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ABSTRACT
In our society the use of hydrogen is continuatiywging and there will be a widespread installatién
plants with high capacity storages in our towns@®motive refueling stations. For this reasoims it
necessary to make accurate studies on the safethest kinds of plants to protect our town
inhabitants Moreover, hydrogen is a highly flamneathemical that can be particularly dangerous in
case of release since its mixing with air in thesence of an ignition source, could lead to fines o
explosions. Generally most simulation models, wéetr not concerned with fluid dynamics, used in
safety and risk studies are not validated for hgdrouse. This aspect may imply that the results of
studies on safety cannot be too accurate and treali$is paper introduces an experimental activity
which was performed by the Department of Energetid3olitecnico of Torino with the collaboration
of the University of Pisa. Accidental hydrogen easle and dispersion were studied in order to acquire
a set of experimental data to validate simulatiavdets for such studies. At the laboratories of the
Department of Mechanical, Nuclear and Productiogigering of the University of Pisa a pilot plant
called Hydrogen Pipe Break Test was built. The extpa consisted of a 12°mank which was fed by
high pressure cylinders. A 50 m long pipe movednftbe tank to an open space and at the far end of
the pipe there was an automatic release systenctldd be operated by remote control. During the
experimental activity, data was acquired regardipdrogen concentration as a function of distance
from the release hole, also lengthwise and velyicéh this paper some of the experimental data
acquired during the activity have been compareth Wit integral models, Effects and Phast. In the
future, experimental results will be used to calibra more sophisticated model to atmospheric
dispersion studies.

1.0 INTRODUCTION

The growing use of hydrogen in our society requaesientific and suitable basis for the evaluation
of credible safety issues. This aspect will becgmnegressively very important because of the
widespread installation of plants with high capaatorages in our towns as automotive refueling
stations. Moreover as we all know, hydrogen isghlyi flammable chemical and in case of fire or
explosion the consequences can become serious certigin conditions. Risk and safety analyses can
be used to evaluate and investigate hazards otleo@gn plant. In these similar studies the focus is
the scenario of accidental release. After rele@sthe presence of an ignition source, a jet foald

be verified from the leak until the supply is catigd or exhausted, otherwise the gas will evoiva i
flammable cloud and in case of ignition a flask fir an explosion could result. For these reasaons,
case of immediate ignition of the jet, it is imgort to know the flame length and thermal radiation
heat flux distribution, whereas in case of delaigrdtion a very important and fundamental issue is
the study of the spatial behavior of the hydrogeincpncentration in the surrounding air and the
determination of locations where the concentratfalis below the lower flammability limit.
Generally, accidental releases can originate fromallsand large holes in pipes, from high-pressure
storage tanks or from flanges and gaskets of copmenlike compressors, electrolysis systems, etc.

In safety studies about hydrogen systems, the tHtctiecommunity has identified the characterization
of unintended release and subsequent dispersitimasiost important problem. In fact all over the
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world many researchers are investigating on passiptirogen accidents, especially on atmospheric
dispersion phenomena, in order to determine pliotecteasures from hydrogen fires and explosions.
Unfortunately most simulation models, whether or cancerned with fluid dynamics used in studies
on safety and risk are not validated for hydrogsa. urhis aspect may imply that results of safety
studies cannot be too accurate and realistic. dhtfee current trend in the research studies iegb
several CFD models for various types of hydrogéeases [1-7]. Detailed and reliable experimental
database to validate these models are increagieglyssary.

In this paper some experimental measurements aatee. The Department of Energetics of the
Politecnico of Torino has performed a wide safeisearch programs on the employment of hydrogen
in refueling stations. Accidental hydrogen releasd dispersion phenomena have also been studied
with the collaboration of the University of Pisa ander to acquire a set of experimental data to
validate simulation models for such studies. Twgectives are achieved in this paper: the
experimental characterization of hydrogen releasenfa low pressure system and a preliminary
comparison of experimental data with two integraldels in order to examine their capacity to handle
hydrogen release. At the laboratories of the Dempamt of Mechanical, Nuclear and Production
Engineering (DIMNP) of the University of Pisa agpiplant called Hydrogen Pipe Break Test (HPBT)
was built. The apparatus consisted of a 2tank which was fed by high pressure cylinders. The
maximum internal pressure was 1 MPa. A 50 m lopg phoved from the tank to an open space and
the far end of the pipe had an automatic releastesythat could be operated by remote control.
During the experimental activity, data was acquiredarding the hydrogen concentration as a
function of distance from the release hole, alswtlewise and vertically in order to determine the
extent of the flammable cloud generated. Meteoioldgdata was also acquired continuously by
means of an anemometer localized near the soungdeafse. In this paper some of the experimental
data acquired during the activity are compared withintegral simulation models, Effects and Phast,
to verify the behavior of the two models as regdnytirogen release and dispersion simulations.

