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Abstract

:

This research studies the structure of flames that use laboratory-produced methane hydrates as fuel, specifically for the purpose of identifying their key combustion characteristics. Combustion of a methane hydrate involves multiple phase changes, as large quantities of solid clathrate transform into fuel gas, water vapor, and liquid water during burning. With its unique and stable fuel energy storage capability, studies in combustion are focused on the potential usage of hydrates as an alternative fuel source or on their fire safety. Considering methane hydrate as a conventional combustion energy resource and studying hydrate combustion using canonical experimental configurations or methodology are challenges. This paper presents methane hydrate flame geometries from the time they can be ignited through their extinguishment. Ignition and burning behavior depend on the hydrate initial temperature and whether the clathrates are chunks or monolithic shapes. These behaviors are the subject of this research. Physical properties that affect methane hydrate in burning can include packing density, clathrate fraction, and surface area. Each of these modifies the time or the temperature needed to ignite the hydrate flames as well as their subsequent burning rate, thus every effort is made to keep consistent samples. Visualization methods used in combustion help identify flame characteristics, including pure flame images that give reaction zone size and shape and hydrate flame spectra to identify important species. The results help describe links between hydrate fuel characteristics and their resulting flames.
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1. Introduction


Gas clathrate hydrates are ice-like crystalline compounds with guest molecules caged by non-stoichiometric hydrogen-bonded water [1]. Burning gas hydrates has been seen and demonstrated as a very interesting phenomenon for future energy and environmental benefit. For example, there are significant methane reserves stored in the form of methane clathrates in sediment in the ocean’s continental shelves and in permafrost. Permafrost stores of hydrate are particularly vulnerable to warming trends, and significant methane releases from these regions have been noted in the past [2,3]. The potential combustion-related technological issues include safety during gas storage, using hydrates as in situ thermal sources for additional hydrate dissolution, and clean power because hydrates represent a unique fuel that is remarkably diluted (considering the water content) but still flammable. Gas hydrate research in combustion science and the demonstration of its potential merit are relatively scarce [4,5,6,7,8], though hydrate studies in general remain active in chemistry as well as in efforts for natural hydrate resource exploration (e.g., [9,10,11,12]).



Combustion of methane hydrates involves multiple phase changes (not conventional for a fuel), which adds new controlling dimensions to the physics and the chemistry of the combustion problem, and some recent studies that were originally motivated by clean energy demand have begun to unravel some of the fundamental aspects of the direct combustion of methane hydrates. In some ways, the burning of a methane hydrate is similar to the devolatilization followed by volatiles combustion phases of coal burning [13]. That is, the first phase of coal combustion is the thermally-driven release of volatile hydrocarbons from the coal particle, which leaves behind the mineral and carbon-rich char. Similarly, thermally driven dissociation of hydrate releases volatile methane and leaves behind water. In both cases, the volatile combustible gas burns and produces the heat needed to continue the process. The difference is, of course, that the carbon-rich coal char is also combustible, whereas the residual water from hydrates is not. Nevertheless, the provision of energy to release sufficient volatiles that, when burning, contribute sufficient energy to maintain the subsequent release of flammable gas is the sequence necessary for continuous hydrate burning. Hence, in this paper, we describe the two important facets of the hydrate combustion process—ignition and steady burning of this unusual fuel.



Because the field is widely unexplored, even simple observations can contain important new information. For example, it can be seen from the hydrate combustion literature that the ignition for sustained burning must include a warming step to release sufficient methane gas to provide a robust flame capable of continued rapid hydrate dissociation. In addition, under nominally steady burning, it is observed from the literature (and from our experiments) that the hydrate flame color is different depending on the experiment. The current work provides a summary of gas hydrate burning, particularly focused on the ignition step and on flame visualization during hydrate combustion.




