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Abstract

:

In the present study, the effect of different kinds of impellers with different baffles or no baffle was investigated. Up-pumping pitched blade turbine (PBTU) and Rushton turbine (RT) were the two types of impellers tested. The reactor was equipped with different designs of baffles: full, half and surface baffles or no baffles. Single (PBTU or RT) and dual (PBTU/PBTU or RT/RT) use of impellers with full (FB), half (HB), surface (SB) and no baffle (NB) combinations formed two sets of 16 experiments. There was estimation of rate of hydrate formation, induction time, hydrate productivity, overall power consumption, split fraction and separation factor. In both single and dual impellers, the results showed that RT experiments are better compared to PBTU in rate of hydrate formation. The induction time is almost the same since we are deep in the equilibrium line while hydrate productivity values are higher in PBTU compared to RT experiments. As general view RT experiments consume more energy compared to PBTU experiments.
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1. Introduction


Clathrates hydrates are defined as solid crystalline compounds which are formed by gas and water molecules [1,2]. Water molecules, with their cage-like structure, are able to embrace guest gas molecules such as methane, ethane, propane, isobutene, n-butane, nitrogen, carbon dioxide, hydrogen sulfide, among others, to form clathrates hydrate [2,3]. There are three distinct hydrate structures, on the basis of both type and number of cavities and the size of guest molecules. These are structure I (sI), structure II (sII) and structure H (sH) [4,5,6]. Hydrate formation is an exothermic crystallization procedure and is characterized by nucleation followed by crystal growth and agglomeration [7]. Methane hydrates are able to comprise between 150 and 180 v/v at standard temperature and pressure conditions and they provide distinct gas storage characteristics. The subject of gas hydrates has gained interest from researchers in a variety of fields [8]. While being only a topic of concern initially because of its impact on the oil and gas industry [9], recently it is becoming more promising, because of its evolved applications [10,11].



These applications include alternative energy resource [12,13], novel gas transportation [14], gas storage technology [15,16], separation technology [17,18] and carbon dioxide sequestration [19,20,21]. Furthermore, the latest growth in deep-water oil and gas production has resulted in expansion of hydrate formation studies. Due to this fact, pressure and temperature conditions in deep-water are favorable for hydrate crystals formation [22]. However, the expediency of using hydrates for industrial scopes has been a debatable topic in the field of engineering [23]. Some of the primarily problems are the slow formation, unreacted interstitial water as a large percentage of the hydrate mass, reliability of hydrate storage capacity and economy of process scale-up [24]. There are some advantages for the storage and transportation of natural gas in methane hydrates (NGH) over some of the conventional methane storage methods. As an example, natural gas liquefaction (LNG) or compression (CNG) are two of the non-pipeline methane storage methods. As some economic feasibility studies show, especially those done by Japanese industrial researcher, costs of NGH are less than those of LNG on the same scale. The studies conclude that for transporting gas amounts fewer than a million tons per year, NGH is better than LNG [25]. Additionally, as the latest studies based on total energy calculations for the three methods show, LNG method demands less energy, yet it is far more expensive than the storage and transportation of gas hydrates. When it comes to energy and economics, CNG is comparable to using gas hydrates. However, the technology available today is developed exclusively for small-scale applications [26].



Stirring reactors are widely used from many researchers in studies such as formation and dissociation of gas hydrates [27]. Among several other factors to make the storage and transportation of gas in hydrate form, hydrate formation rate has crucial importance. The faster formation of hydrates in a hydrate forming reactor can play important role on the economics of operation. Good mixing of hydrate forming components (gas and water) can accelerate the formation process. This can partly be achieved by correct selection of tank interiors. In this paper is discussed the design and evolving of a new continuous stirred-tank reactor (CSTR), with inner volume 5.7 L. The design was appropriate for practical engineering use, for quick and continuous production of hydrates. The scope of experimental process is to investigate the impact of flow conditions on methane–propane hydrate formation by using different types and numbers of impellers with different or no baffles.




