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Abstract

:

Due to the low density of hydrogen gas under ambient temperature and atmospheric pressure conditions, the high-pressure gaseous hydrogen storage method is widely employed. With high-pressure characteristics of hydrogen storage, rigorous safety precautions are required, such as filling of compressed gas in a hydrogen tank to achieve reliable operational solutions. Especially for the large-sized tanks (above 150 L), safety operation of hydrogen storage should be considered. In the present study, the compressed hydrogen gas behavior in a large hydrogen tank of 175 L is investigated for its filling. To validate the numerical approach used in this study, numerical models for the adaptation of the gas and turbulence models are examined. Numerical parametric studies on hydrogen filling for the large hydrogen tank of 175 L are conducted to estimate the hydrogen gas behavior in the hydrogen tank under various conditions of state of charge of pressure and ambient temperature. From the parametric studies, the relationship between the initial SOC pressure condition and the maximum temperature rise of hydrogen gas was shown. That is, the maximum temperature rise increases as the ambient temperature decreases, and the rise increases as the SOC decreases.
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1. Introduction


Global warming is one of the most debated topics among environmentalists and politicians because of its implications on human welfare [1,2]. Fossil fuels, such as global oil, gas, and coal reserves, are steadily facing a depletion threat because they are finite resources. With these trends, alternative energy is receiving much attention worldwide, and hydrogen is considered as a potential primary energy source to replace traditional fuels [3,4].



In the development of hydrogen technology, hydrogen storage methods need to be implemented to meet the increasing demand for hydrogen [5]. Compressed-gas, cryogenic-liquid, and metal-hydrate storage methods are commonly employed for hydrogen [5]. For the transport system, the compressed-gas storage method is more common than other methods owing to its technical simplicity, high reliability, acceptable efficiency, and affordability [6,7].



In transportation systems, vehicles usually use fuel cell to incorporate high-pressure cylinders to store hydrogen on board. At present, vehicles with hydrogen tanks are diverse, with various volumes of tanks ranging from 50 L to 170 L. To address these issues, several researchers have conducted studies on the prediction of the compressed hydrogen gas (CGH2) behavior for its filling and fueling in a hydrogen tank for hydrogen vehicles. With these trends, Chung et al. [8] conducted a feasibility study applying the boiling model to analyze the multiphase-thermal flow in the pipe considering the phase change. Johnson et al. [9] developed thermal models for the filling of high-pressure hydrogen tanks with experimental validation using two models. They conducted numerical studies using the validated numerical model. Zhao et al. [10] investigated a CFD model, including modified standard k-epsilon turbulence and real gas model to predict the fast filling process of a type III (with metal liner) hydrogen vehicle cylinder with 74 L. Thermodynamic responses of fast filling under different pressure-rise patterns and filling times have been analyzed. From the above study, it is worth considering what happens to the tank in the case of fast filling in terms of heat and fluid flow.



Suryan et al. [11] conducted a numerical simulation of the filling process of hydrogen tanks considering real gas effects. The effect of changes in ambient temperature and initial and inlet gas temperatures is studied. However, a large-capacity hydrogen tank is required for long-distance transportation, such as that involving trains and ships. Additionally, the increasing demand for long-distance transportation and hydrogen vehicles using CGH2 has been increased considering the system operations and controls. Therefore, research on large-capacity hydrogen storage tanks is required, especially for its charging phenomenon considering hydrogen gas temperature and pressure variations. Jun Liu et al. [12] examined the fast filling (3, 5 min) and 10 min holding process of 150 L on-bus type III and type IV gaseous hydrogen storage cylinder using a two-dimensional (2D) axisymmetric model. T. Bourgeois et al. [13,14] studied hydrogen vehicle refueling requirements for the temperature limits to the tank, specification of the average delivery temperature. They developed new models of various types for predicting both the gas and material temperatures inside a vessel during filling and defueling. Li et al. [15] studied the effect of hydrogen temperature rise in 120 L type IV hydrogen cylinder to predict the influence on temperature with different ratios of length to diameter, different inlet diameters of cylinders, and different types of mass flow rate. Numerical studies should be based on the validated gas and turbulence model. Although many studies have been conducted for the hydrogen gas phenomenon during filling and refueling process, there are limited studies on numerical approaches for examining CGH2 for large-capacity hydrogen tanks during filling for over 150 L tank.



