







	[image: images]
	Energy Engineering
	[image: images]






DOI: 10.32604/EE.2021.014467

REVIEW

Progress on Heat Transfer in Fractures of Hot Dry Rock Enhanced Geothermal System

Yiya Wang1, Hailong Yu1,*, Shucheng Wu1, Li Liu1, Liuyang Huang1, Baozhong Zhu1, Yunlan Sun1 and Enhai Liu1

1School of Petroleum Engineering, Changzhou University, Changzhou, China
*Corresponding Author: Hailong Yu. Email: yhl.doctor@163.com
Received: 29 September 2020; Accepted: 19 December 2020


Abstract: Hot Dry Rock (HDR) is the most potential renewable geothermal energy in the future. Enhanced Geothermal System (EGS) is the most effective method for the development and utilization of HDR resources, and fractures are the main flow channels and one of the most important conditions for studying heat transfer process of EGS. Therefore, the heat transfer process and the heat transfer mechanism in fractures of EGS have been the hot spots of research. Due to the particularity of the mathematical models of heat transfer, research in this field has been at an exploratory stage, and its methods are mainly experimental tests and numerical simulations. This paper introduces the progress on heat transfer in fractures of Hot Dry Rock EGS in detail, provides a comparative analysis of the research results and prospects for future research directions: It is suggested that relevant scholars should further study the mathematical equations which are applicable to engineering construction of seepage heat transfer in irregular fractures of the rock mass, the unsteady heat transfer process between multiple fractures of the rock mass and the heat transfer mechanism of the complex three-dimensional models of EGS.
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1  Background

In recent years, primary energy demand is largely provided by non-renewable energy, which has led to global warming. Therefore, energy shortage has always been the focus of sustainable development. Many countries have gradually improved their research on renewable energy to reduce dependence on non-renewable energy sources such as, fossil fuels, coal, etc. [1–4]. The European Parliament passed the “Renewable Energy Directive” on December 17, 2008. The National Development and Reform Commission of China passed the “13th Five-Year Plan for Renewable Energy Development” in December 2016 [5] International Energy Outlook 2017, published by the USA Energy Information Administration, expects the renewable energy industry to grow 66% over the next two decades to meet energy demand in 2040 [6]. These provide an effective way to diversify and balance the development of renewable energy [7,8]. Geothermal energy, as a renewable energy stored in the deep layer of the earth, is very rich in thermal energy and can help increase the global share of renewable resources to meet the higher demand for energy in the future [9–13]. Geothermal energy capacity is projected to reach 7.92 GW in the U.S. by 2050 and 18.3 GW globally by 2021 [6,14]. Archaeologists have discovered that the first use of geothermal resources by humans occurred more than 10,000 years ago. In the 14th century, the first geothermal heating system was installed in the French town of Chaudes-Aigues. Today, geothermal energy is being given more uses in homes, businesses, and industry, but these often utilize shallow geothermal heat, which is extracted by a ground source heat pump (GSHP) [15,16]. The development and utilization of deep geothermal resources (HDR), however, are still in the exploratory stage. In 2018, according to the statistics of the “China Geothermal Energy Development Report” [17], in China, the annual recoverable amount of shallow geothermal energy is equivalent to 700 million tons of standard coal, the annual recoverable amount of hydro-thermal geothermal energy is equivalent to 1,865 million tons of standard coal, and the storage amount of HDR geothermal resources is equivalent to 856 trillion tons of standard coal. Therefore, the development of HDR geothermal resources has a broad space for development.

The thermal energy of HDR which is a potential geothermal energy source is stored in a variety of metamorphic or crystalline rock bodies. Hydraulic pumps, therefore, are often required to stimulate the rock formations, causing fractures in the rock, which create a network of fractures as flow paths in the geothermal reservoir between the injection and production wells, resulting in the formation of EGS for heat extraction [18–20]. EGS was originally conceived in the 1970s in the Fenton Hill Project at Los Alamos National Laboratory in the United States [21]. The purpose of EGS is to use underground rock resources where there is insufficient water or low permeability. The process involves increasing the permeability of existing fractures or creating new ones by hydraulic fracturing, circulating water or other fluids into the fractures and pumping the fluids to the surface to extract heat [22–24]. Although there is enough heat available in the rocks several kilometers underground for mining, and the emissions of pollutants from EGS energy supply are small and more stable and continuous than other renewable energy sources such as solar and wind [25,26], the permeability of rocks at this depth is usually very low [27], and there are particularities in the heat transfer mechanism when fluids flow in EGS after fracturing, so the heat transfer mechanism and influencing factors need to be explored further. Also, fractures are the main flow channels and one of the most important conditions for studying heat transfer process of EGS [28,29], so understanding the heat transfer mechanism of fractures of EGS is important for the efficient exploitation of heat energy in HDR. In addition, studying the geometric distribution of underground fractures and their flow and heat transfer processes is not easy. Experimental testing is difficult due to the depth of HDR and the limited amount of accurate data that can be obtained from fractures [30]. The numerical simulation method, however, can provide more convenient conditions for the research of the heat transfer in fractures of Hot Dry Rock EGS and improve the accuracy of the results of the research. Therefore, the numerical simulation method is the main method of this research. The development of numerical simulation method firstly needs to establish a complete set of Hot Dry Rock EGS heat transfer mathematical model.

