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Thermal stimulation methods of hydrate exploitation with chemical self-heating solution began to be investigated in the recent years. However, the exothermic characteristics of chemical self-heating solution during the gas hydrate exploitation process was not investigated systematically now. In this work, the effects of reagent concentration, acid variety, acid concentration on the exothermic characteristics were investigated by a self-designed high pressure autoclave with a 11.75 L volume, whose diameter and length is 100 and 1,500 mm, respectively. The experimental results showed that the temperature of hydrate reservoir will change in a wide range (from 100°C to −3°C) during the injection process of self-heating solution which was a large challenge to control the rate of heat release. During the self-heating solution injection, the temperature decreased quickly because of the strong endothermic reaction of hydrate dissociation promoted by the salt effect of self-heating solution, and then the temperature increased quickly because of exothermic reaction of self-heating solution. The exothermic rate of self-heating solution increased with the increase of reagent concentration, the acid concentration and the acidity. In all of the experiments, the temperatures near the inlet entrance were much higher than that in the deeper area, which illustrated that the effective heating area is the areas near the entrance. In the end, the different injection mode of mixed injection and sectional injection was also investigated, and it was found that the temperature peak in the near area with mixed injection mode is higher than that with sectional injection mode, however, the exothermic performance with sectional injection mode is better than that with mixed injection in the area far away from the inlet entrance. The exothermic characteristics studies of self-heating solution in this work can lay the necessary foundation of the further studies of self-heating solution in the exploitation of natural gas hydrate.
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1 INTRODUCTION
Natural gas hydrates (NGHs) are ice-like crystals that is widely distributed in the marine and permafrost with appropriate pressure and temperature (Liu et al., 2020), which is composed of natural gas (methane, ethane et al.) and water. The gas hydrate has been used in many aspects, for example, salt removal (Chen et al., 2020; Hu et al., 2021; Wu et al., 2021), gas separation (Liu et al., 2013; Liu et al., 2019a; Mu et al., 2022), gas storage (Sun et al., 2019; Zeng et al., 2020; Sun et al., 2021). However, the most important usage of hydrate is used as energy sources. The amount of natural gases trapped in hydrate-bearing sand layers are 1013 m3 STP—1015 m3 STP (Zhao et al., 2015a; Chen et al., 2015), which illustrated that the hydrate is a promising kind of energy resource due to its tremendous reserves, cleanness and high energy density (Fan et al., 2017; Yang et al., 2019a) and have gained worldwide attention as a potential alternative energy resource (Liu et al., 2019b). In recent years, several hydrate exploration tests have been conducted in the worldwide, such as Shenhu area (South China Sea) (Kou et al., 2022), Bay of Bengal (India), and Mount Elbert (Alaska) (Yang et al., 2012; Li et al., 2021). Due to its potential as a kind of clean energy resources, the studies of natural gas hydrate exploitation methods have attracted widely attentions. The exploitation methods include depressurization (Liu et al., 2019b; Kou et al., 2022), thermal stimulation (Yuan et al., 2013a; Nair et al., 2016; Ma et al., 2021), inhibitor injection (Yuan et al., 2011; Yuan et al., 2013a; Zheng et al., 2015; Zeng et al., 2022), gas replacement methods (Yuan et al., 2012; Yuan et al., 2013b; Xie et al., 2021), and the combination of above methods (Nair et al., 2018; Yang et al., 2019b). The depressurization method is thought to be a good choice for gas hydrate dissociation with the merits of simplification, feasibility and economic efficiency. However, the low rate of hydrate decomposition due to the so-called “self-protecting” effect would hinder the economic yield of natural gas from hydrate reservoir seriously (Liu et al., 2019b). In order to increase the exploitation rate of depressurization method, the combination method of depressurization and thermal simulation is thought to be a feasible method (Moridis et al., 2011; Li et al., 2012; Feng et al., 2015a), because the thermal simulation can offer the needed energy when the decomposition rate of depressurization method decreased. The thermal methods studied in the worldwide can be divided into two kinds: thermal convection mode and thermal conduction mode. The methods with thermal convection mode included the hot water injection method, the hot brine solution injection method (Zhang et al., 2008; Cranganu, 2009; Yuan et al., 2013a; Feng et al., 2015a; Feng et al., 2015b; Jin et al., 2016; Li et al., 2016; Hao et al., 2017; Wang et al., 2017; Wang et al., 2018; Yu et al., 2019). The methods with thermal conduction mode included the electrical heating method, microwave heating method, solar energy heating method, and wellbore heating (Song et al., 2009; Su et al., 2012; Zhao et al., 2015b; Zhao et al., 2016; Li et al., 2018; Song et al., 2018; Zheng et al., 2018). However, the above mentioned conventional thermal methods cannot send the energy to the deeper area effectively, and most of the injected energy was exhausted by the near area of the hydrate reservoir (Zhang et al., 2008; Cranganu, 2009; Yuan et al., 2013a; Feng et al., 2015b; Wang et al., 2018).
