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Abstract

:

Based on a semi-analytical model established previously for heat transfer in coaxial borehole heat exchangers, the influences of the heat capacities of different parts of the borehole (fluid, pipes and grout) on the performance of deep coaxial borehole heat exchanger (DCBHE) are analyzed. The results are as follows: the heat transfer performance of DCBHE will be underestimated if the heat capacities of different parts of the borehole are ignored; the influences of the heat capacities of different parts of the borehole on the performance of DCBHE are more obvious in the early stage, and gradually weaken with the increasing of time; among the heat capacities of different parts of the borehole, the influence of the fluid heat capacity on the performance of DCBHE is the greatest, and the influence of the pipe heat capacities is the least. Under the working condition studied in this paper, the results obtained with considering the heat capacities of different parts of the borehole are compared to ones ignoring heat capacities of selected elements. It was found that ignoring the fluid heat capacity led to a 0.29 °C lower estimated outlet fluid temperature after 60 h. Omitting the heat capacities of pipes and grout gave 0.03 °C and 0.13 °C lower outlet fluid temperatures after 60 h, respectively. The larger the borehole radius, the greater the influence of borehole heat capacity. The geothermal gradient has little effect on the influence of borehole heat capacity on the performance of DCBHE. The results show that the heat capacities of different parts of the borehole have important effects on the performance of DCBHE, especially in the early stage and for a large borehole radius.
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1. Introduction


As a kind of clean energy, geothermal energy is widely studied, and geothermal energy conversion is often realized through a ground-source heat pump system. Compared with the traditional shallow ground heat exchanger, the deep borehole heat exchanger can obtain more heat from soil; it has therefore been widely studied by researchers around the world [1]. Deep coaxial borehole heat exchanger (DCBHE) has the characteristics of good heat transfer performance and structural stability, and it is a common type of deep borehole heat exchanger for extracting medium-deep geothermal energy [2].



At present, most publications in the literature analyze the influence of pipe diameter, flow velocity and thermal conductivity of heat exchanger materials on the performance of coaxial borehole heat exchanger (CBHE) [3,4,5,6,7,8]. Zanchini et al. [3] analyzed the influences of thermal short circuit and flow rate on the performance of shallow CBHE under winter and summer conditions by a finite element method, and found that thermal short circuit and flow rate had a very important impact on the performance of shallow CBHE, which can be improved by increasing the internal pipe diameter while keeping the external pipe diameter unchanged. Qi et al. [4] established a 3D numerical heat transfer model of shallow CBHE, and investigated the influences of the combination of different pipe diameters on the outlet temperature and the heat transfer performance of shallow CBHE. They found that a larger external pipe diameter was more suitable for practical engineering of shallow CBHE. Wang et al. [5] analyzed the influences of flow direction, flow rate, soil thermal properties, internal and external pipe wall thermal resistances, pipe diameter and other factors on the thermal performance of DCBHE based on a numerical model, and put forward some suggestions for optimizing the thermal performance of DCBHE. Liu et al. [6] established a numerical model of DCBHE based on Fluent software, analyzed the influence of pipe diameters and insulation layer length on the performance of DCBHE, and found that increasing the external pipe diameter and reducing the internal pipe diameter were conducive to improving the outlet fluid temperature and performance of DCBHE. Laying an insulation layer on the internal pipes can effectively enhance the performance; however, the influence of internal pipes insulation layer is not obvious for a large flow rate. Li et al. [7] analyzed the effects of the thermal conductivity of internal pipes and the flow rate on a DCBHE by developing a numerical model based on COMSOL software, and the result showed that larger thermal conductivity of internal pipe would enhance the thermal short circuit between the fluids in the internal and external pipes, and that the outlet fluid temperature would first increase and then decrease with the increase of flow rate. Du et al. [8] established a numerical model of DCBHE under the condition of non-interference heat transfer, and studied the influencing factors of nominal heat extraction of DCBHE. The results showed that the nominal heat extraction of DCBHE increased with increases in borehole depth, ground heat flow, flow rate and the annual average temperature of the local atmosphere. In addition, smaller thermal conductivity of shallow soil layers and the larger thermal conductivity of deep soil layers can improve the nominal heat extraction of DCBHE.