In the future, experimental results will be usedatibrate more sophisticated models for atmospheri
dispersion studies, such as a Lagrangian partiolgehfor hydrogen atmospheric dispersion.

2.0 EXPERIMETAL APPARATUS

The experimental apparatus HPBT was installed withé Laboratory “Scalbatraio” of the University
of Pisa. This apparatus was used to investigatd¢havior of hydrogen leakages from pipelines; it
was able to simulate a real, low pressure hydroglease into free air. The purpose of the Universit
of Pisa’s activity was to generate data that cwelgh develop an Italian regulation for the transpbr
hydrogen through pipelines. Unfortunately the appe was not designed to investigate on high
pressure and high capacity storage systems, whltshifnder the scope of the Politecnico of Torino
unit. For this reason the plant was utilized by Tieeino unit only in its most dangerous configuoati
The pressure system was designed to have a maximauking pressure of 1 MPa. Discharge orifices
of varying diameters and discharge pressure wesaged to study different accidental conditions.
The supply system used (four storage tanks of 8anh) ,with the largest orifice (0,011 m) allowed
the maximum discharge pressure to be maintaineg fonl about one minute before the pressure
began to drop below 0.7 MPa. Below this value #mwharge of experimental apparatus became too
expensive and the jet length too small for the scopthe research. All the releases were directed
horizontally, 0.9 m above the test ground. The expental activity also addressed the acquisition of
data that could be useful to validate computatiamales like CFD models. The Torino unit would
have needed a higher pressure and capacity, biggarbeconomic investment was not available.
Despite these problems, results of the Torinowaite very reasonable.

During the experimental series a total of 22 testse performed. The conditions that changed during
the tests were: hole diameter (0.0025 m; 0.005.6110m) and internal pressure (0.2 MPa; 0.5 MPa,;
1 MPa). Only two of all tests performed are rep@@d analyzed in this paper, both performed with
D=0,011 m and P=1 MPa [8].



2.1 Experimental apparatus layout
The layout of the HPBT apparatus can be divided fiotir ideal parts [9]:

1. Hydrogen and nitrogen storage. There were two gasd the first housing the hydrogen banks;
the second containing the nitrogen banks usedléanag to remove air inside the apparatus and
to remove the residual hydrogen at the end of éxgats. Each bank consisted of 25 cylinders
with an initial pressure of 20 MPa;

2. Gas reservoir (test pressure). Composed of fomaggotanks 3 fheach with a maximum working
pressure of 1 MPa; making it possible to store wd30 Nni of hydrogen. The reservoir was
connected to the banks by a pipe of 2 in (0.0508me&rnal diameter. The reservoir delivered
hydrogen to the pipeline system by a discharge folani Furthermore it was also directly
connected to an emergency vent line;

3. Pipeline system. A pipe of 4 in (0.102 m) interdameter and 50 m long leading from the gas
reservoir to an automatic release system (ARS) evttex hydrogen leakage took place in an open
field. When the ARS was turned on, it opened inualten seconds and could be closed on
command. The ARS consisted of two different vaimeseries: the first was a pneumatic ball valve
which opened in few seconds, the second was a @igufast opening butterfly valve. The line
length allowed the simulation of a real pipelinel aatso guaranteed a safety distance between the
gas storage and the release point. The far ertegfipe was connected to the vent line by a pipe of
2 in (0.0508 m) in internal diameter, to allow teenoval of hydrogen when necessary;

4. Vent line. A 6 m high pipe of 2 in (0.0508 m) imat diameter that was able to vent the gas when
necessary. It was a system used in the event @flfamastioning to remove residual hydrogen from
the tanks, but it was also used when compressexjait was fed to the apparatus in order to leave
inert gas inside the plant.

3.0 DATA ACQUISITION SYSTEM

In this paragraph the acquisition system set oaolytlie two tests here reported, is described [9].
During the tests the following data were acquirexlyjgen concentration, internal pressure, internal
temperature and wind intensity and direction. Tresgure and the temperature of the hydrogen close
to the release nozzle and in the storage tanks wemrded during each test in order to control the
release. The air temperature, wind intensity angiction were measured continuously near the release
point using an anemometer and a thermocouple.