The merits of hot water injection method, hot brine solution injection method are simple and low equipment requirements. However, the most energy was wasted by the heating process of the sediment near the wellbore, which resulted in the energy arrived the deeper sediment is very limited. The limit energy in the deeper area is not beneficial for the exploitation of natural gas hydrate in the later period. Wang et al. (Wang et al., 2018) found that the method of pure hot water injection cannot dissociate the hydrate completely in the reactor due to the limit heating area. Zhang et al. (2008) found that a majority of thermal analysis was consumed by the increasing temperature of non-NGH (natural gas hydrate). The experiments results showed that, in the early period, the hydrate can dissociate quickly because of the hot water energy can arrived the hydrate reservoir effectively; in the later period, the hydrate dissociated much slowly because that the huge energy lost during the hot water flowing process, which means that the effective heating area of hot water is the near wellbore area (Yuan et al., 2013a; Feng et al., 2015b). In addition, those energy losses from the source to the reservoir or through pipelines would also significantly increase the production cost (Cranganu, 2009).
The methods of electrical heating, microwave heating, solar energy heating and wellbore heating can solve the energy loss during the flowing process from the source to the reservoir or through pipelines, but these new thermal methods also have some defects. Li et al. (2018) found that once the electrical heat is injected from the central well, a temperature gradient is observed around the well, and it enlarges continuously towards the boundaries due to heat diffusion. Su et al. (2012) simulate the production potential of hydrate deposit through thermal stimulation by employing the TOUGH + HYDRATE simulator and found that the radioactive radius of the high-temperature heat source at the well is very small and that the hydrate dissociation rate is slow. Song et al. (2009) studied the method of promoting the hydrate dissociation with solar energy, and they found that the penetration depth of heat is limited because of the effect of the heat conduction mode.
To sum up, the conventional thermal method all have the defects of low energy efficiency, small action range, and cannot seed the energy to the deeper area of the hydrate reservoir, which will result in the low dissociation rate of natural hydrate because of the energy lack. So how to increase the thermal effect range is the key factor to the real application of the combination method. In this work, one new method is proposed to increase the energy supply in the deeper area far away from the entrance by self-heating chemical reaction, which is the first time proposed and studied in the application of hydrate exploitation. The chemical reaction used in this work is shown as Eq. 1.
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In this work, the effects of reagents concentration, acid variety, acid concentration, injection mode on the thermal effect range of the self-heating solution were investigated in this work. The exothermic characteristics studies of self-heating solution in this work can lay the necessary foundation of the further studies of self-heating solution in the exploitation of natural gas hydrate.
2 EXPERIMENTAL APPARATUS AND PROCEDURES
2.1 Experimental apparatus
The experimental apparatus of hydrate exploitation was designed to investigate the further energy offer characteristics of the chemical self-heating solution. The picture and the flow diagram of the apparatus is shown in Figures 1, 2, respectively.
[image: Figure 1]FIGURE 1 | The picture of the experimental apparatus.
[image: Figure 2]FIGURE 2 | The diagram of hydrate exploitation apparatus.
