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The transport of hydrogen and hydrogen-natural gas blends through subsea pipelines introduces significant
safety risks in the event of pipeline damage or rupture. Such incidents can lead to the release of gas, forming a
bubble plume that ascends to the ocean surface. Elevated surface concentrations of hydrogen and hydrogen-
natural gas may pose serious hazards to life and infrastructure. Risk assessments typically involve a sequence
of analyses, with gas migration and dissolution in the water column representing a source of uncertainty. This
study presents a transient, three-dimensional computational fluid dynamics model developed to quantify the
surfacing gas volume, its composition, and spatio-temporal distribution for a multicomponent gas. The model

aims to improve the accuracy of quantitative risk assessment related to subsea hydrogen transport. The model is
applied to underwater release scenarios with varying hydrogen content and model results demonstrate that the
risk increases with increasing hydrogen content.

1. Introduction

Hydrogen is an attractive energy carrier for the green transition. The
distribution of hydrogen through pipelines is partly envisaged in exist-
ing infrastructure for natural gas. This might save costs but has a
negative impact on material integrity due to steel embrittlement and
more. A compromise is to transport a blend of hydrogen and natural gas
[1,2]. While this reduces the risk of failure due to material degradation,
leaks and pipeline ruptures may still occur due to external factors. This
can potentially result in fatal incidents related to hydrogen’s flamma-
bility, explosiveness and asphyxiation characteristics. Hydrogen has
been the cause of many incidents and fatalities, and most of these are
related to piping and pipelines [3].

The large-scale production of hydrogen will require corresponding
large-scale transport solutions, likely including the use of subsea pipe-
lines for parts of the distribution network. If a pipeline is damaged such
that a hole, crack or full bore opening releases gas, the gas will rise to the
surface due to buoyancy. At substantial release rates, the gas ascends as
a bubble plume, undergoing dispersion and dissolution in the water
column. Upon reaching the atmosphere, it is subject to wind-driven
dispersion. This process is illustrated in Fig. 1. The resulting atmo-
spheric concentration of hydrogen—or a hydrogen-natural gas
blend—determines the associated risk potential.

Assessing safety and risks associated with underwater release of
hydrogen or hydrogen blends rely on quantitative input from several
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analysis. This includes predictions on how the gas migrates and dissolves
in the ocean before it reaches the surface and how the gas is dispersed
into the atmosphere. This has historically been studied for release of
methane and natural gas in relation to risks in natural gas extraction and
export. While methane has a flammability range limited to a concen-
tration of 5-15 % in air, hydrogen can sustain combustion at a wider
range between 4 % and 75 % [4]. Hydrogen has also a wider explosive
range, lower ignition energy and faster flame propagation. The risk
potential in most scenarios is thus higher for hydrogen.

Early work on dispersion of large scale underwater bubble plumes is
often credited to Taylor in 1955 [5], even if some work date back to
1937 [6]. Batchelor [7], Evans [8] and Morton et al. [9] also published
studies around the same time. These early studies applied so-called in-
tegral models which assumes a profile, either Gaussian or top-hat, for
the velocity and bubble volume fraction which widens according to the
entrainment hypothesis. The model was later enhanced by Ditmars and
Cederwall [10] by including gas compressibility and bubble slip veloc-
ity. The focus of these early modelling attempts was on use of bubble
plumes as breakwaters. Later the focus has shifted towards underwater
release of oil and gas. Topham [11] published the first study on un-
derwater oil release and Fannelpp & Sjgen [12] and Milgram [13] on
underwater gas release. The integral concept was further refined by
several scientists including Yapa and Zhen (1997) [14], Socolofsy &
Adams (2002) [15] and Johansen (2003) [16]. The pioneering integral
models were developed in an era with limited computational
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Fig. 1. Underwater release with bubble plume and atmospheric plume.

capabilities and did not include high levels of complexity. The more
recently developed models allow for calculations of transient 3-dimen-
sional plumes with multicomponent gas bubbles and oil droplets in
complex oceanographic conditions exposed to gas dissolution and
stripping, e.g. Dissanayake et al. (2018) [17].

