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Abstract


Downhole heaters are critical for effectively achieving in situ oil shale cracking. In this study, we simulate the heat transfer performance of a large-scale helical baffle downhole heater under various operational conditions. The findings indicate that at 160 m3/h and 6 kW the outlet temperature can reach 280 °C. Controlling heating power or increasing the injected gas flow effectively mitigates heat accumulation on the heating rod’s surface. The outlet temperature curve exhibits two phases. Simultaneously, a balance in energy exchange between the injected gas and heating power occurs, mitigating high-temperature hotspots. Consequently, the outlet temperature cannot attain the theoretical maximum temperature, referred to as the actual maximum temperature. Employing     h  /  ∆   p     1   3         as the indicator to evaluate heat transfer performance, optimal performance occurs at 100 m3/h. Heat transfer performance at 200 m3/h is significantly impacted by heating power, with the former being approximately 6% superior to the latter. Additionally, heat transfer performance is most stable below 160 m3/h. The gas heating process is categorized into three stages based on temperature distribution characteristics within the heater: rapid warming, stable warming, and excessive heating. The simulation findings suggest that the large-size heater can inject a higher flow rate of heat-carrying gas into the subsurface, enabling efficient oil shale in situ cracking.
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1. Introduction


Oil shale [1], a sedimentary rock containing hydrocarbon substances, has the potential to produce hydrocarbons with varying carbon content through accelerated thermal development of internal hydrocarbon compounds by external energy input [2,3,4]. Surface retorting and in situ cracking are the fundamental methods for processing oil shale [5,6]. In alignment with the national low-carbon policy and the imperative for sustainable development [7], in situ pyrolysis is poised to become the predominant method for extracting oil shale in the future.



In prior studies, oil shale reservoirs were typically discovered at depths exceeding 50 m [8,9]. The downhole heater has emerged as the optimal choice for mitigating heat loss attributed to conductive heat from the surface. Downhole heaters are categorized into two types based on their heat generation mechanisms: combustion heaters and electric heaters [10,11,12,13]. Concerning downhole stability, combustion heaters significantly lag behind electric heaters [14,15]. Consequently, electric heaters are the more prevalent choice in the in situ conversion process [16,17].



Royal Dutch Shell conducted an oil shale pilot project to experiment with in situ electric heating extraction technology (E-ICP) and developed a Y-type electric heater for heating the oil shale layer through heat conduction [18,19]. This type of heater operates on three-phase electricity, providing high heating power, but it necessitates a high-quality oil shale reservoir. Wang pioneered U-type and LU-type electric heaters. In contrast to Y-type electric heaters, U-type electric heaters are typically oriented horizontally, rendering them more suitable for the development of thin layers of oil shale [8]. Nevertheless, their construction can pose challenges. Due to the limited heat transfer area of the exposed electrode, the thermal conductivity efficiency of the reservoir is diminished, leading to prolonged heating times [20,21]. Certain researchers advocate utilizing electric heating rods as the energy source and optimizing heat transfer structure to achieve an ideal thermal state in the flow. This approach has emerged as the primary focus in the current design of heaters [22,23,24].



Based on a heater’s shell flow pattern, it can be divided into a segmental baffle board structure and a helical baffle structure [25,26,27,28]. The segmental baffle structure is commonly used because it is simple, but the presence of a flow dead zone and a local high-temperature zone limits the usage of electric heaters [29,30,31]. On the contrary, the fluid in the shell has a helical baffle board structure similar to plunger flow with great heat transfer efficiency, flow uniformity, and no flow dead zone. As a result, the heat transmission performance of a helical baffle is superior to that of a segmental baffle, while the former generates and loses less entropy than the latter under the same Reynolds number situation. Song conducted an investigation into the performance of continuous helical baffle heat exchangers featuring varying dip angles. In comparison to the heat exchanger with a 21° dip angle, the heat transfer coefficient and pressure drop for the heat exchanger with an 11° dip angle experienced reductions of 86% and 52%, respectively [32]. Yang introduced the concept of a multiple-shell tube heat exchanger, wherein fluid undergoes a sequential flow through both inner and outer shell processes [33]. The investigation focused on a continuous helical baffle combined multi-shell tube heat exchanger. While the multi-shell tube heat exchanger exhibits higher heat transfer coefficients and pressure drops compared to the segmental baffle shell tube heat exchanger, the former attains a superior heat transfer coefficient at an equivalent pressure drop. Wang conducted a numerical analysis on the performance of a combined multi-shell continuous helical baffle heat exchanger. Under similar mass flow rates and heat exchange quantities, the combined multi-shell heat exchanger exhibited a 13% lower average pressure drop compared to it [34,35].