The borehole heat capacity mainly includes the fluid heat capacity, pipe heat capacity and grout heat capacity. It has been found that the borehole heat capacity has a certain impact on the short-time thermal response of CBHE. Therefore, the borehole heat capacity needs to be considered when building the CBHE model [9,10,11,12,13]. Some papers analyze the impact of the borehole heat capacity on the performance of CBHE [14,15]. Nian et al. [14] built a new analytical model based on a thermal response function with consideration of borehole heat capacity, and quantitatively analyzed the effects of borehole heat capacity on ground temperature, fluid temperature and influence radius. It was found that borehole heat capacity had a great influence on the ground temperature, fluid temperature and influence radius in a short time, but the influence weakened with time. Yang et al. [15] developed a transient numerical model that considered the borehole heat capacity by changing the heat flux boundary condition, and quantitatively analyzed the influence of borehole heat capacity and other parameters on the thermal performance of CBHE. The results showed that the influence of borehole heat capacity was greater in a short time and weakened with time. However, both [14,15] analyze the borehole heat capacity as a whole.



Among the above studies, there are few on the influence of the heat capacity of each part of the borehole on the performance of DCBHE, which needs further research. Therefore, based on a semi-analytical model of CBHE considering the geothermal gradient and the heat capacities of different parts of the borehole built by Wang et al. [16], the influences of the heat capacities of different parts of the borehole (fluid, pipes and grout) on the performance of DCBHE are systematically analyzed in this paper. At the same time, the influences of the borehole heat capacity on the performance of DCBHE under different borehole radii and geothermal gradients are analyzed.




2. Semi-Analytical Model


Figure 1 shows the cross-section and schematic diagram of a borehole of DCBHE. For the DCBHE, the fluid normally flows into the external pipe and flows out from the internal pipe. Therefore, the semi-analytical model of DCBHE is introduced as follows.



For the internal fluid, the energy equation can be written as follows:


    π  r i 2    ( ρ c )  f  + π (  r o 2  −  r i 2  )   ( ρ c )  p      ∂  T i    ∂ t   = M  c f    ∂  T i    ∂ z   +    T a  −  T i     R  ia      



(1)




where ri is the inner radius of the internal pipe, m; ro is the outer radius of the internal pipe, m; (ρc)f is the volumetric heat capacity of the fluid, J·m−3·K−1; (ρc)p is the volumetric heat capacity of the internal/external pipes, J·m−3·K−1; cf is the specific heat capacity of the fluid, J·kg−1·K−1; M is the mass flow rate of the fluid, kg·s−1; Ria is thermal resistance between the internal fluid and the annular fluid, m·K·W−1; Ti is the temperature of the internal fluid, °C; Ta is the temperature of the annular fluid, °C; t is the time, s; z is the depth, m.



The energy equation of the annular fluid can be obtained:


    π (  R i 2  −  r o 2  )   ( ρ c )  f  + π (  R o 2  −  R i 2  )   ( ρ c )  p      ∂  T a    ∂ t   = − M  c f    ∂  T a    ∂ z   +    T i  −  T a     R  ia     − q  



(2)




where Ri is the inner radius of the internal pipe, m; Ro is the outer radius of the internal pipe, m; q is the heat flow from the annular fluid to the grout, which varies with depth and time.


  q =    T a  −  T  eo      R  ae      



(3)




where Teo is the temperature of the external surface of the external pipe, °C; Rae is the thermal resistance between the annular fluid and external surface of the external pipe, m·K·W−1.



For the grout and soil, 1D radial heat transfer can be assumed, and the energy equation is as follows:


   T  eo   =  T 0  +  q   k g    G ( t )  



(4)






  G ( t ) =   8  k 0     π 5   δ 2       ∫ 0 ∞     1 − exp   −    k g  t     ( ρ c )  g   R o 2     β 2       β 5     ϕ 2  +  ψ 2      d β     



(5)




where T0 is the initial temperature of the soil, °C; kg is the thermal conductivity of the grout, W·m−1·K−1; G(t) is the G-function; (ρc)g is the volumetric heat capacity of the grout, J·m−3·K−1; β is the integration variable; k0, δ, ϕ and ψ are the intermediate variables.



The boundary conditions are as follows:


   T a  =  T i  +  Q  M  c f    ,     z = 0 , t > 0    



(6)






   T i  =  T a  ,     z = L , t > 0    



(7)




where Q is the heat input rate, W; L is the DCBHE length, m.



Initial condition is as follows:


   T i  =  T a  =  T 0  =  T  sur   + a z ,     t = 0    



(8)




where Tsur is the temperature of the soil surface, °C; a is the geothermal gradient, °C·m−1.



More details of the semi-analytical model can be seen in [16].




3. Study on the Influences of Heat Capacities of Different Parts of Borehole


In order to more accurately analyze the influence of heat capacities of different parts of borehole (fluid, pipes and grout) on the performance of DCBHE, the semi-analytical model in [16] was applied to a typical DCBHE with a depth of 2000 m. Other relevant parameters are shown in Table 1.