As shown in Figure 2, the apparatus is composed of the gas cylinder, high-pressure pump, high-pressure reactor, data collection system, and temperature control system. The effect of the CH4 cylinder is to supply the needed high pressure of CH4 to assure the hydrate formation successfully, while the N2 cylinder is used to check the tightness of the high-pressure reactor. The solution can be injected into the reactor by the high-pressure pump, whose flow rate range is 10 ml/min∼100 ml/min and the outlet pressure range is 0∼20 MPa. The reactor is designed specially to investigated exothermic characteristic. The length and diameter is 1,500 and 100 mm, respectively. The top and bottom is sealed with flange, while there are two entrances located in the top and bottom flange, respectively. The temperature of the reactor is regulated by water jacket collected with the water bath. The pressure range is 0∼15 MPa, and there are 8 temperature points and 4 pressure points distributed evenly from top to bottom. The temperature sensors are distributed evenly in the reactor, and the exactly positions of eight sensors from the top were 166.7, 333.4, 500.1, 666.8, 833.5, 1,000.2, 1,166.9, and 1,333.6 mm. Each sensor has two temperature measuring points distributed at the center and edge of the reactor, respectively. The temperature precision of temperature sensor is ±0.1 K, while the pressure precision of pressure sensor is ±0.01 MPa. The temperature of the high-pressure reactor is controlled by the water bath, whose precision is ±0.1 K. The temperature and the pressure during the hydrate formation and dissociation process are collected by the data collection system.
2.2 Experimental materials
The names, specifications and manufacture factories of the chemicals used in this work are shown in Table 1. The deionized water was made by ourselves, and the chemicals were used directly in this work without further depuration.
TABLE 1 | The details of experimental materials in this work.
[image: Table 1]2.3 Experimental procedures
The procedures of the experiments can be divided into two parts: CH4 hydrate formation and the exothermic characteristic investigation.
2.3.1 CH4 hydrate formation
In order to simulate the exothermic characteristics of self-heating solution during the exploitation of natural gas hydrate, the first important step is to form representative hydrate sample in each experiment. The mature scheme of hydrate samples preparation method was applied as same as that used in our previous works (Yang et al., 2012; Yuan et al., 2012). The sand of 60–80 mesh was used as the hydrate sediment in this work, while the pure water is used to form hydrate. Before the experiments, the pure water and sands were cooled to 0°C and the reactor was cooled to −3°C for 5 h. The 60–80 mesh sand was mixed water uniformly, and the pure water would become fine ice particles distributed homogeneously among the sands in the reactor. After that, the reactor was sealed, vacuumed for about 20 min, and purged with methane four to five times to ensure the absence of air. Then, methane gas was charged into the reactor from the bottom of the reactor to the desired experimental pressure. Hydrate would nucleate and form among the sediment gradually. Hydrate formation was considered to be finished when the pressure didn’t change for 24 h. The representative hydrate sample was therefore prepared. During the whole process, the temperature and pressure was recorded with the data collection system.
2.3.2 Self-heating solution preparation
The self-heating preparation is composed of two parts: the NaNO2 solution, the NH4Cl solution with acid catalyst. The predetermined concentration of NaNO2 is prepared accurately and put it into a tank. The same concentration of NH4Cl is also prepared accurately in another tank, and the predetermined acid is filled into the NH4Cl solution. And after stirred evenly, the tanks were placed in the water bath to maintain the temperature of two solutions in different water bath. The self-heating solution preparation procedures were finished.
2.3.3 Exothermic characteristic investigation
After the representative hydrate sample was prepared, the following procedures are used to study the exothermic characteristics during the self-heating solution injection process. Firstly, the valve 7, valve 8 and counterbalance valve were opened to release the free gas slowly, and the other valves were all closed. The process was operated very slowly to guarantee the methane hydrate was not dissociated. After the pressure of the reactor reached 7.8 MPa, closed the valve 8, and open the valve 4, valve 5, valve 6, valve 3, valve 9, and valve 11. And then, the solution of NaNO2 and NH4Cl was injected into the hydrate reactor with a certain flow rate by two the high-pressure pumps from the top entrance. During the injection process, the gas and water by the hydrate dissociation were released through the valve 9, valve 11, gas-liquid separator, counterbalance valve and gas flowmeter. When the temperature at position 8A decreased, which illustrated that the self-heating solution had arrived here, the injection process was stopped. The experiments were also operated for 30 min to ensure the injected energy was used to the hydrate dissociated completely. During the whole process, the temperature and pressure were recorded with the data collection system.