The present study intends to conduct an investigation on large volume of the 175 L hydrogen storage tank, especially aimed to apply for railway vehicles. To the best of the author’s knowledge, the present study is the first attempt to quantitatively evaluate CGH2 behavior in a 175 L hydrogen storage tank. For that purpose, the CGH2 behavior in a hydrogen tank during filling was examined. To validate the numerical approach, numerical models for the adaptation of gas and turbulence models were investigated. Numerical parametric studies of hydrogen filling behavior were conducted to estimate the CGH2 behavior in a hydrogen tank under different ambient temperatures and initial state of charge (SOC) pressure conditions during filling.




2. Numerical Implementation


2.1. Governing Equation


The governing equations for the filling phenomenon of CGH2 are the equations for conservation of mass and momentum in unsteady relations. The governing equations are considered with the Reynolds density-averaged variables in Cartesian tensor notation [16]. The conservation equations of mass and momentum for the filling phenomenon of hydrogen gas are described as follows:


    ∂ ρ   ∂ t   +  ∂  ∂  x i     (  ρ  u i   )  = 0 ,  



(1)






   ∂  ∂ t    (  ρ  u i   )  +  ∂  ∂  x j     (  ρ  u i   u j   )  = −   ∂ p   ∂  x i    +  ∂  ∂  x j     [  μ  (    ∂  u i    ∂  x j    +   ∂  u j    ∂  x i    −  2 3   δ  i j     ∂  u l    ∂  x l     )   ]  +   ∂  (  − ρ    u i    ′   u j    ′   ¯   )    ∂  x j    ,  



(2)






   ∂  ∂ t    (  ρ E  )  +  ∂  ∂  x i     [   u i   (  ρ E + p  )   ]  =  ∂  ∂  x j     [   (   k h  +    C p   μ t    P  r t     )    ∂ T   ∂  x j    +  u i     (   τ  i j    )    e f f    ]   



(3)




where  ρ , p, t,    δ  i j    , E,    k h   ,    C p   ,    μ t  ,   P  r t  ,   T, and      (   τ  i j    )    e f f     are the density, pressure, time, Kronecker delta tensor, total energy, thermal conductivity, specific heat, turbulence viscosity, turbulent Prandtl number, and deviatoric stress tensor respectively. Here total energy and deviatoric stress tensor are expressed as follows:


  E = h −  p ρ  +    u 2   2  ,  



(4)






     (   τ  i j    )    e f f   =  μ  e f f    (    ∂  u j    ∂  x i    +   ∂  u i    ∂  x j     )  −  2 3   μ  e f f     ∂  u i    ∂  x i     δ  i j    



(5)




where    μ  e f f     represents the effective viscosity. The energy equation is coupled to the conservation of mass and momentum equation. The superscripts and—denote the turbulent fluctuating component and Reynolds time-averaged component, respectively.




2.2. Assumptions


	(1)

	
Thermal properties of liner (aluminum) and laminate (CFRP) for the calculation materials were considered as constant with temperature.




	(2)

	
Under high-speed jet and strong convection of hydrogen gas during the filling process, the influences of gravity are relatively small. Based on a two-dimensional axisymmetric model, the buoyancy effect is neglected.




	(3)

	
Temperature of inlet gas is considered as a constant of pre-cooling temperature of 233 K. Additionally, the initial temperature of the hydrogen tank is considered as the ambient temperature.








2.3. Calculation Conditions


In the present study, a 175 L Type IV hydrogen tank was examined using a two-dimensional (2D) axisymmetric model. To verify the adaptability of the numerical models, a numerical validation study was conducted for the experimental results of Zheng et al. [6] with a Type III hydrogen tank. The specifications of the hydrogen tank examined are listed in Table 1. Mesh grid independence study was performed by successively decreasing the element size with a structured grid: a coarse grid with 100,000 meshes and a medium grid with 150,000 and a fine grid with 200,000 meshes. The mesh grid was selected for approximately 150,000 in the present study, as shown in Figure 1, until the solution becomes independent of the mesh density, as the number of mesh elements was increased gradually. The hydrogen gas flow was treated to be compressible and unsteady. Material properties considered for the present calculation are shown in Table 2. For filling condition, the condition of inlet of the cylinder was set to pressure inlet condition (initial SOC pressure conditions) with different temperature conditions shown in Table 3. An inflated layer of hexahedral elements was generated for the mesh treatment, and a structured and non-adaptive grid (hexahedral grid) was generated with nodes. The governing equations with the boundary conditions were solved using the finite difference method with the commercial computational fluid dynamics package (ANSYS Fluent, version 18) [16].





