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3D CFD analysis of the hydrogen releases and dispersion around storage facilities

Jin-Woo Hwang, Do-Young Yoon', Kil-Ho Choi, Younghun Kim and Lae Hyun Kim*

Department of Chemical Engineering, Kwangwoon University, Seoul 139-701, Korea
*Department of Chemical Engineering, Seoul National University of Technology, Seoul 139-743, Korea
(Received 28 June 2007  accepted 10 October 2007)

Abstract—Unexpected hazards often arise from hydrogen storage and distribution facilities, and latent dangers induced
by handling of hydrogen. This paper represents the results of CFD (computational fluid dynamics) modeling of hydrogen
releases and dispersion at model storage facilities with simple geometries. Numerical results for model storage facility
were compared with the reported data on the hydrogen dispersion. In addition, the hydrogen concentration in a real
industrial environment, such as in the hydrogen energy station (HES), was estimated with 3D CFD modeling. The risk
assessment was achieved under hypothetical hydrogen leakage scenarios.
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INTRODUCTION

Uncertainties in the availability of fossil fuels have spurred re-
search in alternative energy carriers for transportation applications
and other industrial facilities. The use of hydrogen has specific ad-
vantages over petroleum-based fuels, including diversification of
potential primary energy sources and reduced tail pipe emissions.

Hydrogen is therefore an ideal energy resource in which mobile
applications are stored in units of hydrogen and other industrials.
The usefulness of hydrogen can be seen by issues such as energy
sourcing, including fossil fuel use, greenhouse warming, and sus-
tainable energy generation, because hydrogen is an environmentally
friendly energy, particularly in transportation applications, without
release of pollutants. Advantages of using hydrogen are as follows:

1. Hydrogen can be easy to transport as a gas or liquid, as well
as various storage conditions like a high-pressure gas, cryogenic
hydrogen and metal hydride.

2. Water as a hydrogen resource is virtually unlimited and it is
possible to recycle the used water.

3. Hydrogen as a fuel is not published as any polluted material
except a small quantity of NO,. Applications of hydrogen energy
are unlimited.

Even though hydrogen energy has a variety of advantages, one
of the major issues affecting the acceptance of hydrogen for public
use is the safety of hydrogen installations as well as its applications.
The actual effect of a leakage in a confined space, such as hydro-
gen stored tanks, would generate a hazardous situation, which may
cause severe damage to the environment and human health. There-
fore, many researchers are attempting to develop simulations on
hydrogen dispersion as 1D or 2D computational analyses [1,2]. In
fact, the properties of hydrogen gas dispersed from a storage facility
are changed with 3D geometry, whereas the risk estimation for a
storage tank imposes the presence of obstacles within the flow field.
In this study, several chemical hazards associated with hydrogen
storage facilities and distribution systems are described.
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Powerful computational tools based on fluid dynamics have been
developed, allowing for an integrated approach on complex geom-
etries and/or physicochemical transport phenomena [3]. In this study;,
computations on dispersion of a hydrogen facility were carried out
for a hypothetical hydrogen release scenario, using the validated
CFD (computational fluid dynamics) code named by Fluent.

PRELIMINARY SCENARIO
FOR HYDROGEN RELEASE

Hydrogen is stored either in gaseous state under high pressure
and normal temperature, or in liquid state under low temperature
and moderate pressure. Recently, an interesting system for hydro-
gen production was reported, such as a hybrid adsorbent-mem-
brane reactor compared with a conventional packed-bed reactor for
hydrogen production [4]. In any case, there is a significant risk, such
as mechanical explosion of hydrogen vessels when exposed at high
temperature or thermal radiation. In addition, there are various ele-
mental for the hydrogen hazards.