It is predicted that if only 2% of the EGS resource is recovered, underground thermal reservoirs have the potential to provide enough energy for more than 5,000 years in China [31]. However, at present, the reason for less development in Hot Dry Rock EGS in China may be that the initial investment is large and construction is difficult. The fundamental reason is that the research on the mechanics of heat transfer in fractures and the contributing factors of heat transfer process on Hot Dry Rock EGS are not deep enough. Especially so far, there is no mathematical equation for calculating the heat transfer amount of Hot Dry Rock EGS to meet the engineering application, which makes it impossible to calculate construction data accurately and it is difficult to accurately estimate construction costs. This phenomenon is not only found in China; the SpaUrach project in Germany, started in 1977, was abandoned in 1981 due to financial problems [32]. The Basel project in Switzerland [33] and the Geysers power plant in the United States [34] were abandoned due to technical difficulties. Based on these, this paper summarizes the research progress of the influence of the fracture structure and fluid flow in the fractures on the heat transfer of Hot Dry Rock EGS, as well as the progress on the heat transfer coefficient of the heat transfer process of the fractured rock mass, and prospects for future research directions.

2  The Mechanism of Heat Transfer in Fractures of Hot Dry Rock EGS

After reading a lot of literature and theoretical analysis, the author believes that the mechanism of heat transfer in fractures of Hot Dry Rock EGS is mainly divided into two directions, one is convective heat transfer mechanism, and the other is seepage heat transfer mechanism. The convective heat transfer mechanism mostly refers to the theories and mathematical equations that are continuously optimized based on Newton’s law of cooling, and the seepage heat transfer mechanism mostly refers to the theories and mathematical equations that are continuously optimized based on Darcy’s Law.

2.1 The Mechanism of Convective Heat Transfer

At present, the vast majority of scholars at home and abroad think that the heat transfer process between fluids and rocks in Hot Dry Rock EGS is mainly convective heat transfer supplemented by heat conduction. Therefore, the research work is mainly based on the mechanism of “convection & heat conduction”.

2.1.1 Convective Heat Transfer in Hot Dry Rock EGS

Convective heat exchange in Hot Dry Rock EGS refers to the heat exchange between the fluid and the rock mass when the fluid flows over the surface of the rock mass or the fractured surface of the rock mass [35], and its heat transfer mechanism basically follows Newton’s Cooling Formula [36]. But the convective heat transfer coefficient is no longer a constant and changes with the change of some factors which are the fluid temperature, the center temperature of the rock mass, the confining pressure and the roughness of the fractured surface of the rock mass. For the convective heat transfer coefficient in Hot Dry Rock EGS, the following four calculation equations are derived by domestic and foreign scholars [37–40]:


h=cp,wρwuδ(T2−T1)2L(TC−T1+T22)−cp,wρwuδ(T2−T1)LeKr
(1)


h=−lnT2−TcT1−Tccp,wρwuδ(T2−T1)Kr/Kr22nT2−TcT1−Tccp,wρwuδd4+KrL
(2)


h=cp,wρwuδ(T2−T1)2L(Tc−πcp,wρwuδ(T2−T1)42.32KrL−T1+T22)
(3)


h=Cp,wρwuδ(T1−T2)L(Tc−(T1+T2)/(T1+T2)22)
(4)

where 
Tc
is the outer surface temperature of the rock. 
T1
is the fluid temperature at which the fluid enters the fractured rock mass. 
T2
is the fluid temperature at which the fluid flows out of the fractured rock mass. 
Kr
is coefficient of thermal conductivity of fluids. 
Cp,w
is specific heat capacity of the fluid under constant pressure. 
ρw
is fluid density. 
u
is fluid velocity. 
L
is the length of the rock mass. 
d
is the radius of the rock mass. 
δ
is the fracture width. 
Le
is equivalent thickness of half of the rock mass.

2.1.2 Heat Conduction in Hot Dry Rock EGS

Heat conduction in Hot Dry Rock EGS refers to the spontaneous heat transfer process from high temperature to low temperature caused by the temperature gradient in the hot dry rock mass. When the heat transfer medium is injected into Hot Dry Rock EGS, there is a temperature gradient between the fractured surface of the rock mass and the rock interior, which will inevitably cause heat conduction, because the temperature of the heat transfer medium is always lower than that of the rock mass. The heat conduction in Hot Dry Rock EGS is the main heat supplement way in which the heat transfer medium can continuously extract heat, and the amount of heat conduction depends on the internal energy of the rock mass at that position [36], which is directly related to the rock initial temperature, the thermal conductivity, the heat transfer area and the temperature gradient. For the determined Hot Dry Rock EGS, the rock initial temperature is related to the local geothermal geological conditions, such as the geothermal gradient, and the depth of drilling and fracturing [41,42]. Generally speaking, the more the geothermal gradient and drilling depth, the higher the rock initial temperature. The thermal conductivity is approximately considered to be a constant. The size of the heat transfer area mainly depends on the amount and degree of elongation of fractures of Hot Dry Rock EGS. In other words, the more fractures, the lager the fracturing range, which cause the larger the heat exchange area and the higher the amount of heat conduction. The degree of the temperature gradient mainly depends on the heat extraction rate which is directly related to the character of the heat transfer medium, the inlet temperature and velocity. This means that the lower the inlet temperature of the medium and/or the greater velocity, the more the temperature gradient and heat conduction [43–45].

In fact, for a certain large-scale Hot Dry Rock EGS, its heat conduction is an unsteady state process. When the heat extraction rate is greater than the heat recovery rate, the temperature of the rock mass will gradually decrease with time going by. When the temperature of the fractured surface of the rock mass is reduced to a certain extent, HDR geothermal well will lose the ability to extract heat, or the outlet temperature of the heat transfer medium will not reach the design value. At this time, HDR wells need to be sealed until the geothermal temperature meets the requirements to open the well to get heat [46]. The heat extraction rate, therefore, directly affects the heat extraction efficiency, the heat extraction cycle and life of HDR wells. So it is very important to study the unsteady heat conduction in Hot Dry Rock EGS for studying the performance of Hot Dry Rock EGS.

