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Abstract
Hydrogen is a renewable and clean source of energy, and it is a good replacement for the current fossil fuels, Nevertheless, hydrogen should be stored in high pressure reservoirs to have sufficient energy. An in-house code is developed to numerically simulate the release of hydrogen from a high pressure tank into ambient air with more accuracy. Real gas models are used to simulate the flow since high pressure hydrogen deviates from ideal gas law. Beattie-Bridgeman and Abel Noble equations are applied as real gas equation of state. A transport equation is added to the code to calculate the concentration of the hydrogen-air mixture after release. The uniqueness of the code is to simulate hydrogen in air release with the real gas model. Initial tank pressures of up to 70MPa are simulated. 
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1. Introduction

In March 1983, an explosion caused by the hydrogen release from 18 connected vessels with the pressure of 20MPa occurred in Stockholm, Sweden [1]. This explosion and others related to hydrogen release show the necessity to develop reliable prediction tools and safety standards in order to overcome the concerns related to hydrogen usage as a fuel. Hydrogen has the unfortunate property of being combustible for a wide range of concentration (between 4% and 75%). Only a small energy is needed for hydrogen ignition and it can auto-ignite. An additional drawback is the low energy content of hydrogen per unit volume. High pressure tanks are required to have sufficient fuel in a vehicle, the pressure may reach 70MPa. Pressures of higher than 70MPa are not recommended since the hydrogen compressibility decreases by increasing the pressure [2]. In this work, the failure of the tank exit valve and release of high pressure hydrogen in air is investigated. A highly under-expanded jet occurs after release in which a very strong shock called Mach disk is formed. The characteristics of the flow near the jet exit are also investigated in this work.
Experimental research can be used to understand the characteristics of this flow [3] but such experiments are expensive. In this work less expensive approaches are presented. Many researchers employ computational fluid dynamics (CFD) to simulate this flow. FLUENT is used by Pedro et al [4] for the release of hydrogen from a tank at 10MPa. A structured grid is used and adaptation is employed to refine the grid in critical areas. The ideal gas equation of state is applied in their work because at 10MPa hydrogen can still be treated as an ideal gas; nevertheless, simulations at higher pressures need a real gas model. FLUENT does not have a real gas model for hydrogen and it also shows stability problems for second order accuracy in space. In this research an in-house code is developed to simulate the flow. Liu et al [5] simulate the flow of up to 70MPa, Radulescu et al [6] consider the pressure of as high as 100MPa. These works are axisymmetric and does not have the capabilities of a three-dimensional code. A three dimensional code has the capability of considering the terrain features or obstacles [7]. Three-dimensional simulations are performed in the work of Xu et al [8]; a three-dimensional code is applied to simulate the jet caused by the release from a 20MPa vessel.
Our in-house code has the capability to incorporate a real gas model such as the Beattie-Bridgeman equation of state with five constants, the Van der waals with two constants and the Abel Noble with only one constant. The Beattie-Bridgeman equation is used in the work of Mohamed et al [9]. They employ this equation as a real gas equation to simulate the release of hydrogen from a 34.5MPa reservoir. In their work only the reservoir is simulated. The flow pattern in the outside low pressure environment in which hydrogen is released is not investigated. Cheng et al [10] use the Abel- Noble equation. The difference between ideal gas and real gas models is discussed in their research and the tank initial pressure is at 400 bars. They show that when the ideal gas equation is applied, the mass flow rate is overestimated by 30 percent in the first 10 seconds. They did not investigate the flow features near the exit of the jet. 
The objective of this work is to numerically simulate the release of high pressure hydrogen into air by an in-house code using a real gas model. The emphasis is on analysing the flow features in the area near the jet exit for the ideal gas and real gas laws. The tank initial pressure is increased up to 70MPa. Soon after release a contact surface is formed which separates hydrogen from air. The concentration of the hydrogen-air mixture is found by a transport equation. More of multi-species flows can be found in [11].  The high pressure flow creates strong shocks after release of hydrogen into ambient air. A barrel shock and a Mach disk are formed soon after release and the Mach number reaches almost 10 for very high tank pressures. The Mach disk advances very fast at the beginning and gradually settles down. The pressure ratio of the tank to the external environment makes a very high gradient flow which needs a stable code along with a high quality grid to be accurately captured. The code is three-dimensional and uses a finite volume solver and an implicit scheme. It is second order accurate in space and first order accurate in time. Parallel processing is employed to overcome memory needs and to accelerate computing time. Beattie-Bridgeman and Abel Noble equations are applied as real gas equations. First, release of hydrogen in hydrogen is simulated by these equations and the results are discussed. Second, the Abel Noble is used in simulating the release in air. The Beattie-Bridgeman shows numerical stability problems in the case of hydrogen in air. Governing equations are the Euler equations. 
In this paper, first the governing equations including the Beattie-Bridgeman and the Abel Noble state equations are given. It is followed by analytical equations of the chocked flow for ideal gas and Abel Noble gas, and numerical simulation of hydrogen release in hydrogen for the Beattie-Bridgeman and the Abel Noble models. Finally, numerical simulations of hydrogen release into air for different tank pressures are reported and analysed.         
2. Governing equations
The near exit flow is high speed therefore viscous terms can be assumed negligible compared to convective terms. For high gradient areas like shock regions viscous effects become higher but the flow can still be treated as inviscid and Euler equations give accurate results. Therefore Euler equations are used to simulate this flow:  
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where,  
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Finite volume method and an implicit scheme are used to discretize equation (1):
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where 
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 is the volume of the control volume, 
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Therefore,
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More details can be found in [9].