The advancement of numerical computing and computational fluid
dynamics (CFD) enabled more resolved mathematical models. Buscaglia
et al. [18] developed an Eulerian-Eulerian axisymmetric 2-dimensional
model to study aeration of lakes. It was applied to very small release
rates (<0.001 kg/s) and the 2D-approach allowed for a high resolution.
A model for transient 3-dimensional ocean bubble plumes capable of
assessing realistic release rates from pipeline rupture was first developed
by Cloete et al. (2009) [19]. A major challenge for CFD is the large scale
difference between bubbles, nozzle diameter (release diameter) and
ocean depth. While an Eulerian-Eulerian approach will suffice when
replicating a small scale lab experiment (depth < 1 m) [20], Cloete et al.
[19] applied an Eulerian-Lagrangian model and validated the model
against an experiment in a 7 m deep water pool [21] since the
Eulerian-Eulerian approach did not reproduce observations at afford-
able resolutions at the time (2009). The Eulerian-Lagrangian model has
more recently been enhanced to include a transient VLES-turbulence
model and gas dissolution by Olsen & Skjetne [22]. Several others
have also adopted CFD to study underwater gas plumes, including Fraga
et al. who developed a modelling concept with an LES-turbulence model
[23] and the COEST-centre (Li and Chen) [20,24] who also conducts
small scale lab experiments. More recently Cassano et al. developed a
CFD model incorporating pipeline, water column and atmosphere in one
simulation [25]. Due to different time scales in the various parts of the
domain, only a 2-dimensional model could be applied due to the high
computational cost.

The study of underwater gas plumes has also been addressed by a
series of experiments, most of which are at small scales (depth < 1 m)
and with air, e.g. Refs. [15,20]. At larger scales Milgram conducted
experiments in a sinkhole at Bugg Spring from a depth of 50 m with
release rates of air up to 0.71 kg/s [13] and Engebretsen released air
with rates ranging from 0.10 to 0.92 kg/s in a 7 m deep pool. Experi-
ments in the ocean has also been performed, including the DeepSpill
experiment at 844 m by Johansen et al. [26]. The DeepSpill experiment
primarily focused on oil release, but also released natural gas at 0.6 and
0.7 Nm®/s. These and other experiments are discussed by Olsen &
Skjetne [27]. When focusing on safety, the releases of interest are those
of higher intensity since the weaker releases do not per se pose any safety
issue. Such conditions can be reproduced in the lab at small scale, but at
large scale very few experiments have been conducted. At significant
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ocean depths a controlled release from 130 m of 17 kg/s of natural gas
was monitored in relation to an offshore pigging operation [22]. Apart
from that there are some observations on incidents, including the more
recent Nord Stream incident [28,29]. In addition a series of experiments
have been conducted on single bubbles and natural seeps to establish
reliable models for the gas dissolution and the mass transfer coefficient,
e.g. Refs. [30-34].

When assessing safety risks, the surface flux of gas and its transient
behaviour is a vital output from underwater bubble plume model. While
the plume is well described by a Gaussian or top-hat profile in the water
column, that is not the case for the surface flux [35]. Still, Mercuri et al.
[36] got results on COy plumes with an integral model which did not
deviate significantly from time-averaged CFD results. However, turbu-
lence dictates some transient local peaks of surface flux which is
important for an assessment since maximum values can trigger ignition
and be the values triggering sensors. This is inherently captured by CFD
models with a transient turbulence model (e.g. LES or VLES). CFD
models also capture surface waves and outwelling flow from the
surfacing plume which are important for assessing hydrodynamic loads
on surface vessels. Due to this the authors chose to apply a CFD model in
their study on safety related to underwater release of gas. The model has
previously been applied to single component gas release of either
methane, carbon dioxide or air.

For pure hydrogen transport, existing models for methane and nat-
ural gas can be applied by replacing material properties for methane
with hydrogen. To the authors knowledge, only Li et al. [24] have
studied underwater release of hydrogen. This is, however, at a lab scale
where dissolution have minimal impact. Mercuri et al. [36] discusses
hydrogen releases, but do not present any results. However, many plans
for hydrogen transport are based on using existing infrastructure for
natural gas. As mentioned above, these pipelines are envisaged to
transport a blend of hydrogen and natural gas. This necessitates math-
ematical models accounting for gas bubbles consisting of multiple spe-
cies. If that capability is in place, it will also be worthwhile to account
for stripping of oxygen and nitrogen from the ocean to the bubbles.
Oxygen and nitrogen are present in the ocean due its large interface with
the atmosphere and biological processes producing nitrogen. This can
potentially affect the composition of the bubbles entering the
atmosphere.