At hydrogen refilling stations and vehicles, hydrogen has to be
compressed at high pressures (typical 400 bar), due to the low-energy
content per unit volume. Nevertheless, in some applications, hydro-
gen as well as other gases (i.e., carbon dioxide, nitrogen, helium,
and methane) needs to be stored in liquid state at very low temper-
ature for a volumetric restriction. Hydrogen is kept liquefied at ex-
tremely low temperatures below —240 °C and moderate pressures
(20-30 bar). Hydrogen release and dispersion at cryogenic condi-
tions have a unique behavior according to its physical properties.
The scenario is shown in Fig. 1.

SIMULATION AND RESULTS

CFD computational tools have been successfully used for pro-
viding hydrogen gas dispersion estimations [5,6]. A CFD method
in Fluent code, particularly, follows a general deterministic proce-
dure to approximate the problem; it considers the fundamental gov-
erning equations for mass, momentum, and heat transfer processes,
in conjunction with other partial differential equations for describing
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Fig. 1. Schematic drawings for present scenarios of hydrogen re-
lease.

further processes such as turbulence. Fluent code incorporates the
x=e¢model for turbulence modeling. The first step in a CFD simula-
tion project includes the definition of the 3D geometry (computa-
tional domain), in addition to the sub-division of the entire domain
into a number of smaller control volumes (cells) that form a mesh.
The geometry consists of a unified set of parametric surfaces built
in GAMBIT CAD software suitable for Fluent.

The code runs for a typical accidental release scenario, which
includes hydrogen discharge under pressurization and liquefaction
conditions in a 160x50x40 m* computational domain, which was
subdivided as shown in Table 1. Hydrogen release was modeled as
a ground-level area source with inflow rate equal to 2 kg/s for 5s,
whereas typical atmospheric conditions (1atm, 20 °C), ground tem-
perature equal to 15 °C and wind speed equal to 3 m/s were con-
sidered. The time step used for the transient problem solution was
0.2 s and total simulation time was 60 s. Two scenarios were con-
sidered in the CFD simulations: a hydrogen release at cryogenic
conditions without any obstacle (case 1) and with a obstacle (case
2) (see Fig. 1).

1. Turbulence Modeling (x-£)

Turbulence flow can be defined as the viscous flow in which fluid

particles move in a random and chaotic way within the flow field.

Table 1. Computational domain for present geometries

Case Volume cell Face cells Node
1 32840 102464 36861
2 36015 150342 45369
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The designation of viscous flow refers to the flow of a real fluid
regardless of its viscosity value. Velocity and all other fluid proper-
ties vary continuously, with strong concurrent molecular mixing
between adjacent fluid layers. In atmospheric flows, turbulence is
the dominant mechanism in the mixing and dilution of gaseous re-
leases [7], associated with the presence of natural obstacles, human
structures and ground surface roughness.

The &£ model is one of the most prominent turbulence predic-
tion tools implemented in many general purpose CFD codes. It has
proven to be stable and numerically robust, having a well estab-
lished predictive capability. The x~€ model uses the scalable wall-
function approach instead of standard wall functions, improving
robustness and accuracy when the near-wall meshes in very fine.
The x=£model introduces two new variables into the system of con-
servation equations, which take the form [8,9]:

dp _

=+ V(pU)=0, 0
dpU Tt T

LE TV (PUBU) =V (4, VU)=Vp'+ V (u4,VU) +B, )

where B is the sum of body forces and p’the modified pressure given
by

. 2
p'=p+ gpk, 3
and
M=+ 1, @

The &£ model assumes that the turbulence viscosity is linked to
the turbulence kinetic energy and dissipation via the relation
_CoK
== ®
The values of x and ¢ are directly calculated from the differential
transport equations for the turbulence kinetic energy and turbulence
dissipation rate

%Jrv(pm():v[(;ﬁ %)Vk}m—ps, (6)
%+V(pUg):V|:(ﬂ+ %QVSJ"‘E(C;]PIC_CKZPE)’ ™

where P, is the turbulence production due to viscous and buoyancy
forces, which is modeled by using

P,=uVU(VU+VU") - %(VU)(3/4,VU+ k) + Py ®)