3. Result and Discussion


3.1. Numerical Validation


The numerical validation was performed to verify the adaptability of the numerical models by comparing the obtained results with the experimental results of Zheng et al. [6] with a Type III hydrogen tank. Numerical conditions and details were considered with the experimental conditions in the work of Zheng et al. [6]. In our previous studies [3,16], the Redlich-Kwong gas model of hydrogen showed good adaptability for CGH2 filling behavior. For the adaptability of the turbulence model, the turbulence models of realizable k-epsilon [17], renormalization group (RNG) k-epsilon (RNG), shear stress transport (SST) models, and Reynolds stress model (RSM) were considered for the CGH2 behavior.



Figure 2 shows a comparison of the average gas pressure and temperature of hydrogen in the tank during the filling processes for 200 s obtained using the different turbulence models. Increasing trends in pressure and temperature distributions were observed. In the early stage of the filling process, the pressure and temperature deviations from the experimental results increased with maximum deviations of 11% at 40 s and 1% at 100 s, respectively. However, the deviations decreased with the filling time.



Among the different turbulence models, results obtained using the realizable k-epsilon and RSM models showed the closest agreement with the experimental values, while those from the RNG and SST models showed the largest deviation. These results are similar to those reported by Suryan et al. [18].



For the pressure distribution, the realizable k-epsilon and RSM models showed slight deviations of 2% and 1.6%, respectively. The realizable k-epsilon and RSM models showed minor deviations of 0.2% and 0.4%, respectively, in the temperature distribution. Between two turbulence models, reasonable solutions can be obtained in the RSM model. However, more computational effort and cost are required to solve six additional transport equations to calculate the Reynolds stress [19]. Therefore, the realizable k-epsilon model was found to be a suitable turbulence model considering the accuracy, convergence, and computational cost for the calculation of the CGH2 filling phenomenon.




3.2. CGH2 Behaviors


A certain quantity of hydrogen gas remains in the hydrogen tank, such that the fuel tank of the vehicle is refueled with residual fuel in it. The pressure of the remaining gas influences the maximum temperature rise during refueling. In addition, the ambient temperature can be influenced by the hydrogen state in the tank. Therefore, in the present study, numerical parametric studies of CGH2 behavior in a hydrogen tank during its filling for the 175 L tank were conducted with validated numerical method under different ambient temperatures and initial SOC pressure conditions, as shown in Table 3. The initial SOC pressure and ambient temperature conditions were 5~35 MPa (7~50%) and 243~313 K, respectively. Calculation of the filling process for the present simulation was proceeded until tank pressure reached the final pressure of 70 MPa.



The representative velocity vectors at 50 s under 5 MPa and 243 K from commencement of filling are illustrated in Figure 3. Gas velocity and velocity gradients are found to be highest in the vicinity of tank axis. It is observed that the incoming jet strikes the bottom of the tank, and flow turns along the surface toward the inlet, forming a secondary flow region on either side of inlet jet. Flow velocity gradually decreases with increase in pressure, as density of gas increases as the tank is filled up.



Figure 4 shows the representative temperature contour of hydrogen filling at 40 s under 5 MPa and 273 K, and Figure 5 shows the time histories of the hydrogen gas pressure and temperature in the tank for the 5 MPa SOC pressure condition under different ambient temperature conditions of the tank at 243–313 K. The rate of pressure rise is shown with a constant increase phase for 400 s, after which the pressure rise rate decreases.



The time to charge the hydrogen pressure to 70 MPa was from 586 s to 615 s under ambient temperature conditions of the tank from 243 K to 313 K. The gas temperature inside the tank increased dramatically at the beginning of charging. As the filling process continued, the rate of temperature rise decreased.



Figure 6, Figure 7 and Figure 8 show the time histories of hydrogen of average gas pressure and temperature in the tank for the 10, 20, and 35 MPa of SOC pressure conditions. The results of maximum temperature and time to fill up to 70 MPa under different ambient temperatures and initial SOC pressure conditions are summarized in Table 4. The average times to charge hydrogen up to 70 MPa were 600, 495, 191, and 148 s for 5, 10, 20, and 35 MPa, respectively. This means that the average charging time of hydrogen was from 600 s to 148 s for 7% to 50% SOC for the 175 L tank.