3.1. Study on the Influences of the Fluid Heat Capacity and Borehole Heat Capacity


Figure 2 shows the comparison diagram of fluid temperature distributions for only ignoring the fluid heat capacity, ignoring the borehole heat capacity and considering the heat capacities of different parts of the borehole at different times. At 2 h, 10 h, 40 h and 60 h, compared with the fluid temperatures for considering the heat capacities of different parts of the borehole, the minimum deviations of the fluid temperatures for only ignoring the fluid heat capacity are 3.30 °C, 1.29 °C, 0.41 °C and 0.29 °C, respectively, and the minimum deviations of the fluid temperatures for ignoring the borehole heat capacity are 4.24 °C, 1.69 °C, 0.60 °C and 0.45 °C, respectively. It can be seen that the influence trends of only ignoring the fluid heat capacity and ignoring the borehole heat capacity on the heat exchanger are the same. The influence of the fluid heat capacity on the fluid temperature distribution is obvious in the early stage and gradually weakens in the later stage. However, ignoring the borehole heat capacity has a more obvious effect on the fluid temperature distribution. In addition, it can be seen from Figure 2 that for the shallow soil layer, the annular fluid temperature is a little lower than the inlet fluid temperature at an early time, which can be explained as follows: the soil temperature in the shallow layer is lower than the annular fluid temperature, and after the annular fluid enters into the external pipe, heat would be transferred from the annular fluid to the soil; but the fluid temperature gradually decreases with time, and the temperature difference between the annular fluid and the shallow-layer soil gradually decreases, so that this phenomenon would disappear after some time.



Figure 3 shows the comparison diagram of the outlet fluid temperatures for only ignoring the fluid heat capacity, ignoring the borehole heat capacity and considering the heat capacities of different parts of the borehole. It can be seen that the influence of only ignoring the fluid heat capacity and ignoring the borehole heat capacity on the outlet temperature decreases with the increase in time. At 10 h and 20 h, compared with the fluid temperatures for considering the heat capacities of different parts of the borehole, the deviations of the outlet fluid temperatures for only ignoring the fluid heat capacity were 1.29 °C and 0.73 °C, respectively, and the deviations of the outlet fluid temperatures for ignoring the borehole heat capacity were 1.69 °C and 1.01 °C, respectively. It can be found that in the early stage, the heat capacity had a great impact on the outlet fluid temperature. The reason is as follows: when only the fluid heat capacity or the borehole heat capacity is ignored, the fluid temperature decreases quickly in the early stage, but there is no heat stored in the fluid, and the difference between the fluid temperature and the soil temperature is relatively large, so that the fluid temperature is low. However, with the increase in time, the influence of only ignoring the fluid heat capacity and ignoring the borehole heat capacity on the fluid temperature begins to weaken. After 110 h, the deviation among only ignoring the fluid heat capacity, ignoring the borehole heat capacity and considering the heat capacities of different parts of the borehole was less than 0.3 °C, which was because with the increase in time; the fluid temperatures thus varied slowly and the heat exchange tended to be stable. The influence of fluid heat capacity and borehole heat capacity on the heat transfer performance of DCBHE also gradually weakened and tended to be stable.




3.2. Study on the Influences of the Pipe Heat Capacities and Grout Heat Capacity


Figure 4 shows the comparison diagram of fluid temperature distributions for only ignoring the heat capacities of pipes, only ignoring the heat capacity of grout and considering the heat capacities of different parts of the borehole at different times. At 2 h, 10 h, 40 h and 60 h, compared with the fluid temperatures for considering the heat capacities of different parts of the borehole, the minimum deviations of the fluid temperatures for only ignoring the pipe heat capacities were 0.09 °C, 0.14 °C, 0.05 °C and 0.03 °C, respectively, and the minimum deviations of the fluid temperatures for only ignoring the grout heat capacity were 0.16 °C, 0.28 °C, 0.15 °C and 0.13 °C, respectively. It can be seen that the influence trends of only ignoring the pipe heat capacities and only ignoring the grout heat capacity on the DCBHE are consistent. In the early stage, only ignoring the grout heat capacity had a large impact on the fluid temperature, and only ignoring the pipe heat capacities had a small impact on the fluid temperature. Compared with Figure 2, it can be found that the influence trends for ignoring the heat capacities of different parts of the borehole on the performance of DCBHE were basically the same, in which only ignoring the fluid heat capacity had the greatest influence on the performance of DCBHE, and only ignoring the pipe heat capacities had the least influence on the performance of DCBHE.