3.1 Anemometer

Wind was monitored continuously at about 0.9 m &bibne ground and near the source of the release.
It was far from obstacles that could create tunbcde The instrument used was an anemometer
MODEL N°1086 LTD by Gill Instruments Ltd (Lymingtoddampshire — England).

3.2 Thermocouples and pressure transducers

Temperature and pressure were measured in thrisegedif points: inside tank 1, inside tank 4 and
next to the release nozzle. The instruments used @amnmercial thermocouples type “K” and Druck
pressure sensor type PTX1400.

3.3 Concentration acquisition system

Unfortunately hydrogen sensors available for tiséstdo not work properly in free air when analyzing
range concentration between 0% and 100% in voldrherefore in order to have data on hydrogen
concentration in free air, oxygen concentration aeguired in eight different points. The data om th
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concentration of hydrogen was obtained by measuhegoxygen concentration assuming that any
decrease in the concentration of oxygen was cang@isplacement of oxygen by hydrogen gas. The
sensors used were SMART3 CC-CD (NET/x) by SENSITR®NI. (Milano — ltaly). In order to
connect the points where the samples were placédetsensors, eight rylsan pipes (6x4mm) were
used. A vacuum pump model TIPO BS V3 was useddk the samples in the sensors. The flow rate
was regulated through each pipe by asameters m&deVIA FLUSSIMETRO SERIE 1900.

Test points were chosen both in planar and spadidigurations in order to study jet shapes andidwin
influence.

4.0 EXPERIMENTAL RESULTS

Only the results of Test 2 and Test 3 are repartéhdis paper:. They were chosen in order to cansid
the most critical release conditions realized dyrthe experimental studies and to make the
comparison with the two integral Effect and Phastats.

4.1 Meteorological data

The acquisition of data by the anemometer wasestat the beginning of the experimental day. In
this way a continuous measure of the three comgerefrthe wind was available. The anemometer
was oriented northward by means of a compass. fisteuiment was positioned near the source of
release at altitude of 0.90 m. For each test tijeieed data of the anemometer was averaged on three
temporal intervals (see Fig. 1):

- T1= Includes the duration time of the test and minutes before and after the test. It was selected
in order to have a best statistic average of melegical wind status during the test;

- T2=Includes the duration time of the test andief iperiod before (about 200 seconds);
- T3=Includes only the duration time of the effeetielease (about 70-80 seconds).

The meteorological data was evaluated at the pusvibree different temporal intervals in order to
support a possible simulation activity where aringsion of the error in wind data (velocity and
direction) would be considered. The T1 intervahdvisable because it describes a larger average tha
the others and considers a possible synchronison leetween wind and concentrations logging.
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Figure 1. Temporal evaluation intervals of meteogatal data

As shown in Fig 2, during Tests 2 and 3 a wind wagiposing direction and intensity from 1 m/s to
1,5 m/s was verified. The results of the three temabintervals allow to quantify an error in the

direction of about 12° and on intensity of abou? @/s. By acquired data it was also possible
determine some turbulent parameters, such as sthdewations for the three wind components.
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Figure 2. Wind direction and intensity for each pamal interval
4.2 Hydrogen concentration data

Experimental tests were performed with releasespresof 1 MPa and from 0.011 m hole diameter;
the direction was approximately horizontal becaafse slight upward inclination which was observed
to be about 4°, due to an erroneous installatidre felease of each test lasted about 70-80 seconds.
The following reference system (right-handed Caatesystem) should be considered: the center of
coordinates is the release point; the X axis regssthe horizontal direction following the releabe

Y axis is the horizontal cross-direction; and thexs is the vertical direction. The position oéth
samplers during Tests 2 and 3 are reported in Tab 1

As mentioned before, during the tests oxygen volaomcentrations were acquired and opportunely
converted into hydrogen volume concentrations clamgig an average oxygen volume concentration
in the atmosphere of 20.6%. Consequently in théovidhg figures negative hydrogen volume
concentrations are relative to an oxygen conceatrghigher than the atmospheric average. The
concentrations captured foresaw three differeribger as described below [10]:

- First period: about 120 seconds of data capturéatdé¢he release. During this period the samplers
recorded the hydrogen (in reality, oxygen) conardn in the atmosphere. As shown in Fig 3 and
5 (there is the same result for each test), thedgy@h concentration was not zero, but varied from -
5% to 5%. This result allows evaluation of the lwation error of each sampler and the ground
noise due to acquisition method. At the end of phiase the release started.