To address the abovementioned challenge a mathematical modelling
framework for safety assessment of underwater gas releases based on
CFD [22] has been modified from tracking single component gas to
tracking multicomponent gas bubbles. This has previously not been
addressed by any CFD models for underwater gas release. Material
properties of hydrogen, nitrogen and oxygen have been added to the
framework which is been applied to study the fate of underwater release
of hydrogen blends. While Liu et al. [37] discusses leaks from pipeline
transport of hydrogen blends, their main focus is on onshore buried
pipelines and only addresses results on pure methane for subsea pipe-
lines. The study presented here is therefore a first of its kind concerning
large scale bubble plumes from underwater release of hydrogen blends
and its implication on safety.

While the focus of this study is on the dispersion and dissolution of
gas in the water column and how the gas surfaces into the atmosphere, it
is important to note that the overall quantitative risk assessment (QRA)
also includes analysis to e.g. quantify the gas release rate and the
dispersion of gas in the atmosphere. Dispersion of gas in the atmosphere
determines the extent of the safety zone (exclusion zone, stand-off dis-
tance). For the atmospheric dispersion analysis the surface flux of gas as
predicted by the model for the water column presented in this study is a
governing input together with wind profiles [38,39].

2. Mathematical modelling framework

Conservation of mass, momentum and energy governs the evolution
of composition, motion and temperature of bubbles and nearby ocean
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waters. This is expressed mathematically by conservation laws. Here we
apply an Eulerian-Lagrangian CFD model developed by Cloete et al. [19]
and enhanced by Olsen & Skjetne [22] including gas dissolution and a
VLES turbulence model. The velocities, temperature and concentration
of dissolved species in the ocean (and the atmosphere above) are
calculated in the Eulerian framework with a Geo-reconstruct scheme to
track the interface between ocean and atmosphere [22].The bubbles are
tracked in a Lagrangian framework in which Newton’s second law
provides a force balance on the bubbles. This is mathematically
expressed by

dﬂ)b _ ?(pb - pw)

— —
—= F F Eq.(1
i s +Fp+ Fvm q.(1)

Here U, is bubble velocity, g is gravity, p, is bubble density, p,, is local

sea water density, and 717 and 7VM represent drag force and virtual
mass force. The first term on the right-hand side represents buoyancy.
The drag force between bubbles and ocean water is given by

7 _18uCoRe (.
D—pbdg 24 w b

Eq.(2)

where Cp is drag coefficient, Re is Reynolds number, d, is bubble
diameter and u,, is local velocity of ocean water. Since the drag force
includes a velocity difference between bubble velocity and local ocean
velocity, the bubble motion is coupled to the ocean velocity. The ocean
velocity is also governed by conservation of momentum. This is math-
ematically expressed in an Eulerian framework by the Navier-Stokes
equation also including a drag term coupling back to the bubble veloc-
ity. This ensures a two-way coupling between bubbles and ocean water.
Further details, including turbulence model and bubble size are given by
Olsen & Skjetne [22].

Energy is also exchanged between bubbles and ocean since bubbles
might be released at a different temperature than the temperature of the
ocean water. This is calculated by equations conserving energy for
bubbles and ocean water resulting in a temperature field. The temper-
ature field affects material properties important to motion and mass
transfer. For a Langrangain bubble, energy conservation is expressed by

dT;
my CbJ:ﬂdg hb(Tw — Tb) + Ss

Qi Eq.(3)

Here my, is the mass of the bubble, ¢, is the heat capacity of the bubble, T},
and T, is the temperature of the bubble and the surrounding water, dj, is
the bubble diameter and h; is the heat transfer coefficient. S; is the
source term for heat of solution [17].

