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ABSTRACT

At the DIMNP (Department of Mechanical, Nuclear aRcbduction Engineering) laboratories of
University of Pisa (ltaly) a pilot plant called HPB(Hydrogen Pipe Break Test) was built in
cooperation with the Italian Department of Firegaue. The apparatus consists of a $2amk which

is fed by high pressure cylinders. A 50 m long pipaves from the tank to an open space and at the
far end has an automatic release system that capdrated from remote. A couple of flanges have
been used to house a disc with a hole of the dkdiseneter, so that it could be changed easilynduri
tests. The plant has been used to carry out expetif hydrogen release and its ignition. Durbmgy t
experimental activity, data have been acquired athmugas concentration and the length of release a
function of internal pressure and release hole diam The information obtained by the experimental
activity will be the basis for the development aohew specific normative framework arranged to
prevent fire and applied to hydrogen. This studfo@used on hydrogen concentration as function of
wind velocity and direction. Experimental data hdeen compared with theoretical and computer
models (such as CFD simulations).

1.0 INTRODUCTION

Recently, many studies have been accomplished droggn jet releases [1]. Most of them deals with
high pressure releases (up to 1000 bar) [2] refgrto hypothetical leakages from high pressure
storage tanks. In these studies, the experimeataity reproduces flow rates that undergo to Vast
drop-downs, and therefore are very difficult toastigate with measurement instrumentation. The
purpose of this experimental study on the HPBT eqdpa has been to perform tests that could allow
acquiring data of hydrogen concentration, as atewa possible, into the volume crossed by the jet.
To achieve this target, at University of Pisa hasrbrealized an experimental facility that is ble
keep quite constant the gas flow rates of reletmea time long enough if related to the hydrogen
concentration acquisition system timing. It goethatit saying that only low pressure releases from a
large volume reservoir could be taken into accoling tests have been executed to have experimental
data set that the developers and users of compudghttodes find useful and, at the same time,ve gi
data that characterize typical leakages from loesgure pipelines that can be used for the Italian
regulation for the transport of hydrogen with pipel[3].

2.0 EXPERIMENTAL APPARATUS

The experimental apparatus named HPBT (Hydrogere Biggak Test) was installed within the

Laboratory “Scalbatraio” of DIMNP. This apparatusasvused to investigate the behaviour of
hydrogen leakages from pipelines; it was able taukite a real, low pressure hydrogen release into
free air. The experimental activity was mainly adthed to the acquisition of data, on hydrogen
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releases from holes at low pressure, that couldskeéul for computational codes. Another purpose of
the activity was to generate data that could hbk development of an Italian regulation for the
transport of hydrogen with pipeline.

2.1 Experimental apparatus layout

The HPBT apparatus layout is described in detd#iinBriefly the apparatus can be divided intorfou
ideal parts: (1) Hydrogen and nitrogen storage (baoks of twenty five cylinders with an initial
pressure of 20 MPa); (2) Gas reservoir (test preysmmposed of four large storage tanks {@ach)
with a maximum working pressure of 1 MPa; (3) aepi 4 inches (0.102 m) in diameter and 50 m
long connects the gas reservoir to an automateasel system (ARS) where the hydrogen leakage
takes place in an open field (the release waszezhhit 0.9 m above ground); (4) a vent line. (Fedur

Laboratory enclosure

A — Gas storage

B — Gas reservoir

C — Release point

D — Vent line

E — Buildings

Figure 1. HPBT apparatus Layout.

3.0 DATA ACQUISITION SYSTEM

The acquisition system is described in detail ih @nly the description of the anemometer and the
system used to acquire concentration data aretezpbelow.

3.1 Anemometer

During the tests under study in this paper, wind wnitored at about 3 m from ground and far from
obstacles that could create turbulence. The ingnimsed is an anemometer MODEL N°1086 LTD
by Gill Instruments Ltd (Lymington Hampshire — Eagtl). The instrument was set at the beginning
of the day and acquired data during all the days Way it was possible to have data about wind not
only at the moment of the test, but also beforeadtat.