2. Materials and Methods


Artificial methane hydrate samples were created from ground ice solid phases with a 5.75 h heating cycle modified from Stern et al.’s standard hydrate formation procedure, operating around a peak pressure of 1500 psi [14]. The formation approach was to pressurize a sample of ice with methane gas and to then cycle the system across and through the hydrate equilibrium thermal boundary. Our ice-based hydrate samples were generally formed within a cylindrical mold that carried approximately 20 g of hydrate depending on the packing density for each operating condition. The production of reproducible (in terms of gas content and morphology) hydrate fuel samples is notoriously difficult, because hydrate formation depends on nucleation and growth behaviors at very small scales, thus extra care was taken to create reproducible samples. The process for making hydrates has already been extensively documented. Therefore, we only provided the skeleton of the process here. Nevertheless, it is important to recognize that even with carefully controlled conditions, hydrate internal structure can still vary in unpredictable ways. We therefore included sufficient repeat trials to ensure results with general applicability. The detailed procedure we used for producing the hydrate is documented in [15]. The hydrate formation literature has shown that the inclusion of sodium dodecyl sulfate (SDS), just at the ppm level, can promote hydrate growth rate, especially when forming hydrates from liquid [16,17,18]. We created ice-based hydrate samples with the addition of SDS in comparison to those with no SDS and compared them as they burned.



As mentioned in the introduction, the ignition process for hydrates is not trivial. This is because hydrates are thermodynamically unstable at room temperature and pressure, thus to stabilize the fuel long enough for it to be studied under burning conditions, the samples must first be chilled so that they do not spontaneously dissociate. This stabilizing procedure for us (and most others) involved quenching and storage in a liquid nitrogen cooled environment. Such procedures are standard in the hydrate research field [5,14], but the ultra-cold sample means that some warming is needed before the surface of the hydrate can release enough methane for ignition.



We conducted a series of hydrate ignition test experiments to understand this special solid fuel as it released cold flammable gases during dissociation in surroundings at room temperature and pressure. The first test allowed the cold hydrate sample temperature to rise on an aluminum foil base directly. One thermocouple was placed at the bottom of the aluminum foil and another was placed at 1 cm above the hydrate surface to monitor the temperature. The hydrate sample was ignited with a piezo ignitor and a butane flame lighter. The second test used an open-cup ignition apparatus and a procedure with a butane lighter as the combustion initiator. This method was a simplified version of the American Society for Testing and Materials (ASTM) Cleveland open cup test for measuring the flash point for fuels [19]. Because hydrates exhibit two phase transitions and three phases, two thermocouples were installed. One was located at the bottom of the cup monitoring the hydrate temperature, and another was installed 3.8 cm from the cup bottom and above the height of the hydrate sample (1.25–2.5 cm).



When ignition was being evaluated, the conditions of the hydrate and the ignitor proximity were carefully monitored and recorded. When burning studies were the goal, such as during the overall spectral scan of the hydrate flame, we simply used a butane lighter to bathe the hydrate in heat for its start. The hydrate flame spectrum was then probed using a Princeton Instruments SpectraPro 2300i with a PIXIS 400 detector. The spectrometer was calibrated with a Xenon lamp. The flame images were recorded with a standard digital single-lens reflex (DSLR) camera.




3. Results


3.1. Ignition


The hydrate ignition tests were conducted with partially-crushed samples from originally cylindrically-shaped samples (see Figure 1) to allow more methane gas to release by providing a larger surface area exposed to the ambient environment. The hydrate samples were generally around 80% clathration ratio of methane, as referenced from the absolute maximum based on the total ideal hydrate cavity potential. The ideal hydrate (which was not ever achieved in practice) has a 0.15 methane to ice mass ratio, as compared to our experimental samples with a ratio of approximately 0.12. All hydrate samples were wrapped with aluminum foil and cooled with liquid nitrogen until they were ready for the desired tests. The laboratory room temperature was 23.8 °C ± 0.5.