- Second period: about 50-60 seconds after thegesod. During this phase the samplers started to
capture the hydrogen jet. The data acquired cantaifirst period of about 15 seconds of strong
instability due to internal dynamics of the samplas a consequence of the jet impact. After a
second period of about 35-45 seconds, the acquisiistem slowly achieved a stationary status.

- Third period: about 20 seconds after the secongeburing this phase most samplers achieved
the stationary status. At the end of this perica rflease ended because internal pressure in tanks
dropped down 0.7 MPa.

In Fig 3, 4, 5 and 6 the experimental measuremaiydrogen concentrations for Tests 2 and 3 are
reported.

The results of measured concentrations are sumecbaird elaborated in Figs 7 and 8. These figures
provide an immediate visualization of the hydrogetnshapes in all the directions: for each testethe
is one graph on XY plane and another one on theplsie. The numbers reported in the graphs
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represent the distances in centimeter from thecgoor the horizontal axis, while the blue bar chart
(on the left) are representative of the hydrogdnme concentrations measured in the last 20 seconds
of the acquisition and red bar charts (on the Jigine representative of the 10% error in volume
concentration. The error was evaluated considealgsources of uncertainty: instruments and
procedures. The numerical value of the concentigti® reported in Tab. 1.

The following figures necessarily point out thdteathe analysis of all the tests achieved duthey
same day, the sampler X10 systematically overestianthe hydrogen concentration. Due to this, its
measurements are not to be taken into account.
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Figure 3. Hydrogen concentration in Test 2
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Figure 4. Hydrogen concentration in the last 2@sds of Test 2
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Figure 5. Hydrogen concentration in Test 3
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Figure 6. Hydrogen concentration in the last 2@sds of Test 3
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Figure 7. Hydrogen jet shape in Test 2 (X10 reaslarg erroneous)
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Figure 8. Hydrogen jet shape in Test 3 (X10 reaslarg erroneous)

Table 1. Position of samplers and mean hydrogenestration in Tests 2 and 3.

Test 2 Test 3
Sampler Position Mea_n Position Mea_n
[cm,cm,cm] concentration [%] [cm,cm,cm] concentration [%]
X4 (14,0,0) 58.8 (62,0,0) 39.8
X5 (52,0,0) 36.8 (93,0,0) 20.8
X6 (127,32,0) 0.9 (200,32,0) 2.6
X7 (127,0,0) 18.2 (200,0,0) 7.2
X8 (198,0,0) 2.4 (306,5,43) 2.5
X9 (127,-32,0) 0.4 (200,-32,0) 19
X10 (92,0,0) 34.3 (123,0,0) 27.2
X11 (127,0,19) 2.5 (200,0,24) 4.6

5.0 COMPARISON WITH INTERGRAL MODELS

The comparison of the experimental measurementeéts 2 and 3 and the integral models Effects
4.0 and Phast 6.3 is proposed in this paper. Cilyrérese models are the most used in industisal ri
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analysis. Effects was developed by the TNO IngitftNetherlands whereas Phast was developed by
the DNV of Norway. Both models provide integral mtgdto study accidental sequences from the
moment the substance is released to the explogiengmena and/or toxic dispersion, considering
different types of chemicals. The scope of the canmspn is to verify the behavior of the two models
as regards hydrogen release and dispersion siongatiA considerable overestimation of the
concentration trend versus the distance is expd@@d Integral models cannot account for release
direction not aligned with wind direction. In thtsse the use of a CFD is adviced. However in this
paper, a first exam of the tests results are regdort

5.1 Phast 6.3 [11]

Phast is a software that collects different integnedels that allow the study of an accidental
sequence, from the release to the explosion ataiar dispersion of a chemical. As to its use Bkri
analysis, an important quality of Phast is the kmiting and calculation times that are very bried a
compatible with the requirements for studies ok Bad safety. Regarding its use in this particular
hydrogen study, a limitation of the model was tihatas not possible to define wind direction of the
wind respect to the release direction, since batiuwand release must have the same direction. For a
comparison with the experimental tests it wouldirbportant to have the possibility of considering
wind direction and intensity. To remedy this praoblehe lowest intensity wind was defined in Phast
in order to minimize the effect of the wind on tilispersion. Two stability atmospheric classes were
also considered: the neutral class D and the watblesclass F. Another limit of the model was the
setting of the outlet’s hydrogen velocity, becatisre was a higher limit of 500 m/s. Instead in the
tests’ release conditions, assuming the mass amdemtoim conservation [12], the velocity after the
complete expansion in the atmosphere resulted 48 18/s, whereas in correspondence the outlet
section was about 1300 m/s (sonic velocity forlth@rogen at atmospheric temperature).