2. Materials and Methods


2.1. Reactor Design


A novel apparatus of internal volume of 5.7 L has been designed and built to carry out studies on the scale up of gas hydrate formation. A schematic diagram of it is shown in Figure 1. The reactor has been designed to maximize interfacial area between reactants, thus minimizing mass transfer barriers and thermal effects that negatively affect conversion of reactants into hydrate. Gas is supplied by gas bottles through a pressure-reducing valve that provides adjustment of the pressure to the gas injection line. Mixing is supplied by a servomotor type of High Inertia (permanent-magnet synchronous motor Siemens model SIMOTICS S-1FL6). The high-pressure cylindrical AISI 316L stainless steel vessel has an internal diameter of 150 mm and an internal length of 312 mm. It has been designed for pressure values up to 150 bars and provided with a safety valve. In order to avoid friction heat due to rotational speed of impellers, cooling water is circulated around the shaft of the motor. The flow rate of refrigerated cooling bath (WCL-P12) is 12 L/min. The cooling medium is distillated water. Figure 1 shows the methane–propane hydrate formation reactor with the control unit and cooling bath.



The temperature of the refrigerated cooling bath was measured by a thermocouple inside of the bath. Two AISI 316 L stainless steel flanges are used to seal the reactor. One flange has appropriate ports for access to the interior. The five ports (3 on flange and 2 on the body of the reactor) are used for supplying gas and measuring temperature and pressure. The temperature sensors are mineral insulated type TW/T (Threaded Type Thermowells) with accuracy (±0.2 %) and measure the temperature inside in the middle part of the vessel. The Piezoresistive pressure sensors (Keller Series 21 Y) gives digital output with accuracy ±0.25 FS%. The gas inlet line is equipped with a gas pressure regulator with accuracy 0.6. Gas is supplied by gas bottles through a pressure-reducing valve that provides adjustment of the pressure to the gas injection line. Voltage signals from pressure transducers and temperature sensors collected by a PLC unit (software) for data acquisition on a personal computer. Torque measurements are also taken by PLC unit. The shaft and baffle are made by steel AISI 316L and AISI 304 equivalently, while the impellers are made by acrylonitrile butadiene styrene (ABS) plastic. Figure 2 shows the cross-sectional design of our reactor.




2.2. Experimental Process


Gas (methane (95%)-propane (5%)) mixture is supplied by gas bottles through a pressure-reducing valve that provides adjustment of the pressure to the gas injection line. The purity origin of chemicals was from 94.995% (CH4) and 4.995% (C3H8)—Hatgrup Company, Kocaeli, Turkey. The volume of water is 2.65 L for single impellers and 3.8 L for dual impellers, respectively. The room temperature and tank temperature which already has the water in it, was 10 °C and after feeding with the gas until 27 to 28 bars, we put the room temperature to −5 °C until the temperature of our reactor reached 2 °C (during this period there is also dissolution of the gas (pressure decreases) due to decrease of temperature until pressure is stabilized). The rotation process starts when the tank temperature is 2 °C and the pressure is 24.5 bar (is stabilized), while we also increased the temperature of the cold room from −5 to 0 °C (hence, to stabilize the tank temperature in 2 °C, we do not want to form hydrates before rotation). The rotational period and our measurements were taken for a period of 3 h (maximum period of our measurements) after the induction time (first nuclei of gas hydrates). In occasions of hydrate dissociation before passing the 3 h, for our measurements we took the value of gas consumed (when there is start of stabilization period, before dissociation of gas hydrates). At the end of each hydrate formation experiment, when stabilization of hydrate formation starts, the composition of free gas was determined by taking gas samples in sampling tubes aiming to quantify the fractionation of gas components. Gas composition analyses were carried out at Petroleum Research Center Gas Analysis Laboratory by using Agilent 6890 series GC.



