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Abstract: In this work, the numerical simulation study of the hydrothermal flow and heat transfer 

process in the porous rock under 30 MPa pressure was developed. The flow and heat transfer 

characteristics of hydrothermal in rocks with different porosities are studied by changing the porosity 

of the rock. The simulation results show that the average flow velocity decreases and the average 

temperature increases when the porosity decreases. The velocity field and temperature field are 

coupled due to the nonlinear thermophysical properties of hydrothermal. The velocity field and 

temperature field have strongly interacted in the range of 400–450 ℃ and the effect of temperature on 

velocity is gradually diminishing outside the range. Most of the fluid will be “squeezed” into the 

crevice and the average velocity is almost three times the no-creviced case when a crevice is present. 

The existence of the crevice makes the total heat flux decrease from an overall perspective, and the 

crevice makes a large temperature gradient at the entrance and export of the crevice from a local 

perspective. These results provide theoretical support for the utilization of submarine hydrothermal 

fluid shallow circulation heat energy. 

Keywords: hydrothermal convection; porous rock; numerical simulation 

 

1. Introduction  

Elder [1] found that there are two different heat transfer mechanisms in the ocean and he divided 
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the ocean into two major regions: “normal areas” and “thermal areas”, then he proposed the 

hydrothermal system in the “thermal areas” for the first time in 1965. Corliss et al. [2] took the “Alvin” 

deep submersible to observe the hydrothermal activity of the seabed in the Galapagos Rift, this 

discovery immediately aroused the interest of scientists in the study of the distribution characteristics, 

formation causes, environmental effects, and the mechanism of mineral activity in the submarine 

hydrothermal area. As the hydrothermal activities research work went further and more detailed, 

scientists found hydrothermal fluids have high application value and development potential in many 

fields. For example, Schultz et al. [3] find temperature change of the hydrothermal vent has a certain 

synchronization with geological activities such as submarine earthquakes. Carol et al. [4] pointed out 

that the total global ocean heat flux can be 3.2 × 1013 W of which nearly 34% is contributed by the 

hydrothermal cycle, which means the amount of heat released by the hydrothermal fluid is comparable 

to that released by volcanic eruption [5]. The submarine hydrothermal fluid contains a huge amount of 

heat energy, and it will provide innovation for solving the human energy crisis if this part of the energy 

can be collected and utilized. 

The formation mechanism of seafloor hydrothermal fluid is: Seawater enters the crevice at the 

seafloor and is heated up by rocks while it flows down. Fluid density decreases when the temperature 

increases, then seawater returns to the seafloor as hydrothermal fluid. The process of cold seawater 

being heated by porous rocks is the power and heat source of the entire submarine hydrothermal cycle, 

therefore, there has been a flurry of investigations on this process. Peter [6] proposed a spatiotemporal 

continuous transport model for hydrothermal, and he obtained the analytical expressions for porosity 

and permeability with time under quasi-steady-state conditions. Davis et al. [7] analyzed three cruise 

surveys dates which obtain from the Cascadia Basin, he found that cementation will change the rock 

permeability which was caused by hydrothermal mineral precipitation. Bessler et al. [8] conducted a 

numerical simulation on hydrothermal convection in a sedimentary ridge environment and discussed 

the convection of hydrothermal fluid in different rock permeability. Taylor et al. [9] used the numerical 

simulation method to study the hydrothermal fluid flows in porous media. Jupp and Schultz [10] used 

the numerical simulation method to explain the reason why the vent temperature (350–400 ℃) of 

“black smokers” is lower than the magma temperature (1200 ℃). Davis [11] used a two-dimensional 

finite element convection model to calculate the fluid velocity distribution of the hydrothermal cycle 

and the results showed that there is a long horizontal flow section in the shallow hydrothermal cycle. 

The results of Fontaine et al. [12] confirmed the second conclusion obtained by Davis: the porous rock 

in the shallow hydrothermal fluid circulation has a higher permeability which leads to a uniform 

horizontal temperature distribution of the porous rock. Crone et al. [13] applied the one-dimensional 

model of tidal loads on the poroelastic medium half-space in Jupp [14] to study the influence of ocean 

tidal loads on the shallow hydrothermal fluid circulation system. Wilcock [15] uses a porous 

convection model to study the circulation pattern and the relationship between permeability and 

temperature, his results show the bottom temperature ratio is between 0.5 and 0.65 but the ratio will 

be reduced for porous rocks with high permeability. 

Jiang et al. [16] summarized the research status of the seepage characteristics of rock crevices 

domestic and abroad in his paper, and he said: “No standard equations have been formed to study the 

coupling characteristics of seepage and stress in rock crevices”. Jiang’s analysis provides a direction 

for future research on the seepage characteristics of rock crevices. Ma et al. [17] obtained the 

permeability of rock samples with different crevices and pore combinations under steady flow and 

unsteady flow conditions. The seepage channels of the rock increase with the increase of the rock size 



6188 

Mathematical Biosciences and Engineering  Volume 19, Issue 6, 6186-6203. 

after Ma analyzed the permeability characteristics of multi-scale rocks, which will result in the 

permeability increases. This permeability law is important and instructive for practical engineering. 

Zhang et al. [18] elaborated on the research progress of the heat transfer at supercritical pressure in 

porous media from experimental research and numerical simulation, respectively. He pointed out that the 

influence of property changes and tortuous flow channels on heat transfer is a direction of future research. 

Table 1. List of symbols. 