2.2 The Mechanism of Seepage Heat Transfer in Fractures of Hot Dry Rock EGS

The rock is in pressure equilibrium prior to hydraulic fracturing, and a pressure difference is formed after hydraulic fracturing between the upper and lower thermal reservoirs and the fracturing fluid, which leads to deformation of the rock, resulting in the formation of small fractures similar to porous media [47]. The flow state of the heat exchange medium injected by external pressure in these fractures is closer to seepage flow, so there should be seepage heat transfer in the Hot Dry Rock EGS. Seepage heat transfer refers to the heat transfer between the fluid and the rock mass in the process of seeping through the small fractures. The shape and distribution of those small fractures are extremely complex [48], so the trajectory of water during seepage heat transfer is irregular and random. However, author thinks that the seepage heat transfer characteristics of the fractures which are inhomogeneous and anisotropic of Hot Dry Rock EGS, which may require assumptions based on local thermal non-equilibrium, are not identical to those of the standard single porous medium, which is based on the assumption that the fracture medium achieves local thermal equilibrium [49]. The process of seepage heat transfer in fractures of Hot Dry Rock EGS is an unsteady process, because the temperature of the rock is constantly changing during the operation of EGS [50–52]. Also, the shape and distribution of the small particles used for support may have a certain impact on the seepage heat transfer in fractures of Hot Dry Rock EGS [53,54].In addition, the author thinks that the seepage heat transfer mechanism and convective heat transfer mechanism may be quite different. The thermal material parameters such as the viscosity and surface tension of the heat transfer medium may play a leading role during the seepage heat transfer process, which may profoundly affects the seepage heat transfer process, but the relationship with the macroscopic flow state of the convective heat transfer process is weak. However, so far, scholars have less relative research on the mechanism of seepage heat transfer in fractures of Hot Dry Rock EGS.

3  Research Progress of the Effect of Fracture Structure of Hot Dry Rock EGS on Heat Transfer

The research models of fracture structure of Hot Dry Rock EGS, so far, are divided into two main types, two-dimensional model and three-dimensional model respectively. Since two-dimensional models are easier to model, scholars have studied fracture structures that are closer to the real situation, with the main directions being single fracture and complex fracture, where the research on the effect of a single fracture structure on heat transfer has focused on the effect of fracture surface roughness on heat transfer. However, scholars usually build 3D single-fracture models, 3D parallel-fracture models or 3D simple cross-fracture models for numerical simulation calculations due to the complexity of three-dimensional modeling.

3.1 Research Progress on Two-Dimensional Model Simulating the Effect of Fracture Structure on Heat Transfer

3.1.1 Research Progress on the Effect of Single Fracture on Heat Transfer

Tsang [55] and Brown [56] both suggested that if real fractures were simulated using parallel plate theory, it may lead to 1–2 orders of magnitude errors in flow estimates. Zhao et al. [57] studied water flowing though the rock mass with a single fracture. The results showed that the fracture surface roughness significantly affected the heat transfer characteristics of water flowing through the fracture, and the distribution of water temperature did not show the linear increase along the flow direction. Xie et al. [58] and Zhao [59] all conducted experiments of water flowing through the single fracture and compared the experimental results with the results calculated by traditional equations. The comparison results showed that the heat transfer amount of traditional convection equation calculations was higher than that of experiments. Barton et al. [60] recommended the joint roughness coefficient (JRC) and obtained 10 typical fracture roughness profiles from many measurements, where the JRC ranged from 0–2, 2–4, etc., up to 16–18, 18–20. Ranjith [61] found that fracture surface roughness was one of the main determinants of Reynolds number which was a parameter describing the flow state based on experimental data. These findings all indicated that the fracture surface roughness played a major role in heat transfer in rock fractures. To measure the fractal dimension (D), Babadagli et al. [62] used a fully computer-controlled surface scanning device to map the rough surface of the fracture and calculated the fractal dimension for each surface by ANOVA using a two-dimensional dataset, proving that the fractal dimension was a measure of the roughness coefficient.

In recent years, more detailed studies on the influence of the fracture surface roughness on the heat transfer process have been carried out.

Neuville et al. [63] investigated the effect of fracture roughness on hydraulic permeability and heat flux on both sides of the fracture when cold fluids flowed through a single fracture by simulating the heat exchange process during laminar flow in a single fracture (The schematic diagram of the two-dimensional model of the rough fracture are shown in Fig. 1). Also, Neuville et al. proposed a numerical model which suggested that the fracture roughness may be responsible for the flow of fluids within the fractures to estimate the effect of fracture roughness on the heat exchange between the cold fluid and the surrounding rock. However, the model used in this study was a self-affine model for fracture roughness, and the results were not verified by comparison with simulation results of other types of geometric models.
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Figure 1: The schematic diagram of the two-dimensional model of the rough fracture of Neuville et al. [63]

Li et al. [64] carried out experiments on the seepage heat transfer characteristics in single-fractured rock mass under different temperatures (60°C to 100°C) and different water flow conditions. The granite rock samples of smooth fracture and rough fracture were used, and the distilled water was selected as the fluid. The results showed that influences of two fractured surfaces of rack mass with different roughness on the overall convective heat transfer intensity were not much different, but influences on the local convective heat transfer intensity were quite different. Also, the local convective heat transfer intensity of the two fractured surfaces showed multiple peaks and nonlinear trend and this trend was more obvious in the rough surface. In addition, the increase of the convective heat transfer coefficient in the two fractured surfaces was greater than the increase of flow and the two measures were positively correlated. Although high-pressure plunger double-cylinder pump, ring-pressure pump and real-time monitoring temperature system were used in the experiment to ensure the constant pressure and the constant current and the continuity of the experiment and obtain more accurate test data, this experiment assumed that the single fracture core was a core with a constant temperature on both the outer surface and the inner surface of the fracture, which not only caused errors in the calculation of Newton’s cooling formula in the later data processing, but also ignored the error from the mass change caused by the temperature change of the rock.

