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Abstract It is necessary to elucidate the decomposition and combustion of methane hydrate for fire safety during transportation and storage to utilize it for commercial practice. The amount of methane evolved during the decomposition of methane hydrates is affected by the conditions such as the initial temperature, initial density and ambient temperature. In the present study, the internal temperature of methane hydrate and the amount of methane evolved during its decomposition were investigated by a dimensionless numerical analysis using a transient one-dimensional conduction model from a symmetrical methane hydrate ball heated by ambient air. The numerically calculated central temperature and the mass of evolved methane were compared with corresponding experimental results, and good agreement was obtained. The Damköhler and the Biot numbers were identified as two important dimensionless parameters during the decomposition of methane hydrate; the time histories of the central temperature, the mass of evolved methane and the reaction rates were numerically investigated by changing these dimensionless numbers. Consequently, the effects of dimensionless numbers on the decomposition of methane hydrate were elucidated. 
Keywords: Methane hydrate; Decomposition; Dimensionless number; Damköhler number;  Biot number 

Nomenclature 𝐴 frequency factor 𝐵௜ Biot number 𝑐 specific heat 𝑑 diameter 𝐷௔ Damköhler number 𝐸 activation energy ℎ heat transfer coefficient 𝑚 mass 𝑞 heat of decomposition 𝑟 radius 𝑅 universal gas constant 𝑅𝑅 reaction rate 

𝑡 time ∆𝑡 time interval 𝑌 mass fraction 𝜃 temperature 𝜆 thermal conductivity 𝜌 density 𝜈 stoichiometric ratio 
Subscripts 0 initial state ∞ ambient state

 
Introduction Methane hydrate is expected as a new alternative energy. It can include methane having equivalent volumes 170 times greater than the hydrate volume, but low-temperatures and high-pressures are neces-

sary for its stability. At atmospheric pressure, methane hydrate is stable at temperatures less than 193.15 K. However, it is generally considered that its storage may be possible at approximately 243.15-253.15 K under atmospheric pressure as a consequence of a character-istic peculiar to methane hydrate called the self-
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preservation effect. By using this characteristic of the hydrate, the transportation of natural gas hydrates (NGH) may be expected to be an inexpensive mode of transportation in comparison with liquefied natural gas (LNG) transportation where the natural gas is liquefied by cooling to 111.15 K. Methane hydrate has different combustion charac-teristics from common solid fuels because of peculiar characteristics such as the intense decomposition at room temperature or the so-called self-preservation effect. It is necessary to elucidate the decomposition and combustion of methane hydrate for fire safety during transportation and storage so it may be utilized in commercial practices [1–4]. Numerical analysis is a useful tool to examine the decomposition and combustion of methane hydrate. An accurate reaction rate equation is required because the decomposition reaction plays an important role in its decomposition and combustion; however, very few studies have examined these reactions. For example, Kim et al. [3] presented a reaction rate constant but it was for only a limited range of temperature between 274–283K under pressures between 0.17–6.97 MPa. In our study, the reaction rate constant that is effective for all temperature ranges up to 273.15 K was obtained by using a transient one-dimensional conduction analysis of a symmetrical methane hydrate ball heated by ambient air [4]. The amount of methane evolved during its decompo-sition and its internal temperature were investigated by using a dimensionless numerical analysis and the numerical calculations were compared with the corresponding experimental results. In addition, the effects of dimensionless numbers on the decomposi-tion of methane hydrate were elucidated. 
Numerical analysis 