2. Hydrogen Releases

Figs. 2 and 3 show the concentration distributions of hydrogen
and flow configurations at cryogenic conditions. The results dem-
onstrate substantial dissimilarity between open and closed hydro-
gen release conditions as far as cloud dispersion is concerned. Hy-
drogen cloud spreading is similar to that of liquefied natural gas that
has been experimentally observed in field-scale trials [8], namely,
horizontal cloud shift at low height. The great inertia of the heavy
cryogenic gas reduces the rate of turbulent mixing leading to delayed
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Fig. 2. Simulated dispersion snapshots following cryogenic hydrogen release at time (a) 1's, (b) 2s,(c) 5, (d) 10 s, (e) 20 s and (f) 60 s after

release.

dissolution times, whereas the greater density of the cloud produces
a gravity-driven flow which tends to reduce the cloud height and
increase width. In contrast with lighter-than-air gas, the residence
of a heavy cloud at low height increases significantly the risk of
ignition.

The releases of cryogenic hydrogen gases differ from conven-
tional hydrogen releases. The releases consist of different compo-
nent mixtures of gases and liquids. There may be heat and/or mass
transfer with the ground surface and the ambient air. Phase changes
of the released material during the cloud formation typically take
place. The density difference between the released cryogenic hydro-
gen and the atmospheric air results in specific physical processes
influencing the heavy hydrogen gas dispersion in the atmosphere.
Major physical processes specific for negatively buoyant clouds
include the gravitational velocity field, wind shear at the cloud inter-
faces, turbulence dumping and inertia of the released material.

The gravitational velocity field is produced due to horizontal den-
sity gradients. It is an additional transport mechanism to the ambi-
ent wind field. It results in heavy hydrogen gas clouds with an in-

crease in the horizontal and a reduction in the vertical dimensions
in comparison to gravitational flow which causes the shear at the
ground cloud interface and at the air cloud interface. It may result
in intermingling of a heavy gas cloud with the surrounding air and
eventually in turbulence generation. This mechanism becomes im-
portant when the wind velocity is small and the self generated veloc-
ity large. The stable clouds have negative vertical density gradients.
This phenomenon results in dumping the turbulence and turbulent
mixing in the clouds and in the wind flow over them. One more
obvious point is the density difference between the released hydro-
gen and the atmospheric air passive dispersion. In addition to the
volume, or the volume plays an important role not only in delineat-
ing the cloud behavior but also in releasing the heavy hydrogen
gas or flux of the released substance, parameters characterizing the
ambient flow such as the wind velocity and the source dimensions
are needed.

In Figs. 2 and 3, in the first case the hydrogen cloud was raised
immediately with horizontal direction (Fig. 2), while in the second
case, it remained within the bank for a long time period (Fig. 3).

Korean J. Chem. Eng.(Vol. 25, No. 2)
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Fig. 3. Simulated dispersion snapshots following cryogenic hydrogen release with a bank at time (a) 1s, (b) 25, (¢) S, (d) 105, (e) 20 s

and (f) 60 s after release.

When the cryogenic hydrogen flowed at the dispersion constraint
bank, hydrogen dispersion was restrained due to the obstacle. It should
be noted that hydrogen was not transported to the atmosphere and
its explosion possibility was also increased at the surroundings of
the release point. It is very important to exclude an ignition mate-
rial when we construct a restraint obstacle at the cryogenic hydro-
gen surrounding. As shown in Fig. 3, the spreading hydrogen cloud
is similar to that of liquefied natural gas that has been simulated by
Rigas and Sklavounos [1], where horizontal clouds were transported
low height. It is considered that the greater inertia of the heavy cry-
ogenic hydrogen reduced the rate of turbulent mixing, whereas the
lighter density of the cloud produces a buoyancy-driven convec-
tion which tends to enlarge the cloud height and decease its width
[10]. At a short time period of up to 5 s, which is the release time,
the dispersion behaviors are similar to each other, as shown in Figs.
2 and 3. After Ss, a drifting flow over the bank was described in
(d), (e) and (f) of Fig. 3. And also, a highly concentrated point of
hydrogen without a bank moves downwards along the wind after
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release while the hydrogen remains within a bank in Fig. 3.