In order to consider the pressure variation dutirgrelease, two different simulations were set: th
first considered the mass flow at the initial caiotis, the second the final conditions of the real
release (see Tab. 2).

Table 2. Initial release condition in Phast

Mass flow

Data [kg/s]

Pressure of 10 bara
Temperature of 25 °C 0.059
Hole diameter of 11 mm
Pressure of 7 bara

Temperature of 25 °C 0.041
Hole diameter of 11 mm

Figs 9 and 10 show the results that were obtaisgdyuhe Phast UDM dispersion model.

In Tabs 3 and 4 there is the comparison betweerndhene concentrations in the experiments and by
Phast.

The comparison shows that:

At a distance of 14 cm from the source the conadiotr is overestimated by about 10%;

Between 52 cm and 62 cm from the source, the coratems are very similar;

At a distance of 92-93 cm the concentration is estmated by about 10%;

At a distance of 123-127 cm the concentration erestimated by about 8%;
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- At a distance of 198-200 cm the concentration srestimated above at 10%; it was considered a
unrealistic estimation;

- As regards the samplers positioned above the jit, &xe concentrations are all exceedingly
overestimated.
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Table 3. Comparison between experimental measuitsriretest 2 and Phast

Test 2 Concentration in [% volume] by Phast 6.3

Sampler and Measured Mass flow of 0.059 | Mass flow of 0.041 | Error [%]

coordinates concentration kg/s kg/s

[em,cm,cm] [%] D F D F Min/max

X4 (14,0,0) 58.8 71.4 72.4 68.1 69.3 +14/+19

X5 (52,0,0) 36.8 44.3 46.1 40.3 42.2 +9/+20

X7 (127,0,0) 18.2 25.9 27.6 224 24.0 +19/+34

X8 (198,0,0) 2.4 17.7 19.1 15,.39 16.5 +84/+87
X11 (127,0,19) 2.5 25.5 27.4 22.0 23.7 +89/+91
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Table 4. Comparison between experimental measutsrrefest 3 and Phast

Test 3 Concentration in [% volume] by Phast 6.3

Sampler and Measured Mass flow of 0.059 | Mass flow of 0.041 | Error [%]

coordinates concentration kg/s kg/s

[cm,cm,cm] [%0] D F D F Min/max

X4 (62,0,0) 39.8 40.6 42.5 37.0 38.9 -8/+6

X5 (93,0,0) 20.8 32.1 34.0 28.1 29.9 +26/+39

X7 (200,0,0) 7.2 17.5 18.9 15.1 16.3 +52/+62
X8 (306,5,43) 25 14.3 154 12.6 13.6 +80/+84
X11 (200,0,24) 4,6 20.8 21.8 18.2 19.2 +75/+79

5.2 Effects 4.0 [13]

Effects is also a software that collects differeegral models. In Effects 4.0 there are two medel
simulate atmospheric dispersion: the neutral gademand the turbulent free jet model (TFJ). The
second was chosen because the hydrogen releadegh aelocity. Fig 11 shows the results for 0.041
kg/s of mass flow rate; with a higher rate the ftesill be more critical. A concentration of 8% was

obtained at centreline and distance from the soofd&em. This result is extensively higher than the
experimental measures.

TR
Hydrogen concentration

Concentration [vol %]

T T
4 8 12 16 20 24
Distance [m]

Figure 11. Hydrogen concentration with TFJ modetifects with mass flow rate of 0.041 kg/s