Luo et al. [65] conducted the experiment on the heat transfer characteristics of distilled water flowing through smooth and rough granite rock mass. A high-pressure plunger pump, an electric control plunger pump, a temperature control system, a data acquisition system and a sample clamping system were used in the experiment. The heat transfer characteristics of rock mass at 4 initial temperatures (60°C, 70°C, 80°C, 90°C) were studied in this experiment. The experimental results showed that the total heat of the rock mass was linearly positively correlated with the increase of the initial temperature for a given volumetric flow rate of water, and the total heat transfer amount was positively correlated with the volume flow for a given temperature. Compared with the experiment of Li and others [64], although the calculation method of the convective heat transfer coefficient proposed by Bai et al. [39,40] was used in the experiment, which means that the error caused by solving the internal surface temperature of the center of the rock mass will not occur during the calculation, the team did not conduct a comparison experiment on the heat transfer characteristics of the fractured surfaces with different roughness and the conclusions were relatively vague.

He et al. [66] performed a numerical simulation of the heat transfer process in a single-fractured rock mass with different surface roughness with a two-dimensional model (The schematic diagram of the two-dimensional model of the heat transfer process in fractured rock mass is shown in Fig. 2, and the different roughness curves are shown in Fig. 3). They proposed morphological condition factor (MCF) and calculated with 468 sets of examples to study MCF. MCF denoted the effect of the fracture morphology of the fractured surface of the rock mass on the heat transfer process. The reference equation about MCF is as follows [66]:


Tf(x)=Tc+(Tin−Tc)exp⁡(−MCF⋅xhKrυρwcwb(Kr+hR))
(5)


MCF/MCFMCF0MCF0=1+B(LL0−1)
(6)

where 
Tf(x)
is the temperature field of the fluid at the place ‘x’. 
Tc
is the outer surface temperature of the rock mass. 
Tin
is the fluid temperature at which the fluid enters the fracture. 
h
is conductive heat transfer coefficient. 
Kr
is coefficient of thermal conductivity of fluids. 
υ
is dynamic viscosity of the fluid. 
ρw
is fluid density. 
cw
is specific heat capacity of the rock. 
b
is width of the fracture of the rock mass. 
R
is the radius of the rock mass. 
LL0
is the ratio of the length of the rock profile of rough fractures to the straight-line distance between the inlet and outlet of the fracture. 
B
is the model parameter.
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Figure 2: The schematic diagram of the two-dimensional model of the heat transfer process in fractured rock mass of He et al. [66] (Tin in the figure represents the temperature of inlet fluid, and Text in the figure represents the surface temperature outside the rock mass)
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Figure 3: The different roughness curves of He et al. [66]

The numerical simulation results of He and Rong et al showed that the roughness of the fracture morphology of the fractured surface of the rock mass not only promoted the increase of heat transfer intensity but also promoted the effect with the increase of the roughness under the same flow rate and this promotion was weakened when the flow rate increased. Similarly, under the certain flow rate, the temperature of the fluid at the outlet in the rough fracture was higher than that in the smooth fracture and the temperature of the fluid at the outlet increased with the increase of the roughness of the fractured surface. Also, the pressure difference between inlet and outlet increased with the increase of roughness of the fractured surface of the rock mass. The two-dimensional model used in this numerical simulation cannot represent the anisotropy of rock mass between the rough fractures, and the author did not make numerical simulation on the relationship between parameter B and the fracture width, so the effect of MCF on heat transfer process should be further studied.

He et al. [67] used fractal dimensions (D) and profile curves (Y) to characterize surface roughness, and combined experimental and numerical simulation methods to study the effect of fracture surface roughness on the characteristics of heat transfer in a single fracture of granite (The schematic diagram of the two-dimensional model of structure of the single fracture is shown in Fig. 4, and profile curves and fractal dimensions of the five slices are shown in Fig. 5). The results showed that the fracture surface roughness played a major role in the distribution of the local heat transfer coefficient, which mainly depended on roughness, followed by aperture and flow velocity, and had little influence on water temperature and the distribution of internal surface temperature. Although the method for characterizing fracture surface roughness of He and Bai et al. [67] was different from that of He and Rong et al. [67], the research results were similar.
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Figure 4: The schematic diagram of the two-dimensional model of structure of the single fracture of He et al. [67]
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Figure 5: Profile curves and fractal dimensions of the five slices of He et al. [67]

Wu et al. [68] simulated the heat transfer process under water flow in a rock mass with a single smooth fracture and a single rough fracture respectively (The schematic diagram of the two-dimensional model of structure of the single rough fracture is shown in Fig. 6), and analyzed the effects of fracture opening, seepage velocity and roughness on the heat transfer process. The results showed that the greater the fracture opening, the smaller the rate of growth of the rock wall temperature and the greater the extent of the slow increase in water temperature. Similarly, the seepage velocity affected the temperature of the rock wall to some extent, and the greater the seepage velocity, the smaller the temperature of the water at the same location. Also, as the roughness of the fracture surface increased, the water temperature at the same location decreased, and the wall temperature suddenly dropped when the roughness was between 0% and 20%. And last but not least, changing the fracture surface roughness can improve the cooling efficiency of the rock wall compared to the percolation rate. Although the numerical simulation results of Wu et al. were in agreement with the relevant literature, the roughness of the simulated cracks was more regular and may differ from the actual roughness.
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Figure 6: The schematic diagram of the two-dimensional model of structure of the single roughness fracture of Wu et al. [68]