Analytical	model	The analytical model is shown in Fig. 1. The methane 

hydrate ball at temperature 𝜃଴  and diameter 𝑑  was heated by heat transfer due to convection from the ambient air at a temperature 𝜃ஶ and the heat transfer coefficient ℎ. The global reaction shown below was assumed during the decomposition of the hydrate ball. The reaction rate was expressed by the Arrhenius approxi-mation, as shown in Eq. (1), and the experimentally obtained chemical parameters [4] were applied for the frequency factor 𝐴 and the activation energy 𝐸 in Eq. (1).     CHସ ∙ 5.75HଶO → 𝜈CHସ + ሺ1 − 𝜈ሻHଶO ሾMethane hydrateሿ 
𝑅𝑅 = 𝐴𝜌𝑌exp ൬− 𝐸𝑅𝜃൰ (1) The governing equations during decomposition in-cluded the conservation equations of mass, energy and species as shown in Eqs. (2)–(4), where 𝜈 is the mass-based stoichiometric ratio, and 𝜌, 𝑐, 𝜆,𝑌  and 𝑞  are the density, specific heat, thermal conductivity, mass fraction of methane hydrate in the condensed phase and the heat of decomposition per unit mass, respec-tively. The heat of decomposition 𝑞  is negative be-cause the decomposition reaction is endothermic. 𝜕𝜌𝜕𝑡 = −𝜈𝑅𝑅 (2) 
𝜕𝜌𝑐𝜃𝜕𝑡 = 1𝑟ଶ 𝜕𝜕𝑟 ൬𝜆𝑟ଶ 𝜕𝜃𝜕𝑟൰ + 𝑞𝑅𝑅 (3) 
𝜕𝜌𝑌𝜕𝑡 = −𝑅𝑅 (4) 
Dimensionless	form	of	equations	The governing equations were nondimensionalized by the following dimensionless expressions. 𝑟ᇱ = 𝑟𝑑 ,𝜌ᇱ = 𝜌𝜌଴ ,𝜃ᇱ = 𝜃 − 𝜃଴275.15 − 𝜃଴ , 𝑡ᇱ = 𝑡𝑑ଶ ቀ𝑐𝜌଴𝜆 ቁ, 

𝑞ᇱ = 𝑞 + 𝜈𝜃଴𝑐𝑐ሺ275.15 − 𝜃଴ሻ ,𝐷௔ = 𝐴𝑑ଶ ቀ𝑐𝜌଴𝜆 ቁ ,𝐵௜ = ℎ𝑑𝜆  Thereby, the dimensionless governing equations are shown in Eqs. (5)–(7). 𝜕𝜌ᇱ𝜕𝑡ᇱ = −𝜈𝑅𝑅ᇱ (5) 
𝜕𝜌ᇱ𝜃ᇱ𝜕𝑡ᇱ = 1𝑟ᇱଶ 𝜕𝜕𝑟ᇱ ቆ𝑟ᇱଶ 𝜕𝜃ᇱ𝜕𝑟ᇱቇ + 𝑞ᇱ𝑅𝑅ᇱ (6)  Fig. 1. Analytical model. 

r

θ∞

r = d/2: r = 0:

h

Conduction Convection

Initial conditiont = 0:
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𝜕𝜌ᇱ𝑌𝜕𝑡ᇱ = −𝜈𝑅𝑅ᇱ (7) where the dimensionless reaction rate 𝑅𝑅’  is ex-pressed in Eq. (8). 𝑅𝑅ᇱ= 𝐷௔𝜌ᇱ𝑌exp ൬− 𝐸𝑅ሼ𝜃ᇱሺ273.15 − 𝜃଴ሻ + 𝜃଴ሽ൰ (8) 
The dimensionless boundary conditions and the dimensionless initial conditions are shown as follows. Boundary condition: 𝑟ᇱ = 0 ∶  𝜕𝜃ᇱ𝜕𝑟ᇱ = 0   𝑟ᇱ = 0.5 ∶  𝜕𝜃ᇱ𝜕𝑟ᇱ = −𝐵௜ሺ𝜃ᇱ − 𝜃ஶᇱ ሻ 