3 RESULTS AND DISCUSSION
3.1 Experimental scheme
In this work, the experimental formation condition and exothermic characteristics research schemes are shown in Tables 2, 3, respectively. It can be seen from Table 2 that the hydrate formation is similar for the seven experiments to ensure the similar hydrate saturation. The porosity of the sediment is about 67%, and the saturation of free water and hydrate are 5%∼6% and 26.44%∼27.56%, respectively. The similar hydrate sample conditions can offer the perfect initial experimental conditions, which is very important to investigate the different impacts on the heat-releasing characteristics. As shown in Table 3, the effects of the reagents concentration, acid variety, acid concentration and injection mode were investigated systemically by the seven experiments.
TABLE 2 | The hydrate formation conditions of seven experiments.
[image: Table 2]TABLE 3 | The hydrate exploitation schemes of seven experiments.
[image: Table 3]3.2 Temperature variation characteristics during the self-heating solution injection
The temperature curve during the self-heating solution injection process of seven experiments has similar shapes. We take the experiment 1 as example to demonstrate the temperature changing process. The temperatures curve at different positions in the reactor are shown in Figure 3. It can be seen that the curve shape of position 1A and 2A has similar “well” shape. The temperature decreased firstly because of the intense endothermic process of hydrate dissociation promoted by the salt effect of the self-heating solution, which phenomenon had been reported widely in other studies (Yuan et al., 2013a; Chuvilin et al., 2022). And then, the temperature increased to the highest temperature point 60°C, which is because of the continuous heat supply from the chemical reaction between NaNO2 and NH4Cl. During the temperature increased process, the curve slope of the temperature decreased gradually with time because the heat transfer rate between the reactor and the water bath increased with the increase of the sediment temperature. After that, the temperature decreased slowly because the solution injection is stopped and the energy lost continuously because of heat transfer. The temperature peaks appeared orderly from position 2 to position 8, which reflected the flow process in the hydrate reactor, and the decreased temperature peak from position 2 to position 8 means that the heating capability of self-heating solution decreased orderly. As shown in Figure 3, the temperature at positon 1 to positon 8 all decreased, which means that the self-solution has arrived the bottom of the reactor. However, the temperatures of the point 4–8 only has the decreased process, but has no increased process, which may be due to two reasons. Firstly, the low temperature of the hydrate reservoir inhibits the rate of chemical reaction. Secondly, the reagents were exhausted during the flowing process.
[image: Figure 3]FIGURE 3 | Temperatures changing versus time at different positions of experiments 1.
3.3 Effects of reagents concentration on the exothermic characteristic of the chemical self-heating solution
The effect of reagent concentration on the exothermic characteristic of the self-heating solution is studied by experiment 1 and experiment 6 in this work. The temperature changes with time at eight positions of experiment 1 and experiment 6 were shown in Figures 4A,B, respectively. It can be seen that the temperature at position 1A, 2A, 3A with high reagent concentration is higher than that with low reagent concentration. While the temperature at 4A, 5A, 6A, 7A, and 8A did not increase at all.
[image: Figure 4]FIGURE 4 | Temperatures change at different positions with time at different positions of experiment 1 (A) and experiment 6 (B), respectively.
Figures 5A–D showed that the temperature comparisons at the same position of 1A, 4A, 6A, and 8A, respectively. It can be seen that the lowest temperature at positon 1A in experiment 6 is lower than that in experiment 1, which is because the more reagent concentration in experiment 6 promoted the hydrate dissociated more quickly and absorbed more energy. The temperature at positon 4A with 8 mol/L NaNO2 and NH4Cl is higher than that with 4 mol/L in later period, which means that the heating area with high reagent concentration is larger than that with low reagent concentration. However, the temperature at position 6A and 8A increased very little, which illustrated that the energy cannot seed to deeper area effectively just by increasing the reagent concentration.
[image: Figure 5]FIGURE 5 | Temperature comparison in experiment 1 and experiment 6 at positon 1A (A), positon 4A (B), position 6A (C) and position 8A (D), respectively.
