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E-SBEP: NASA 6 LIQUID HYDROGEN RELEASE TESTS


FLACS-HYDROGEN CALCULATIONS

Extended Standard Benchmark Exercise Problem (E-SBEP)

Liquid hydrogen release from pool (9.5 kg/s for 38 seconds)
GexCon E-SBEP-NASA 6
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1. INTRODUCTION

In this technical note FLACS-HYDROGEN simulations of the NASA-6 liquid hydrogen release is described. We have used the description of the experiment found in Hysafe D01 (Revision 2 dated 25 June 2004), this document again refers to [1]

Witcofski R.D. and Chirivella J.E., (1984), “Experimental and analytical analyses of the mechanisms governing the dispersion of flammable clouds formed by liquid hydrogen spills”, Int. J. Hydrogen Energy, Vol 9., No 5, pp 425-435.

The scenario described is a release of 361 kg liquid hydrogen over 38 s, i.e. an average rate of 9.5 kg/s. The wind speed was 2.2 m/s (reference height 10m). The release location seems to have been a pool filled with sand, elevated 0.60 m from the surrounding flat terrain. Hydrogen and temperatures have been recorded at various locations downstream, however, as hydrogen sensors seem to have been saturated quickly where significant concentrations were seen, concentration seems to have been estimated from temperatures.

2. DESCRIPTION OF FLACS

FLACS is a 3D Cartesian compressible CFD (computational fluid dynamics) solver developed from 1980 initially to handle gas explosion in offshore oil and gas installations. FLACS is developed in-house at GexCon (previously GexCon was a part of Christian Michelsen Institute and late Christian Michelsen Research). In 2004 FLACS was used commercially in 25-30 offices around the world in addition to around 10 universities. In addition to this, partners in the DESC development team (Dust Explosion Simulation Code) used a dust explosion tool based on FLACS technology.

A description of FLACS has been given in connection to the SBEPs delivered, please refer to this for a general description of FLACS. In the following some issues relevant for the current exercise will be discussed.

· The commercial version of FLACS cannot handle liquid/gas interactions. GexCon has a research version of FLACS, which solves droplet transport phenomena (including evaporation), this version still has its limitations.

· To represent the liquid pool evaporation, a steady state release of 9.5 kg/s hydrogen is assumed. The hydrogen is released at its boiling point (20 K). To prevent unnecessary momentum in connection to the release, the hydrogen is released from 12 low momentum jets below an low porosity cover (5% porosity). This will ensure a “pool-similar” behaviour of the release.

· FLACSv8.1 has been used. This version is released March 2005. FLACSv8.1 also has a liquid pool evaporation model (mainly intended for LNG-pools). This can absorb heat from ground and solar influx. This model can also be applied for liquid hydrogen but this would require parameters for liquid enthalpy for hydrogen. We did not use this model as proper parameters for hydrogen had not been found at time of writing.

· FLACSv8.1 have a possibility to model atmospheric stability classes and also meandering wind. In a release scenario like this, variations in the wind field will influence the flow and contribute to dilution and variation in concentration. The model for meandering wind field is described in [2]. D stability (neutral) has been assumed as limited information about this was found in the references.

· Based on photograph given in D01, an attempt to model the geometry of the feeding system is done, also the measurement towers (20m) have been included in the geometry using 10cm diameter cylindrical towers.

3. Simulation Setup

The geometry and the sensors for temperature/concentration applied can be seen in Figure 1. In Figure 2 the grid has been illustrated.

[image: image12.jpg]ot

x

" T

ot

x




Figure 1
Geometry and monitor point positions illustrated. 9 towers are modeled, each of them have either 2 or 3 measurement locations. Centre of pool has coordinate 0,0,0.6 [60 cm elevated from ground].
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Figure 2
Grid used in calculations, this is 1m in horizontal directions and 0.6m vertically near the ground to facilitate the definition of the pool. Grid is stretched towards the boundaries.

[image: image3.jpg]¥ m)
Iy

10—

10

|

4]

16

B o VI,
B e TN,
e s
e o o OIS

s

A

s s s e a m e m R R ke ke
S e e N e

Jot

EE o 2 4 5 & W T2 1 W 8 2 2 2 %

00005, Time= 45.002 (5)

XY plane, Z-0.9m

FMOLE (m3/m3)
—

VVEC (i)

Above 0.7

05




Figure 3
Volume concentration in horizontal cut just above the pool. Due to logarithmic wind profile, wind flow velocities at this elevation (0.9m) are about 1.0-1.5 m/s. Volume concentration 

The setup of this simulation required a simple geometry model. In addition to the flat terrain, an elevated pool (9.1m diameter), a connecting pipe with supports and 9 measurement towers were modeled. A grid resolution of 1m x 1m x 0.6m (vertically) was applied, this should give a coarse but acceptable resolution of the physics involved. In the following the scenario parameters are given. The setup of the simulation can easily be carried out within one hour for an experienced user.

Scenario options used:

· Monitor points for temperature and volume concentration are defined (see Figure 1 for positions). Field plots for concentration, velocities and a few more parameters are specified every 1s.

· The simulation lasts for 100s, the first 10s is used establishing a constant wind-field, then the release goes on for 38 seconds, and finally the dispersion continues another 52 seconds.

· Time stepping was chosen following the guidelines for dispersion calculations in FLACS, with parameters CFLC=17 (originally 10 but increased due to refinement in z-direction) and CFLV=1. Two times higher time steps were first tried, but to prevent instabilities and ensure an optimal result time step was reduced.

