a 
gas plume/jet. Authors claim this model is more accurate in 
the near source regions of submerged gas releases. But the 
assumption of a Top hat profile for the liquid velocity poses 
an ambiguity, since the experimental observations do not 
agree with the author’s assumption. Nevertheless the 
challenge in modelling underwater gas releases is the lack of 
useful data specifically measured, close to the origin of the 
release. Most of the older experimental data on underwater 
gas releases has been measured after the flow establishment 
region (beyond ZFE). In the recent past, Simiano (2005) and 
Simiano et al. (2006) presented comprehensive experimental 
data related to the physical phenomenon that exists in the 
near source region of a submerged gas release.  

In summary, the NSP conditions are determined at present 
by disregarding the phenomena that happen in the very early 
stage of the jet/plume. This paper investigates what happens 
in the early stage of an underwater gas release to lay the 
foundation for future calculation of BSD. With this study we 
present a formulation to model the physical phenomenon 
that exists in the near source region of an underwater gas 
release. The primary purpose of this early stage modeling is 
to determine the NSP conditions of an underwater gas 
release. The proposed formulation is derived using the laws 
of basic fluid mechanics. We use experimental data provided 
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in Simiano (2005) for the calibration and validation of the 
proposed method. 

2 Mathematical model 

In integral jet/plume models for underwater oil and gas 
well blowouts (e.g. Zheng et al., 2003), liquid phase 
velocity is considered as the plume velocity of the 
composite gas-liquid plume. To start the model simulation 
we need to define the NSP conditions of the composite 
plume, which are the near source velocity and plume width. 
These NSP conditions need to be deduced based on the early 
stage of the plume. Therefore, we model the physics of 
liquid phase in the earliest stage of a typical underwater gas 
release. The governing equations are derived for time 
averaged properties of the liquid phase in quasi-steady state 
conditions. It has been a known fact that in underwater gas 
releases the averaged turbulent velocity profiles for the 
liquid phase vary from Top hat to Gaussian shape within the 
ZFE. This can be further observed from the experimental 
data in Simiano (2005) and Simiano et al. (2006). A proper 
mathematical representation is needed to capture this 
transition of velocity distribution. Previous studies have 
shown that the properties whose profile changes from Top 
hat to Gaussian can be represented by a Super Gaussian 
distribution (Shealy and Hoffnagle, 2006). Hence, we use 
the Super Gaussian profile as given by Eq. (1) to represent 
the time averaged turbulent velocity profiles of the liquid 
phase within the developing flow region 
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where ul = velocity profile of liquid phase at a given height 
from the release port; Ucl= liquid velocity at the center line 
of the jet/plume; r= radial distance from the centerline of the 
jet/plume; b= effective plume radius, and N= shape factor 
for the velocity profile. We assume that the variations of the 
properties within the plume are caused by the developing 
velocity profile. We also assume that the shape factor is the 
same for the liquid velocity profiles and plume density 
profiles at the same corresponding levels. Then, the time 
averaged density variation across a plume section can be 
given by  
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where ρj = plume/jet density; ρl = ambient liquid (water) 
density. λ= the spreading ratio that is defined as the ratio 
between the radius of the gas core and the total plume radius, 

m  = difference between the density at the centerline of 

the plume and the ambient liquid density. Since a large 
amount of gas remains at the center region of the plume at 
stagnant ambient conditions, it is reasonable to assume that 

m l g     ; where ρg is the gas density. The void 
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N

r

b




        
 by 

re-arranging Eq. (2). 
The governing equations are derived by applying the 

Reynolds transport theorem over a selected Eulerian control 
volume as shown in Fig. 1. The control volume starts from 
the release port up to a desired height below the ZFE. We 
use the control volume approach to reduce the mathematical 
complexities caused by the super Gaussian profiles. 

 

 
Fig. 1 Schematic of an underwater gas release 

 
2.1 Mass conservation for the liquid phase 

We assume steady state conditions and constant ambient 
liquid density within the range of ZFE. By applying 
Reynolds Transport Theorem, mass conservation of liquid 
phase for a selected control volume can be derived as 
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where me = liquid mass entrained into the plume due to 

shear. The ambient liquid entrainment into the plume due to 
gas velocity is small compared to the ambient liquid 
entrainment due to the plume-liquid velocity (Husssain and 
Siegel, 1976). Furthermore, the entrained liquid mass is 
proportional to the surface area of the control volume. 