Initial condition: 𝑡ᇱ = 0 ∶  𝜃଴ᇱ = 0.0,𝜌଴ᇱ = 1.0,𝑌 = 𝑌଴ From these dimensionless expressions, it was determined that the dimensionless numbers to affect the temperature distribution of the methane hydrate ball were the Damköhler number 𝐷௔, the Biot number 𝐵௜ , the dimensionless ambient temperature 𝜃ஶᇱ   and the initial mass fraction of methane hydrate 𝑌଴. 
Numerical	procedure	The dimensionless governing equations were solved numerically by the finite differential method. The second-ordered central difference scheme was applied for the diffusive terms, and the time advance was made by using Euler’s explicit method. The calculation do-main was 0.5 in the r direction, the number of grid points 101, and the grids were taken with the same space interval. Also, the time interval was Δ𝑡 = 0.5 ×10ିଶ. The total amount m of methane evolved at time t is given in Eq. (9) by integrating the reaction rate of the methane hydrate over the whole ball for the time from 0 to 𝑡. In addition, the dimensionless expression of m is shown in Eq. (10). 
𝑚 = න  ௧଴ න 𝜈𝑅𝑅ሺ4𝜋𝑟ଶሻௗ/ଶ

଴ 𝑑𝑟𝑑𝑡 (9) 
𝑚ᇱ = ׬  ௧ᇲ଴ ׬ 𝜈𝑅𝑅ᇱሺ4𝜋𝑟ᇱଶሻ଴.ହ଴ 𝑑𝑟ᇱ𝑑𝑡ᇱ𝜋6 𝜈𝑌଴  (10) 

In the present study, the central temperature of methane hydrate, the mass of evolved methane and the reaction rate were investigated for a fixed dimension-less ambient temperature 𝜃ஶᇱ  = 1.27 and a fixed mass fraction of methane hydrate 𝑌଴  = 1.0 by changing the Damköhler number 𝐷௔ and the Biot number 𝐵௜. 

Experimental setup and method Corresponding experiments were conducted to compare with the results of the numerical analysis. Schematics of experimental setup are shown in Fig. 2 and Fig. 3.  Methane hydrate used in the experiments was artificially produced in the laboratory by flowing high pressure methane and water into a closed stirred container while cooling. The produced methane hydrate was crushed finely, molded spherically and cooled to 193.15 K. The diameter of methane hydrate ball was 3.0 × 10ିଶm; its density was calculated from the mass and volume of methane hydrate ball. In experiments depicted by Fig. 2, the methane hydrate balls were placed on an insulation material and the change of mass was recorded every ten seconds to enable calculation of the mass of evolved methane; the decrease in mass of the methane hydrate ball was assumed to be equal to the mass of evolved methane. In the experiments of Fig. 3, the methane hydrate balls were placed on the same type of insulation and the central temperature of it was measured using a thermocouple every ten seconds. 

 Fig. 2. Mass measurement experiment.   

Fig. 3. Temperature measurement experiment. 

Electronic balance

Thermal insulation material Methane hydrate PC

Thermal insulation material

Methane hydrate

Water (273.15 K)

Thermocouple wire Data logger
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Results and discussion The calculated and the experimental results of the central temperature distribution of methane hydrate and the mass of evolved methane are shown in Fig. 4; the numerically calculated results are shown by the solid lines and the experimental results are plotted by the blue dots. The mass of evolved methane is shown by the thick line, and the central temperature of methane hydrate is shown by the thin line. The conditions used during the experiment were 𝜃଴ = 202.75 K , 𝜌଴ =867.1 kg/mଷ , 𝜃ஶ = 292.15 K , 𝑌଴ = 0.443  and 𝜆 =0.6 W/mK . Therefore, the Damköhler number was 𝐷௔ = 1.28 × 10ଵହ and the Biot number was 𝐵௜ = 0.75. The Fig. 4 results show excellent agreement between simulation and experimentation for both the central temperature and the mass of evolved methane. As a consequence, the above listed experimental values of 𝐷௔  and 𝐵௜  were used as the standard values in the following numerical analysis. The time histories of the temperature at the center of the methane hydrate ball, the mass of evolved methane and the reaction rate for different 𝐷௔  numbers and different 𝐵௜ numbers are shown in Figs. 5–7, (a) and (b), respectively. The values of 𝐷௔  were changed between the standard value, and 1/10, 1/5, 1/2, 2, 5 and 10 times of the standard value for fixed standard 𝐵௜  and the values of 𝐵௜  were changed between the standard value, 1/10, 1/5, 1/2, 2, 5 and 10 times of the standard value for fixed standard 𝐷௔ . The calculated results by using the standard value is shown by the thick line in the figures, and the results for other changed values are shown by the thin lines. The central temperature increased consistently until near 𝑡ᇱ = 0.18  and 𝜃ᇱ = 0.6  for the different 𝐷௔ numbers. Then the temperature rise rate was slowed 