Mass transfer or gas dissolution is driven by the ocean’s ability to
dissolve gas species. For many relevant gas components gas dissolution
in water is significant. The earlier versions of this framework only
accounted for a single gas component. Assessment of multicomponent
gases thus requires an enhanced mathematical framework. Mass transfer
from a gas bubble to the surrounding ocean is limited by the diffusion
and convection of species on the liquid side of the interface. The mass
transfer rate m; of species i, can be expressed by the Ranz-Marshall
equation [40]
my; = ndy k; (¢ —c?) Eq.(4)
Here k; is the mass transfer coefficient, ¢ is solubility of species i in the
ocean and c)” is the local concentration of the species in the ocean. If the
bubble consists of multiple species of gas it is important to apply the
partial pressure p; of the species in question when extracting the solu-
bility

C?Ol — Clgol (ph T) Eq(5)

It is assumed that the fugacity coefficient of a species in a mixture is
equivalent to that of the species by itself. The partial pressure is given by
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the molar fraction x; or the mass fraction Y; of species i in the gas bubble
Yi /M,

i =XP = =5
P S Yi/ M

Eq.(6)

where P is local total pressure and M; is the molar weight of speciesi. The
generalisation to a multicomponent gas is primarily given by the use of
partial pressure instead of total pressure in Eq. (4). In addition, the
updated mass of a bubble now involves a sum of the contribution from
all species expressed by

mij=m;j_1 + dt:mi_j,1 Eq(7)

where j indicates timestep number and dt indicates the numerical
timestep. The total mass of a bubble is the sum of the mass of each
species within the bubble

m; = Zimij
At the end of each timestep the molar fractions are updated ac-
cording to

Eq.(8)

Xoi— m;; / M;
TS myji /My
It should be noted that a modification of the code architecture is

needed when tracking n species instead of one. This also adds a sub-
stantial larger set of material properties.

Eq.(9)

2.1. Material properties

Gas properties which affect the fate of the bubble plume are pri-
marily density, solubility and diffusivity. Gas viscosity has a smaller
impact on bubble size in bubbly flows of high turbulence intensity and is
given by Wilke’s equation [41] for a gas mixture. The density of the gas
species involved directly affects the buoyancy of the gas. It is currently
assumed to be represented by an ideal gas. In reality this assumption is
not adequate for higher pressures typically at depths of 300 m and
deeper as seen in Fig. 2. At 500 m the deviation from real gas data from
NIST (National Institute of Standards and Technology) [42,43] on CHy is
about 10 % [27]. For this comparative study, the assumption of an ideal
gas is acceptable. The density of the multicomponent gas (gas mixture) is
the sum of all gas species weighted by their molar fraction

x;PM;
pP=)p XiPi =
252 R

Eq.(9)

Here the assumption of ideal gas is seen in the last expression. This will
be modified to account for real gases in future work.

0 T T T
—— CH, ideal
........ CH, NIST
100 N ideal
o —— 5 ideal
T 200¢F ——H; ideal |7
i)
=
€300} ]
=
400 + .
500 . .
0 20 40 60

Density - kg/m?

Fig. 2. Gas density as function of depth at 5 °C for ideal gas and proper data
from NIST for CHy.
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As seen from Eq. (3), solubility governs how much of the released gas
can be dissolved in the ocean. It varies with temperature, pressure and
salinity. For hydrogen and methane we apply the correlations derived by
Wiesenburg & Guinasso [44]. For nitrogen and oxygen we apply the
correlations for pure water (freshwater) from Perry’s handbook [4]
corrected for salinity according to Hamme & Emerson [45] and Garcia &
Gordon [46] for nitrogen and oxygen, respectively. Plots of solubility as
functions of ocean depth (i.e. pressure) is seen in Fig. 3. Methane has the
highest solubility and hydrogen the lowest of the four species. Solubility
decreases with increasing salinity and temperature. It increases with
pressure i.e., ocean depth.

Diffusivity affects the transport of species away from the bubble
interface. The mass transfer coefficient which is part of Eq. (3) is a
function of the diffusivity of the species in focus. The correlation for
diffusivity favoured by Hayduk & Laudie [47] is applied. This was
derived by Othmer & Thakar [48] and revised to

13.26-10°°
= Eq.(10)
t ’ubAVlQSSQ
where D; is the diffusivity (cm?/s) of species i, y,, is the viscosity (cP) of
the sea water and V; is the molar volume of the species.