Figure 3 shows analytically the dimensions of reactor, impeller and baffles and the different designs (different baffles) of reactor with single and dual Rushton turbine (RT) impellers. First up-row from left to right: single impeller with no baffle, single impeller with full baffle (15 cm submerge in the water), single impeller with half baffle (7.5 cm submerge in the water) and single impeller with surface baffle (3.75 cm submerge in the water). The distance between the two impellers in the dual ones are 7.5 cm. The height of liquid is the same with the diameter of reactor, 15 cm in the single impeller and 22.5 cm in the dual impellers. The width of baffles is 1 cm while the internal diameter of reactor is 15 cm. The sparger has 1 cm height and is used for better gas–liquid contact for mass transfer and reaction. The bottom of clearance (distance between bottom of reactor and impeller) is 5 cm.




2.3. Interpretation of Raw Data


The main objective of this study was to investigate the effect of different impeller–baffle configurations on hydrate formation kinetics. Therefore, a tool must be devised to extract the kinetic data from raw experimental data. Application of real gas law (PV = znRT) for each data point with known pressure, temperature and free gas volume gives the change in number of moles of free gas with time together compressibility (z) factor by using Lee and Kesler’s (1975) fortran program (in this program you can calculate the number of moles and compressibility factor (z) for every component if you know pressure, temperature and volume) [28]. A sample plot of change in free gas number of moles is given in Figure 4 for CH4-C3H8-SI-RT-FB.



Figure 5 is plotted with the same data as Figure 4 but covering only hydrate formation period. A third-order polynomial fit of experimental data result with Equation (1).


n = −2.93 × 10−14 t3 + 2.21 × 10−10t 2 − 6.56 × 10−7 t + 7.39 × 10−3



(1)




where: n = number of moles of free gas, mol and t = time, s.



The derivative of Equation (1) results with the gas consumption rate (Equation (2)) which can be considered as the hydrate formation rate.


dn/dt = 3 × 2.93 × 10−14 t2 + 2 × 2.21 × 10−10 t − 6.56 × 10−7



(2)




where: dn/dt = gas consumption rate, mol/s and t = time, s.



Comparison of gas consumption rates of different experiments will be done by utilizing gas consumption rate equations (Equation (2) is an example) with four different time values, namely 1, 600, 1200 and 1800 s. Table 1 presents the gas consumption rates of experiment CH4-C3H8-SI-RT-FB, as an example.




2.4. Overall Power Consumption


Power consumption was calculated based on the torque measured every second based on the following equation:


Pc = Tq × 2πN



(3)




where Tq is the torque in N-m and N is the rotational speed in rps and power consumption is in Watt.



The power consumption at every second over the duration of hydrate formation for each experiment was summed to obtain overall power consumption during the experiment. The duration for the calculation of overall power consumption is the sum of the induction time of a given experiment and the hydrate formation duration of the experiment with shortest duration.




2.5. Hydrate Productivity


Hydrate productivity is defined by the formula


NR30 = R30/Vwater(mol × L−1 × s−1)



(4)




where, Vwater is the volume of water (l) in the reactor, R30 is the rate of hydrate growth (mol × s−1) calculated by fitting the gas uptake due to hydrate growth versus time for the first 30 min after the induction time.




2.6. Split Fraction


Split fraction (S.Fr) given in Equations (5) and (6) are used to quantify the partition of hydrate forming gases in free gas and solid hydrate phases,



The split fraction of methane is calculated as follows:


S.Fr.CH4 = (nCH4H)/(nCH4Feed)



(5)




where nCH4Feed is the number of moles of methane in feed gas and nCH4H is the number of moles of methane in hydrate phase at the end of the experiment.



Similarly, the split fraction (S.Fr.) of propane is calculated as follows:


S.Fr.C3H8 = (nC3H8H)/(nC3H8Feed)



(6)




where nC3H8Feed is the number of moles of propane in feed gas and nC3H8H is the number of moles of propane in hydrate phase at the end of the experiment.