After release, hydrogen is mixed with air in the low-pressure environment and a mixture of hydrogen and air exists in the flow. A transport equation is applied to find the concentration of the hydrogen-air mixture [12]:
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The air concentration is given by c and varies between 0 and 1. Initially the concentration is zero in the tank where there is no air while it is one in the low-pressure environment where there is no hydrogen. Soon after release hydrogen mixes with air and c changes in the mixture regions. The transport equation is solved separately at the end of each time step solution. R of the mixture is averaged with respect to concentration as follows: 
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 where 
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 3. Real gas models
High pressure hydrogen deviates from the ideal gas law. In order to simulate the flow more accurately, a real gas equation of state is added to the in-house code. In this paper, Beattie-Bridgeman and Abel-Noble equations of state are implemented as real gas models. In the case of hydrogen in hydrogen both equations are studied but for the case of hydrogen in air only the Abel-Noble is examined. It will be shown that these two equations have almost the same accuracy for the case of hydrogen in hydrogen. Therefore it is pointless to use Beattie-Bridgeman for the case of hydrogen in air release. Furthermore the latter shows stability problems for the case of hydrogen in air and also it has higher solution time since it is more complicated and uses more constants. 

3.1 Beattie-Bridgeman

This equation is relatively complicated since it uses five constants. 
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In table (1) the constants are given [9]. This equation is used for the case of hydrogen in hydrogen.
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3.2 Abel-Noble

This equation is much simpler compared to Beattie-Bridgeman since it employs only one constant:
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The deviation from ideal gas equation can be illustrated by plotting the compressibility factor z. The compressibility factor for an ideal gas equals one while it changes for a real gas. In figure (1), the compressibility factor is compared for an ideal gas and Abel-Noble real gas for hydrogen at temperature of 300K. It is always one for ideal gas but for the real gas it increases for increasing pressure. The difference may be negligible up to pressure of 10MPa but for higher pressures ideal gas is not accurate enough and the real gas is necessary. For example the compressibility factor is almost 1.6 for pressure of 100MPa. For compressed hydrogen, the pressure in the reservoir can reach up to 70MPa and a real gas equation is required to capture the flow pattern accurately.
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3.3 Analytical solutions for chocked flow 

For the Abel Noble gas model, the choked flow in the release area is related to the stagnation state in the tank [13]. Release density is found by following equation:
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Where 
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 is the stagnation density in the tank, 
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is the density at the release area, b is the Abel-Noble constant and 
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 is the ratio of specific heats. Knowing the stagnation density in the tank gives the release density. Temperature at the release area is related to the stagnation temperature by 
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where 
[image: image28.wmf]0
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 is the stagnation temperature in the tank and 
[image: image29.wmf]e
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 is the release temperature. Stagnation temperature found from the initial condition and the release density found from the equation (10) give the release temperature. The release pressure can now be found by Abel-Noble equation of state:
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And finally the release velocity which is the sound velocity in the release area is given by
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For an ideal gas these equations are simpler as follows:
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3.4 Specific heats and speed of sound 
The specific heats and ratio of specific heats are found by the following equations [9]: 
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 is the specific heat at reference pressure of 0.1 MPa where ideal gas assumptions are valid.
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Assuming 
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Beattie-Bridgeman equation of state 
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gives the following values for 
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By substituting these values into equations (22-24) specific heats and sound speed are found.