since endothermic reactions began to predominate.  As 𝐷௔ was increased, the rise rate in the temperature further slowed. On the other hand, the temperature increased rapidly with an increase in 𝐵௜ , and the mass of evolved methane also increased rapidly with increases in 𝐷௔ and 𝐵௜ . At maximum values of reaction rates the reactions rapidly proceeded to termination as 𝐷௔ was increased. Although the reaction rate increased with increases in 𝐵௜, it did not change as much compared to when 𝐷௔ was increased. 
Conclusions Both dimensionless numerical calculations and experimentally-acquired central temperatures and the masses of evolved methane from laboratory synthe-sized methane hydrate samples were in good agree-ment. The results were also in agreement as values of 𝐷௔ or 𝐵௜ numbers were changed, thereby elucidating the effects of dimensionless numbers on the decompo-sition of methane hydrates. The central temperature of the methane hydrate samples changed uniformly for different 𝐷௔ numbers, and the reaction rates became large as 𝐷௔  was increased. At high reaction rates, the effects of endothermic reactions caused these increases to weaken. On the other hand, the temperature and the reaction rates increased rapidly with increases in 𝐵௜ such that the maximum reaction rates were approximately equal for different 𝐷௔  numbers. The mass of evolved methane also increased rapidly with increases in 𝐷௔ and 𝐵௜. 
References [1] Yoshioka, T., Yamamoto, T., Ohmura, R., Ueda, T., “Combustion behavior of methane hydrate sphere under a natural convective flow field,” 53rd Symposium on Combustion in Japan, 2015, pp. 234–235 (in Japanese). [2] Mizukuchi, K., Kushida, G., “Effects of temperature and methane concentration distributions on combustion behavior of methane hydrate,” 54th Symposium on Combustion in Japan, 2016, C221 (in Japanese). [3] Kim, H. C., Bishnoi, P. R., Heidemann, R. A., Rizvi, S. S. H., “Kinetics of methane hydrate decomposition,” Chemical Engineering Science 42(7): 1645–1653, 1987. [4] Shimizu, S., Kushida, G., “Measurement of decom-position reaction rate constant of methane hy-drate,” 54th National Heat Transfer Symposium in Japan, 2017, D323 (in Japanese).     

Fig. 4. Comparison between the calculated and theexperimental results for the transient central tempera-ture and the transient mass of evolved methane. 
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(a) Effects of 𝐷𝑎  (𝐵𝑖 = 0.75).                         (b) Effects of 𝐵𝑖 (𝐷𝑎 = 1.28 × 1015).

Fig. 5. Effects of 𝐷𝑎  and 𝐵𝑖  numbers on the transient central temperature.

(a) Effects of 𝐷𝑎  (𝐵𝑖 = 0.75).                         (b) Effects of 𝐵𝑖 (𝐷𝑎 = 1.28 × 1015).

Fig. 6. Effects of 𝐷𝑎  and 𝐵𝑖  numbers on the transient evolved methane.
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Fig. 7. Effects of 𝐷𝑎  and 𝐵𝑖  numbers on the transient reaction rate.
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