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1. Abstract
Hydrogen has high diffusion coefficient in air and very low density compared to air. If hydrogen leaks in an open environment, it disperses quickly without forming flammable concentrations, but this is not the case for dispersion in closed or partially open enclosures. Advanced computational fluid dynamics (CFD) software Fluent 6.3 is used to understand this phenomenon. A diffusion-buoyancy computational model is developed to account for the diffusion of hydrogen affecting the flammability limits. Two cases of hydrogen dispersion are considered: (1) a 20 cm long vertical cylinder with 6 cm diameter representing a simple fundamental dispersion problem and (2) a horizontal enclosure of length 1 m representing a 1/100 times scaled road tunnel. For both cases, transient equations of conservation of mass, momentum and energy are the governing equations. Non-reacting transport equations (2 species) are solved. Second order implicit scheme is used to solve the unsteady flow equations for better accuracy. It is found that in a vertical cylinder with hydrogen concentrated initially near the lower 2 cm of the cylinder takes almost twice the time as reported in literature to reach its top. The scaled tunnel simulations represent a leak from a nozzle of a safety valve of a fuel tank or from a cylinder of a fuel tank truck. These simulations demonstrate the transient complex behavior of hydrogen dispersion.  
2. Introduction

Hydrogen is an alternative fuel that is considered to be one of the viable solutions to the increasing demands of clean and renewable energy. The transition from fossil fuels to such new technologies involves many challenges that must be overcome for widespread public use and acceptance. Safety issues need to be fully addressed by developing proper codes and standards that are critical for the design and operation of hydrogen-powered transportation vehicles. Fire safety of hydrogen applications is generally provided by experience from other traditional fuels whose properties are drastically different from those of hydrogen. Established set of codes and standards for hydrogen are mainly based on large hydrogen industrial facilities. It is therefore important to understand the properties of hydrogen, establish the safety codes and standards, and provide educational and training programs for the widespread use of hydrogen technologies.
As the hydrogen concentration decays in surrounding air during an unintended release, there is an envelope (4% and 75% by volume) beyond which the hydrogen-air mixture can no longer be ignited. These lowest and highest concentrations below and above which flame propagation cannot be sustained are called lower and higher flammability limits. There is a great interest in hydrogen flammability limits and its implications on fire safety and prevention in many applications including hydrogen-powered transportation vehicles. Diffusion of hydrogen in enclosures is also of interest in such applications because hydrogen gas can disperse very quickly with its lowest molecular weight [1,2]. These properties can be used to avoid the formation of flammable mixtures after accidental hydrogen releases, and prevent further development towards more hazardous concentrations [3]. Based on physical properties alone hydrogen poses an increased risk primarily due to increased probability of ignition but, the effects of the increased buoyancy of hydrogen that are not easy to assess [4] might change the probability depending on the actual physical condition. There are reports on hydrogen dispersion simulations for predicting radiative heat fluxes and flammability envelopes for unintended release [5] and accidental hydrogen release from pipelines [6].  
In the present work, two simple geometric enclosures were investigated using Fluent 6.3. The diffusion of hydrogen in a vertical cylindrical enclosure can be used as a bench mark problem for simulating further complicated hydrogen release scenarios. The second simulation is on the dispersion of hydrogen in a scaled road tunnel. These simulations will help in assessing the safety risks of accidental momentum-dominated large turbulent hydrogen leaks from high-pressure storage units that can lead to hazardous conditions.
3. Dispersion in a vertical cylinder
Figure 1 shows the configuration of the vertical cylinder used for simulation. 
[image: image1.png]1.00e+00
950601
9.00e-01
AANE-NT
8.00e-01
50001
7.00e-01
6.50e-01
6.00e-01
550801
500601
450801
400e-01
350e-01
300601
250001
200601
1.80e-U1
1.00e-01
5.006-02
e

61

20en
1

2cn
S S




[image: image2.png]378601
360801
342001
323601
304601
285001
266601
247601
228001
208601
190801
171601
152601
133801
114801
9.480-02
750002
560202
378002
180802
0008400




Fig.1 Contours of H2 mole fraction at t = 0 s (left) and t = 1 s (right)
Initially the lower 2 cm of the cylinder is filled with hydrogen. At time t = 0, hydrogen starts to diffuse in the vertical direction. Fluent 6.3 suitable for analyzing buoyancy-driven flows [7,8], was used to develop the computational model for hydrogen dispersion. The axis-symmetric transient equations of conservation of mass, momentum and energy were the governing equations. Laminar non-reacting transport equations (2 species - hydrogen and air) were solved. Second order implicit scheme was used to solve the unsteady flow equations. The governing equations were solved sequentially (i.e., segregated from one another) using segregated solver suitable for low speed incompressible flows. Because the governing equations were non-linear and coupled, the solution loop must be carried out iteratively in order to obtain a converged numerical solution.