Therefore me  is evaluated as, 0
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where z = vertical distance:  = entrainment coefficient. 

After integrating and substituting for me , Eq. (3) reduces to 

a non-dimensional form as 

0
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where 0/B b b = non-dimensional plume radius; b0 = 

radius of the release port. Here H is evaluated as  
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where   = Gamma function, N= shape factor for the 
super Gaussian profile. 

2.2 Momentum conservation for the liquid phase 
The upward momentum on the liquid is induced by the 

drag force created by the moving gas bubbles (Hussain and 
Narang, 1984; Delnoij et al., 1997). Momentum 
conservation for the liquid phase can be expressed as  
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where FD= drag force acting on the liquid mass by the 
moving gas bubbles. For simplicity, the gas bubbles are 
assumed to be solid spheres in the analysis (Delnoij et al., 
1997). According to Delnoij et al. (1997) the drag force 
acting on the liquid by a single gas bubble (fd) can be 

evaluated as, 
220.5πd D l b rf C R u . Here, CD = drag 

coefficient between the liquid phase and gas bubble; Rb= 
mean radius of a gas bubble. If gas bubbles are distributed 
over a wide range of diameters, we recommend using radius 
corresponding to Sauter mean diameter (ds) for Rb, which is 
given by 
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where ni = number concentration of ith bubble diameter 
class; di = corresponding diameter of the ith bubble diameter 
class. ur is the relative velocity between the liquid phase and 
the moving gas bubbles, which is approximately equal to 

cgu . cgu  is the gas velocity at the plume/jet axis and it is 

approximated as, 0cg bu U u   where, 0U  is the near 

source gas release velocity and bu  is the buoyant velocity 

of the gas bubbles. Then the total drag force acting on the 
liquid phase can be expressed as 
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where 0m  = the mass flowrate of gas at source; vg= volume 
of a gas bubble of mean diameter. By integrating Eq. (6) and 
substituting from Eq. (8) the momentum conservation 
equation can be simplified to a non-dimensional form as 
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Solving Eq. (4) and Eq. (9) simultaneously gives the 
non-dimensional liquid velocity at the plume axis at a height 
z as 
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where M and G are calculated as 
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Based on the derivation above, the plume centerline 
velocity and the plume width in the developing flow region 
of the plume can be expressed using Eqs. (4), (9), (10), (11) 
and (12). To completely define the NSP conditions we need 
to calculate the drag coefficient (CD , shape factor for 
velocity profile (N), and the entrainment coefficient (α). Due 
to lack of rigorous theoretical explanations for CD, N, and α, 
we propose semi-empirical equations to describe them based 
on physical experimental evidences. 

3 Experimental data 

Detailed experimental data for the ZFE of underwater gas 
releases are rare. Simiano (2005) contains comprehensive 
and useful data. The experiments were carried out in LINX 
(Large-scale Investigation of Natural circulation, 
condensation and miXing) facility in Switzerland which is 
equipped with modern instrumentation. The liquid and 
bubble velocity distributions inside the plume were 
measured using Particle Image Velocimetry (PIV). Then the 
radial distributions of averaged turbulent velocity profiles 
for the liquid phase at different heights were given. More 
details on the experimental procedure and parameters can be 
found in Dhotre and Smith (2007). Some of the key 
experimental parameters are given in Table 1. The 
experimental data are shown along with the model results in 
the next section. 

 
Table 1 Some key experimental parameters (Dhotre and 

Smith, 2007) 

Parameter Value 
Air mass flow rate/(Nliter*·s−1) 0.125, 0.25 
Immersion depth/m 1.5 
Injector plate diameter/m 0.15 
Vessel diameter/m 2.0 
Averaged bubble sizes/mm 2–3 

*Nliter = Normalized Liter 

4 Results and discussion 

This section describes the calibration and verification of 
the method developed in this paper using the experimental 
data from Simiano (2005). The parameters CD, N, and α in 
the formulation need to be modeled empirically with 
physical insight, since they are too complex to evaluate 
theoretically alone. Therefore, a few selected experiments 
are used to calibrate the model and the others are used to 
validate the model. Figs. 2(a)–(d) show the comparison 
between the computed values and the experimental data 
used for calibration of the model. Model verification with 
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experimental data are shown in Figs. 3–5. These figures 
show nine subplots which include comparisons with 
experimental data. 