3.2 Concentration acquisition system

Hydrogen sensors don’'t work properly in free airewhanalyzing B concentration in the range
between 0 and 100%vol. Therefore in order to hata that could identify hydrogen concentration in
free air, oxygen concentration was acquired in mifferent points. The sensors used are SMART3
CC-CD (NET/x) by SENSITRON S.r.l. (Milano — Italyip Table 1 and Figure 4 spatial coordinates of
concentration monitor points referring to tests HRERR-3, HPBT-JR-7 and HPBT-JR-8. Coordinates
are referred to the release point (center of coatds) and are right-handed Cartesian coordinates ¢
be found (as written before, the release was ehlz9 m high from ground). Monitor points are
labelled from X4 to X12. In order to connect thent® where the samples are taken to the sensors,
nine rilsan pipes (6x4 mm) were used. As the sasnpkre up to 4m far from release point, about 6 m
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long pipes were necessary. A vacuum pump model BBQ/3 was used to suck the gas samples in
the sensors. The flow rate was regulated througth g@pe by flow-meters model TECMA
FLUSSIMETRO SERIE 1900.

Table 1. Spatial coordinates of sample points.

X[mm] | Y[mm] | Z[mm]
X4 290 0 -10
X5 500 0 20
X6 980 0 -10
X7 2000 0 0
X8 2490 0 0
X9 480 0 70
X10 480 0 -50
X11 980 0 100
X12 980 0 -100

4.0 RELEASE EXPERIMENTAL TESTS

During the experimental series a total of 22 radetests were performed. The parameters changed
during the tests were: hole diameter (2.5 mm, 5amch 11 mm) and internal pressure (from 2 to 10
bar). Three of the tests performed are reportedaaradlyzed in this article: test HPBT-JR-3 (D=2.5
mm and P=2.1 bar), test HPBT-JR-7 (D=2.5 mm and.%b4r), test HPBT-JR-8 (D=2.5 mm and
P=10 bar) [5].

4.1 Data acquired

In Table 2 the results of tests are summarized.nMaad velocity [m/s] and direction [°] are repatte
as modulus and as clockwise angle starting fromass direction. Referring to the maximum mass
flow rate Gnax the last two columns report how long it was plolesto keep the mass flow rate G
between the value z.> G > (0.90)Gux in the first case and > G > (0.95)Gax in the second.

4.2 Hydrogen concentration versus time [4]

Due to the concentration measurement system, fbesedelay between the time when the release
starts (§) and the time when hydrogen sensors start to meassteady valueg[t To understand how

the delay can affect the measure it has been dedltiae time that the gas sample needs to reach the
sensor and then the response time of the sendw.gds measurement system has been described in
[4]. Here it is important to underline that once tfelay has been defined, it is possible to sel¢iohe

zone where the concentration values are steadgssimind turbulence is present (Figure 2).

4.3 Wind behaviour

During the experimental series wind intensity aetbeity was monitored. Wind behavior during tests
HPBT-JR-3, HPBT-JR-7 and HPBT-JR-8 is shown inftil®wing Figure 3. In Figure 3 (a), (d) and
(e) is shown wind velocity as modulus (time depedén the plane XY and the two horizontal
components yand y, respectively along the axis of the jet and aldng orthogonal direction;
component yis also shown. In Figure 3 (b), (c) and (f) is whathe anti-clockwise angle (time
dependent) that wind vector forms with X-axis omar@ XY moving away from the center of
coordinates.



It can be noticed that,\contribution to overall wind intensity is negli¢gbin the three tests under
study. The angle vs. time plot shows that duringtnpart of tests HPBT-JR-3 and HPBT-JR-8 wind
direction was definitely constant. During test HREBR-7 the angle shows fast and large changes: in
about 20 s undergoes up to a 90° variation, sgaftom 130° it drops to 40° and grows back to 120°.

Table 2. Experimental data referring to wind angprameters.