3.1.2 Research Progress on the Effect of Complex Fracture on Heat Transfer

Zhou et al. [69] analyzed the influence of various factors on the performance of thermal reservoirs of granite through numerical simulation and artificial neural network (ANN). 32 representative time points were selected to build 32 neural network models, which was to predict the 30-year production temperature of 32 time nodes in the system (The network architecture of the artificial neural network model is shown in Fig. 7). The results showed that injection rate had the greatest effect on total heat extraction, followed by injection temperature and well spacing, while fracture permeability had the least effect. Also, increasing the injection flow rate, lowering the injection temperature, increasing the distance between the injection and the producing well, and decreasing the fracture permeability can all increase the heat extraction within certain limits. Although using the artificial neural networks to predict production temperature had high prediction accuracy, it was too complicated to use for engineering.
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Figure 7: The network architecture of the artificial neural network model of Zhou et al. [69]

Gao et al. [70] conducted numerical simulation on the model of cross-fracture rock mass, where the fracture distribution was two vertical fractures and two oblique fractures (The dimension diagram of the fractures is shown in Fig. 8). Using 3DEC software to establish size and boundary conditions (except for the local heat source boundary, the rest of the outer sides were the external heat conduction boundaries of 
5.4W/Wm2m2
), the change of the fractured rock mass temperature field and the outlet water temperature was simulated from transient state to steady state under five working conditions and the effect of cross-water flow in fractured rock masses on heat transfer was analyzed based on calculated results. The results of the simulation calculation showed that the coupling of the oblique fractures was later than that of the vertical fractures in the coupling between the heat conduction of rock mass and the water flowing through the fracture. Also, the temperature distribution was controlled by the heat conduction of rock mass, the water flowing through the oblique fracture and the water flowing near heat source. Last but not least, the heat conduction dominated the fracture of low flow rate, and the convective heat transfer dominated the fracture of high flow rate, while the local convective heat transfer existed at the intersection of the fractures. Although the setting value of boundary conditions and the simulation of the fractured boundary made the model closer to the real state and the model of the cross was more consistent with the irregularity of the fractures, the setting value of the heat source in this study was only two groups and the simulation data was not complete.
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Figure 8: Dimension diagram of the fracture of Gao et al. [70]

Ma et al. [71] introduced a leaf-like bifurcation fracture network in a multi-well enhanced geothermal system (EGS) (The diagram of the leaf-like bifurcation fracture network is shown in Fig. 9) and investigated the effect of the leaf-like bifurcation fracture network on the characteristics of heat extraction performance. Numerical simulation results showed that the higher fracture bifurcation level is beneficial to improve the heat absorption rate. Moreover, a higher fracture length ratio made the fracture distribution more uniform so as to avoid the local thermal cooling phenomenon and to obtain better heat extraction performance. In addition, the positive effect of the fracture bifurcation angle was weaker than that of the bifurcation level and the length ratio, and the fracture aperture ratio also had little effect on the heat extraction performance. Although the leaf-like bifurcation fracture network established by Ma et al. [71] can describe fracture heterogeneity, the network was only applicable to multi-well EGS.
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Figure 9: The diagram of the leaf-like bifurcation fracture network of Ma et al. [71]

Vasilyeva et al. [72] studied heat and mass transfer in EGS with complex fracture networks (The schematic diagram of complex fracture networks is shown in Fig. 10) and successfully developed a general multi-scale finite element method for calculating fluid temperature and pressure in fractured porous media. Although the proposed multi-scale method can more accurately solve the heat and mass transfer problems in the cracked medium related to EGS operation, the calculating process was complicated for engineering.
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Figure 10: The schematic diagram of complex fracture networks of Vasilyeva et al. [72]

Similar to the complex network studied by Vasilyeva et al. [72], Shi et al. [73] compared the heat extraction performance of 11 types of complex fracture networks with natural fractures and hydraulic fractures in the multi-well EGS (The diagrams of 11 types of complex fracture networks are shown in Fig. 11). The results showed that under the same total fracture length, when the natural fracture was shorter and the hydraulic fracture was longer, the production temperature and thermal power were higher. However, when the longer hydraulic fracturing fractures were concentrated around the side well, thermal penetration would occur. Moreover, more hydraulic fractures were connected with natural fractures, which can better disperse the working fluid and reduce thermal penetration.
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Figure 11: The diagrams of 11 types of complex fracture networks of Shi et al. [73]

3.2 Research Progress on Three-Dimensional Model Simulating the Effect of Fracture Structure on Heat Transfer

Huang et al. [74] based on the results of Barton and Choubey and 3D printing techniques to study the seepage heat transfer process of fluids in the rough fracture and analyzed the effect of fracture roughness on the characteristics of seepage heat transfer in the fracture of rock masses (Typical roughness profiles for JRC = 10–12, 18–20 are shown in Fig. 12). The results showed that fracture roughness had a significant effect on rock wall temperature which may vary at the projections and grooves of rough fracture surfaces. Moreover, with high roughness perpendicular to the flow direction, turbulence was generated and the heat transfer coefficient was increased. Conversely, with high roughness parallel to the flow direction, seepage was generated and the heat transfer performance was decreased. It said that the directionality of roughness had a significant effect on heat transfer and seepage.