2.2. Model implementation

The mathematical model is implemented as a library of user-defined-
functions specially developed to capture the governing physics outlined
above and in the work of Olsen & Skjetne [22]. This library is linked to
the commercial CFD code ANSYS/Fluent which handles the numerical
methods and model simulations. In ANSYS/Fluent a VOF (volume of
fluid) method is applied to track the interface between ocean and at-
mosphere, tracking of multiple species is activated and the energy
equation is enabled to solve for temperature. As mentioned above, this is
coupled to parcel based tracking of bubbles.

The library of user-defined-functions includes macros for drag, mass
transfer, turbulence, bubble size and removal of bubbles entering the
atmosphere. Functions for material properties are also an integral part of
the library. All details implemented in these libraries are documented
above and/or in previously published work [22].

2.3. Model validation

For a mathematical framework to be applied to quantitative risk
assessment (QRA), it is critical that the framework is trustworthy. This is
done by validating model results with relevant observations. While
many experiments have been performed, most of these are in a lab with
small scales or in the ocean with very small release rates [27]. Some of
these experiments are more relevant than others and the preceding
version of the modelling framework has been compared against the
observations in these experiments and shown to be consistent [22]. The

0 T T
N ——CH, - - freshwater|
SN Ny - - freshwater
100 S .
\\ e 0Oy = - freshwater,
- 3 N q Hy; = - freshwater|
=] ~
200 “ S8
< R S
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400 % s
» & \\ ~
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Solubility - mol/m?
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updated version documented above has been compared to observations
of a controlled 17 kg/s of natural gas release from a depth of 138 m
through a valve with an effective opening of 1 inch. This release was
linked to a pigging operation for which a release permit was obtained to
conduct a field experiment.

By using this scenario as a validation case and a test on how gas
composition affects the behaviour, a series of case studies was con-
ducted. When comparing different gas compositions, it is also important
to define how the release rate is specified. This could involve using a
consistent total mass flow rate or a consistent volumetric flow rate across
all scenarios. Here we have chosen to keep the pipeline operating con-
ditions similar for all scenarios since the study is motivated by safety if
hydrogen and hydrogen blends are transported in existing pipelines for
natural gas. These are then assumed to be transported under the same
conditions as methane (natural gas) with the same pipeline dimensions
and same pipeline pressure. With a pipeline pressure of 160 bara and a
release valve with an opening of 1 inch, the release conditions are as
listed in Table 1. The release rate varies with hydrogen fraction in the
gas blend. Due to the narrow release valve, the release rate is dictated by
release area, compressibility and the speed of sound of the gas mixture, i.
e. choked flow.

These scenarios were assessed by running numerical simulations
with the model described abovein a computational domain of 276 x 276
x 193 m with a mesh of 1.5 M cells according to the protocol given by
Olsen & Skjetne [22]. Some of the results are seen in Figs. 4 and 5. Fig. 4
shows how fast the front of the plume travels towards the surface. The
resulting rise times are listed in Table 1. Rise time is the time it takes for
the front of the initial plume to reach the surface after initiation of the
release. It is seen that gas composition affects the rise time of the plume.
Hydrogen is lighter than methane. This makes hydrogen more buoyant.
There is also a distinct difference between a blend of 50 % mol H; and
50 % mass Hy. Thus, it is important to standardise how the gas blending
or gas composition is defined. This is illustrated by Fig. 5. The
molar-based definition is used for the remainder of the document.

It also seems that the model is consistent with the observed evolution
of the plume front. This provides some validation for the model. The
earlier version of the model has also been tested against several other

Table 1
Release rates and conditions for test pipe.
Hydrogen content Release Volumetric Mass Rise
density release rate release time
rate
Molar Mass kg/m3 m3/s kg/s s
fraction fraction
0.00 0.00 10.4 1.64 17.00 91.0
0.50 0.11 5.9 3.21 18.77 77.2
0.89 0.50 2.3 4.44 10.26 69.3
1.00 1.00 1.3 4.79 6.22 65.8
0 T T
——CH, 5°C - = 15°C
Ny 5°C - - 15°C
100 D —0; 5°C = = 15°C
5 N —H, 5°C = - 15°C
" 200 R
= \
=
<300 \ ¥
[m) | \\\\
\ b
400 \' e
N R
A &
500 L =
0 20 40 60 80

Solubility - mol/m?

