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Hydrogen Safety:
Non-nuclear applications
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Model: physical set-up

Fuel cell, garage = Parallelepiped cavity,

Hydrogen leakage = Injection of helium pamb/pinj = 7.24 at 25° C (real ratio to hydrogen is 14.38 )
[Bernard-Michel and Houssin-Agbomson, 2017],

Reducing the mixture concentration = Vented cavity,
- Laminar-turbulence transition = OK [Chen and Rodi, 1980],
- Jet spreading = OK [Kalter et al., 2014].

- lso-thermal ans iso-bar conditions: p = 10° Pa and T = 298.15 K.
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Methodology and key points

Buoyant Jet
Regime

Approaches g

- Experiment, PIV measurements, o " Plume Regime

- Numerical approach (currently LES), PIV validation. Ly

3 6 9 15 18 21 24 27 30
d[mm]
Interest ] (Pamb — Ping)d
Rinj =65~
- Buoyant jet regime (Q = 5 NI/min, Rip,; = 0.14 ), Pinj Yinj

- Homogeneous layer with stratification (Ri, = 0.99), 7
. . . — pinpV1/3
- Limited domain, two vents, BC issue. Riy = g%
PinjYinj
Main issues

- CFD code challenge (high gradients, rapid laminar-turbulent transition),
- Outlet boundary condition treatment, two outlet challenge,
- Predictive models (free/limited media),

- No similar work reported in the literature.

E Limsi
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LES formulation (LMN approximation)

> Low Mach Number (LMN) hypothesis = Pressure = p(t) 4+ P(x, t) [Miiller and Muller, 1999]

v — —SGS
opY1 o =~ of; O]
+ iY1) = d !
ot Ox; (P Y1) Ox; Ix;
__pM
P = RT’
opi; - oP o7y 0T
PUL) = —
ot Ox; Ox; 8)(
op
S0) = 0,
ot )
where ~ the spatlal filter symbol, @ = p@/p (Favre), U = (U1, T, U3), §; = %:1 ,D=6.91x10"°
— — . — o au
m?.s = (52, )t 7y = 20y with & = (5 + o) — 0555 and g = (0,0, —).

> Additional SGS terms closed as
_ e _ =SGS . & — ses OV
Tz_cs = p(U;l; — uiuj) = 2pses€; and & =p(UiYe — uiY1) = - L,
Scsgs Ox;
where pscs = B(CA)2 /2 §585, A = (8:6,6,)'/3, C; = 0.18 and Scsgs = 0.7 [Blanquart and Pitsch, 2008].

Average symbols ~ and ~ are removed for simplicity in the sequel.
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Numerical methods & Boundary conditions

° - Semi-implicit scheme (diffusion implicitly), CFLcony,
- Finite difference volume on staggered grid,
- Spatial discretization: 2nd order center (NS-equation), 3rd order QUICK (species) for Y; € [0, 1],
- Temporal discretization: 2nd order Runge-Kutta,
- Pressure-velocity incremental projection method (Poisson equation).

e IC’s : Cavity filled with pure ambient at rest (u = 0, Y; = 0),

e BC's: 9Q = 0Q, UIQ; U IQ,,

0
- Wall boundaries (89,,). No slipu =0, a hd ) =0 : p={P,p, 1}
X n
- Injection boundary (99;). Constant injection mass flux pin;Q, Poiseuille u profile, p = pinj, Y1 = 1.
- Outlet boundaries (02,). Ambient-equilibrium hydrostatic pressure P = —p,mbgz, 8(7“) =
Xx-n
13}
Ifu-n >0, then £ —o o ={p, Y1}.
A(x - n)

Else, Y1 = 0 and p = pamb-

[CEA TRUST-TrioCFD, 2017]

E Limsi
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Geometrical configurations

Configuration Lx [cm] Cell numbers MPI procs
Ox 1,134,404 20
1y 2 2,129,220 40
2y 3 2,609,476 40
3y 45 3,329,860 60
4y 6.75 4,427,588 80
5x 10.125 6,108,484 100
configuration 0, configurations 1, to 5,
Lx
Lz
Top vent | 8
—y
£ 22
i~
3 3 8
Q U s
Top pipe
Bottom vent
| Bottom pipe

= 9 on red surfaces, 9Q; on yellow surface and 9Qp on blue surfaces.