2.7. Separation Factor


Natural gas hydrates are frequently used to separate gas components of given gas mixtures owing to the fact that those separated components either consumed more into the hydrate structure than the other components of the mixture, or they do not go into the hydrate structure at all. In this study, the mixture that is used to form hydrates are both hydrate formers, but it is known from literature that propane is consumed more compared to methane. Since the studied gas is rich in methane, it was decided to analyze how propane is separated from the mixture depending on the experimental conditions. Equation (7) is utilized to calculate the separation factor of propane (S.FC3H8) [29].


S.FC3H8 = (nC3H8H × nCH4gas)/(nCH4H × nC3H8gas)



(7)




where nCH4gas is the number of moles of methane in the gas phase at the end of hydrate formation, nC3H8gas is the number of moles of propane in the gas phase at the end of the hydrate formation, nC3H8H is the number of moles of propane in the hydrate phase.





3. Results and Discussions


Table 2 summarizes the results of single and dual impeller methane–propane mixture experiments. In single experiments except in one experiment (Rushton turbine–half baffle), hydrate formation started almost immediately after the start of stirring (very short induction times). RT impellers last shorter (arrive in shorter time in the start of hydrate stabilization) compared to experiments with PBTU. Split fraction values of methane are relatively low (between 0.099 and 0.133) indicating that a higher percentage of methane in the original gas still remains in free gas phase. Split fraction values of propane are much higher compared to the split fraction values of methane, as expected. Final parameter to be discussed in Table 2 is the separation factor of propane. Depending on experimental conditions, propane separated from the mixture with a factor between 37 to 64 compared to methane.



In dual experiments, the duration of hydrate formation was always shorter than 3 h in all experiments. The effect of baffles for a given impeller type is opposite for dual impellers of PBTU and RT. The duration of hydrate formation decreases in the order of FB, HB, SB and NB for PBTU/PBTU but in opposite direction for RT/RT. Split fraction values of methane are again relatively low (between 0.115 and 0.223) but higher in dual impeller experiments compared to single impeller ones (Figure 6).



Split fraction values of propane are much higher compared to the split fraction values of methane, as expected. Again, higher split fractions of propane were observed in dual impeller experiments compared to single impeller experiments (Figure 7). Depending on experimental conditions, propane separated from the mixture with a factor between 22 to 72 compared to methane. Comparison of separation factors of propane for single and dual impeller experiments did not show a distinct trend (Figure 8).



Rate of hydrate formation of mixture by using single dual impellers are presented in Figure 9 and Figure 10, respectively. The results are given for 1, 600, 1200 and 1800 s. In single experiments, the common characteristic of hydrate formation rate changes is the continuous decline of rate by time for a given experiment. Initial hydrate formation rates for RT experiments are generally higher than PBTU experiments for the same type of baffle. These outcomes show that in radial flow there is better interaction between gas and liquid compared to mixed flow. Better pumping capacity, uniform shear field and good contact ability can be suspected to be the reason of this outcome. On the other hand, the decline rate of hydrate formation is higher for RT compared to PBTU. This fact takes place due to the fact that in RT experiments there is initially high rate of hydrate formation which leads to increase the temperature of the system (exothermic reaction), hence our system cannot form any other gas hydrates. It should be mentioned that for our experiments PBTU or PBT are the same since all experiments are in mixed flow, they follow upward trending.



In dual experiments the initial hydrate formation of RT/RT experiments with full, half and surface baffles were comparatively high among all other hydrate formation experiments of this study. There exists very sharp decline in hydrate formation rate within first 600 s. The main reason of such a sharp decline is attributed to the higher amount of hydrate formation which could restrict the mass transfer between gas and liquid phases if the solid hydrate is not removed efficiently from the gas–liquid interface. Increase in temperature due to exothermic nature of hydrate formation, change in the composition of hydrate forming gas due to different partition of components in free gas and hydrate phases are other reasons to be mentioned (see Appendix A for graphs of all single and dual experiments).