Abel-Noble equation of state
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By substituting these values into equations (22-24) specific heats and sound speed are simplified as follows:
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Therefore in the Abel-Noble code, specific heats are found by ideal gas law and are function of R and a constant ratio of specific heats while equations (25-27) show that in the Beattie-Bridgeman specific heats are different from ideal gas and the ratio of specific heats cannot be assumed constant.
4. Computational fluid dynamics model

The geometry and mesh requirements are described in this section. GAMBIT is used to generate the mesh required for the numerical simulation. Figure (2) shows the three-dimensional and two-dimensional views of the geometry and the mesh. The mesh uses three-dimensional tetrahedral elements. Three-dimensional elements are required for the future work in which the gravity will be added. This mesh contains almost 11 million elements and 2 million nodes and is divided into 32 partitions to run the parallel code. Note that the flow variables are stored at nodes, the high number of nodes and elements requires significant memory and long computational time; therefore the code employs parallel processing to overcome memory requirements and to have much shorter computing time. Message Passing Interface (MPI) method is used in the parallel code. The partitions of the mesh are reported in the figure. The mesh is very dense in the release area and it becomes less dense as the distance from the release area increases. In the reservoir the mesh is comparatively coarse since the flow gradients in the reservoir are much smaller than flow gradients in the low pressure outside environment. The dimensions are given in the two-dimensional view. The low pressure outside environment is a cylinder which is 150 millimetres long and has a radius of 80 millimetres. The release hole diameter is 5 millimetres.  
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5. Results

An in-house code is developed to simulate the release of hydrogen from a high pressure tank using both real and ideal gas models. Scenarios of hydrogen release in hydrogen and hydrogen release in air are examined.
5.1 Hydrogen release in hydrogen
The first case investigated is the release of hydrogen in hydrogen, i.e. high pressure hydrogen is released into low pressure hydrogen. Both Abel-Noble and Beattie-Bridgeman equation of states are examined for this case. Initially the tank pressure is 34.5MPa and the pressure of the low pressure environment is ambient. The initial temperature is 300K in the whole domain and the initial velocity is zero everywhere.

5.1.1 Real gas simulations comparison

In table (2), the initial density of reservoir is given for ideal gas, Abel-Noble gas and Beattie-Bridgeman gas. The ideal gas is considerably different from real gases. The difference between the real gases is negligible.

	Equation of state
	Ideal gas
	Abel-Noble
	Beattie-Bridgeman

	Initial tank density (
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In figures (3) and (4), Mach number and density distribution along the centerline are given for Beattie-Bridgeman and Abel-Noble at 25 micro seconds. The maximum Mach number is almost 6.5 and the results are very close. To compare the ratio of specific heats for Beattie-Bridgeman and Abel-Noble, in figure (5) the ratio of specific heats of Beattie-Bridgeman is given. As mentioned in section 3.4 for the Abel-Noble the ratio of specific heats is constant and equal to 1.40, therefore the maximum difference is less than 3 percents. It is noticed that the Abel-Noble and the Beattie-Bridgeman models give almost the same results while the Abel-Noble is more stable and is computationally faster. 
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5.1.2 Mach disk final location validation 

Ashkenas et al [14] propose an equation for the final location of the Mach disk as a function of pressure ratio. Although the unsteady jet is studied in this work, the Mach disk finally reaches a steady position and this formula can be used for the validation of the code. The final position of the Mach disk is given by:
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Where Z is the final location of the Mach disk, D is the release area diameter,
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 is the pressure of  low pressure environment. This equation is valid for all ratios of specific heats in the range of 
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In table (3), results from equation (34) are compared with results of our simulation for the real gas. Although the difference between these results is not negligible, it is still acceptable especially for the lowest pressure of 10MPa. For the pressure of 70MPa the difference is more than 10 percent. It can be concluded that equation (34) is not accurate enough for high pressures. 