From 2012 to 2022, Jilin University conducted an in situ oil shale conversion pilot project at various depths in Nong’an and Fuyu City, Jilin Province. All these projects successfully yielded shale oil [36]. While the downhole heater plays a crucial role, the technical implementation process reveals many questions such as slow heating efficiency and limited heating volume. Previously studied downhole heaters had small, fixed shell dimensions constrained by the well diameter. Consequently, to enhance the efficiency of in situ oil shale conversion, this paper utilizes the Nong’an and Fuyu oil shale in situ pilot projects as an engineering foundation. It proposes the design of a large-size continuous helical baffle heater to offer technical insights for on-site construction.




2. Materials and Methods


Jilin University implemented two types of heaters, namely a segmental baffle and a helical baffle, in field applications through the establishment of pilot project bases in Nong’an and Fuyu. Both types have operated successfully. The deployment of heaters in the subsurface has indirectly enhanced the efficiency of in situ oil shale conversion, as shown in Figure 1 and Figure 2.



To enhance the efficiency of in situ oil shale heating, this paper introduces the design of a large-size helical baffle downhole heater. The heater’s physical model (Figure 3) is composed mostly of the heater shell, continuous helical baffle, center tube, and heating rods. Given the vertical orientation of the heater in the borehole, the z-axis was chosen as the direction of gravitational acceleration. The specific parameters of the heater are listed in Table 1.



The computational domain in this study adopted no-permeability, no-slip, and adiabatic boundary conditions. Meshing was used to define the heater’s mesh, and localized, appropriate refinement was applied in the vicinity of the heating rods and shells. The mesh used was a hexahedral mesh with a quantity of 2,502,315 and a mesh-independent validation grid was utilized to ensure the model converged accurately to meet the accuracy requirements. The air inlet temperature was 283 K and the outlet was a pressure outlet boundary, which followed the constant temperature boundary condition     T   w     = 873 K.



In this paper, the following assumptions for numerical simulations were made:




	
The shell-side fluid was a fully developed turbulent flow in a steady state;



	
The fluid in the helical channel was incompressible;



	
The heat dissipation on the external wall of the shell cylinder was ignored;



	
The heating rods were regarded as walls with a constant heat flux density;



	
The specific heat capacity of air, thermal conductivity, and dynamic viscosity with temperature were fitted by segmented polynomials, and density was considered a constant.








The heater shell process gas follows the following equations during flow:



The mass conservation equation:


    ∂     u  ¯    i     ∂   x   i     = 0  



(1)







The momentum conservation equation:


    ∂ ( ρ     u  ¯    i   )   ∂ t   +   ∂ ( ρ     u  ¯    i       u  ¯    j   )   ∂   x   j     = −   ∂   p  ¯    ∂   x   i     +   ∂   ∂   X   j     (   μ   e f f     ∂     u  ¯    i     ∂   x   j     − ρ     u   i   ′    ¯  ⋅     u   i   ′    ¯      u  ¯    j   ′   )  



(2)







The energy conservation equation:


    ∂   ∂ t     ρ E   +   ∂   ∂   x   i         u   i     ρ E + p     =   ∂   ∂   x   i         k   e f f     ∂ T   ∂   x   i       −   ∑    j   ′        h    j ′        J     j   ′     +     u   j       τ   i j       e f f   +   S   h    



(3)