Fig. 3. Solubility for CHy, N», O, and H, as function of depth at 5 °C for a salinity of 30 PSU. Left plot compares with freshwater values. Right plot compares with

higher ocean temperature.
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Fig. 4. Model predictions of plume rise as function of time for various gas
blends compared to observations on a release of CH4.
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Fig. 5. Bubble plumes for various gas blends 75 s after initiation of release
coloured by bubble vertical velocity.

observations and experiments with air and methane [22] and shown to
be reliable. No relevant experiments have been performed with
hydrogen or hydrogen blends to the authors knowledge. Ideally the
model should be compared against such experiments.

3. Case study on export line

The modelling framework described above can be applied to assess
realistic release scenarios. Again, we focus on comparing releases of
different gas blends based on similar pipeline operating conditions. The
reference is a pipeline releasing 300 kg/s of methane from 300 m in a
typical export pipe with a 4-inch release area, e.g., from a faulty subsea
valve or resulting from an unintended impact. This is not an initial
release rate but is representative for a typical release rate when the
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pressure in the pipeline is around 100 bara and possible interventions
may be underway. The calculated release scenarios are seen in Table 2.
The trend is that the mass rate decreases with increasing hydrogen
content and the volumetric rate increases. The higher heating value
(HHV) is the upper limit of the available thermal energy output by
complete combustion. This is higher for hydrogen (141.8 MJ/kg) than
methane (55.5 MJ/kg). Due to the higher value for hydrogen, the HHV
of the release varies little even if the total release rate decreases with
increasing hydrogen content.

Numerical simulations on the scenarios were performed in a 600 x
600 x 420 m computational domain with a mesh of 1.5 M cells. The
resulting plumes are depicted in Fig. 6. Qualitatively it seems like more
hydrogen content promotes a stronger and more buoyant plume. This is
confirmed by the buoyancy flux of the releases as listed in Table 2. Fig. 7
show plots of time-varying surfacing rates and HHV at the surface for all
scenarios. The surfacing rates is the mass rate of gas reaching the sur-
face. Fig. 7 a) represents the scenarios with either pure CH4 (100 % mol
CH4) or pure H; (100 % mol Hy) releases. The release with 100 % mol Hy
surfaces 87 s after initiation of the release which is shorter than that of a
pure CHy release which surfaces after 140 s. This is explained by the
higher buoyancy of Hy in comparison to CH4. Due to turbulence the
surfacing rates fluctuate. At an equivalent release rate, methane dis-
solves more in the ocean than hydrogen. 58 % of CH4 is dissolved
compared to 20 % of Hy (average of surfacing rate for the last 300 s of
observation). This is caused by the higher solubility of CH4 compared to
Ho.

The surfacing rate for the scenario where a small fraction of Hy (4 %
mol) is added to the CHy4 stream is plotted in Fig. 7 b). Due to the low
hydrogen content, the hydrogen surfacing rate is plotted against a sec-
ond y-axis with a different scale. The release surfaces after 121 s and 55
% of the gas is dissolved in the ocean. This deviates almost insignifi-
cantly from the release of pure CHy. For the release of 50 % mol Hy, the
surfacing rate is seen in Fig. 7 c¢). The release surfaces after 129 s and 44
% of the released gas is dissolved. The gas dissolution is 46 % for CHy4
and 26 % for Hj indicating that the bubbles changes composition as they
rise to the surface and thus obtaining a higher concentration of H; at the
surface. Initial release rate, initial gas composition and gas dissolution
dictates the surfacing rate and the surfacing composition. This is re-
flected by the higher heating value of the surfacing gas. This is plotted in
Fig. 7 d). Even if the release rate decreases with increasing H content,
the HHYV increases with increasing H, content due to the higher heating
value of Hy compared to CHy4. Time averaged values of these results are
listed in Table 2.