Figure 2 shows the top view (~50 cm2) and the side view of the initial ignition experiments. As is obvious, partially crushed hydrate samples varied in size and shape, but we found the behavior to be remarkably reproducible when the hydrate formation was reliable and the thermal conditions were controlled. The hydrate pile was approximately 3 cm tall. Both of the igniters were moving toward the hydrate sample with no physical contact during the process. The initial foil temperature was 2.3 °C, while the gas temperature was 22.5 °C. The hydrate samples could not be ignited with either the piezo igniter or the butane lighter in the first 60 s. The sample was too cold at this early time to release sufficient methane for flammability, though the methane inside the hydrate was dissociating with a distinct popping sound. At the 60 s time mark, the foil temperature read 16.4 °C, and the gas temperature was 23.7 °C. As the hydrate sample warmed up and the methane gas diffused slowly out of the sample, there was a distinct pattern of cold gas flowing down around the hydrate, as shown in Figure 3. The cold gases were flowing close to and along the foil, and they moved downward and away because of their relatively high density. The ignition by butane lighter of a steady flame occurred at the 89 s time mark, and at this time, the bottom side foil temperature was 18.5 °C. During ignition, the crushed powder hydrate region was the first spot lit into a methane flame, since the powder provided more methane volume and better air entrainment. Soon, a yellow methane flame was sustained out of the block shaped hydrate, including periodic rich methane jets, while a blue flame resided around the powder region with its more natural air admixing, as shown in Figure 4. Because the thermocouple located 10 mm above the sample was far away from the sample and measuring closed toward room temperature, it was measured at 23.0 °C at 2 mm above the hydrate sample at the point of ignition.



There were several uncertainties observed from the ignition tests of methane hydrate exposed to open air. For example, the thermocouple situated above the sample was not able to provide enough information, and the ignition location varied with the format and the geometry of the hydrate sample being evaluated. It was clear that a more standard test would be preferable in order to identify the hydrate ignition conditions, particularly with its special properties. The second test format was a cup burner modeled after the configuration designed to evaluate the ignition of other condensed fuels. In this more standard approach, the hydrate sample was placed inside a stainless-steel cup with two thermocouples monitoring temperatures, as shown in Figure 5. One was at the bottom of the cup, while the second one was 3.8 cm from the bottom. The hydrate pile was 1.3–2.5 cm tall (from powder chunks to large blocks). The butane lighter was used to observe any flash point or ignition that occurred during the process. The cup opening was half-covered throughout the process. The ignition or the flash point was observed when the upper thermocouple averaged −3.8 °C for two tests (−3.3 and −4.3 °C), while the lower thermocouple measured the hydrate samples as averaging in temperatures at −64.5 °C (−62.6 and −65.5 °C). A completely open cup without any cover was also used for comparison, and in this case, the measured upper temperature was −4.7 °C and the hydrate temperature was −36.8 °C.



It should be noted that we recognize these ignition results are relatively sparse, but they are among the only attempts to quantify the characteristics of methane hydrate ignition. In addition, they reproducibly demonstrate the most important aspects of hydrate ignition that include a required minimum cake temperature, sufficient exposed surface area, and appropriate access to air for admixing. These elements are discussed more in later sections.




3.2. Burning


Figure 6 shows that, once burning, the flame had a distinct yellow-orange color when the samples included SDS. When SDS was not present, the flame had more of a blue-purple color around the gas hydrate with a stronger yellow color downstream. We presumed that the orange color arose from a sodium emission in the SDS case and that the yellow color in the post combustion zone could be nascent soot formation in the non-SDS hydrate. We also noted the foamy appearance in the case of the hydrate burning with SDS. We saw that excess amounts of SDS could make this foam a dominant feature that limited the hydrate combustion [6]. In order to compare the color and the character of the hydrate flame to one with similar characteristics of watery-fuel combustion but with the added feature that the flame be controllable (i.e., not affected by phase change processes), we developed a methane/air jet diffusion flame with varying amounts of water added to the methane. This gas-phase non-premixed flame simulated burning when water vapor naturally accompanied the fuel, as it did in a methane hydrate flame. Figure 7 shows a laminar methane diffusion jet flame as water was gradually added into the fuel to create a watery methane diffusion flame. The flame color changed from exhibiting a strong and brightly sooting region with no water addition to soot sitting on top of the flame tip as water was added. As even more water was added (up to the extinction limit), the flame color varied from blue to having a reddish hue. Based on these diffusion flame images, the formation of the blue-purple flame around the methane hydrate appeared related to the water vapor released into the flame. We expected that the water acted as a diluent to keep the flame temperature low and thereby avoid heavy sooting. To help confirm this feature, the gas hydrate optical spectrum was measured to identify the flame colors that appeared during combustion.