The renormalization group (RNG)   k  -  ε   model was used to provide fully developed flows with high streamline curvature for the model, and the options ‘enhanced wall treatment’ and ‘thermal effects’ were selected. The universal governing equation of the mass, energy, momentum, and RNG   k  -  ε   turbulent viscosity is expressed as follows:


  d i v   ρ U Φ   = d i v     Γ   Φ   g r a d Φ   +   S   Φ    



(4)




where   U   is the velocity vector,   Φ   is a universal variable representing,     u   i    ,   Τ  ,   k  ,   ε   or another variable,     Γ   Φ     is a generalised diffusion coefficient, and     S   Φ     is a generalised source term.



The commercial computational fluid dynamics (CFD) software FLUENT 2020 R2 was used to calculate the shell-side flow and heat transfer. The SIMPLE algorithm was adopted to address the coupling between the velocity and pressure, while the momentum, energy, and turbulence parameters were solved using the second-order upwind scheme. The default values of the under-relaxation factors were used for the pressure, momentum, and turbulent kinetics. For the continuity equation, the residual values of     u   i    ,   Τ  , and   ε   were controlled on the order of 10−5, and the energy parameters of the residual values were controlled on the order of 10−7. The calculation results were deemed to be converged when the corresponding parameters reached the residual values during the iterative calculation.




3. Results


In this study, the previously mentioned heater model was employed in each case. For all tests, the two independent variables were heating power (kW) and injection flow rate (m3/h). Three flow rates and three power values were employed to assess temperature distribution characteristics, outlet temperature response, and comprehensive heater performance. A flow rate of 160 m3/h and a heating power of 6 kW were used to analyze the distribution trend of the heating rod’s surface temperature. The heating power described in this article refers to the heating power of a single heating rod.



3.1. Heating Rod Surface Temperature


According to Fourier’s formula, a rapid increase in gas temperature due to significant heat exchange occurred in this region. Additionally, there was no helical baffle at the gas entrance to impede the gas flow. As depicted in Figure 4, the higher the gas turbulence intensity and the faster the gas stripping rate at the heater wall, the more effective the heat transfer on the surface of the heating rod. With the increase in gas temperature, the shell Reynolds number and heat transfer coefficient gradually decreased and stabilized, leading to a corresponding variation in temperature over time. The exit temperature could reach 280 °C, sufficient for the maturation of oil shale. As the gas flow distance in the shell increased, the heat exchange effect diminished rapidly, resulting in noticeable heat accumulation on the surface of the heating rod and the generation of a high-temperature hot spot. The presence of this phenomenon is adverse to the long-term operation of the heater in the well and reduces the heater’s service life.



As depicted in Figure 5, reducing the heating power or increasing the injected gas flow rate effectively diminished the distribution area and density of high-temperature hot spots on the heating rod’s surface. Both approaches mitigate heat accumulation on the heating rod’s surface, thereby preventing the formation of high-temperature hot spots. However, the author contends that reducing the heating power of the heating rod is more practical in real-world working environments. This preference arises from two factors. First, adjusting the heating power of a heating rod to regulate its surface temperature is a widely employed engineering technique that is both versatile and applicable. Second, increasing the injected gas flow to reduce heat accumulation is constrained by the length of the heater shell, and the longer the heater shell, the less effective this method becomes. The underlying reason for this lies in the fact that with a longer shell length, the injected gas is heated for a more extended period, and the hot spot at the gas outlet persists.



Simultaneously, oil shale reservoirs are often thin and unevenly dispersed, and the length of the heater’s shell cannot be indefinitely extended due to the actual geological characteristics. Moreover, a sudden increase in gas injection flow rate can impact the in situ conversion process. For instance, controlling the injected gas flow rate is a crucial step in the autothermic pyrolysis in situ conversion process for oil shale exploitation. A sudden increase in the injected gas flow rate lowers the temperature of the cracking zone, hindering the formation of autothermic chain pyrolysis reactions.