3.4 Effects of injection conditions on the exothermic characteristics of the chemical self-heating solution
In order to decrease the heat loss in the area near the entrance and increase the heat supply of deeper area farther away from the entrance, the sectional injection mode was applied in this work to investigate the effect of injection mode on the heating range and exothermic characteristics. The sectional injection process included two injection procedures: firstly, the solution of NH4Cl was injected individual for a certain time, and then the solution of NaNO2 was injected individual for a certain time. The above two injection steps are repeated until the predetermined amount of solution was injected. The merit of the sectional injection mode is to reduce the hybrid degree of two solutions during the injection process.
The temperature curves versus time of experiment 1 and experiment 3 were shown in Figure 6. It can be seen that the temperature tendency is similar with that of the mixed injection, namely, the temperature decreased firstly because of the energy absorbed by the hydrate dissociation, and then increased slowly due to the dual function of the latent heat and the released chemical heat of the chemical reaction. Also, it can be seen that the temperature of positon 1A with mixed injection can increased to about 70°C, while the temperature of positon 1A with sectional injection only increased to about 25°C (initial temperature of the solution), which means that the sectional injection mode can inhibit the temperature increase in the near area by preventing the mixing process of two solutions. However, the temperature only in the position 1A increased in experiment 3, and the other temperature did not increase at all, which illustrate the sectional injection is not beneficial to increase the energy supply capacity in the deeper area. In addition, the temperature decreased degree in experiments 3 is higher than that in experiment 1, which is because that the NaNO2 and NH4Cl with sectional injection mode was exhausted less than that in experiment 1 due to the less mixing degree of sectional injection mode. So, the salt concentration of the experiment 3 is higher than that of the experiment 1, which will promote the hydrate to decompose faster.
[image: Figure 6]FIGURE 6 | Temperature changing comparison versus time at different positions of experiment 1 (A) and experiment 3 (B), respectively.
In order to study the effect of the interval time on the heating range, the experiment 3 and 5 were conducted with interval time of 4 and 2 min, respectively. The temperature curves in eight positons of experiment 3 and experiment 5 are shown in Figures 7A,B, respectively, while the temperature comparison curves at the same depth but different depth were shown in Figures 8A–H, respectively. It can be seen from Figure 8 that, except temperature at positon 1A, the temperatures at other positions of experiment 5 are all higher than that of experiment 3. The experimental results illustrate that the lower interval time is beneficial to increase the heating range area, and the method of adjusting the interval time can be an alternative method to optimize the heating range area.
[image: Figure 7]FIGURE 7 | Temperature changing comparison versus time at different positions of experiment 3 (A) and experiment 5 (B), respectively.
[image: Figure 8]FIGURE 8 | Temperature comparison in experiment 3 and experiment 5 at positon 1A (A), positon 2A (B), position 3A (C), position 4A (D), position 5A (E), position 6A (F), position 7A (G) and position 8A (H), respectively.
3.5 Effects of acid variety on the exothermic characteristics
The effects of acid variety on the heating range was investigated by experiment 6 and experiment 7. The acids used in this work were sulfamic acid and citirc acid. The effects of different acid variety on the temperature curve at different positions are shown in Figures 9A–D. The Figures 9A–H showed the temperature curves versus time at different positions. It can be seen that the temperature peak of the area near the injection entrance increase with the increase of the acidity, and the heating range is also increase with the increase of the acidity. Form Figures 9A–C, it can be seen that the temperature at position 1 catalyzed by 10 wt% sulfamic acid can reach 110°C, while the temperature at position 1 catalyzed by 10 wt% citric acid can only reach 50°C, which illustrated that the higher acidity was beneficial to increase the intensity degree of chemical reaction and the heat supply in the area near the entrance. The temperature at positions 2 and 3 all had a temperature peak. However, from Figures 9D–H, it can be seen that the temperature at position 4, 5, 6, 7, 8 was nearly did not increase in experiments 7, which may be because that the NaNO2 and NH4Cl was exhausted in the position 1, 2, and 3, and the reaction in the deeper area was very weak. In comparison, the lowest temperature at position 4–8 in experiments 7 is lower than that in experiment 6, which is because that the NaNO2 and NH4Cl was consumed less than that in experiment 7. The experiment results showed that the stronger acidity can increase the temperature near the entrance, while the weaker acidity can decrease the temperature decrease degree in a certain degree. This inspiring experimental results means that it is very probable to increase the energy supply capability of self-heating solution in the deeper area by carefully adjusting the action time between NaNO2 and NH4Cl.