Fig. 4 shows the concentration distributions of cryogenic hydro-
gen release during the flow time. In the first case, the hydrogen con-
centration distribution is reached a little to the right side, due to the
wind flow effect at the start of release, while in the second case, its
distribution is located at the center of the dispersion point (at 60 m
from lift side). As a result, it is the effect of the constraint obstacle.
After that, the hydrogen distributions for the formal case are spread
over the whole area and, finally, disappear after 60 s, while latter
case’s hydrogen concentration remain also after the 60s. The hy-
drogen concentration for the latter case remains constant after 60 s.
It is obvious that even if a hydrogen release constraint obstacle is
used to limit the dispersion of hydrogen, it is more dangerous due
to the high concentration of hydrogen around the emission point.

Furthermore, as shown in Fig. 4, case 2 still has high concentra-
tions after a release. It is evident that the experimental variability
for the dispersion of liquefied hydrogen releases is very important,
whereas computational maxima are obtained from single point meas-
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Fig. 4. Simulated concentration distributions of cryogenic hydrogen release during the flow at time (a) 1s, (b) 2s,(c) S, (d) 10s, (e) 20 s

and (f) 60 s after release.

urements. Therefore, the deviations between the reported data by
Rigas and Sklavounos [1] and the present results may not be as great
as they appear.

CONCLUSION

In this study, the main flow configuration and hydrogen distribu-
tions associated with hydrogen storage procedures were analyzed.
The atmospheric dispersion of cryogenic hydrogen released was
simulated also by using the computational fluid dynamics code Flu-
ent. The results showed that hydrogen disperses as a heavier-than-
air gas when discharged in cryogenic conditions and dispersion with
constraint obstacles. In case 1, hydrogen is spread relatively quickly,
as compared with case 2. Visualization of computer-simulated cryo-
genic hydrogen dispersion demonstrated that hydrogen cloud be-
havior in this case is similar to that of liquefied natural gas experi-
mental releases. And accidental liquefied hydrogen release scenarios

were addressed as heavier-than-air releases by using the appropri-
ate dispersion models.

ACKNOWLEDGMENTS

This research was supported by the MIC (Ministry of Informa-
tion and Communication), Korea, under the ITRC (Information Tech-
nology Research Center) Support program supervised by the IITA
(Institute of Information Technology Advancement) (ITTA-2008-
C1090-0801-0018), and partially by Kwangwoon University (2006).

REFERENCES

1. F. Rigas and S. Sklavounos, J. Loss Prevent. Process Ind., 15, 531
(2002).

2. F. Rigas, M. Konstandinidou, P. Centola and G T. Reggio, J. Loss
Prevent. Process Ind., 16, 103 (2003).

Korean J. Chem. Eng.(Vol. 25, No. 2)



222 J.-W. Hwang et al.

3. S. Sklavounos and F. Rigas, Chem. Eng. Sci., 61, 1434 (2006). (1984).
4. B.-G. Park, Korean J. Chem. Eng., 21, 782 (2004). 8. T. J. Chung, Computational fluid dynamics, Cambridge University
5. M. R. Swain, P. Filoso, E. S. Grilliot and M. N. Swain, Int. J. Hydro- Press, Cambridge (2002).
gen Energy, 28, 229, (2003). 9. S. Sklavounos and F. Rigas, J. Hazard. Mater., A108, 9 (2004).
6. F. Rigas and S. Sklavounos, Int. J. Hydrogen Energy, 30, 1501 10. Center for Chemical Process Safety, Guidelines for use of vapor
(2005). cloud dispersion model, 2" Ed., AIChE, (1996).

7. R. D. Witcofski and J. E. Chirivella, Int. J. Hydrogen Energy, 9,425

March, 2008




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 3.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