3.2. Outlet Temperature Response Characterization


Figure 6 illustrates the heater outlet temperature curve. It is evident that the gas heating rate increases steadily, progressing in roughly two stages. In the first stage, there is a substantial temperature gradient between the gas and the heating rod, resulting in rapid gas heating. In the second stage, the gas temperature rises rapidly, and the temperature gradient with the surface of the heating rod decreases rapidly. According to Fourier’s formula, a smaller temperature difference requires a longer heating time to reach the same temperature. Observing the gas heating process in the heater shell reveals that, as the gas flows through the same shell length, the temperature increase in the second stage is smaller than that in the first stage, and this temperature increase further diminishes with increasing shell length.



As a result, a theoretical maximum value exists for the heater’s outlet temperature, referred to as the theoretical temperature here.



As illustrated in Figure 7, the maximum outlet temperature is 762.16 K at 100 m3/h and 8 kW, while the minimum is 487.283 K at 200 m3/h and 4 kW. Previous research indicates that the temperature can reach the oil shale cracking temperature at 100 m3/h but not the triggering temperature at 200 m3/h. At heating powers of 4 kW, 6 kW, and 8 kW, the maximum outlet temperature occurs at 100 m3/h, 160 m3/h, or 200 m3/h, with corresponding temperature increases of 3.3%, 6.5%; 2.7%, 5.3%; or 2.3%, 4.7%. A lower temperature increase at 200 m3/h is mainly attributed to the excessively rapid gas flow rate and insufficient heating power at that level. Conversely, the highest temperature increase at 100 m3/h is primarily due to the slower gas flow rate and an extended heating period, leading to a significantly higher outlet temperature than under other working conditions.



The observation indicates that the flow rate is too rapid to adequately heat the gas and too sluggish for repeated heating. Consequently, the authors deduce that, in the current simulation, a balanced working condition exists, mitigating both of these situations. The outlet temperature is most suitable at 160 m3/h and 4 kW, signifying that the heating power and gas flow rate attain an energy exchange balance, as shown in Figure 5 and Figure 7. Therefore, to sustain the energy exchange balance, the outlet temperature cannot reach the theoretical temperature. This implies that, for the lifetime of the heater and to maintain the corresponding flow conditions, the outlet temperature must remain below the theoretical temperature, referred to as the actual temperature.




3.3. Comprehensive Performance


Because of the incompressibility of gas, it adopts a plunger flow pattern constrained by a helical baffle, as observed in Figure 8 and Figure 9. The gas flow rate in the shell is uniform, and there is no flow dead zone. The pressure distribution in the shell decreases linearly along the Z-axis, yet noticeable localized pressure anomalies occur at the front of the center tube and at the exit. This is primarily attributed to variations in fluid flow diameter. Upon entering the interior of the heater, the space becomes significantly larger, increasing several times compared to the space in the gas pipeline, resulting in fluctuations in the gas flow rate. At the exit, the gas flow is precisely the opposite of that at the entrance. When combined with the temperature distribution shown in Figure 4 and Figure 5, the pressure abnormal area does not adversely impact the heater’s heat transfer performance. However, it is more likely to compromise the support of the center tube to the helical baffle, and if lost cannot provide a helical flow constraint to the injected gas.



The heater shell process gas follows the following equations during flow:



The Prandtl number expression is defined as follows:


    P   r   =     C   p   · μ   λ    



(5)







The Reynolds number (Re) is defined as follows:


    R   e   =     d   e     u   s   ρ   μ    



(6)







The Nusselt number (    N   u    ) is defined as follows:


    N   u   = C     R   e     m       P   r       1   3      



(7)




where     C   p     is isobaric specific heat capacity (    J   kg   · K  ),   μ   is gas viscosity (  Pa · s  ),   λ   is thermal conductivity (    W   m   · K  ),     d   e     is hydraulic diameter (m),     u   s     is the velocity of the shell side (m/s), and   ρ   is density (  k g /   m   3    ),   C   = 0.59,   m   = 0.25.