As for the different ambient temperature effects of the hydrogen tank, a relatively large pressure increase rate was observed with decreasing ambient temperature conditions. Therefore, a relatively shorter time to reach a maximum of 70 MPa was observed under decreased temperature conditions. This indicates that the charging time was different under ambient temperature conditions.



For the 5 MPa SOC pressure condition, the time to fully charge up to 70 MPa had a time difference of 29 s between ambient temperature conditions of 243 K and 313 K. A decrease in this time was observed with decreasing ambient temperature. Less time difference (17 s) was observed to fully charge hydrogen for a large SOC pressure condition of 35 MPa compared to the 29 s time difference with 5 MPa. With the different SOC conditions, the maximum temperature rise of the hydrogen tank when the pressure reached 70 MPa decreased as the initial SOC pressure increased. The temperature of hydrogen reached 313–353 K at an ambient temperature of 243–313 K for the 5 MPa SOC pressure condition. On the other hand, at 35 MPa of SOC pressure condition, the temperature of hydrogen reached 298–349 K at the same conditions. This is because the temperature rise occurred rapidly for the relatively smaller SOC pressure condition of 5 MPa compared with 35 MPa.



A relationship between the initial SOC pressure condition and the maximum temperature rise of hydrogen gas is observed in Figure 9 and Figure 10. The maximum temperature rise increased with decreasing ambient temperature, and the rise increased with decreasing SOC; similar results were reported by de Miguel, Nerea et al. [20]. In the small-initial-SOC condition of the tank, a relatively large quantity of hydrogen was injected into the tank at a low-density state. With hydrogen injection into the tank, heat was input to the tank and transferred; therefore, higher increases in pressure and temperature were observed under small-initial-SOC-pressure conditions.



From a safety point of view, more careful operation is required for the 5 MPa SOC pressure condition at an ambient temperature of 313 K because it is possible to exceed the temperature limit while filling the tank with hydrogen. In rapid filling, regardless of the type of tank, it is desirable to fill the tank at an initial SOC pressure of 10% or greater.





4. Conclusions


In this study, CGH2 behavior in a hydrogen tank was investigated numerically during its filling. To validate the numerical approach, numerical models for the adaptation of gas and turbulence models were investigated. Numerical parametric studies of hydrogen filling behavior were conducted to estimate the CGH2 behavior in a hydrogen tank under different ambient temperatures and initial state of charge (SOC) pressure conditions during filling for the 175 L tank. The main conclusions of this study are as follows:




	
From a numerical validation study for the comparison of experimental results of Zheng et al. [6] with a Type III hydrogen tank, gas model and turbulence model were validated. The Redlich–Kwong gas model and realizable k-epsilon and RSM models was found to be a suitable gas model and turbulence model, respectively. However, the realizable k-epsilon model was found to be a suitable turbulence model considering the accuracy, convergence, and computational cost for the calculation of the CGH2 filling phenomenon.



	
The average times to charge hydrogen up to 70 MPa were 600, 495, 191, and 148 s for 5, 10, 20, and 35 MPa, respectively, indicating that the average charging time of hydrogen was from 600 s to 148 s for 7% to 50% SOC for the 175 L tank. The time when the pressure reached 70 MPa was influenced by the ambient temperature and SOC condition. For the 5 MPa SOC condition, the time to fully charge up to 70 MPa had a time difference of 29 s between ambient temperature conditions of 313 K and 243 K. Less time difference (17 s) was observed to fully charge hydrogen for a large SOC condition of 35 MPa compared with the 5 MPa case.



	
With the different SOC conditions, the maximum temperature rise of the hydrogen tank when the pressure reached 70 MPa decreased as the initial SOC pressure increased because the temperature rise occurred rapidly for the relatively smaller SOC condition. The temperature rises of hydrogen reached 313–353 K at an ambient temperature of 243–313 K for the 5 MPa SOC condition. However, at 35 MPa of SOC, the temperature of hydrogen reached 298–349 K at an ambient temperature of 243–313 K.