P d Wind Wind angle Time before Time before
modulus | (anti-clockwise | G drops G drops
fromrelease under 90% under 95%
direction)
[bar] [m] [m/s] [] [s] [s]
HPBT-JR-3 2.1 2.510° 1.68 79.4 > 155 > 155
HPBT-JR-7 5.9 2.510° 1.24 87.5 > 180 > 180
HPBT-JR-8 10 2.510° 2.10 55.4 > 249 175
. 7:2 2.5mm - 10bar
X6
25 T X7
— X8
204 |7
_ —X10
8 15— S
:
’ 79@“@{&)‘;0 100 s
5 to tp fs
time [s]

Figure 2. Test HPBT-JR-8: hydrogen concentratiasugtime.

It is hard to identify the influence of changesiimd direction on hydrogen diffusion because they a
too fast and correspond to variation in wind moduldn the contrary, it is easy to find a time regio
during which wind modulus changes while the angleonstant. Starting from this remark, wind
speed and hydrogen concentration were plotted seime and some interaction has been noticed.
Eventually each test could be analyzed on the lidses series of data that can be summarized as

shown in Figure 4.

5.0 WIND INFLUENCE ON CONCENTRATION BEHAVIOUR

Looking at the concentration vs. time graph fort td®BT-JR-3 it is evident that there is some
influence due to wind. Furthermore in Figure Sipbssible to see that sensors X5, X7, X10 and X11
show a direct reaction to wind velocity. This papes intended for the study of this phenomenon. In
fact overlapping the two graphs representing wieldgity (vs. time) and hydrogen concentration (vs.
time), it is possible to investigate if changesvind speed mirror changes in hydrogen concentration
To achieve this purpose in every test two or thiree intervals have been chosen. Every time interva
has a different wind intensity and a correspondigation in hydrogen concentration. Figure 6 shows
the intervals chosen and Table 5 reports all canagon and data referring to the time intervals
defined in Figure 6. Three tests have been chosexample in this article, because each of them has
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a different configuration of wind intensity and elition. In test HPBT-JR-3 wind changes its speed
from about 3 m/s to 0.8 m/s and Y component is dami, while direction holds steady. In test
HPBT-JR-7 wind changes its speed from about 0.7tm/2.1 m/s and X component is dominant,
while direction holds steady. In test HPBT-JR-8 dvohanges its speed from about 3.8 m/s to 1.7 m/s
and no component is really dominant, while direttiolds steady.

5.1 Wind speed and jet speed

In the following paragraphs the variation of hydengconcentration as function of wind velocity will
be discussed in detail. What is important to underere is that in all the tests under study #mee
points are inside the momentum dominated regidhefjet [6, 7].

Therefore the influence of wind speed is theor#iazegligible because it is much smaller than jet
velocity. So it is interesting to evaluate the witlp of jet corresponding to the points where samspl
are taken, following theoretical approach [6, 718, 15] and then to compare it to wind velocity
evaluated at the altitude of release point (abcutg [9, 10].

As the pressure inside the apparatus was alwaye than 2 bar, a second expansion of the gas
outside the release must be expected [7, 9]. Tind fielocity of the gas can be valuated by the
equation:

oy =u PP, (1)
PiY;

wherevy; — velocity at exit hole, m/$2; — pressure at exit hole, b&;, — atmospheric pressure, bars-
hydrogen density at release hole, kg/m

The notional diameter is given by:

b =0, [ 25, @
Hoo ™ f

whered; — release hole diameter, m;..— hydrogen density at atmospheric conditions, Rg/m
Froude number has been evaluated as follow [7]:
uf ’ (3)

Po ™ Phw
oo
N P

Fr =

whereg — acceleration due to gravity, M/®., — air density at atmospheric conditions, k§j/m

Moreover Chen & Rodi [6] give an expression that ba used to evaluate jet velocity along jet axis:

_ . Uy P, 4
uj(x)—ufoJl\/pt (4)

wherex — distance from release hole, Ay; — non-dimensional coefficient (= 6.2 [6]).

The speed change of wind due to the differencdtiinde of the anemometer and the release point has
been taken into account as follow [9, 10]:
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Figure 3. (a), (d) and (e) wind modulus and wintchponents; (b), (c) and (f) wind anticlockwise
angle (see Figure 4)

where uvrver — wind velocity measured by anemometer, ma/s; height of release, nz« — height of
anemometer, g, — atmospheric roughness length, m (= 0.03; [9).10]
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By means of expression (5), wind modulus on plaiYeiXlowered to 76.8% of measured value. As
this correction is proportional to the measureaeity, Figures 3 are still a valid reference fondi
fluctuation.