Due to drag forces and momentum transfer between gas bubbles and
surrounding ocean water, water is moved upwards in the plume. At the
surface this water is pushed outwards, causing radial surface flow from
the centre of the plume and waves. The time averaged maximum value
of the this surface velocity is also given in the table This indicates the
agitation at the ocean surface caused by the gas release. It will impose
forces on surface vessels and infrastructure which will be perceived as
hydrodynamic loads. This is an additional risk which needs to be
assessed. An increase in hydrogen content increases the surface velocity
and hydrodynamic loads. This is attributed to hydrogen being more
buoyant than methane as indicated by the buoyancy flux of the releases

Table 2

Release rates, conditions for pipeline rupture and surfacing results.
Hydrogen Release Volumetric release Mass release Buoyancy release Release Rise Surface Dis- Top Surface
content density rate rate flux HHV time flux solution HHV velocity
% %kg  kg/m® m?/s kg/s m/s* GJ/s s kg/s % GJ/s m/s
mol
0.0 0.00 21.7 13.8 300.0 6279 16.65 139.8 127.4 57.6 7.05 4.74
4.0 0.01 21.0 14.0 294.7 6628 16.49 120.7 134.2 54.6 7.53 4.76
50.0 0.11 12.2 18.4 225.0 15018 14.65 128.7 126.5 43.8 8.59 5.45
100.0 1.00 2.7 39.0 106.2 144221 15.06 87.0 84.6 20.2 12.01 6.58
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Fig. 6. Bubble plumes coloured by distance from plume axis and radial surface velocities coloured as indicated by colormap (m/s) for various gas blends 200 s after

initiation of release.
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all scenarios. The dotted lines are the release rates.

given in Table 2 and the increase in surface velocities with increasing
hydrogen content.

Fig. 8 shows 2D contour plots of the total surface flux and higher
heating flux as distributed at the ocean surface. Even by averaging for
100 s, the flux does not represent a smooth curve consistent with the
historical assumption of reporting this as a Gaussian profile. It is also
seen that the surface flux decreases with increasing Hy content in the
released gas blend. Even if more of the CHy is dissolved in the ocean than
H,, the effect of gas dissolution does not compensate for the reduced
mass release rate associated with increasing Ho content. A similar

comparison can be made for the higher heating flux as seen in Fig. 8 b).
Here the higher heating value of Hy compared to CH4 causes the higher
heating flux to increase with increasing Hy content even if the mass
release rate decreases. This indicates that the risk related to gas con-
centrations in the atmosphere above the release increases as the Hy
content of the gas blend increases.

3.1. Stripping of nitrogen and oxygen

The above assessments account for mass transfer of hydrogen and
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Fig. 8. Contour plots of total surface flux (a) and higher heating flux (b) averaged for 100 s for the analysed scenarios. Width and height of plots represents 200 m.

The white circle has a radius of 50 m.

methane primarily as gas dissolution to the ocean. If the dissolved
concentrations of the species accumulate to levels above the saturation
limit, the mass transfer will be reversed, and the bubbles will receive gas
as can be concluded by Eq. (3). This also implies that nitrogen and ox-
ygen naturally occurring in the ocean will be transferred into the bub-
bles as they migrate upwards, sometimes referred to as stripping of
dissolved gases.

In order to assess the impact of this, the scenario with 50 % mol Hy
was assessed by also accounting for stripping of nitrogen and oxygen.
The concentration of these gases in the ocean will vary with season and
geographical location. In this study we have assumed that their con-
centrations are given by equilibrium with the atmosphere (i.e. no bio-
logical effects and concentrations equivalent to the solubility at 1 atm
and 5 °C) since more specific concentration profiles will only be valid for
a given location at a given time. This gives a constant molar concen-
tration of 1.03-10° for Ny and 5.53-10~° for O,. The driving force for
stripping is higher closer to the surface since the pressure is lower and
thus the solubility is lower. A scenario with similar conditions, but the
release occurring at a depth of 500 m was also assessed. The analyses
shows that the composition of the bubbles changes as they move up-
wards. Due to difference in solubility the composition of CH4 decreases
and Hj; increases as bubbles move upwards. Closer to the ocean surface
the stripping of N and O3 becomes more significant and starts affecting
the overall composition of the bubbles. This is seen in Fig. 9 where the
molar concentrations of the bubbles are plotted. The changes in the
bubble composition are more significant for the scenario with a release
from 500 m since the bubbles are exposed longer to mass transfer.