According to Equations (5)–(7), as the gas is gradually heated within the heater shell, the temperature rises, and the Prandtl number of the gas decreases, resulting in an increase in gas viscosity. As a consequence, the Nusselt number of the heater decreases. Furthermore, as the gas undergoes heating, its viscosity steadily increases along the gas flow path. Concurrently, the local differential pressure resistance and friction resistance of the heater in the well increase, resulting in a further reduction in the flow rate of the injected gas. Owing to these various impacts, the duration of gas heating in the rear end of the shell is prolonged. Subsequently, the heat transfer efficiency of the heater’s rear section decreases, resulting in the formation of high-temperature hot spots on the surface of the heater rod. This, in turn, affects the long-term stable operation of the heater.



The heat transfer coefficient     h  /  ∆   p     1   3         serves as a key indicator for evaluating heat transfer performance. The primary objective of a downhole heater is to achieve efficient heat transfer. The significance of the average heat transfer coefficient at the heater rod wall surpasses that of the heater pressure drop. Heat transfer is most efficient at 100 m3/h and is significantly influenced by heating power at 200 m3/h, as depicted in Figure 10. The former outperforms the latter by approximately 6%. Moreover, at 160 m3/h, the heat transmission performance is at its most stable. It can be deduced that the heat transfer structure significantly influences heat transfer performance, and so do the power of the heating rod and the gas injection condition. Therefore, by adjusting the injected gas flow rate and heating power across a wide range, not only can the heating requirements of different methods be met, but efficient heat transfer cracking can also be achieved.





4. Discussion


4.1. Heater Temperature Characterization


Investigating the temperature distribution of a large-size heater is crucial for its optimal utilization and the implementation of in situ high-efficiency heat transfer. The temperature distribution in the heater, as illustrated in Figure 5, can be categorized into three phases under the conditions of a flow rate of 160 m3/h and a heating power of 6 kW. The first stage is the rapid warming stage, predominantly occurring in the front section of the heater shell. During this stage, the temperature of the injected gas experiences a rapid increase, with a substantial temperature difference between the surface of the heating rod and the injected gas. This leads to a notable heat transfer effect and minimal heat accumulation on the surface of the heating rod. The second phase is a stable warming stage primarily distributed in the central part of the heater shell. During this stage, the temperature rises steadily, and the injected gas flows uniformly within the constraints of the helical baffle. At this point, the injected gas and the surface of the heater rod maintain a significant temperature gradient, resulting in effective heat transmission. However, this effect is inferior to that of the first stage, leading to heat accumulation on the surface of the heater rod in some locations. The third stage is the excessive heating stage primarily occurring at the rear end of the heater shell. During the first two phases, the injected gas is heated, and the temperature gradient with the surface of the heating rod is further reduced in this stage, leading to poor heat transfer and a significant amount of heat accumulation on the surface of the heating rod. Simultaneously, as the gas temperature rises, the gas viscosity gradually increases, slowing the flow rate and causing the gas at the same shell distance to overheat.




4.2. Field Application Measures


In situ cracking in the field has revealed that, in addition to the oil shale reservoir’s low thermal conductivity, the limited flow rate of heated gas that can be injected plays a significant role in the difficulty to heat oil shale reservoirs on an extensive scale. In comparison to earlier research [34,37], it is clear that the downhole heater is limited by the well diameter, the inner volume of the shell range is tiny, and it cannot heat a big flow rate of gas; the maximum volume flow rate is approximately 150 m3/h. When compared to typical downhole heaters, large-sized heaters can greatly improve heating efficacy. As indicated in Figure 4, the lowest output temperature among the nine circumstances mentioned in this study is 487.283 K. Gas injection can still be utilized to heat the reservoir over time. The advantage of a larger downhole heater is that it offers a wider range of operating state adjustment intervals. Heating needs for in situ oil shale cracking can be met using either convection (>380 °C) or combustion (<380 °C) methods [1]. In addition to the harsh formation environment, persistent high-temperature heating of downhole heaters during operation can cause fatigue damage to the heater itself. According to Section 3.1, raising the injected gas flow rate reduces heat accumulation on the heating rod surface and adjusts the heater’s working state. That is, using the large-size heater discussed in this paper, the injection of hot medium from the well at higher temperatures can be achieved, and at the same time, the long-term working time of the downhole heater can be realized by adjusting the control parameters, which indirectly makes the in situ high-efficiency heating of oil shale possible. In the field, the results of numerical simulation may be affected by the heater’s material and the downhole high-temperature corrosion conditions, resulting in a degree of influence on the heater’s heating performance and a degree of error with the numerical simulation results. As a result, the simulation findings are not without limits.