Table 3 and Table 4 show the coordinates of sampiets and the value af, uj(x), Fr andRe. In
order to evaluatér(x) andRe(X) it was necessary to calcula#x) as suggested by Chen & Rodi [6]:

P e, (6)
p(x)=p, S(pmj . (0. -p,)
Table 3. Data referring to gas exit conditions befand after second expansion.
P, [bar] | d;[m] Det [m] | u; [m/s] | u[m/s] | Fr Re
HPBT-JR-3| 2.1 2.510° | 3.210° 1345 | 1.8410° | 4155 | 1.0810°
HPBT-JR-7| 5.9 2.510° | 4.9910° 1348 | 2.1310¢° | 7682 | 5.4910°
HPBT-JR-8| 10 2.510° | 6.3510° 1350 | 2.2010° | 12040 | 1.2110°

Table 4. Data referring to centerline sample poialisvalues are calculated by means of Chen and
Rodi equations [6].

HPBT-JR-3 HPBT-JR-7 HPBT-JR-8
U | p(x) Fr(x) | Re(x) ux | pKx) Frx) | Re(x) Uux | px) Fr(x) | Re(x)
m/s kgint | - - m/s ka/m? | - - m/s kg/im? | - -

X4 34.0 1.05 502 1.2610" 89.3 1.10 1330 | 5.47310° 148 1.14 2650 | 1.1910°

X5 19.7 111 394 | 7.7410° 51.8 1.14 1033 | 3.27m0¢ 85.7 1.17 2039 | 7.0610°

X6 | 101 1.15 287 | 4.170° 26.4 1.17 747 | 1.7130° | 43.7 1.18 1467 | 3.6510"
X7 493 1.18 203 | 2.0610° 12.9 1.18 526 | 8.4910° 21.4 1.19 1030 | 1.8010
X8 3.96 1.18 182 | 1.6610° 10.4 1.19 472 | 6.841C° 17.2 1.19 924 | 1.4510

Table 5. H concentration: experimental data.

HPBT-JR-3 HPBT-JR-7 HPBT-JR-8

Al | oA | a3 | o an | A Al | AR | A3

H2 %vol. H2 %vol. H2 %vol.

X4 8 8.1 | 6.2 18 157 | 19.3 | 19.4 | 20
X5 45 | 1.7 3 14.7 11 135 14 13.3
X6 (0) (0) (0) (2.6) (3.2) 1) (2) (4.2)
X7 0.7 0 1.4 0 0 1.3 15 1.9
X8 0 0 0 0 0 0 0 0
X9 2.7 2 0 6.3 4.2 13.1] 119 103
X10 32 | 25 | 44 9.3 7.6 4.6 6 7.8
X11 23 | 07 | 1.1 5.4 1.3 4.4 6.6 8.3
X12 06 | 09| 13 2 1 0 0 0
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Figure 4. (a) wind anticlockwise angle from jetsa@n plane XY; (b) wind velocity; (c) hydrogen
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Figure 6. Hydrogen concentration versus time ame intervals.

6.0 MODELS USED BY COMPUTER CODES

Computational codes use has undergone large dewefdp lately and many programs can be found
on commerce. For this work three of them have hesmu, but the results of only two of them are
available. Every code has been developed on this bfaa theoretical model: in this paragraph afbrie

review of the different approach will be shown, @ay a discussion about the physical models of the
codes is beyond the purpose of this article.