6.0 CONCLUSION

The experimental experience in Pisa allowed thepdation of sets of experimental data about
hydrogen release and atmospheric dispersion. Thdtsealso improve knowledge on the behavior of
hydrogen jets in the atmosphere after an accideslgdhse and contribute to making considerations on
safety distances. Despite the small release peesand storage capacity and the unfavorable
meteorological conditions, the trend of hydrogencemtration measured during the tests were very
realistic. The results also show an evident caiilabetween wind direction and intensity and
hydrogen concentration as a function of distanomfthe release hole, also lengthwise and vertically
As the first purpose of the activity was to prepdata to be tested and validated by CFD models, it
can be said that the objective has been achievedels1however should be able to consider opposite
wind directions. The type of measurement of metlegioal data achieved during the experiment is
very important and useful in understanding hydrobehavior in the atmosphere. Experimental data
without this type of information should not be ciolesed to calibrate dispersion models.
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The reliability and reproducibility of experimerasd data acquired is influenced by the method of
acquisition: in particular the system used for gascentration measurements was quite complex and
could lead to errors in the experimental values #na difficult to estimate. In order to achievermo
critical release conditions a higher pressure adme storage of the gas is necessary, but thisdwou
require a bigger financial investment and the rigahéisg of the plant, in terms of pipes and safety
equipment. The acquisition system should also bpramed with more sophisticated and rapid
hydrogen samplers.

A comparison with the two integral models Effect® 4nd Phast 6.3 was developed. The models
considered in this paper overestimated the hydraggtentration measured during Tests 2 and 3.
They also showed some difficulty in reproducingth#t experimental conditions as to wind intensity
and direction, and outflow velocity. Their use e trisk analysis could be advisable in the absehce
more realistic models, but often results could lomstdered as greatly overestimating the real
consequences in case of accidental release. Finadlsticular and sometimes very interesting
meteorological conditions cannot be simulated.

In the future a comparison with a more sophistitat®del, such as a Lagrangian particle model for
atmospheric dispersion, will be made in order tidese the model.

ACKNOWLEDGMENTS

The authors thank: Dr. C. Gariazzo and Dr. A. Beiltini of ISPESL (Roma) who supplied the
anemometer; Dr. D. Anfossi, Dr. S. Trini CastetidaDr. L. Mortarini of CNR-ISAC of Turin for
their support in the elaboration of meteorologiaall concentration data. Part of the activity was
performed in the framework of the PRIN2005 reseamatject founded by the Italian Ministry of
University and Research.

REFERENCES

1. Benard, P., Tchouvelev, A., Hourri, A., Chen, Znggrs, B., High pressure hydrogen jets in the
presence of a surface, Proceeding of HySafe 2A0T31September 2007, S. Sebastian (Spain)

2. Schmidt, D., Krause, U., Schmidtchen, U., Numerisahulation of hydrogen gas releases
between buildingd,. J. of Hydrogen Energy, 24, 1999, pp. 479-488

3. Cheng, Z., Agranat, V.M., Tchouvelev, A.V., Verlicarbulent buoyant helium jet — CFD
modelling and validation, Proceeding of HySafe 2@%0 September 2005, Pisa (Italy)

4. Venersanos, A.G., Huld, T., Adams, P., Bartzis,.J.Source, dispersion and combustion
modelling of an accident release of hydrogen imdran environment]. of Hazardous Materials,
105 2003, pp. 1-25

5. Wilkening, H., Baraldi, D., CFD modelling of accital hydrogen release from pipelinés). of
Hydrogen Energy, 32, 2007, pp. 2206-2215

6. Venersanos, A.G., Baraldi, D., Adams, P., Hegger.,PWilkening, H., CFD modelling of
hydrogen release, dispersion and combustion fanaative scenarios]. of Loss Prevention, 21,
2008, pp. 162-184

7. Olvera, H.A., Choudhuri, A.R., Numerical simulatioh hydrogen dispersion in the vicinity of a
cubical building in stabe stratified atmospheiles]. of Hydrogen Energy, 31, 2006, pp. 2356-
2369

8. Experimental data report of HPBT test, internaludoent, DIMNP, (2009)

9. Mattei, N.,Schiavetti, M., Marangon, A., RoselliM,, Carcassi, M. N., Experimental Studies on
Hydrogen Release From Low Pressure Pipelines, Bdougs of Hypothesis VIII, 1-3 April 2009,
Lisbon (Portugal)

10. Ganci, F., Modellistica Lagrangiana a particeller fee simulazione di rilasci e dispersione
atmosferica di idrogeno e applicazione alla siczmeindustriale, Tesi di Dottorato di Ricerca
(PhD Thesis), Politecnico di Torino, 2009

12



11. DNV, PHAST 6.3 Professional, Process Hazard Ansl§siftware Tool, DNV (Norway)

12. Birch A.D., Hughes D.J., Swaffield F., Velocity @gcof high pressure jet§ombustion science
and technology, 52, 1987, pp. 161-171

13. Methods for the calculation of physical effects @ Book TNO), Report CPR 14E (lll ed.),
TNO, Voorburg (Olanda,1998)

13



	Return to General Index 