	
	10MPa Tank
	34.5MPa Tank
	70 MPa Tank
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5.1.3 Comparison with FLUENT

Results obtained from our simulation tool are compared with previous work in the literature. Pedro et al [4] used FLUENT to simulate the high pressure release from a 10MPa tank. Axisymmetric equations using ideal gas law are employed in their work. A two dimensional structured mesh is used and the mesh is adapted in critical areas. The release hole diameter is 5mm. The mesh initially contains 70,000 quadrilateral elements. The external environment is 0.15m long. Ideal gas was applied in their work. Ideal gas is still accurate enough for the pressure of 10MPa. The Mach number along the centerline is given in figure (6) at four different times. Time is non-dimensionalized by diameter of the release area over sound speed of hydrogen for ideal gas at Temperature of 300K. In our simulation the Abel-Noble equation is employed as the real gas equation of state. Comparison shows the good agreement between these two results. 
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5.2 Hydrogen release in air

In general, high pressure hydrogen is released in low pressure air so the rest of the paper analyses this situation. The challenging difference is the hydrogen-air mixture caused after release in air. In the previous section there was only one specie (hydrogen), now the transport equation is added to find the concentration of the hydrogen-air mixture. The Beattie-Bridgeman equation of state encountered stability problems for this case and since in the case of hydrogen release in hydrogen it has shown no advantage over the Abel Noble model, only the Abel Noble model is applied as the real gas equation. 
5.2.1 The evolution of the flow 

In figures (7) and (8) the evolution of the flow is given at six different times for an initial tank pressure of 70MPa. Figures (7) and (8) show the Mach number and concentration contours respectively. The initial temperature is 300K and the low pressure environment has initially ambient pressure. Shortly after release, a Mach disk and a barrel shock appear and the flow pattern remains the same at all times i.e. the Mach disk and the barrel shock exist in all figures. The sonic flow in the release area rapidly becomes supersonic after release. The jet gets stronger until it reaches the Mach disk where it is changed to subsonic flow. The Mach disk is a very strong shock.  The contact surface observed in the concentration contours is ahead of the Mach disk.     
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Mach number and density along the centerline are plotted in figures (9) and (10). The flow advances very fast as the Mach number reaches more than 8 after only 110 micro seconds. This shows the necessity of a stable code and a high quality mesh to accurately capture all the features of the flow. Also a very dense mesh which contains a high number of nodes and elements is required. This dense mesh requires a long computational time.  Parallel processing helps to decrease the solution time. Without parallel processing, it may take months to have one solution. The gradients are very high so that the time step should be kept less than 10-8 seconds. 
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5.2.2 Different tank pressures simulations 

Three different tank pressures of 10MPa, 34.5MPa and 70MPa are examined. In figures (11) and (12) the Mach contours and the concentration contours after 90 micro seconds of release are presented. Once again the initial temperature is 300K and the low pressure environment is initially at ambient pressure. The flow is getting stronger and faster as the tank pressure is increased. The flow pattern is similar in all cases. The Mach disk, the barrel shock and contact surface exist in all cases. The Mach disk always takes place in an area of no air i.e. the hydrogen concentration is 100% in the vicinity of the Mack disk. 
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To investigate the effect of the different tank pressures, in figures (13) and (14) the Mach number and density along the centerline are reported. A weak shock ahead of the flow is observed. This weak shock is ahead of the contact surface where the Mach number slightly increases. The subsonic flow caused by the Mach disk stays subsonic until it reaches the contact surface. Then the Mach number increases. For the case of 70MPa, the Mach number becomes more than one and in other cases stays less than one. The weak shock becomes stronger as the tank pressure is increased. The flow does not become supersonic in the cases of 34.5MPa and 10MPa since the weak shock diffuses in air very fast. This is noticed in figure (9) where the evolution of this shock can be seen at different times. It is stronger for earlier times since it diffuses in air very fast.  
The flow is stronger and faster for higher pressures as the Maximum Mach number is higher for higher pressures. The Mach disk and contact surface locations are further for higher pressures. The contact surface is approximately located at z= 70mm for pressure of 70MPa, z=60mm for pressure of 34.5MPa and z=40mm for pressure of 10MPa.     
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5.2.3 Validation with chocked flow analytical solutions 
The analytical equations of release properties mentioned in section 3.3 are used to validate the in-house code results. The code is run to simulate the release of hydrogen in air for three tank pressures: 10MPa, 34.5MPa and 70MPa. In table (4), the release density is compared for analytical ideal gas (equation (14)), analytical Abel-Noble gas (equations (10)) and the Abel-Noble simulation. Note that the release density is increased by increasing the stagnation pressure in the tank. The ideal gas equation overestimates the release density. Although this overestimation may be negligible for the case of 10MPa, it cannot be ignored for the cases of 34.5MPa and 70MPa as it gives an error of almost 30 percents for the pressure of 70MPa.  The real gas model is necessary especially for higher pressures. The simulation results are in good agreement with the results of the analytical Abel-Noble model. In table (5), the release temperature is compared for different tank pressures. Release temperature remains the same for the ideal gas since it is only a function of stagnation temperature which is 300K for all cases. For the results of analytical Abel-Noble (equation (11)) and the simulation, release temperature is decreased by increasing the pressure. 