[image: images]

Figure 12: Typical roughness profiles for JRC = 10–12, 18–20 used by Huang et al. [74]

Xin et al. [75] used three-dimensional model which was the model with a single ideal fracture to simulate the heat transfer process of fractured rock mass (The three-dimensional model is shown in Fig. 13) and established the THM coupling control equations based on the local thermal non-equilibrium theory. The numerical simulation results showed that the temperature of rock mass away from the fractures decreased and the low temperature zone of the reservoir expanded with the mining time going by, which were due to heat conduction. Moreover, the factors that affect the average outlet temperature of the fluid were the fracture width and the inlet temperature and the viscosity and mass flow had limited effect on the average outlet temperature of the fluid. Compared with the numerical simulation of the two-dimensional model of He et al., although the three-dimensional model used in this simulation took the dynamic changes of the fractures aperture into account, the anisotropy of the rock mass was neglected and the ideal single fracture was not representative.
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Figure 13: The schematic diagram of the three-dimensional model of Xin et al. [75]

Jiang et al. [76] and Ghassemi et al. [77] established a three-dimensional transient numerical model to simulate the flow and heat transfer processes in underground fractures of cold fluids injected from the surface to the subsurface and developed a new three-dimensional model which simplified the EGS underground multi-domain to a single domain with multiple sub-areas for modeling and analyzing the underground heat exchange process in EGS (The schematic diagram of the three-dimensional model and its grid system is shown in Fig. 14). Although the model avoided the typical difficulties of setting boundary conditions of matching subdomains in the traditional method of multi-domain and simplified the complete underground heat exchange process during numerical simulations, the model did not consider the influence of mechanical fields.
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Figure 14: The schematic diagram of the three-dimensional model and its grid system of Jiang et al. [76]

Similar to the geometric model studied by Jiang et al. [76] Cao et al. [78] also established a three-dimensional transient numerical model to analyze the heat extraction process of EGS and the factors influencing the volumetric heat transfer coefficient (ha) related to EGS heat extraction(The schematic diagram of the three-dimensional model and its grid system is shown in Fig. 15). The results showed that lower ha reduced the heat exchange between rock and fluid and the effective stress, and expanded the porosity and permeability of the rock thermal reservoir to a limited extent. Moreover, the model developed by Cao et al. [78] provided a good prediction of the combined effect of effective stress and fluid properties on EGS heat recovery by varying the injection pressure and temperature. Although the three-dimensional model of Cao et al. [78] can predict the influencing factors of the EGS heat extraction rate, it is necessary to establish a benchmark test program that is closer to the actual EGS heat extraction process if the model becomes a viable tool for engineering applications.
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Figure 15: The schematic diagram of the three-dimensional model and its grid system of Cao et al. [78]

Sun et al. [79] used the commercial software COMSOL to create an ideal three-dimensional numerical model of EGS with double horizontal wells (The schematic diagram of the three-dimensional model is shown in Fig. 16), and applied the model to solve problems of predicting EGS performance, such as operational performance, utilization and service life.
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Figure 16: The schematic diagram of the three-dimensional model of Sun et al. [79]

Similar to the geometric model established by Sun et al., Pandey et al. [80] used Finite Element for Heat and Mass Transfer(FEHM) to perform coupled thermal-hydraulic-mechanical (THM) simulations of a three-dimensional model of a single fracture connecting the injection and production well, where the fracture was considered to be an equivalent porous medium (The schematic diagram of the three-dimensional model is shown in Fig. 17). The results showed that due to the greater flux of cold water in the fracture, the thermal contraction of the rock was greater when the permeability was greater.
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Figure 17: The schematic diagram of the three-dimensional model of Pandey et al. [80]

Li et al. [81] established a three-dimensional model of specific EGS which was combined horizontal wells and multiple parallel fractures (The schematic diagrams of the three-dimensional model of the injection and production well and multiple parallel fractures are shown in Fig. 18) to analyze the effect of fracture geometry and the spacing of two adjacent fractures on EGS heat extraction performance, and compared the specific EGS with the classic EGS with double or three wells and a single fracture. The results showed that larger injection rates, smaller well aperture and larger fracture widths caused short-circuiting effects and reduced the performance of this specific EGS. In addition, this specific EGS offered higher performance and longer economical production times than the classic EGS.

[image: images]

Figure 18: The schematic diagrams of the three-dimensional model of the injection and production well and multiple parallel fractures of Li et al. [81]

Ma et al. [82] designed a three-dimensional model of a granite thermal reservoir with two intersecting fractures and performed numerical simulation calculations to evaluate its heat production performance (The schematic diagrams of the three-dimensional model of the reservoir is shown in Fig. 19), and compared four models of intersecting fractures at different angles. The results showed that the water temperature at different locations along the direction of seepage followed different patterns with time going by. In addition, the larger the angle between the two fractures, the faster the temperature of the outlet water dropped. Also, when the fractures were more evenly distributed in the reservoir, the flowing water extracted heat from the surrounding reservoir faster.
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Figure 19: The schematic diagrams of the three-dimensional model of the granite thermal reservoir with two intersecting fractures of Ma et al. [82]

4  Research Progress of the Effect of Fluid Flow in the Fractures of Hot Dry Rock EGS on Heat Transfer

In the 1950s, the former Soviet Union and some Western scholars studied the water flow characteristics of single-fractured rock and summarized the mathematical expression:


q=gb312υJ
(7)

Eq. (7) is called the Cubic Law. It shows that the flow rate of the working flow flowing through the single-fractured rock mass is proportional to the cubic of the fracture width. However, the Cubic Law applies only to the calculation of water flow in smooth parallel plate fractures. Since the assumptions in the Cubic Law are quite different from the actual situation, some scholars have carried out further experiments and put forward different methods of calculating correction coefficients for the existence of certain deviations in this equation.

Lomize proposed the equations [83]:

Laminar flow:


q=gb312υJ11+6(Δ/Δbb)1.5
(8)

Turbulent flow:


q=bgJb[2.6+5.1lg⁡(b/b2Δ2Δ)]
(9)

Reynolds number:


Rekp=600[1−0.96Δ/Δb0.4b0.4]1.5
(10)

among them, 
Re=vb2υ


Louis proposed the equations [84]:

Laminar flow:


q=gb312υJ11+8.8(Δ/Δbb)1.5
(11)

Turbulent flow:


q=4bgJblg⁡[1.9/1.9(Δ/Δbb)(Δ/Δbb)]
(12)

The Reynolds number curve is shown in Fig. 20, where 
Re=2bvυ
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Figure 20: Relationship between Reynolds number and relative roughness proposed by Louis [84]

Both scholars strictly divided the water flow state of the single-fractured rock mass, but this may not be consistent with the water flow state in the actual fractured rock mass. So Su et al. [85] put forward the mathematical expression:


q=gb312vJ1.0−0.5e−2.3t(Δ/Δbb)11.0+1.2(Δ/Δbb)−0.75
(13)

where 
q
is the flow of water through the fractured rock mass. 
g
is gravitational acceleration. 
b
is fracture width. 
υ
is dynamic viscosity of the fluid. 
v
is water velocity. 
J
is hydraulic gradient parallel to the fractured surface. 
Δ
is absolute roughness. 
Δ/Δbb
is relative roughness.