5. Conclusions


The numerical heat transfer simulation of a large-size downhole heater was performed under a number of parameter settings, and the simulation findings essentially met the research target of injecting a huge flow of high-temperature gas into the well. As a result, only the conditions simulated in this research can yield the following conclusions:




	
Upon injecting gas into the heater, the gas temperature rapidly increases due to the absence of helical baffle constraints at the gas input, leading to enhanced heat transmission. As the gas temperature rises, it essentially reaches the temperature required for oil shale maturation at the output. Heat accumulates on the surface of the heating rod as the temperature gradient with the gas decreases. Lowering the heating power while increasing the injected gas flow rate can reduce the distribution area and density of high-temperature hot spots on the heating rod’s surface. In practical working conditions, the authors believe that reducing the heating power of the heating rod is more feasible.



	
The gas heating rate at the outlet exhibits two stages, with a diminished temperature rise as the shell length increases and a theoretical maximum value for the heater’s outlet temperature. An energy exchange balance between heating power and injected gas flow rate ensures more efficient energy utilization and extends the heater’s service life. As a result, the outlet temperature, also referred to as the actual temperature, cannot surpass the theoretical temperature in this operational situation.



	
The pressure distribution in the shell decreases linearly. Gas viscosity gradually increases as the gas flow channel lengthens. Simultaneously, the local differential pressure resistance and frictional resistance of the heater in the well increase, causing a further decline in the flow rate of the injected gas. Adopting     h  /  ∆   p     1   3         as the heat transfer performance evaluation index, it was found that the optimal heat transfer performance was attained at 100 m3/h. However, heat transfer performance was notably impacted by heating power at 200 m3/h, with the former surpassing the latter by approximately 6%. Moreover, heat transfer performance was most stable at 160 m3/h.



	
The gas heating stage of the heater was characterized by a rapid warming stage, a steady warming stage, and an over-heating stage, determined by the temperature distribution and temperature change on the surface of the heating rods. Due to the larger size of the heater, a greater volume and area can be utilized for the heating rods, enhancing the heater’s heating performance. Controlling the flow rate of the injected gas and the heating power enables efficient in situ heating of the oil shale.
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Figure 1. The segmental baffle used in Nong’an. 
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Figure 2. The helical baffle used in Fuyu. 
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Figure 3. Heater physical model. 
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Figure 4. Temperature distribution on the surface of the heating rod. 
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Figure 5. Heating rod surface temperature: (a) 160 m3/h, 4 kW; (b) 200 m3/h, 6 kW. 
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Figure 6. The curve of heater outlet temperature: (a) the first stage; (b) the second stage. 
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Figure 7. Maximum outlet temperature: (a) heating power; (b) inject flow rate. 






Figure 7. Maximum outlet temperature: (a) heating power; (b) inject flow rate.



[image: Applsci 14 02235 g007]







[image: Applsci 14 02235 g008] 





Figure 8. Pressure distribution in the heater shell. 
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Figure 9. Flow rate distribution of gas in the heater. 
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Figure 10. Comprehensive heat transfer performance at different working conditions. 
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Table 1. Heater specific parameters.
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	Item
	Dimension (mm)





	Shell inside diameter
	260



	Shell outside diameter
	270



	Shell length
	1100



	Inlet and outlet nozzle diameter
	40



	Battle length
	1000



	Battle thickness
	2



	Helical pitch
	110



	Central tube outside diameter
	40



	Effective length of heating rod
	1000



	Heating rod outside diameter
	32



	Number of heating rods
	8



	Heating rod layout pattern
	45° rotation
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