500 T
=
o 400 1
»
©
2 300 i
g '=_CH4 strip
> N— H, strip
8 200 . |5
o —— Ny strip
% —— Oy strip
< 100 p—1s -
L 0 AF e H,

0 :

0 0.2 0.4 0.6 0.8 1
Molar fraction

Fig. 9. Gas composition of bubbles as function of height above release for re-
leases with and without stripping of N, and O, from 300 m and 500 m.

While the molar fraction of H; increases significantly as the bubbles
rise to the surface, the mass fraction is still relatively low. This implies
that the surface flux of Hy is low compared to CHy. This is seen in Fig. 10
where the surface flux of the different gas components is seen. Note that
the fluxes of the stripped N3 and O are in fact higher than that of Hj.
This is primarily caused by the low density of Hy. The time averaged
results seen in Table 3 document that roughly the same amount of CHy
and Hj reaches the surface from 300 m whether stripping is accounted
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Table 3
Surfacing data on 225 kg/s release.
Surfacing rate HHV
Total CHy4+H,
kg/s kg/s GJ/s
300 m, no strip 126.5 126.5 8.59
300 m, strip 205.5 131.1 8.86
500 m, strip 147.2 64.2 4.49

for or not. However, the total surfacing rate increases with stripping
since also Nj and Oy is brought to the surface. From 500 m more of the
released gas dissolves since the bubbles are exposed longer to mass
transfer. The heating rate is also not directly affected by stripping of Ny
and O; since they have no contribution to the higher heating rate
(heating value = 0). Thus, the averaged higher heating rate is quite
similar for the release from 300 m both with and without accounting for
stripping of Ny and Oy, The release scenario from 500 m has a lower
higher heating rate since more of the released CH4 and Hy has been
dissolved due to the longer residence time of bubbles in the ocean
compared to the release from 300 m.

4. Conclusions
A transient 3-dimensional numerical model for analysing the fate of

an underwater gas release from a damaged pipeline has been further
developed to account for gas mixtures consisting of multiple gas

components. The model is consistent with observations of single
component CH4 releases. It has been applied to study release of
hydrogen gas blends, i.e. hydrogen mixed with natural gas (here
considered as pure methane). The model’s outputs can inform emer-
gency response planning by predicting gas surfacing locations and
concentrations under varying leak scenarios.

Results show that the gas bubbles change its composition as they
migrate upwards towards the ocean surface to contain relatively more
hydrogen and less methane since methane is more soluble in water than
hydrogen. The bubbles also strip the ocean for nitrogen and oxygen
naturally occurring in the ocean and thus provide the bubbles with a
nitrogen and oxygen content. Overall, the higher heating value reaching
the ocean surface is less than the value released due to gas dissolution.
When comparing scenarios with different hydrogen content, it is seen
that a higher hydrogen content results in higher heating rates and higher
hydrodynamic loads at the ocean surface when emanating from pipe-
lines with the same operating conditions. The risk thus increases as the
hydrogen content increases in the gas mixture. While other studies on
underwater gas release also demonstrate capability to assess this risk
[17,20,24,36] of various gas compositions (mostly air, methane or
carbon dioxide), none of them have addressed underwater release
hydrogen blends or underwater release of pure hydrogen from a depth
where gas dissolution is significant.

While it can be argued that the risk correlates with the higher heating
surfacing rate, the appropriate procedure to assess the risk is to export
the calculated surface fluxes to a numerical simulation of the atmo-
spheric dispersion of the gas components and then assess the atmo-
spheric concentrations. This has not been the focus of this study. Other
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future enhancements include performing release experiments with
hydrogen and hydrogen blends at significant depths for gas dissolution
and validating the numerical model against the observations. However,
it should be noted that assessments of potential natural gas incidents
have historically been based on models validated by experiments on air
bubbles. More realistic gas densities should be implemented. With
enhanced gas density and a validated model, a greater span of scenarios
can be assessed to map the true extension of the risk potential. This
includes shallower and deeper depths and more variations of release
rates and blending ratios.
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