	
	10MPa Tank
	34.5MPa Tank
	70MPa Tank

	Analytical ideal gas
	5.1
	17.7
	35.9

	Analytical Abel-Noble gas
	4.8
	14.2
	23.9

	Abel -Noble simulation    (at 90 micro seconds)
	4.6
	14.4
	25.6



	
	10MPa Tank
	34.5MPa Tank
	70MPa Tank

	Analytical ideal gas
	250
	250
	250

	Analytical Abel-Noble gas
	247
	240
	231

	Abel -Noble simulation    (at 90 micro seconds)
	246
	244
	241


The release velocity, which is the sound velocity, changes with the tank pressure for the real gas model unlike the ideal gas in which the sound velocity remains the same and is only a function of stagnation temperature. In table (6) release velocity is given for the analytical ideal gas (equation (17)), analytical Abel-Noble (equation (13)) and Abel-Noble simulation. The release velocity increases by increasing the pressure except for the ideal gas. Ideal gas underestimates the release velocity and the underestimation is higher for higher pressures. There is a difference of 7 percents between the Abel-Noble analytical and simulation because we believe that the numerical simulation is sensitive to the mesh quality at this location.   

	
	10MPa Tank
	34.5MPa Tank
	70MPa Tank

	Analytical ideal gas
	1201
	1201
	1201

	Analytical Abel-Noble gas
	1240
	1321
	1416

	Abel -Noble simulation    (at 90 micro seconds)
	1280
	1380
	1515


5.2.4 Numerical real gas vs. Numerical ideal gas 
The ideal gas model is not accurate for high pressures as seen by the difference with a real gas model for the hydrogen-air scenario. Table (7) represents the release velocity for ideal gas and real gas simulations. The release velocity remains the same in all cases for the ideal gas while it increases by increasing the pressure for the real gas.  Table (8) gives the release mass flow rate for both ideal gas and real gas cases.  As it is expected, for the 10MPa case, ideal gas is accurate enough and a real gas model may be neglected. The ideal gas model overestimated the release mass flow rate at all pressures. The overestimation reaches almost 10% in the case of 70MPa. Therefore without a real gas, the results are far from accuracy. Figures (15), (16) and (17) show the Mach number, density and velocity along the centerline for the tank pressure of 70MPa at time of 110 micro seconds. The difference cannot be ignored and it is noticed that this high Mach number and high gradient flow requires a real gas model to accurately capture these features. 