[image: Figure 9]FIGURE 9 | Temperature comparison in experiment 6 and experiment 7 at positon 1A (A), positon 2A (B), position 3A (C), position 4A (D), position 5A (E), position 6A (F), position 7A (G) and position 8A (H), respectively.
3.6 Effects of acid concentration on the heating range
In the same injection mode of mixed injection, the effect of acid concentration on the heating range is investigated by experiment 1 and experiment 2. The temperature comparison in experiment 1 and experiment 2 at positons 1A–8A were shown in Figures 10A–H, respectively. It can be seen that the temperature of position 1A increase with the increase of the acid concentration, which is because that the catalytic effect increased with the increase of acid concentration. It can be seen that the temperature in experiments 1 at position 1A, 2A, and 3A all has temperature peak, which means that the heating range of self-heating solution can cover these areas. In comparison, the temperature only at position 1A and 2A in experiments 2 has temperature peak, which means that the temperature only covered the 2A position. The experiments results mean that the heating range increased with the increase of acid concentration. The temperature of positon 4A–8A did not increase at all both in experiment 1 and 2, which means that the acid concentration also cannot send the energy to the deeper area.
[image: Figure 10]FIGURE 10 | Temperature comparison in experiment 1 and experiment 2 at positon 1A (A), positon 2A (B), position 3A (C), position 4A (D), position 5A (E), position 6A (F), position 7A (G) and position 8A (H), respectively.
By experiment 4 and 5, we also studied the effect of acid concentration on the heating range area in the sectional injection mode. The temperature comparison in experiment 4 and experiment 5 at positons 1A–8A were shown in Figures 11A–H, respectively. It can be seen that when the acid concentration increased from 5 wt% to 10 wt%, the temperature at positon 1A, 2A, and 3A also increased with the increase of acid concentration, which is because that the chemical reaction became more acute. However, the temperature at positon 4A, 5A, 6A, and 7A in experiment 4 is lower than that in experiment 5, which is a very interesting phenomenon. By the experiments results, we can conclude that the acid concentration should have an optimal value, at which value the energy can be transported to deeper area.
[image: Figure 11]FIGURE 11 | Temperature comparison in experiment 4 and experiment 5 at positon 1A (A), positon 2A (B), position 3A (C), position 4A (D), position 5A (E), position 6A (F), position 7A (G) and position 8A (H), respectively.
4 CONCLUSION AND SUGGESTION
In this work, the exothermic characteristics of self-heating solution include Na2NO2 and NH4Cl during the hydrate dissociation were investigated for the first time systematically. The effects of reagent concentration, the injection mode, acid variety and acid concentration on the heating range were studied with self-designed high pressure autoclave with 11.75 L. The experimental results showed that the temperature curve with self-heating solution is similar to that of conventional inhibitor injection. The temperature peaks near the entrance increased with the increase of reagents concentration, acidity, acid concentration, while the temperature far away from the entrance did not increase obviously with these influences factor, which means that these above factors cannot increase the energy supply in the area far away from entrance. The effect of injection mode also investigated in this work, and it can be seen from the experimental results that the sectional injection mode can decrease the temperature in the near area, while can increase the energy supply in the deep area far away from the entrance to a certain degree. The exothermic characteristics studies are very necessary to the thorough application of chemical self-heating solution in the exploitation of hydrate, and the studies in this work can lay the foundation of the further studies. In the end, two suggestions can be learned form the experimental results. First, the self-heating solution should be investigated in larger high-pressure autoclave to study the exothermic characteristics during the complex flowing process. Second, the accurate heat-supply adjustment method of self-heating solution should be investigated more deeply and systemically in the future study process.
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