The baffles provide axial flow and eliminate the central vortex in a stirred tank. When full baffles are used, it is expected to observe the axial motion of the reactor contents beginning from the bottom of the tank. When shortened baffles such as half and surface baffles are used, however, the tangential flow would be dominant at the bottom of the tank. The axial motion would begin where or whereabouts of the start of the baffles. When there are no baffles in the system, the tangential flow is dominant everywhere, and a central vortex would form. The central vortex could be useful in incorporating gas if the vortex reaches the impeller; however, excessive entrance of the gas would have a significant effect on the hydrodynamics in the tank and the gas entrance through the vortex can become an undesired situation. Based on these, it is seen here that in single impeller experiments when full baffles are used, there is no sufficient gas entrance to the system compared to other baffles and no baffle experiments for both impellers. When no baffles are used, the hydrodynamics completely change and the central vortex for our specific conditions behave positively. In dual impeller experiments, the outcomes are not the same. The no baffle and full baffle experiments have lower values compared to half and surface baffles for both RT and PBTU impellers. Showing that in a specific system, a small amount of central vortex can play a positive role in hydrate formation for both radial and mixed flow.



Another parameter that was calculated is hydrate productivity. In single experiments, the hydrate productivity results follow the opposite way of rate of hydrate formation. PBTU experiment has higher values compared to RT experiments. The highest value of hydrate productivity occurs in PBTU with full baffle experiment (10.78 × 10−8 × s−1 × L−1) while the lowest value of hydrate productivity takes place in RT with surface baffle experiment (4.2 × 10−8 × s−1 × L−1). The same behavior happens in dual experiments. The highest value of hydrate productivity occurs in PBTU/PBTU with full baffle experiment (3.81 × 10−8 × s−1 × L−1) while the lowest value of hydrate productivity takes place in RT/RT with no baffle experiment (0.58 × 10−8 × s−1 × L−1). It is obvious that in dual experiment or RT/RT with no baffle the hydrate formation occurs only for the first 30 min of the process. Figure 11 and Figure 12 present the hydrate productivity for single and dual impellers, respectively.



The last parameter that is calculated is the power consumption until the start of stabilization of hydrate formation (time that we take our samples to be measured in Gas Chromatography). In single impeller experiments (Figure 13), RT impellers consume more energy with the exception of no baffle where PBTU experiment has highest value compared to RT experiment. On the other hand, in dual experiments (Figure 14) RT/RT impellers have higher values compared to PBTU/PBTU ones in all baffle and no baffle experiments. It should be noticed that RT in single or RT/RT in dual experiments have higher values of power consumption although the total period of measurements is less compared to PBTU in single and PBTU/PBTU in dual experiments, respectively, something which is confirmed by the literature.




4. Conclusions


This study mainly aimed to promote hydrate formation by investigating the effects of impeller baffle configurations. Under the light of the analysis of the experimental study, the following conclusions were drawn:



Single impeller experiments with methane showed that Rushton turbine (RT) impeller has better performance than up-pumping pitched blade turbine (PBTU) impeller, for all kinds of baffles showing better interaction between the gas and the liquid phases for radial flow. Better pumping capacity, uniform shear field and good contact ability can be suspected to be the reason of this outcome.



The produced gas consumption data, from the reactor systems used in this study, fit well to a third order quadratic equation as function of time.



The initial hydrate formation rate is generally higher with the use of Rushton (RT) Turbine as the impeller, but the decline rate of hydrate formation is also high compared to up-pumping pitched blade turbine (PBTU).



The higher decline rate of hydrate formation with higher initial hydrate formation is attributed to the restricted mass transfer between gas and water phases when higher amount of higher is formed at the gas–water interface initially. This actually shows the importance of the necessity the immediate and better removal of the solid hydrate particles from the gas–water interface.



Another important item for the higher decline in hydrate formation is the exothermic nature of hydrate formation. The generated heat by hydrate formation must be removed as efficiently as possible to keep the driving force for hydrate formation at higher values.