Instead of dividing the states of water flow, Eq. (13) combined laminar flow and turbulence flow, which greatly reduced the calculation amount.

Asai et al. [86] simulated and derived mathematical equations based on Kirchhoff’s law (which describes current distribution in closed-loop multi-circuit circuits) for planning and designing the fracture spacing to control the flow distribution in any EGS of dual-structure system drilled along the same direction, thus ensuring that fluids were uniformly distributed across all fractures to extract heat from the entire reservoir. The equations are as Eqs. (14) and (15). Although these mathematical equations are helpful for evaluating the effectiveness of EGS and optimizing parameters, it is necessary to calculate the relationship between injection pressure and fracture width, the relationship between friction loss in fractures and other parameters when calculating the mathematical equation and to iterate the system of equations until a convergent solution is obtained (because the flow resistance is a function of volume flow). Thus, the mathematical equations are too complicated for the calculation of engineering construction operations [86].


Cn=(2bpq(n−1)+bFq(n−1)(C(n−1))2bFqn)12(2bpq(n−1)+bFq(n−1)(C(n−1))2bFqn)12+1
(14)


qn=(Q−(∑i=1Nqn+1))Cn
(15)

where 
Cn
is the total frictional resistance of all fractures. 
qn
is the total flow rate of all fractures. Q is the total flow rate of the system. Subscript n is the Nth fracture. N is the total number of fractures. 
bPqn
is the constant of the friction coefficient. 
bFqn
is the function of the friction coefficient.

Kluge et al. [87] studied the relationship between the permeability of a single fracture and fracture average aperture size and distribution based on the Cubic Law. The results showed that the average aperture size and distribution of a single fracture depended on the offset of the fracture and that the permeability also depended on the offset of the fracture, but this relationship cannot be explained simply by the Cubic Law. In addition, the permeability of a natural fracture with a rough surface was always less than that estimated by the Cubic Law, and the rougher the fracture surface, the greater the deviation of the permeability estimated by the Cubic Law.

Huang et al. [88] studied fluid friction and heat transfer in the process of fluid flowing through a single rough fracture. The results showed that the process of fluid flowing through a single granite fracture was very different from that of fluid flowing through a rectangular channel. Also, the flow friction increased and the heat transfer decreased due to the relatively roughness of the granite fracture. Lu et al. [89] conducted water flow and heat transfer experiments on regularly fractured granite and developed a finite difference scheme and computer code for calculating water flow and heat transfer in regular fractured rocks. The results showed that rock temperature distribution was strongly influenced by water flow in fractures. Wu et al. [90] simplified two-dimensional equations of fluid flow in fractures into one-dimensional equations by using velocity potential and streamline functions instead of actual coordinates, and established a semi-analytical model to predict the heat extraction from the fractures. Ren et al. [91,92]developed an effective unified pipe network method (UPM) in order to overcome the difficulty of simulating fluid flow in a highly discontinuous dual-permeability medium, which discretized the dual-permeability rock mass into virtual pipes network system including crack pipe network and matrix pipe network. After verification, this method had strong robust for analysis of seepage in fractured rock mass and porous rock mass.

5  Research Progress on the Heat Transfer Coefficient of the Heat Transfer Process of the Fractured Rock Mass

Chapman [93] found an earlier proposed equation for estimating the heat transfer coefficient in the book. Zhao [37,94], Zhao et al. [95], and Zhao et al. [96] successively proposed equations for estimating the heat transfer coefficient of heat transfer in fractures in order to study the heat exchange process of fluid flowing through rock fractures. Ogino et al. [97] conducted forced convection experiments on circular fractures and verified the experimental results using numerical simulations, and then proposed the heat transfer coefficient of water flowing through circular fractures in a two-dimensional model.

In recent years, more and more scholars successively studied in depth the heat transfer coefficient of heat transfer process of fractured rock mass.

Zhao [38] established two sets of fractured rock mass models and simulated heat transfer process with water as the medium. The experimental results showed that the heat transfer coefficient in the fracture was smaller than the theoretical value of the flat-panel thermal boundary layer but larger than the estimated value, and the two sets of data showed that the water temperature increased non-linearly along the fracture direction. However, the water temperature distribution at the fracture was not obtained in the experiment, so it was not possible to accurately obtain the heat transfer coefficient value during the heat transfer process of the fractured rock mass.

Heninze et al. [98] carried out further experiments on Zhao’s theory. Based on the dynamic changes of thermal properties of rock mass and the local heterogeneity of rock mass, the calculation of the heat transfer coefficient between fluid and fractured rock mass during fluid flow through the fractured rock mass was derived.

When 
R→0
, at 
L=x
, heat transfer coefficient between fluid and fractured rock mass is


h=−vcfρfAxln⁡(Tf(x)−Tr(x)Tin−Tr(x))
(16)

where 
v
is the water velocity. 
cf
is specific heat capacity of the fluid. 
ρf
is the fluid density. 
A
is the contact area between the rock mass and the fluid. 
Tf(x)
is the temperature of the fluid at the place x. 
Tr(x)
is the temperature of the rock at the place x. 
Tin
is the fluid temperature at which the fluid enters the fractured rock mass.