Incompressible ideal gas mixing law was used to compute the mixture properties. The cylinder was open to atmospheric temperature and pressure with gravitational force acting in the downward direction. Stationary, no-slip and constant wall temperature (300 K) boundary conditions were applied on the walls of the cylinder. A pressure outlet (open to atmosphere) boundary condition was used on the top. 
To accommodate the highly diffusive nature of hydrogen:

(a) Very fine non-uniform mesh with a minimum and maximum grid size of 0.001 mm and 0.8 mm respectively was used. A grid independent study was performed to make the simulations independent of grid size.

(b) A very small time step of 10-4 seconds was used. Forty iterations were performed at each time step for convergence to be achieved at every time step.

The second part of figure 1 shows the typical simulation results after 1 second. If the concentration of hydrogen in air is within the flammability limits, the mixture is ignitable. Initially, the cylinder has 100% by volume concentration of hydrogen near its bottom and hence it is not ignitable. As the time progresses, the flammability envelope moves in the upward direction as shown in Figure 2. It was found that it takes approximately 5 seconds for the flammable hydrogen concentration to reach the top of the vertical cylinder. The concentration contours depend on both the radial and axial position due to the highly diffusive nature of hydrogen. 
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Fig. 2 Movement of the flammability envelope within the cylinder

These results for hydrogen dispersion in a vertical cylinder are somewhat different from those reported in a previous study [2]. For example, the present simulations showed that it took approximately twice the time (5 s) for the flammable hydrogen concentration to reach the top of the cylinder. This is because the complete set of governing equations was solved here while Boussinesq approximation was utilized in [2]. The density of hydrogen (0.08375 kg/m3) is considerably smaller than that of air (1.23 kg/m3) and thus the validity of the Boussinesq approximation is questionable. Note, however, the present simulations match almost exactly with those of [2] for the diffusion of ethane (density = 1.26 kg/m3) in air in this configuration for which this approximate approach stays valid when the difference in gas densities is small.
4. Accidental release of hydrogen in a scaled road tunnel
After investigating the dispersion of hydrogen in a vertical enclosure, a horizontal enclosure representing a scaled road tunnel was analyzed. Figure 3 shows the schematic diagram of the scaled tunnel similar to the one used by Groethe et al [9] for large scale hydrogen deflagrations. The dimensions were scaled down 1/100 times of a typical 100 m long tunnel. 
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Fig. 3 Schematic diagram of the scaled road tunnel

The mesh created for the tunnel model had a minimum volume of 3.46*10-6 m3. The high-pressure leak representing a accidental release from a pressurized hydrogen cylinder was from a 0.05 cm diameter puncture at the center of the tunnel near the ground. Refined mesh size of 0.015 cm was used near the leak to accurately capture the high-pressure flow properties. The unsteady, compressible conservation equations were solved similar to vertical cylinder model. Mass flow inlet boundary condition was used for leakage with adiabatic wall boundary conditions. 
The ratio between flammable amount and total amount released was found to depend on the gas and especially its flammability limits than the release scenario [6]. Hence, a simple case was studied. For an exit Reynolds number of 1000, the flammability envelope contours after 2 and 40 seconds are shown in Figure 4. No forced convective wind conditions were imposed on the simulations. Scaled residuals for energy and species balance were less than 10-6 and 10-5 respectively. Along with residuals, surface monitors were used to guarantee convergence. It was found that hydrogen rose to the top initially and after hitting the upper wall above the puncture, started to diffuse symmetrically in the longitudinal direction, as shown. First flammable hydrogen concentration was formed near the ceiling above the puncture in approximately 1 second. Later flammable hydrogen continued to accumulate near the ceiling and escaped from the sides of the tunnel due to its momentum. Approximately after 40 seconds, the concentration near the floor reached a steady state concentration of 2 %. This is similar to the dispersion of hydrogen in a hallway [10]. In a real situation, when an accidental release occurs, the leakage stops after some time when there is no more hydrogen left to diffuse. We simulated until the steady state was reached without cutting off the fuel supply because this represented the worse case scenario. 
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Fig.4 Flammability envelope contours after 2 seconds near the leakage (top) and after 40 seconds (bottom) for a scaled tunnel (half portion)
5. Summary and conclusions
It was found that CFD simulations provide convenient tools to predict hydrogen behavior in simple and practical situations. The present work shows the basic features of the dispersion properties of hydrogen in simple geometric enclosures. These properties should be used during the design of hydrogen-powered vehicles and hydrogen refueling stations to avoid formation of flammable concentrations in closed or partially open enclosures. 
The simulations for a vertical cylinder showed the time taken for flammable hydrogen to reach a height of 20 cm with no forced convection is around 5 seconds. These simulations could be extended for different release scenarios, geometrical configurations and atmospheric conditions representing a practical situation. 
For the scaled tunnel simulation, large portion of the tunnel was filled with flammable hydrogen in less than a minute. This simulation shows the confinement of hydrogen in a partially open enclosure significantly increases the hazard. The simulation results for the scaled road tunnel can be extended to a real situation by proper scaling analysis. Effect of higher leak rates, turbulence, wind conditions and construction of the tunnel ceiling should be done to identify the condition for dispersion that may help in removing the flammable gas. Mechanical ventilation during the release will be helpful in improving safety. 
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