· It is assumed that 9.5 kg/s of LH2 is evaporating at boiling point temperature. No additional heat transfer from ground is assumed (close to real situation when layer of frozen oxygen and nitrogen has been formed below the release?)

· Wind direction pointing directly to the central towers (2, 5 and 8) is assumed, wind inflow at upstream and parallel boundaries (not top) is modeled, NOZZLE conditions at the other boundaries. If wind direction deviates from the one modeled (which is likely, at least temporarily), this will reduce the volume concentration measurements.

· Temperature 15ºC and ambient pressure of 1 atm is assumed. A logarithmic wind profile (neutral stability class D, rural) with assumed surface roughness for flat terrain (0.008 m).

· Hydrogen is released from 12 jets inside the pool, with a low porosity top to ensure a smooth release through the pool surface with a minimum of momentum. As mentioned the temperature of the gas released is –253ºC.

The simulation time was about 3h 30min using 1 Pentium 4 CPU running Linux operating system. Memory requirements are 89 MB (grid has 96.000 grid cells). Some grid sensitivity checks were carried out showing satisfactory performance. This will not be reported.

4. RESULT PRESENTATION

No specification of the output formats have been given for this exercise, I therefore choose to report the exercise like we would have done if this had been a consulting job. Results will be given in this report as 2D plots (these can be easily copied into a powerpoint if there is a need to present them at a meeting) and also monitor point output. Two txt-files with concentration versus time and temperature versus time for all monitor points (with resolution 1s) will also be delivered (remember that leak starts at 10s). One animation of the vertical concentration development and flow vectors is also submitted.

In Figure 4 a concentration plot of the velocity and concentration for 21s after start of leak is shown. In Figure 5 horizontal plots are shown at 1m, 9.5m and 19m elevation (main elevations for monitor points).
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Figure 4
Volume concentration (0.04 to 0.50) and flow vectors in vertical cut plane through the pool parallel to the main wind direction 21 seconds after the release is started. At the moment of the plot the wind velocity at the reference height is 1.9 m/s (XZ-component), this is however varying in direction and time so average velocity at this elevation is expected to be 2.2 m/s
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Figure 5
Volume concentration (0.04 to 0.50) and flow vectors in horizontal cut planes at different  elevations 21 seconds after the release is started. The deviation from symmetry is due to fluctuating wind field applied in this calculation.

In Figure 6 concentration of hydrogen versus time is shown for 3 monitor points presented in D01 (in addition to point 19 in tower 8). In Figure 7 a similar plot for temperature is shown.
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Figure 6
Volume concentration with time for monitor points 4 (tower 2 elevation 1m), 13 (tower 5 elevation 9.4m), 17 (tower 7 elevation 9.4m) and 19 (tower 8 elevation 9.4m).
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Figure 7
Temperature (K) with time for monitor points 4 (tower 2 elevation 1m), 13 (tower 5 elevation 9.4m), 17 (tower 7 elevation 9.4m) and 19 (tower 8 elevation 9.4m).

In Figure 8 the concentration curves for monitors 1-3, 4-6 and 7-9 are shown, more details about these are found in the txt-files attached together with this report.
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Figure 8
Hydrogen concentration with time for monitors in first arch (towers 1-3 upper left), second arc (towers 4-6 lower left) and third arc (towers 7-9 lower right). In upper right frame maximum values are shown (absolute mole fractions).
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Figure 9
Wind field variations due to meandering wind assumption at monitor points at towers 1, 3, 7 and 9 (those least influenced by release) during the simulation.

5. DISCUSSION AND CONCLUSION

The description of the test simulated is far from extensive. Uncertainty factors include the wind fields, which are clearly varying significantly with time, measurement method (indirectly from temperature) and of course the representation of the source (both to what degree the experimental setup is giving a predictable constant release rate, but also the way this is represented in FLACS).

Comparing the simulations with the sparse results reported in D01, we observe that the direction of the plume (Figure 3) is very similar to what was presented in Figure 3 of Hysafe deliverable D01, however, our simulated concentrations are almost a factor of two higher [be aware that our origin is in the center of the pool, whereas the D01 picture has the upwind edge of the plume as origin].  The strong variation in time shown in D01 Figure 4 (relative to Figure 3) must be explained by strong lateral change of wind. The too high concentration in our simulation may be due to a weaker meandering of the wind in our simulation than in the experiment (wind fluctuations will increase the plume width), alternatively it may also be a result of a incoming wind not along the axis of the central towers. In Figure 4 it is possible to get an overview of variations in predicted concentrations at monitor points as function of deviating wind angle.

If we compare our Figure 6 with Figure 5 in D01 we see that the maximum concentrations reported from experiments at tower 2 corresponds well with simulations. Also maximum concentrations at tower 5 (further downwind) corresponds well, however strong time variations exists. These are probably due to strong meandering of the wind (more than assumed in our modeling). At tower 7 (9.4m) we predict lower concentration than observed, this is a tower off the axis of the wind direction. If the wind direction is not along the axis tower 2-5-8, or if the meandering effects are much stronger than assumed in the simulations, this could explain such a difference. We have too little information about the atmospheric during the experiments to conclude.

In the modeling we have also assumed that all LH2 release will evaporate quickly. If the evaporation process is slower, so that a pool is formed, this can also be part of the explanation for the over-prediction of concentrations downwind. With the new pool evaporation functionality in FLACS, this could be better represented.

The humidity of the air has not been considered in the modeling, it is unclear how this would influence the simulations.
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