According to Delnoij et al. (1997) CD can be determined 
based on the Reynolds number as suggested by Clift et al. 
(1978). Delnoij et al. (1997) emphasizes that the drag 
predicted as in Clift et al. (1978) varies from the actual 
values in practical situations. The drag force is expected to 
vary in the ZFE where the liquid flow is accelerated (as 
shown experimentally in Simiano, 2005) and the drag force 
becomes constant at the end of the ZFE. One reason for this 
variation in the drag force is the bubble break up and 
coalescence. Bubble break up and coalescence occur 
extensively within the ZFE and gradually diminish at the 
end of ZFE (Bandara and Yapa, 2011) which causes the drag 
force to reach a nearly constant value. This variation of drag 
force can be best represented by expressing CD as a function 
of shape index N. Therefore, an expression for CD is 
proposed as 

0.5
0.0246 1

expDC
N N

                        

(13) 

The shape index - N is the parameter that defines the 
shape of the velocity profile in the developing flow region. 
The velocity profile should change from top-hat to Gaussian. 
Here, the gas release conditions and the non-dimensional 

distance along the plume centerline are identified as key 
variables that affect the velocity profile for a particular 
height z. Thus N can be expressed as a function of the 
release Froude number and non-dimensional vertical 
distance. N can be expressed in functional form as 
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 where the functional form has 

to be decided based on experimental data. Then using the 
data in Fig. 2(a) to (d) an expression is formed for N as 
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where Fr0= Froude number of gas flow at the release port ; 
D0= diameter of the release port. N is expected to be a large 
number, representing a top hat profile, at the beginning and 
N=2, representing a Gaussian profile at the end of the ZFE 
region. This can be achieved by selecting the appropriate 
value for k. Earlier studies have shown that the length of 
ZFE has to be roughly varied between 5D0 to 10D0. 
According to our calculations, k=4 gives a large value for N 
at the beginning and asymptotically reach 2 while ZFE is 
around 5D0. Thus, k=4 is suggested. 

 

       
(a) At a height of 285 mm                                       (b) At a height of 299 mm 

 

       
(c) At a height of 312 mm                                         (d) At a height of 372 mm 

Fig. 2 Radial velocity distribution against experimental data for an air flow rate of 0.125 L/s 
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(a) At a height of 279 mm 

 
 

 
(b) At a height of 405 mm 

 
 

 
(c) At a height of 438 mm 

Fig. 3 Radial velocity distribution against experimental data 
for an air flow rate of 0.125 L/s 

 
  Previous studies on the behavior of entrainment 
coefficient in ZFE for underwater gas releases are extremely 
rare. According to Hill (1972), the entrainment coefficient in 

the near source region of an underwater gas release varies 
with vertical distance. Falcone and Cataldo (2003) also 
conducted an experiment to study the entrainment 
coefficient in the near source region of a horizontal pure 
liquid jet. They also presented an empirical relation for the 
entrainment coefficient in the near source region as a 
function of non-dimensional vertical distance. Based on the 
work done by Hill (1972) and Falcone and Cataldo (2003) 
the entrainment coefficient is formulated as a function of 
non-dimensional vertical distance given by 

3.1

00.07225 0.0374
D

z
    

 
           (15) 

Experimental conditions given in Dhotre and Smith (2007) 
and Simiano (2005) are simulated using the newly 
developed computational model, so that computational 
results can be compared with the experimental values. The 
liquid velocity profiles computed at different heights for 
different air flow rates are compared with the experimental 
data, as shown in Figs. 3–5. Empirical coefficients and 
relations remain constant throughout all the simulations 
described here. In all the figures US is referred to as the 
vertical liquid velocity at a specific radial distance for a 
given plume section. 

From Figs. 3 and 4, it is clear that the liquid velocity 
profiles change from top hat to Gaussian with the increase 
of distance from the release point. During this transition of 
velocity profiles, the mean liquid velocity increases 
gradually. This acceleration of the liquid is caused by the 
drag force acting on the liquid by the moving gas with a 
high momentum. All the plots in Fig. 3 show a good 
agreement with the experimental data. This implies that the 
super Gaussian profile can clearly represent the variation of 
velocity distribution mathematically. This fact is further 
consolidated by the plots in Fig. 4, which are for a different 
air flowrate (15 L/s). In Fig. 4 plots (a), (b), and (c) show a 
good agreement with experimental data while plots (d), (e), 
and (f) show an acceptable agreement with marginal 
deviations. It must be stated that the coefficients in the 
empirical relations are kept the same (fixed) for all the cases 
presented in this paper. 