	
	10MPa Tank
	34.5MPa Tank
	70MPa Tank

	Ideal gas (m/s)
	1240
	1240
	1240

	Real gas (m/s)
	1280
	1380
	1515




	
	10MPa Tank
	34.5MPa Tank
	70MPa Tank

	Ideal gas (g/s)
	119.24
	411.26
	839.56

	Real gas (g/s)
	115.55
	389.99
	761.14
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Figure (18) shows the temperature along the centerline for initial tank pressure of 70MPa at time of 70 micro seconds for ideal gas and real gas simulations. The maximum temperature occurs ahead of the contact surface. The temperature ahead of the contact surface increases by approximately 50 degrees for the real gas model compared to the ideal gas. The temperature comparison shows the necessity of the real gas model to accurately simulate the flow since the difference cannot be neglected.  
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5.2.5 Hydrogen in hydrogen vs. hydrogen in air
In this section the release of hydrogen in hydrogen is compared to the release of hydrogen in air. The comparison between these two flows has also been discussed by Peneau et al [15].  Molecular mass of hydrogen is almost 2 while for air it is 29 so density of air is higher for equal pressure and temperatures. This generates a stronger Mach disk for hydrogen in hydrogen at the same time after release. The flow can advance faster in the case of hydrogen in hydrogen because it is easier to push the lower density hydrogen. In figure (19), Mach number along the centerline is viewed for both scenarios for tank pressure of 70MPa and time of 70 micro seconds.  
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6. Conclusion 
The release of hydrogen from a high pressure tank is numerically investigated by a three dimensional in-house code.  Hydrogen release into hydrogen is simulated by Beattie-Bridgeman and Abel Noble and the results show that the difference is negligible. Hydrogen release in air is only simulated by the Abel Noble model since the Beattie-Bridgeman suffers from stability problems and has no advantage over Abel Noble model in case of hydrogen in hydrogen. The release properties are compared with analytical results. Pressures of 10MPa, 34.5MPa and 70MPa are discussed and the results are compared with the ideal gas results. Real gas model is necessary especially for higher pressures as for the initial tank pressure of 70MPa, ideal gas underestimates the release velocity by almost 20 percents while for the initial tank pressure of 10MPa the underestimation is less than 3 percents. The difference between ideal gas and real gas is also observed in shock locations for high pressures. Therefore, based on our test cases, the flow cannot be accurately simulated by ideal gas equation of state for initial tank pressures of more than 10MPa and a real gas model is required for an accurate simulation. 
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Table (1)-constants of Beattie-Bridgeman equation for hydrogen








Figure 1- Hydrogen Compressibility factor at Temperature of 300K





Figure (2) - 3D and 2D views of the mesh 








Table (2)-Initial tank density at the pressure of 34.5MPa 








Figure (4) - Density along the centerline for pressure of 34.5MPa at t=25 micro seconds 








Figure (3) - Mach number along the centerline for pressure of 34.5MPa at t=25 micro seconds 








Figure (5) – ratio of specific heats for pressure of 34.5MPa at t=25 micro seconds (Beattie-Bridgeman equation of state)








Table (3)-Final Mach disk location comparison








Figure (6) - Mach number along the centerline for pressure of 10MPa 


Left: results of [4], Right: our simulation








  t=50 micro seconds 





  t=35 micro seconds 





  t=25 micro seconds 





  t=110 micro seconds 
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  t=70 micro seconds 





Figure 7- Mach number for an initial tank pressure of 70MPa at different times 





  t=50 micro seconds 





  t=35 micro seconds 





  t=25 micro seconds 





  t=110 micro seconds 





  t=90 micro seconds 





  t=70 micro seconds 





Figure 8- concentration contours for an initial tank pressure of 70MPa at different times 





Figure 10- Density along the centerline for tank pressure of 70MPa 





Figure 9- Mach number along the centerline for tank pressure of 70MPa 
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Figure 11- Mach number at time of 90 micro seconds for different tank pressures 
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Figure 12- Concentration contours at time of 90 micro seconds for different tank pressures 





Figure 14- Density along the centerline at time of 90 micro seconds 





Figure 13- Mach number along the centerline at time of 90 micro seconds 





Table (4)-Release density (� EMBED Equation.3  ���) comparison








Table (5)-Release temperature comparison








Table (6)-Release velocity (� EMBED Equation.3  ���) comparison








Table (7)- Release velocity at time of 90 micro seconds





Table (8)- Release mass flow rate at time of 90 micro seconds





Figure 16- Density along the centerline for tank pressure of 70MPa at time of 110 micro seconds 





Figure 15- Mach number along the centerline for tank pressure of 70MPa at time of 110 micro seconds 





Figure 17- Velocity along the centerline for tank pressure of 70MPa at time of 110 micro seconds 





Figure 18- Temperature along the centerline for tank pressure of 70MPa at time of 70 micro seconds 





Figure 19 - Mach number along the centerline for tank pressure of 70MPa at t=70 micro seconds 
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