In order to determine the flame spectral character, the probe of the spectrometer was focused toward where the hydrate flame started, very close to the methane hydrate cake (around 4 cm height). The spectrometer had a 100 msec frame rate, and the results were averaged over 600 frames with background and noise subtraction. The amplitude of the signal changed between frames, but the spectral shape was very stable. The initial spectrum, Figure 8, showed one major peak located near 600 nm and two minor peaks between 400–450 nm and 500–550 nm.



For a closer look, a different grating was used for the region close to 600 nm. With the higher resolution, two peaks were observed at 589.02 nm and 589.51 nm, as shown in Figure 9a. These two lines were clearly the sodium D line doublet (located at 589.0 and 589.6 nm). Over the 400–600 nm region, three peaks appeared—430.15 nm, 470.2 nm and 515.59 nm—which were the wavelength locations of the typical chemiluminescence species CH and C2 in methane/air premixed flames [20,21,22], as shown in Figure 10. Perhaps unsurprisingly, the measured locations matched the three emission bands from the methane flames CH*(0,0), C2*(1,0), and C2*(0,0). Although these results were more confirmatory than exceptional, they did demonstrate that the spectral character of the flame was chemiluminescent and not strongly broadband, as would occur for soot. They also showed that the surfactants produced much of the strong color, and this was why the website images of methane hydrate combustion all had a strong orange-yellow coloring for dramatic presentation. A clean hydrate burning had much less luminosity and a pale blue color.





4. Discussion


4.1. Ignition


Hydrate ignition is a complex process that is still not fully quantified. The results of this study show that stable burning requires that the sample reach some minimum temperature and that temperature can vary depending on the shape of the hydrate sample. Yoshioka et al. found that their cake temperature needed to reach −25 °C at the center for their spherical hydrates to burn steadily, and we found that temperatures of at least −4 °C are needed for steady burning of cylindrical cakes and powder piles. The reason for the minimum temperature is clear in that sufficient heat is needed from the flame to raise the hydrate temperature to dissociation at a rate sufficient to sustain the heat release needed for further dissociation. It seems that the cup burner is the most appropriate apparatus for determining hydrate ignition conditions.




4.2. Combustion


The spectral information during hydrate burning clearly shows the expected chemilumiscent emission and the influence of sodium from typical surfactants. The sodium line is also dominant in hydrates formed from salt water. We explored the use of sodium as a natural marker for temperature using a variant of the classic method of sodium line reversal [24]. Calibrating a tungsten lamp with varying input voltages against the blackbody emission measured from the filament provided a temperature/emission relationship. Then, using the lamp behind a hydrate flame, the voltage at which the lamp filament was just visible through the flame measured the hydrate flame’s sodium temperature. The technique was promising but gave temperatures over 1900 K, which were higher than would be expected for a water diluted methane/air diffusion flame. The accurate measurement of hydrate flame temperature remains an experimental challenge we are pursuing with thin filament pyrometry (TFP). We measured the temperature of a methane flame fed by a melting hydrate [25], but thus far, there have been no temperature measurements of self-sustained natural hydrate flames.



In addition to the spectral information provided by the visual observation of the methane hydrate flames, there is also information contained in the time history of the total luminosity of the flame, as shown in the Figure 8 inset. The spectral measurements show that the proportion of the total flame luminosity arising from the different species remains nearly constant throughout the burn. That is, the flame color does not vary substantially in time. The total intensity, however, does vary as the flame fluctuates around the hydrate source. The buoyant flow driven by the rising hot gases also fluctuates, which gives a dynamic character to the flame. In the case of ideal spherical hydrate combustion [5], the flame fluctuation is clearly attributable to the growth of surface water that then drips from the base of the sphere, interrupting the flame anchor point and creating a fluctuation. In the case of our experiments, where the sample was more a distributed cake, the same effect of water could be observed, but it was not at a steady frequency, and thus the flame varied around the cake. A fast Fourier transform of the luminosity response showed one fairly dominant low frequency that arose from this buoyant plume shedding and water dripping frequency, and then a broader spectrum of frequency as the flame danced around the hydrate as methane was released.





5. Conclusions


This research examines the ignition and the burning of methane hydrates with particular attention to the repeatable tests for ignition and the evaluation of burning rates. Since this fuel is so unusual, the standard practices in combustion experiments required some modification and reformulation. Burning rates, for example, include the total mass loss from the sample but need to separate which part is water and which is fuel. For ignition, a standard condition is needed for self-sustained combustion that is different than typical ignition definitions, where there is not such a large residual heat capacity in the inert matrix. Biofuels, particularly wood, have some similarities in this regard, and thus we used ignition and burning concepts from that literature in our study.



The ignition studies in the cup burner format show that the hydrate ignited at the temperature around −65 °C, while the gas temperature above was −4 °C for the half-covered tests. This measurement required a detailed refinement in procedures, such as the amount of the hydrate samples, the location of the thermocouples, and especially the location of the igniter, which was needed to further define. Therefore, standardizing a preparation and ignition method for methane hydrates is important. The literature describes preparation of hydrates in a variety of ways that leaves a residual chill in the hydrate cake. This chill (often from storage in liquid nitrogen) means that the hydrate cake is supercooled. In this case, when the liquid water forms as the hydrate dissociates, it is possible that the cold core then freezes this water and blocks further fuel release, thereby quenching the flame. In naturally dissociating hydrates, this process is called self-healing [14]. For burning, once the hydrate core has reached a temperature that allows it to dissociate continuously, self-healing does not occur, but identifying if that temperature is independent of hydrate morphology and shape remains to be done.



We presented measurements of the visible optical spectrum of direct methane hydrates in combustion. A spectrometric evaluation identified the species responsible for the observed flame color. The strong sodium doublet is responsible for most of the orange/yellow coloration attributed to hydrate flame images in the literature and online. The pale blue flame zone is much more subtle and, as expected, this region arises from the three chemiluminescence bands, namely CH*(0,0), C2*(1,0), and C2*(0,0). These baseline experiments provide the starting point for future study where we will examine the color of hydrate flames when the hydrates are formed with different surfactants (including biologically derived rhamnolipids) and where they may contain other contaminants. For example, we may explore the color of flames around hydrates formed from fracking flowback water. We recognize that the work shared here is mostly qualitative in nature, but as the study of methane hydrate combustion is still very new and considering its potential as a future energy source and an unusual format in combustion, we see this discussion as an interesting contribution to a cleaner combustion future.
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Figure 1. A typical sample of methane hydrate while in the Teflon cylindrical mold. 






Figure 1. A typical sample of methane hydrate while in the Teflon cylindrical mold.



[image: Energies 12 01939 g001]







[image: Energies 12 01939 g002 550]





Figure 2. Methane hydrate ignition tests in open air environment, (a) side view (b) top view. 
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Figure 3. The methane hydrate warming up at room temperature. The arrows show the clear pathway of the cold gas flowing along the foil surface and moving downward. These flows were confirmed with both visual and schlieren imaging. 
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Figure 4. The snapshot at the moment when the methane hydrate was ignited by a butane lighter. The bright yellow flame was from a methane jet releasing from the hydrate block, shown in (a), while a pale blue flame was distributed around the hydrate powder with more air admixing into the methane released from this section of the sample in (b). 
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Figure 5. The cup ignition test with two thermocouples. 






Figure 5. The cup ignition test with two thermocouples.



[image: Energies 12 01939 g005]







[image: Energies 12 01939 g006 550]





Figure 6. Gas hydrate burning (a) with surfactant sodium dodecyl sulfate (SDS) and (b) with no surfactant. 
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Figure 7. Methane/air laminar jet diffusion flame. Jet diameter was 2 mm, and methane flow rate was 65 mL/min with air coflowing 1 L/min. The figure shows the evolution of the flame with water addition; (a) no water added; (b) 0.25 water/methane molar ratio; (c) 0.55 water/methane molar ratio; (d) flame at the extinction limit (0.57 water/methane molar ratio). 
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Figure 8. Gas hydrate spectrum over visible range; three peaks were found. 
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Figure 9. (a) Observed two peaks and (b) sodium D line doublet (courtesy of HyperPhysics from Georgia State University [23]). 
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Figure 10. CH*(0,0), C2*(1,0), and C2*(0,0) emission bands of a methane hydrate flame. 
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