The reason for these discrepancies is that the immersion 
depth is not relatively large enough, compared to the 
diameter of the injector plate to avoid the circulation of 
liquid jet induced by the gas flow. This internal flow 
circulation affects the entrainment process and makes it 
more complex. Since stagnant ambient conditions are 
assumed and disregarded the circulation effects in the 
theoretical model, the computed data estimates higher liquid 
velocities compared to the measured data.  

In spite of the short comings described above, the 
suggested method simulates the near source velocity profiles 
well enough for different flow conditions. Since the plume 
heights which have been considered for data gathering are 
very close to the release port, it is not possible to observe a 
significant growth of plume radius. Therefore, comparisons 
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for B are not relevant for the presented study. However, the 
most important parameter to decide the plume velocity near 
the source is the liquid velocity of the plume axis at the 
desired height. It is important that we calculate the liquid 
velocity at the plume axis with reasonable accuracy. Fig. 5(a) 

and (b) shows the comparison of non-dimensional velocity 
at the plume axis at different heights of the plume for two 
different gas flowrates (7.5 L/s and 15 L/s). The computed 
liquid velocities at the plume axis match well with the 
measured data for two different air flowrates. 

 
 
 

    
                   (a) At a height of 285 mm                                          (b) At a height of 299 mm 
 
 
 

    
(c) At a height of 312 mm                                        (d) At a height of 372 mm 

 
 
 

     
(e) At a height of 405 mm                                       (f) At a height of 438 mm 

Fig. 4 Radial velocity distribution against experimental data for an air flowrate of 0.25 L/s 
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(a) For an air flowrate of 0.125 L/s 

 

 
(b) For an air flowrate of 0.25 L/s 

Fig. 5 Center line velocity at different plume heights against 
experimental data 

5 Summary and conclusions 

This paper developed a new way to model the time 
averaged velocity and density variations during the early 
stage of an underwater gas release. The core part of the work 
depends on the analytical equations (Eqs. (1) to (12)) which 
mathematically represent the plume behavior near the source. 
To close the equations developed based on the physical laws 
(i.e. Eqs. (1) to (12)) the three semi-empirical parameters 
(CD, N, and α) should be evaluated. Eqs. (13) to (15) are 
introduced to compute those parameters. These empirical 
relations can be further strengthened in the future if more 
data becomes available. 

The major application of this new work is to determine 
accurate NSP conditions for underwater gas releases. This 
will help future comprehensive simulations of gas transport 
and fate in two ways: i) more accurate calculation of gas 
bubble size distribution; ii) completely automated 
simulation (transport and fate) of underwater gas releases. 

Simiano’s (2005) experimental data are used to validate 
the suggested model. One set of experimental data 

consisting of 4 experiments was used to evaluate the three 
empirical coefficients. Then a different set of data that 
consist of 9 experiments were used to test and validate the 
developed model.  

In the comparisons, the computed data matches well with 
the measured data, with small deviations in higher air 
flowrates. Since the experiment was conducted in a closed 
vessel it is unavoidable to have internal flow circulations 
within the vessel specifically for higher gas flowrates. But 
actual underwater gas releases occur in infinite fluid 
domains, where the suggested modeling approach is 
expected to work well even for higher flowrates. Further, the 
comparisons illustrates that the proposed mathematical 
model can successfully simulate the transitions of liquid 
velocity profiles from Top hat to Gaussian in the ZFE region. 
The liquid velocity increases until the liquid plume is fully 
developed at the height where the radial velocity distribution 
becomes approximately Gaussian (N≈2.0 to 2.3). A bubble 
plume model which begins numerical integration at the end 
of the ZFE, can be fed with the liquid velocity computed 
when N≈2.0 to 2.3 (approximately Gaussian) as the near 
source velocity of the plume. The other significance is that, 
the proposed method is applicable to estimate the 
approximate length of the ZFE for a particular underwater 
gas release. 
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