However, this method was biased when calculating the rock temperature of 140°C and almost all calculations were still greater than the estimated value. And the authors believed that the possible cause was that experiment under the condition of unknown pressure affected the fluid flow. The simulation experiment had inconsistency in the data set and the model was too simple, so the reliability of the conclusion should be further studied.

Bai et al. [39,40] conducted further research based on the research theories of Zhao. They carried out the experiment with the a cylindrical granite (The size is 
Φ50mm×100mm
) and verified the experimental data by numerical simulation. Purified water of the same water quality (the conductivity 
≤0.1US/CM
) in experiment flew through the fracture of granite. Overall heat transfer coefficient (OHTC) and local heat transfer coefficient (LHTC) were studied separately.

For OHTC, they believed that the reason for the abnormal values of OHTC may be that the denominator contained subtraction or more variables, and for this reason, a new mathematical expression of OHTC (h) was proposed (The mathematical expression is as Eq. (4)). It applies not only to water, but also to other fluids. The breakthrough of this equation was that there was no need to solve the thermal conduction equation to obtain the inner surface temperature (Ti0) at the center of the rock mass and no abnormal values were generated.

For LHTC, a numerical model based on COMSOL model was developed by Bai et al. The results showed that [12]:

1.    LHTC had relationship with the roughness of the fractured surface of the rock mass, and in a certain range of fracture width, the narrower the fracture and the stronger the local heat transfer capacity.

2.    The increase of water flow rate can significantly improve the local heat transfer ability of the rough fractured surface of the rock mass within the fixed fracture width of the rock mass.

3.    The polynomial established by the experimental data showed that LHTC had a negative correlation with the fractured surface of the rock mass, and LHTC had a larger value at the groove of the rough crack surface.

Not only that, but the team compared LHTC with OHTC, and the comparison showed that:

1.    The OHTC was always larger than LHTC at fixed fracture width and same flow.

2.    As the water flow increased, the OHTC value increased, but the arithmetic mean of LHTC increased firstly and then decreased.

Although the results of the experiment were more accurate and the results of the experiment were more reliable, there were also shortcomings. First of all, the experiment only studied the single-fractured rock mass, and did not consider whether unsteady heat conduction process among fractures in multiple fractures would affect the heat transfer coefficient.

Ma et al. [99] used a combination of numerical simulation and experimentation and produced specimens with different rough surfaces by 3D printing, in order to investigate the heat transfer characteristics and local heat transfer coefficients of water flowing through rough fractures along the flow direction. The results showed that:

1.    When joint roughness coefficient (JRC) of the fracture was kept constant, the total heat transfer coefficient was positively correlated with the volume flow rate. When the volume flow rate is kept constant, the total heat transfer coefficient increased with the increase of JRC.

2.    The results of the distribution of the local heat transfer coefficient showed that the local heat transfer coefficient increased to a maximum value at the inlet and then decreased to a relatively constant value along the flow direction.

3.    The volume flow rate did not affect the distribution of the local heat transfer coefficient. When the curvature of the fracture surface was kept constant, the local heat transfer coefficient increased with the increase in volume flow rate.

Although the distribution of local heat transfer coefficients was analyzed by Ma et al., the results can be better verified if they are compared and analyzed with the local heat transfer coefficient equations derived by other authors.

6  Conclusion and Prospects

After the analysis and summary of the research status of the mathematical models of heat transfer of Hot Dry Rock EGS at home and abroad, the following conclusions and suggestions can be drawn:

1.    At present, the experimental tests and numerical simulations of the mathematical models of heat transfer of Hot Dry Rock EGS in the domestic and foreign countries are mostly studied for the horizontal or vertical single fracture or intersecting fracture of the rock mass. This single-fractured rock model provides more convenient conditions for experimental tests and numerical simulations. However, there is a great deviation from the actual heat transfer process of Hot Dry Rock EGS, and the results of these numerical simulations are difficult to guide the actual situation. Although there are many researches on irregular fractures, most of them are only at the level of academic research and the methods used are too complicated for engineering construction. Therefore, it is suggested that the relevant scholars should further study the mathematical equations, which are applicable to engineering construction, of seepage heat transfer in irregular fractures of the rock mass to improve the efficiency of construction.

2.    At present, the experimental tests and numerical simulations of the mathematical models of heat transfer of Hot Dry Rock EGS in the domestic and foreign countries are mostly studied for steady heat transfer process. The steady heat transfer process cannot test or simulate the temperature change trend of the rocks around the HDR geothermal wells over time, so it is difficult to estimate the service life of Hot Dry Rock EGS. Whether the heating by themselves and the heating from surrounding HDR during the non-heating period can maintain the continuous and stable operation of EGS during the heating period is a worth problem for further study. Therefore, it is suggested that the unsteady heat transfer process and the mathematical models of heat transfer among the multiple fractures of HDR should be studied in depth by scholars, which has great practical significance to guide the practical application of the project.

3.    At present, limited by the experimental test conditions, domestic and foreign scholars have a wide range of research on computer programming of heat transfer numerical simulation of Hot Dry Rock EGS, and many numerical simulation methods and procedures provide convenient conditions for scholars to study HDR in the future. However, the current numerical simulation is only fits the two-dimensional model deeply, which usually ignores the problem of anisotropy of the rock mass. Although some domestic and foreign scholars have also found this defect and carried out some numerical simulation studies for the three-dimensional model, these three-dimensional models are usually ideal simple single-fractured rock models which still have some bias compared with the actual situation. Therefore, considering the anisotropy of rock masses, the heat transfer process and mathematical models of heat transfer on Hot Dry Rock EGS in the model of complex three-dimensional fractures should be studied deeply with a view to getting closer to the real situation.
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