EFFECTS 7.6.1 is a commercial program by TNO whiaeh perform calculations to predict the
physical effects (gas concentrations, heat radidwels, peak overpressures etc.) of the escape of
hazardous materials. Models in EFFECTS are based the Yellow Book [9]. FLACS V9.0 is a
commercial program by GexCon AS and is based on @ehputational fluid dynamics), a branch
of fluid mechanics that uses numerical method®beesand analyze problems that involve fluid flow,
with or without chemical reactions [10]. The pragrallows to create a 3D representation of the
scenario. Afterwards it is necessary to creatddajrdiscrete cells (the mesh). When the program i
started it solves iteratively fluodynamic equatidas every cell and can print a visualization oéth
results or at a definite time or can visualize tidependant phenomena as a video. SPRAY is a
program under development in Italy by CNR-ISAC Tiarin) and ARIANET (in Milan); it is a
Lagrangian particle dispersion model that consideesbuoyancy effects and is based on evaluating
the behaviour of a large number of small partid&s, 12]. Unfortunately the results of the
simulations performed by SPRAY are not still avaliia
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Figure 7. Simulation of wind effect on jet directiby FLACS

7.0 EXPERIMENTAL RESULTS AND COMPUTATIONAL VALUES

As mentioned before, only FLACS and SPRAY codevadldo introduce wind parameters, while
EFFECTS model for turbulent jets doesn’t allow $sign wind velocity, but only a direction that is
used by the code to define jet direction. SPRAYIltesare not available at present, as it has beed u
to investigate different tests [12, 13]. FLACS cada simulate “fluctuating wind” [10] and allows to
define two different frequencies in horizontal diien and one in vertical direction. Anyway for the
purpose of this paper FLACS code has been usedmnalate jets in presence of a constant wind
velocity and direction, and the corresponding vaiti¢l, concentration are reported in Table 5. The
time interval has been chosen as large as windredeas could be considered steady, therefore it
includes about 10 s.

7.1 Wind influence on jet direction as result of FIACS simulations
In Figures 7 is shown the result of FLACS simulasicof time intervald\tl, At2 andAt3 of test

HPBT-JR-3. The Figure shows how the code simulatesl on plane XY (wind along Z-axis has
been neglected) and the influence of wind in thedltases under study.
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7.2 Wind influence on hydrogen concentration

It is usual assumption that wind helps gas disparsiherefore for fixed monitor points higher wind
speed should yield lower gas concentrations. Tlidkwries to show if experimental data support this
theory.

A comparison of hydrogen concentration as functibulistance from hole release at different wind
speed can be seen in Figures from 8 to 11. In itner&s experimental data are reported as triangles,
FLACS data are reported as balls and EFFECTS dateported as squares.

HPBT-JR-3 D=2.5mm - P=2.1bar
18
[ |
16
Av=215m/s
Av=3m/s
14 A v=0.76 m/s
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_ @ FLACS (3 mis)
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<
o ° s
T
6 hid
| |
4 o ¢
A
2 4 ¢ A
A
0 L] I}
0 500 1000 1500 2000 2500

X (centerline) [mm]

Figure 8. HPBT-JR-3: Hydrogen concentration vsx get centreline)

In general both codes report a similar trend whschlso shown by the experiments. Along X axis
EFFECTS overestimates real values in every testaay when evaluating concentration along Z
axis, it calculates values comparable to experialemes. On the opposite FLACS offers a more
realistic series of values. Test HPBT-JR-8 does simws a considerable variation of hydrogen
concentration due to wind fluctuation. Experimertata results quite completely overlapped in good
accordance to wind intensity. In regards to thisraark is necessary.

Looking at Table 6 is possible to see that wind uhosl has decreased with increasing time. At the
same time internal pressure has decreased witbasiolg time, so in complete lack of wind hydrogen

concentration is expected to drop with time. Thesams that any increase of hydrogen concentration
has to be attributed to wind fluctuation. Furtherenthe first two sensors (X4 and X5) in Table #&ref

to high jet velocity and the corresponding Froude &eynolds numbers, as reported in Table 4,
suggest that small influence has to be expectad Wwind speed. Unfortunately sensor X6 has given

underestimated values and can be considered omtgras, but both X6 and X7 sensors have reported
a change in values that is in good accordancetivbry.

With regard to test HPBT-JR-7, a more evident diffee between concentrations at different wind

speed can be pointed out. The difference is shdsmby FLACS values and the gap between the two
values remains quite constant along X axis. Expemial data are higher than those calculated by the
code with a difference that is quite large and Ke&tps constant along X axis.