- Unstructured uniform cubic mesh (per block) with cell size § &~ 7 x 10~ % m (5/n = 3.3 [Chhabra et al., 2006] where 7 denotes the
Kolmogorov length scale),

- 0.5 mm layer around the vents considered as 8, (representing plexi-glass), Limsi
Pipe d = 1 cm, h = 10 cm, Poisseuille velocity profile (entrance), Ly = Lz = 2 cm .
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> physical time of 110 seconds, statistics [70:110] s,
> Velocity magnitude: vertical mid xz-plane

N
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> physical time of 110 seconds, statistics [70:110] s,
> Velocity magnitude: vertical mid xz-plane
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Global quantities and convergence

> Integrated quantities

Configurations < Mpye >t < Q\l/wt >t < 0‘50'7 >t
[x107° k] [x107*m3s~ 1]  [x107%m3s]
O0x 8.98677 -2.5817 3.48674
1x 8.10638 -2.81147 3.71449
2x 8.30408 -2.80676 3.70839
3x 8.20663 -2.77233 3.67504
4y 8.47855 -2.60348 3.49892
5x 8.45375 -2.60436 3.50027

where Mpe = [}, pHeX1dV denotes the mass of He in the cavity of volume V, X; = p¥]/ppe the helium volume fraction. The volumetric

ujdo, where A = {bot, top} and 80Pot 9Q™P denote the surface area of the bottom and top vent respectively.

A
flow-rates Q) out’ “*out

= Jan
BQOut

> L2 norm relative error (conf 54 is a reference)

1 2, 3 4, 1, 2, 3, 4, 2; 3

3, 1,
Configuration Configuration Configuration juratioH TSI
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Upper part of the cavity

> Lower cavity flow pattern: vertical mid xz-plane,

Conf 0x Conf 45 Air inflow : bottom vent
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Upper part of the cavity

> Lower cavity flow pattern: vertical mid xz-plane,

Conf 4y Air inflow : bottom vent
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> Vertical yz-plane (x = 2.95 cm) at the top vent surface : < u; >; x-horizontal velocity
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CFD-PIV comparison

Conf 45
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CFD-PIV comparison
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Helium stratification: comparison with Hunt/Linden configuration
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- Two distinct behaviors, small/higher concentrations, E and axis take the highest above z ~ 6.2 cm,
- max concentration at top matches well (29 %), thicker layer predicted,

- Geometry dependent, entrainment/mixing process, jet bending effect ...

[Bernard-Michel et al., 2017, Hunt and Linden, 1999, Saikali et al., 2017a] E Limsi
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LES resolution
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Concluding remarks and discussion

Main conclusion

- Flow analysis: helium distribution, air entrainment, recirculating zones, ...
- Influence of the outlet boundary condition: similarities and discrepancies,
- Convergence on the size of the exterior domain,

e Modification of the helium distribution depending the domain size,
e PIV validation,

- Max concentration predicted by theoretical model, but flow is not divided through a two-layer
stratification (Hunt-Linden framework) .

E Limsi
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Concluding remarks and discussion

Main conclusion

- Flow analysis: helium distribution, air entrainment, recirculating zones, ...

Influence of the outlet boundary condition: similarities and discrepancies,

- Convergence on the size of the exterior domain,

e Modification of the helium distribution depending the domain size,
e PIV validation,

Max concentration predicted by theoretical model, but flow is not divided through a two-layer
stratification (Hunt-Linden framework) .

Work to be continued (in progress)

- Global validation with new PIV data covering all domain,

- DNS computation (n = 1.75 X 10~* m, & 120 x 10° cells, 1988 MPI procs) for turbulence analysis: from
turbulence fluxes and TKE budget to Boussinesq hypothesis validation,

Perspectives

- Development of boundary conditions able to mimic the presence of an exterior domain,

- Increasing the cavity's height and/or increasing/decreasing the injection flow-rate in the objective to
produce a two-layer stratification, E Limai

- Hydrogen-air cases.
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Thanks for your attention !
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3D flow description

Helium volume fraction Velocity magnitude

E Limsi
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> 110 seconds of physical time,

> time evolution of the velocity magnitude at a point in the middle of top vent,
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> quasi steady solution asumed to be reached at 70 seconds. E Limsi
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