Figure 5 shows the comparison diagram of outlet fluid temperatures for only ignoring the pipe heat capacities, only ignoring the grout heat capacity and considering the heat capacities of different parts of the borehole. With the increase in time, the influences of only ignoring the pipe heat capacities and only ignoring the grout heat capacity on the outlet fluid temperature weakened. At 25 h, the deviation among the outlet fluid temperatures for only ignoring the pipe heat capacities, only ignoring the grout heat capacity and considering the heat capacities of different parts of the borehole was about 0.2 °C. At 110 h, the deviation among them was about 0.1 °C. In addition, it can be seen from Figure 5 that only ignoring the pipe heat capacities and only ignoring the grout heat capacity had little impact on the outlet fluid temperature, which was because the pipe heat capacities and grout heat capacity were relatively small, and their impacts on the performance of DCBHE were relatively small. In addition, it can be seen from Figure 3 and Figure 5 that after considering the heat capacities of different parts of the borehole, the outlet fluid temperature was higher, so that ignoring the borehole heat capacity will lead to underestimation of the heat transfer performance of the heat exchanger.





4. Study on the Influences of Borehole Heat Capacity under Different Borehole Radii


In order to study the influence of the heat capacities of different parts of the borehole under different borehole radii on the performance of DCBHE, the influences of the borehole heat capacity under two borehole radii are compared, one is the borehole radius rb = 0.1 m as shown in Table 1, and the other borehole parameters are as follows: borehole radius rb = 0.06 m, the inner radius of the internal pipe ri = 0.018 m, the inner radius of the external pipe Ri = 0.043 m, the outer radius of the internal pipe ro = 0.025 m, and the outer radius of the external pipe Ro = 0.048 m. Figure 6 shows the influences of borehole heat capacity on outlet fluid temperature under different borehole radii. For the borehole radius rb = 0.1 m, at 120 h, the deviation between the outlet fluid temperatures for ignoring the borehole heat capacity and considering the heat capacities of different parts of the borehole was still 0.28 °C. For the borehole radius rb = 0.06 m, at 120 h, the deviation between the outlet fluid temperatures for ignoring the borehole heat capacity and considering the heat capacities of different parts of the borehole was only 0.16 °C. It can be seen that the smaller the borehole radius, the smaller the impact of the borehole heat capacity on the outlet fluid temperature. For larger borehole radius, the borehole heat capacity is larger, and the impact of the borehole heat capacity on the performance of DCBHE is larger. Therefore, the larger the borehole radius, the greater the impact of the borehole heat capacity on the performance of DCBHE, and it is necessary to consider the borehole heat capacity when building the heat transfer model of DCBHE.




5. Study on the Influences of Borehole Heat Capacity under Different Geothermal Gradients


In order to study the influences of borehole heat capacity on the performance of DCBHE under different geothermal gradients, the influences of borehole heat capacity under three different geothermal gradients are analyzed in this paper. The three different geothermal gradients are a = 0.02 °C·m−1, a = 0.03 °C·m−1 and a = 0.04 °C·m−1, respectively, and other borehole parameters are shown in Table 1. Figure 7 shows the influences of borehole heat capacity on the outlet fluid temperature under different geothermal gradients. It can be found that the influence trends of borehole heat capacity on the outlet fluid temperature under different geothermal gradients are the same, and that the influence is greatest in the early stage and gradually weakens in the later stage. For the geothermal gradient a = 0.02 °C·m−1, the deviation between the outlet fluid temperatures for ignoring the borehole heat capacity and considering the heat capacities of different parts of the borehole was still greater than 2.706 °C during the first 5 h, and the deviation between them was only 0.280 °C at 120 h. For the geothermal gradient a = 0.03 °C·m−1, the deviation between the outlet fluid temperatures for ignoring the heat capacity of the borehole and the outlet fluid temperature considering the heat capacity of different parts of the borehole was greater than 2.701 °C during the first 5 h, and the deviation between them was only 0.281 °C at 120 h. For the geothermal gradient a = 0.04 °C·m−1, the deviation between the outlet fluid temperatures for ignoring the borehole heat capacity and considering the heat capacities of different parts of the borehole was greater than 2.696 °C during the first 5 h, and the deviation between them was only 0.282 °C at 120 h. Therefore, the influences of borehole heat capacity on the outlet fluid temperature of DCBHE under different geothermal gradients were basically the same.