Symbol Property Units 

T Temperature ℃ 

P Pressure Pa 

� Porosity of rock — 

VP Volume of pores m3 

VB Total volume of rock m3 

� Permeability of rock m2 

� Density kg∙m-3 
�� Liquid density kg∙m-3 

�� Rock density kg∙m-3 

��⃗  Darcy velocity m∙s-1 

� velocity at y = 0.5 cm line m∙s-1 

� Stress tensor Pa 

�⃑ Gravitational acceleration m∙s-2 

� molecular viscosity Pa∙s 

�� Inertial resistance factor m-1 
�� Total fluid energy kJ∙kg-1 

�� Total solid medium energy kJ∙kg-1 

um 
Average cross-sectional 

velocity 
m∙s-1 

Cp 
Specific heat capacity at 

constant pressure 
kJ∙(kg·K)-1 

� Excess temperature — 

qw Heat flux from wall kJ∙ (s∙m2)-1 

Tw Wall temperature ℃ 

Ty=0.5 
The temperature at y = 0.5 cm 

line 
℃ 

Tm 
Average cross-sectional 

temperature 
℃ 

Nux Local Nusselt number — 

hx 
Local convective heat transfer 

coefficient 
W∙(m2∙℃)-1 

l Characteristic length m 

Epping et al. [19] stated “At present, most of the numerical studies have focused on the physical 

or chemical aspects of hydrothermal activity, while greatly simplifying the thermodynamic effects on 

shallow hydrothermal circulation”. The permeability of ocean crust plays a key role in hydrothermal 
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circulation [20], and porous media can enhance the heat transfer rate to a certain extent [21]. Therefore, 

the research content of this paper is the flow and heat transfer characteristics of shallow hydrothermal 

circulation in porous rocks at a depth of 3000 m. Numerical simulation methods are used to study the 

flow and heat transfer characteristics of hydrothermal in porous rocks. This research can provide 

theoretical support for the utilization of submarine hydrothermal fluid shallow circulation heat energy. 

2. Establishment of numerical and physical models 

2.1. Numerical model 

Main parameters of porous rock: 

1) Porosity. Porosity represents the ratio of the pore volume in the porous rock to the total volume of 

the rock, the equation is:  

� =
��

��
× 100%                                  (1) 

PV  represents the volume of pores, and VB represents the total volume of porous rock. 

2) Permeability. The permeability of porous rock determines the value of the viscous resistance 

coefficient of fluid flow in porous media. Permeability is a physical quantity that can directly represent 

the ease of flow, especially for low-speed flow. However, it is difficult to obtain permeability directly 

through measurement methods. In engineering, the corresponding empirical formula of permeability 

is generally given by fitting a large amount of experimental data. This paper uses the sampling data of 

Zhang et al. [22] and Niu et al. [23] to estimate rock permeability. The result is shown in Table 2. 

Table 2. Main parameters of porous rock in different conditions. 

Conditions Porosity Permeability 

Case 1  =0.2 10 23.737 10 m    

Case 2  =0.15 11 24.878 10 m    

Case 3  =0.1 12 26.636 10 m    

2.2. Control equation 

Since the pore size of the investigated rock is more than 100 μm, which belongs to the macro-

scale [24], the following equations are chosen as the governing equation of the fluid. 

Continuity equation: 

 
�

��
����� + �������⃑ � = 0                            (2) 
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Momentum equation: 

�

��
(�����⃑ ) + �(�����⃑ ��⃑ ) = −��� + �(��) + ����⃑ − (

���

�
��⃑ + ����

�

�
��|�|��⃗ )      (3) 

Energy equation: 

 
�

��
(����� + (1 − �)����) + �(��⃑ (���� + �)) = �[������ + (���⃑ )]          (4) 

2.3. Physical model 

The model of the non-creviced porous rock is shown in Figure 1. The geometric size is 20 cm × 1 cm. 

The initial conditions and boundary conditions of the calculation domain are as follows: In the entire 

calculation domain, the entire flow field is in a static state at the initial moment and the operating 

pressure is 30 MPa, the operating temperature is 4 ℃, the inlet type is pressure inlet, the inlet pressure 

is 300 Pa, the inlet temperature is 400 ℃, and the wall temperature is taken as the constant, the value 

is 550 ℃ (according to the research results of Saccocia et al. [25]), the outlet as pressure outlet and the 

outlet pressure is 0 Pa, the outlet temperature is set to 550 ℃. 

 

Figure 1. Schematic diagram of non-crevice porous rock grid. 

Hydrothermal circulation mostly exists in areas where geological activities are very active, these 

geological activities will cause the formation of crevices in the porous rock. The appearance of crevices 

will inevitably affect the flow and heat transfer characteristics of the hydrothermal fluid in the porous 

rock. Therefore, it is necessary to simulate the existence of the crevice in porous rocks. 

The calculation model of the creviced porous rock is shown in Figure 2. The geometric size is 

20 cm × 1 cm, and the crevice size is 0.2 cm × 7 cm. The initial conditions and boundary conditions 

of the calculation domain are the same as the non-creviced porous rock. 
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Figure 2. Schematic diagram of porous rock with a single crevice model. 

2.4. Numerical solution settings 

1) Assuming that the matrix part is isotropic; 

2) Assuming that the hydrothermal fluid is incompressible; 

3) Ignore the viscous dissipation, thermal dispersion effects, and reversible work generated by fluid 

deformation in porous media; 

4) Assuming that the fluid part and the solid skeleton in the porous rock are in a local thermal 

equilibrium state. 

The fluid properties change drastically in the calculation domain because the temperature at the 

inlet and outlet changes greatly. