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Abstract

:

The formation, dissociation, and reformation of cyclopentane (CP) hydrate in a sub-millimeter-sized capillary were conducted in this work, and the morphology of CP hydrate was obtained during above processes, respectively. The influences of the supercooling degree, i.e., the hydrate formation driving force, on CP hydrate crystals’ aspect and growth rate were also investigated. The results demonstrate that CP forms hydrate with the water melting from ice at the interface between the CP and melting water at a temperature slightly above 273.15 K. With the action of hydrate memory effect, the CP hydrate in the capillary starts forming at the CP-water interface or CP–water–capillary three-phase junction and grows around the CP–water interface. The appearance and growth rate of CP hydrate are greatly influenced by the supercooling degree. It indicates that CP hydrate has a high aggregation degree and good regularity at a high supercooling degree (or a low formation temperature). The growth rate of CP hydrate crystals greatly increases with the supercooling degree. Consequently, the temperature has a significant influence on the formation of CP hydrate in the capillary. That means the features of CP hydrate crystals in a quiescent system could be determined and controlled by the temperature setting.
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1. Introduction


Hydrates are a kind of crystalline compound, which is usually formed by water and gas molecules at the proper temperature (T) and pressure (P) [1,2]. Most common gases, such as CH4, CO2, N2, O2, tetrahydrofuran (THF), and cyclopentane (CP), are able to form hydrates at different T-P conditions [3,4]. In hydrates, water molecules (host molecules) build cavities with a specific shape and size through a hydrogen-bond interaction, and gas molecules (guest molecules) are encaged in the cavities and stabilize the cavity structure [5,6]. The interaction between host and guest molecules is Van der Waals force [7]. The molecular size of the gas should be suitable for the size of the cavity in order to form stable hydrates. Consequently, different guest molecules should form hydrates with different structures, i.e., structure I, II, and H [8,9].



Since Hammerschmidt found natural gas pipeline blocking caused by hydrate formation in 1934 [10], gas hydrates have attracted extensive attention in industrial circles. So far, hydrates could potentially be applied to natural gas storage and transportation [11,12,13], gas mixture separation [14,15], CO2 capture and sequestration [16,17], sea water desalination [18,19], and so on. The study of hydrate-based technologies has obtained considerable development and great progress in the past decades. It is believed that the study of CP hydrate formation and dissociation has great significance for the flow assurance of oil/gas [20]. Just like most gaseous guest molecules of hydrates, CP is difficult to dissolve in water. In addition, CP forms hydrates at relatively mild conditions. Therefore, CP is frequently used as a hydrate-former (guest molecule) for hydrate formation and dissociation research [4,19,20,21].



At the same time, the size of the reactor for hydrate formation also has great influence on the thermodynamics or kinetics of hydrates. For example, the porous media with strong interfacial effect influences the formation/dissociation kinetics of hydrates [22]. Thereby, the study of gas hydrates in porous media has great significance to both the upstream and the downstream of the oil and gas industry. So far, the study of hydrates in porous media is generally carried out in a macroscopic hydrate reactor loaded with porous material [23,24]. The knowledge of small-scale features of hydrates in porous media is relatively limited. In fact, the microscopic observation and study of hydrates enables researchers to study and understand the behavior, characteristics, and rules of hydrate formation/dissociation [25,26,27,28]. Consequently, we conducted the formation and dissociation of CP hydrate in a special porous medium, i.e., a transparent sub-millimeter-sized capillary, in this work and investigated the features of CP hydrate in a capillary accordingly.




2. Experimental Section


2.1. Materials


The specifications and suppliers of experimental materials are presented in Table 1. A cuboid-shaped capillary with a side length of 500 μm and a length of 10 cm was manufactured using a micromachining method.




2.2. Apparatus


The schematic diagram of the experimental apparatus is shown in Figure 1. It mainly consists of a vacuum pump, two hand pumps, a water bath with a light source, a capillary, a high-resolution camera, and temperature and pressure transducers. The vacuum pump is used to eliminate gaseous impurities in the apparatus. The two hand pumps are used to maintain the desired pressure and CP–water interface position in the capillary. The water bath provides the reaction system with the desired experimental temperature. The capillary is made of acrylic sheets and completely immersed in the water bath. The temperature and pressure of the reaction system are measured by two transducers with an accuracy of 0.1 K and 0.01 MPa, respectively. The formation and dissociation phenomena of CP hydrate crystals in the capillary are displayed by the camera and recorded by a computer.




2.3. Procedure


Due to the quiescent contact and poor mass transfer effect between CP and water in the capillary, it takes a long time for CP to form hydrate crystals, even under a high supercooling degree [28]. However, the presence of hydrate seed or water from ice melting could significantly shorten the induction time for hydrate reformation [29]. This could be attributed to the memory effect of hydrate [30]. Consequently, the capillary loaded with CP and water was first dipped into liquid nitrogen (where ice generated), and then put into a water bath with an initial temperature of 270.15 K. With the increase in temperature, CP hydrate formed first at the CP–ice interface at a temperature of slightly above 273.15 K [31,32]. As the temperature increased to a value (Tdis) slightly higher than the phase equilibrium temperature (Teq ≈ 280.15 K), CP hydrate completely dissociated. The above period for the temperature rise is defined as dissociation time (tdis) in this work. After that, the temperature of the water bath was set to a lower value (supercooled temperature, Tsup) to make CP reform hydrate with the action of a memory effect (water from hydrate immediate dissociation). The driving force (supercooling degree) of CP hydrate reformation in a capillary is the temperature difference (ΔT) between Teq and Tsup. The temperature profile of the reaction system during the above process is shown in Figure 2. The phenomena of CP hydrate crystal formation and dissociation in a capillary were observed and recorded over time. Each process (generation of ice, first formation, dissociation, and reformation of CP hydrate) was repeated two to three times to reduce the experimental error.





3. Experimental Results and Discussion


3.1. First Formation of CP Hydrate Crystals in Capillary


CP and water were first introduced into the water-wet capillary at atmospheric pressure and room temperature. An interface appeared between CP and water, as shown in Figure 3a. The interface looked shiny because of the different refractive index of light between CP and water. After the capillary was contacted with liquid nitrogen, liquid water changed to solid ice, as shown in Figure 3b. The calorimetric study results show that CP hydrate could not form readily at the current low T [33]. This could also be reflected by the gap between the solid edge and capillary inner wall (box in Figure 3b). It indicates that ice and CP coexisted steadily in a quiescent system at a temperature of 240.15 K. CP could not form hydrate with ice at the current condition. On the contrary, CP formed hydrate with the water from ice melting at their interface at a temperature slightly above 273.15 K (shown in Figure 4c). Meanwhile, the meniscus direction of the interface between CP and ice in Figure 3b was opposite that of CP and water in Figure 3a, which resulted from icing and the related volume expansion. Consequently, the solid mixture was dominated by ice at this moment.




3.2. Melting of Ice, First Formation, and Dissociation of CP Hydrate in the Capillary


Figure 4 illustrates the melting of ice, first formation, and dissociation of CP hydrate in the capillary at atmosphere pressure. CP and ice were first put into a water bath with a temperature of 270.15 K, as shown in Figure 4a and then passed through a temperature-rise period. The state of the reactants in the capillary hardly changed until the temperature reached 273.65 K, when the shape of CP–solid interface distorted obviously, as shown in Figure 4b. It indicates that CP began to form hydrate with the water from the melting ice. When the temperature rose to 274.15 K, the protuberance shape of the CP–solid interface almost flattened, as shown in Figure 4c. The gaps between solid edge and capillary walls disappeared and filled with new solids, which was believed to be CP hydrate. This could be inferred from the appearance difference between the newly formed solids and the pre-existing ones on the central axis of capillary. The new solids, i.e., CP hydrate, looks homogenous with a fine texture. By contrast, the pre-existing solid, composed of ice, appeared irregularly with uneven grains. The solid body extended toward the CP phase, which also demonstrates that CP was consuming, and CP hydrate crystals were generating. At the same time, the outline of the ice phase bulk around the central axis in the capillary shrunk gradually. However, when the temperature reached above 275.15 K, the CP hydrate–ice phase looked transparent, and colloidal substance appeared in the phase, as shown in Figure 4d–f. The pre-existing protuberance of the CP–solid interface disappeared and trended to become a meniscus, and some dark small particles existed in the hydrate–ice phase. The existence of colloidal substance and the dark unordered particles demonstrates that CP hydrate was dissociating. This occurred because the current temperature was too high for CP to form hydrate with the melting water [32]. When the temperature rose to a higher value (Tdis), the quantity of colloidal substance decreased distinctly, as shown in Figure 4g. After a period at constant Tdis, the colloidal form looked transparent. The interface between CP and water arose more clearly, and bright and well-ordered CP droplets appeared in the water bulk phase, as shown in Figure 4h. Finally, CP droplets became smaller and fewer, and the color halo of the CP–water interface emerged again, as shown in Figure 4i. It indicates that the CP hydrate crystals dissociated completely.




3.3. Reformation Process and Appearance of CP Hydrate Crystals in Capillary


After CP hydrate dissociated in a time of tdis (20 minutes) at a temperature of Tdis (282.15 K), the temperature of reactants in the capillary was cooled to 277.15 K (Tsup) to make CP reform hydrate with the action of a hydrate memory effect, as shown in Figure 5. The reformation of CP hydrate started from the joint of the CP–water–capillary wall, where a tiny crystal particle appeared, as indicated by the white arrow in Figure 5a. This occurred because the temperature there was lowest in the capillary, which is the closest to that of the outside surroundings (Tsup). It indicates that CP hydrate generally starts forming very near or at the water–CP interface, although hydrate nucleation is a stochastic process. The hydrate particle grew afterwards in the CP phase and slid along the CP–water interface to the central apex, as shown in Figure 5b–k. During this period, the shape of the CP–water meniscus hardly changed. After reaching the apex of CP–water interface, CP hydrate crystals began to grow towards the water phase and the CP phase simultaneously, as shown in Figure 5l,m. The CP–water interface was covered with a polycrystalline crust, resulting in the deformation of CP–water meniscus, as shown in Figure 5n. The CP–water meniscus at the apex gradually faded away, and a new CP hydrate–water interface emerged. In addition, the appearance of the CP hydrate crystals at this moment was not flat but bumpy. It indicates that the aggregation extent of the CP hydrate was increasing. Afterwards, the polycrystalline crust kept growing over the capillary wall, which has been referred to as a “halo” [25,34,35], as shown in Figure 5o,p. The degree of unevenness of CP hydrate looked more intensive. The morphology of CP hydrate with the temperature profile at different times is shown in Figure 6.




3.4. Influence of Supercooling Degree on CP Hydrate Crystals Reformation


After CP hydrate dissociated completely at Tdis in capillary, it is definite that the temperature (Tsup) for CP hydrate reformation influenced the aspect and growth rate of the hydrate halo, i.e., the supercooling degree (△T) influenced the morphology and formation kinetics of the CP hydrate. Figure 7 displays the snapshots and time (△t) of CP hydrate halos grown from the CP–water interface to the same distance (≈ 985 μm) in the CP phase at different △T.



At a low supercooling degree (△T = 5 K in Figure 7a), CP hydrate crystals appeared obviously layered and sheet-like. A long gap appeared and existed between CP hydrate and capillary inner wall along with the CP hydrate formation, as shown in the box of Figure 7a. The substance in the gap was considered to be water, which could be inferred by the incomplete shining CP–water interface, similar to Figure 3a. It indicates CP hydrate formed deficiently at a supercooling degree, and it seems thin and crispy. As supercooling degree increased (△T = 7 K in Figure 7b), the water gap between CP hydrate and the capillary wall could hardly be observed. However, there was a clear wetting angle between the CP bulk phase and the capillary wall, as shown in the box of Figure 7b. CP hydrate crystals also looked layered and flaky but more compact than at △T = 5 K. As Tsup decreased further (△T = 9 K in Figure 7c), the wetting angle between the CP phase and the capillary almost disappeared, and CP hydrate crystals looked like slender strips. When the supercooling degree reached 11 K, shown in Figure 7d, CP hydrate appeared more uniform and denser than at △T = 9 K. It seems that the surface of the CP hydrate crystals hardly had lacuna. In conclusion, CP hydrate had a high aggregation degree and a good regularity at a high supercooling degree. It looked solid, dense, and compact. In other words, the morphology and property of the CP hydrate could be controlled by the supercooling degree.



In addition, the supercooling degree also influenced the growth rate of CP hydrate crystals. It took less time for CP hydrate to grow to the same length at a higher supercooling degree, which means the growth rate of CP hydrate markedly increased with the supercooling degree, as shown in Figure 8.





4. Conclusions


We focused on CP hydrate crystal formation, dissociation, and reformation in a sub-millimeter-sized capillary in this work. The morphology of CP hydrate was obtained respectively, and the influence of the supercooling degree on CP hydrate reformation was investigated. The results demonstrate that CP formed hydrate with the water melting from ice at the CP–water interface at a temperature slightly above 273.15 K. Consequently, the temperature significantly influenced the transformation of CP–water–ice–CP hydrate. CP hydrate started to form at the CP–water–capillary three-phase junction and grew on the CP–water meniscus. The supercooling degree influenced both the aspect and growth rate of CP hydrate. CP hydrate has a high aggregation degree and a good regularity at a high supercooling degree. The growth rate of CP hydrate crystals strongly increased with the supercooling degree. It indicates that the formation of CP hydrate and the corresponding features are determined by the supercooling degree.
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Figure 1. Schematic diagram of the experimental apparatus. 
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Figure 2. The temperature profile of cyclopentane (CP) hydrate formation and dissociation in a capillary. 
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Figure 3. Formation of CP hydrate and ice in the capillary, the scale bars in the images correspond to 50 μm. 
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Figure 4. Snapshots of the CP–ice interface with an increase in temperature. The scale bars in the images correspond to 50 μm. 
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Figure 5. Reformation of CP hydrate crystals in the capillary. The scale bars in the images correspond to 50 μm. 
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Figure 6. Morphology of CP hydrate with the temperature profile at different times. 
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Figure 7. The influence of the supercooling degree on the CP hydrate halo grown to a similar length (≈985 μm). The scale bars in the images correspond to 50 μm. 
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Figure 8. The growth rate of CP hydrate crystals at different supercooling degrees. 
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Table 1. Sources and specifications of the experimental gas and reagents.
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	Materials
	Specifications
	Suppliers





	CP
	98 wt%
	Beijing InnoChem Technology Ltd. (Beijing, China)



	Liquid nitrogen
	99 mol%
	Beijing Yiyangfuli Commercial and Trading Ltd. (Beijing, China)



	Deionized water
	15 × 106 Ω·cm
	Water distillation unit (SZ-93) (Beijing, China)











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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