6. Conclusions


Based on the heat transfer model of DCBHE, this paper analyzed the influence of the heat capacities of different parts of the borehole (fluid, pipes and grout) on the performance of DCBHE under different borehole radii and geothermal gradients. Some important conclusions are as follows:




	(1)

	
The influence trends of the heat capacities of different parts of the borehole on the performance of DCBHE were basically the same, decreasing with the increase in time. In the early stage, ignoring the borehole heat capacity caused a deviation of about 4.24 °C to the fluid temperature. With the increase in time, the influence of ignoring the borehole heat capacity on the performance of DCBHE gradually weakened.




	(2)

	
Among the heat capacities of different parts of the borehole, the impact of the fluid heat capacity on the performance of DCBHE was much greater than those of the heat capacities of the other parts, and the pipe heat capacities had the least impact on the performance of DCBHE. Under the working condition studied in this paper, the results obtained with considering the heat capacities of different parts of the borehole were compared to those ignoring heat capacities of the selected elements. It was found that ignoring the fluid heat capacity led to a 0.29 °C lower estimated outlet fluid temperature after 60 h. Omitting the heat capacities of pipes gave 0.03 °C, and not taking into account the heat capacity of grout gave a 0.13 °C lower outlet fluid temperature after 60 h, respectively.




	(3)

	
When the borehole radius was larger, the borehole heat capacity had a greater impact on the performance of DCBHE. Under the working condition studied in this paper, ignoring the borehole heat capacity led to a 0.28 °C lower estimated outlet fluid temperature after 120 h for rb = 0.1 m, and to a 0.16 °C lower estimated outlet fluid temperature after 120 h for rb = 0.06 m.




	(4)

	
For different geothermal gradients, the influences of borehole heat capacity on the performance of DCBHE were basically the same.




	(5)

	
To sum up, the heat capacities of different parts of the borehole have an important impact on the performance of DCBHE, especially in the early stage and when the borehole radius is large.
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Figure 1. (a) Cross-section of a borehole of DCBHE; (b) schematic diagram of a DCBHE. 
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Figure 2. Comparison diagram of fluid temperature distributions for only ignoring the fluid heat capacity, ignoring the borehole heat capacity and considering the heat capacities of different parts of the borehole at different times: (a) 2 h, (b) 10 h, (c) 40 h, (d) 60 h. 
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Figure 3. Comparison diagram of outlet fluid temperatures for only ignoring the fluid heat capacity, ignoring the borehole heat capacity and considering the heat capacities of different parts of the borehole. 
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Figure 4. Comparison diagram of fluid temperature distributions for only ignoring the pipe heat capacities, only ignoring the grout heat capacity and considering the heat capacities of different parts of the borehole at different times: (a) 2 h, (b) 10 h, (c) 40 h, (d) 60 h. 
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Figure 5. Comparison of outlet fluid temperatures for only ignoring the pipe heat capacities, only ignoring the grout heat capacity and considering the heat capacities of different parts of the borehole. 
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Figure 6. Comparison diagram of outlet fluid temperatures for ignoring borehole heat capacity and considering the heat capacities of different parts of the borehole under different borehole radii. 
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Figure 7. Comparison diagram of outlet fluid temperatures for ignoring borehole heat capacity and considering the heat capacities of different parts of the borehole under different geothermal gradients. 
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Table 1. Geometric parameters and thermal properties of the typical DCBHE [17].
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	Parameter
	Symbol
	Value





	DCBHE length
	L
	2000 m



	Borehole radius
	rb
	0.1 m



	Inner radius of the internal pipe
	ri
	0.03766 m



	Outer radius of the internal pipe
	ro
	0.045 m



	Inner radius of the external pipe
	Ri
	0.08263 m



	Outer radius of the external pipe
	Ro
	0.0885 m



	Thermal conductivity of the internal/external pipes
	λp
	0.5 W·m−1·K−1



	Volumetric heat capacity of the internal/external pipes
	(ρc)p
	1.85 × 106 J·m−3·K−1



	Thermal conductivity of the grout
	λg
	0.73 W·m−1·K−1



	Volumetric heat capacity of the grout
	(ρc)g
	3.8 × 106 J·m−3·K−1



	Thermal conductivity of the soil
	λs
	3.25 W·m−1·K−1



	Volumetric heat capacity of the soil
	(ρc)s
	2.24 × 106 J·m−3·K−1



	Thermal conductivity of the fluid
	λf
	0.59 W·m−1·K−1



	Volumetric heat capacity of the fluid
	(ρc)f
	4.19 × 106 J·m−3·K−1



	Mass flow rate of the fluid
	M
	11.6 kg·s−1



	Temperature of the soil surface
	Tsur
	15 °C



	Geothermal gradient
	a
	0.03 °C·m−1



	Heat input rate
	Q
	−200,000 W
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