11



Table 6. Data referring to wind at 3m above theugmbat different time

test HPBT-JR-3 HPBT-JR-7 HPBT-JR-8
Wind Speed [m/s] | Angle[?]| Speed[m/s]] Angle[°]] Speed][s] | Angle [°]
Atl 2.15 91 0.68 95 3.8 35
At2 3 100 2.1 47 2.5 28.4
At3 0.76 82 1.68 18.5
HPBT-JR-3
10 Plane YZ at 500mm from release hole
9 - Avy=215ms
Avy=3ms
8 Ay =076ms Atl
7 B EFFECTS o= 910
@ FLACS (2.15 mis) _
—6 N 5 FLACS (3 ) v=215m/s
\g 5 @ FLACS (0.76 m/s)
s A é
N
n ]
3 A A
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2 N b ¢
1 ]
o @ e 3 At2
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Figure 9. HPBT-JR-3: Hydrogen concentration aloraxis and wind parameters.
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Figure 10. HPBT-JR-7: Hydrogen concentration aldraxis and wind parameters.

Test HPBT-JR-3 requires a more accurate analysig. internal pressure and small hole diameter
make so that wind influence affects much more hgenoconcentration than it does in tests discussed
before. To understand how wind speed interferels itspeed it can be useful to evaluate the ditio
jet speed to the vector that comes out from théovesum of wind vector and jet vector versus axial
distance (Figure 12). Furthermore the correspondiydrogen concentration has been reported on
plots. In these plots wind velocity has been calimd at the height of hole release by means of
equation (5).

In Figure 12 it can be noticed that a higher spafediind does not translate into a higher velocity
vector, because wind component along X axis cam lzadirection that is opposite to jet direction
(At3). So it can be said that a higher increase @edpmodulus (due to vector sum of wind and jet
speed) leads to a lower value of hydrogen conasmtran Figure 12 it is also possible to noticatth
the curves overlaps more than once before theylglsaparate. The second measurement (X5) is
made where the curves overlaps and this is suppodes the reason why the values of concentration
are apparently in disagreement with the curveslewhithe other case a higher velocity corresponds
to a lower concentration as expected.
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Figure 11. HPBT-JR-8: Hydrogen concentration aldraxis and wind parameters.

The same plots for test HPBT-JR-7 (Figure 12) shtivessame results as described before, but no
overlapping of the curves can be observed. So tiseee direct correlation between total velocity
modulus and hydrogen concentration: the highehasfirst value and the lower is the second value.
With regard to test HPBT-JR-8, there is no evid#éfierence in hydrogen concentration so as there is
no evident difference in total velocity modulus. figure 13 H concentration along X axis is
compared for the same point at decreasing windcitglovalues far from release point show a trend
that agrees with theory.

About FLACS data, it is evident that they are iallfegood agreement with experimental data in test
HBPT-JR-8, when considering the points along cénterAlong Z axis they are very symmetrical
while test data are not. The higher velocity of jbee can explain the most correct values along
centerline, while the higher turbulence may expthmlack of agreement along Z axis. In fact tha re
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Ujl(Uj + Vwind)

phenomenon is affected by higher turbulence than rttodel can simulate, because of the
variations of wind velocity and direction that haxeen measured (Figure 2).
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Figure 12. Ratio of jet velocity to vector sum dhd velocity and jet velocity compared to H2
concentration along X axis as function of wind o&ip
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In test HPBT-JR-7 FLACS values along X axis arearadtimated but have a good coherence both as
overall trend and as drop due to increased windvRlues along Z axis the same remarks as for test
HPBT-JR-8 are valid.

The same considerations can be made for test HIRBT-gjood agreement can be noticed along X
axis, but along Z axis experimental data diffecsrfrthose given by code.
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8.0 CONCLUSIONS

When considering wind influence on gas dispersiohetter dilution is expected by higher values of
wind speed. Experimental data show a good agreewiintheory along X axis and far enough from
release hole to have a jet velocity that is comgarto wind velocity. When internal pressure is law
higher influence on gas concentration is recorti¢den internal pressure is high, experimental values
show very little variation due to wind influence.
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