	
A relationship between the initial SOC pressure condition and the maximum temperature rise of hydrogen gas showed that the maximum temperature rise increased with decreasing ambient temperature, and the rise increased with decreasing SOC.



	
The numerical approach for the applications presented in this paper could also be widely applied to design hydrogen facilities and systems. The present model will be compared with a three-dimensional model in a future study.
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Figure 1. The mesh grid for the numerical analysis (a) Type III (b) Type IV. 






Figure 1. The mesh grid for the numerical analysis (a) Type III (b) Type IV.



[image: Applsci 12 04856 g001]







[image: Applsci 12 04856 g002a 550][image: Applsci 12 04856 g002b 550] 





Figure 2. Time histories of pressure (a) and temperature (b) distributions with different turbulence models during filling processes [6]. 
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Figure 3. Representative velocity vector (hydrogen filling at 50 s under 5 MPa and 243 K). 
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Figure 4. Representative temperature contour of hydrogen filling at 40s under 5 MPa and 273 K. 
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Figure 5. Time histories of hydrogen of average gas pressure (a) and temperature (b) distributions of filling process for 5 MPa SOC pressure condition under different ambient temperature conditions. 
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Figure 6. Time histories of hydrogen of average gas pressure (a) and temperature (b) distributions of filling process for 10 MPa SOC pressure condition under different ambient temperature conditions. 






Figure 6. Time histories of hydrogen of average gas pressure (a) and temperature (b) distributions of filling process for 10 MPa SOC pressure condition under different ambient temperature conditions.



[image: Applsci 12 04856 g006]







[image: Applsci 12 04856 g007a 550][image: Applsci 12 04856 g007b 550] 





Figure 7. Time histories of hydrogen of average gas pressure (a) and temperature (b) distributions of filling process for 20 MPa SOC pressure condition under different ambient temperature conditions. 
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Figure 8. Time histories of hydrogen of average gas pressure (a) and temperature (b) distributions of filling process for 35 MPa SOC pressure condition under different ambient temperature conditions. 
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Figure 9. Maximum temperature rise with initial SOC pressure condition. 
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Figure 10. Maximum temperature rise with ambient temperature condition under different SOC pressure conditions. 
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Table 1. Specifications of hydrogen tank.






Table 1. Specifications of hydrogen tank.





	
Type/Capacity (L)

	
Components

	
Length (mm)






	
Type III

74.3

	
Total length

	
1030




	
Inner diameter

	
354




	
Outer diameter

	
427




	
Thickness (liner and laminate)

	
36




	
Inlet diameter

	
5




	
Type IV

175

	
Total length

	
1850




	
Inner diameter

	
384




	
Outer diameter

	
450




	
Thickness (liner and laminate)

	
33




	
Inlet diameter

	
5
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Table 2. Material properties.






Table 2. Material properties.





	
Type/Capacity (L)

	
Material

	
Density (kg/m3)

	
Specific Heat (J·Kg·K)

	
Thermal Conductivity (W/m·K)






	
Type III

74.3

	
Liner (aluminum)

	
2700

	
902

	
238




	
Laminate (CFRP)

	
1570

	
840

	
0.612




	
Type IV

175

	
Liner (HDPE)

	
947

	
1880

	
0.36




	
Laminate (CFRP)

	
1600

	
1400

	
1.5
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Table 3. Calculation conditions.






Table 3. Calculation conditions.





	
Temperature [K]

	
313




	
293




	
273




	
243




	
SOC pressure [MPa]

	
35




	
20




	
10




	
5
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Table 4. Results of CGH2 filling phenomenon.






Table 4. Results of CGH2 filling phenomenon.





	
States of Charging (%)/(MPa)

	
Tamb (K)

	
Maximum Temperature (K)

	
Time to Filling (s)






	
7%/5 MPa

	
243

	
322

	
586




	
273

	
340

	
595




	
293

	
346

	
604




	
313

	
352

	
615




	
14%/10 MPa

	
243

	
322

	
484




	
273

	
331

	
490




	
293

	
346

	
498




	
313

	
352

	
509




	
29%/20 MPa

	
243

	
320

	
181




	
273

	
334

	
186




	
293

	
341

	
194




	
313

	
349

	
201




	
50%/35 MPa

	
243

	
319

	
140




	
273

	
332

	
145




	
293

	
334

	
151




	
313

	
338

	
157
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