Use of dual impellers, produced similar results of single impeller.
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Figure A1. Number of moles of free gas vs. time for four single PBT impeller experiments until the start of stabilization of hydrate formation. 
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Figure A2. Number of moles of free gas vs. time for four single RT impeller experiments until the start of stabilization of hydrate formation. 
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Figure A3. Number of moles of free gas vs. time for four dual pbt/pbt impeller experiments until the start of stabilization of hydrate formation. 
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Figure A4. Number of moles of free gas vs. time for four dual rt/rt impeller experiments until the start of stabilization of hydrate formation. 
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Figure 1. Methane–propane hydrate formation reactor connected with control unit (left) and cooling bath (right). 
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Figure 2. Cross-sectional design of reactor. 
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Figure 3. Dimensions of reactor, baffles and single and dual Rushton turbine (RT) impellers. 
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Figure 4. Change in number of moles of free gas in CH4-C3H8-RT-FB-SI-2C experiment. 
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Figure 5. Gas consumption rate equation (2 °C). 
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Figure 6. Split fraction of methane for single and dual impeller experiments (experimental temperature 2 °C). 
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Figure 7. Split fraction of propane for single and dual impeller experiments (experimental temperature 2 °C). 
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Figure 8. Separation factor of propane for single and dual impeller experiments (experimental temperature 2 °C). 
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Figure 9. Rate of hydrate formation of mixture gas with dual impeller (experimental temperature 2 °C). 
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Figure 10. Rate of hydrate formation of mixture gas with dual impeller (experimental temperature 2 °C). 
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Figure 11. Hydrate productivity of single impeller experiments. 
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Figure 12. Hydrate productivity of dual impeller experiments. 
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Figure 13. Power consumption of single impeller experiments. 
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Figure 14. Power consumption of dual impeller experiments. 
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Table 1. Gas consumption rates of experiment CH4-SI-RT-FB.
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	Time (s)
	1
	600
	1200
	1800





	Gas Consumption Rate (mole/s)
	−109.7 × 10−8
	−105.4 × 10−8
	−149.3 × 10−8
	−161.3 × 10−8
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Table 2. Summary of results of single and dual impeller, methane–propane mixture experiments.
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	System
	Pexp (Bars)
	T (°C)
	* Driving Force (°C)
	Duration of Hydrate Formation
	Induction Time (min)
	S.FrCH4
	S.FrC3H8
	S.FC3H8





	SI-PBT-FB
	24.5
	2
	16
	3 h
	1
	0.114
	0.870
	52.41



	SI-PBT-HB
	24.5
	2
	16
	3 h
	2
	0.114
	0.884
	59.23



	SI-PBT-SB
	24.5
	2
	16
	3 h
	3
	0.110
	0.889
	64.77



	SI-PBT-NB
	24.5
	2
	16
	3 h
	2
	0.120
	0.887
	57.40



	SI-RT-FB
	24.5
	2
	16
	1 h and 20 min
	1
	0.129
	0.848
	37.67



	SI-RT-HB
	24.5
	2
	16
	1 h and 31 min
	17
	0.099
	0.860
	56.23



	SI-RT-SB
	24.5
	2
	16
	54 min
	2
	0.133
	0.886
	50.74



	SI-RT-NB
	24.5
	2
	16
	1 h and 7 min
	2
	0.131
	0.854
	38.71



	DI-PBT-FB
	24.5
	2
	16
	2 h and 9 min
	1
	0.223
	0.876
	24.710



	DI-PBT-HB
	24.5
	2
	16
	1 h and 33 min
	2
	0.115
	0.904
	72.591



	DI-PBT-SB
	24.5
	2
	16
	1 h and 31 min
	1
	0.164
	0.915
	54.496



	DI-PBT-NB
	24.5
	2
	16
	53 min
	2
	0.205
	0.853
	22.546



	DI-RT-FB
	24.5
	2
	16
	42 min
	1
	0.115
	0.886
	60.110



	DI-RT-HB
	24.5
	2
	16
	59 min
	1
	0.144
	0.895
	51.107



	DI-RT-SB
	24.5
	2
	16
	1 h and 20 min
	2
	0.157
	0.897
	47.000



	DI-RT-NB
	24.5
	2
	16
	50 min
	2
	0.208
	0.835
	19.404







* Driving force = Texp − Teq.
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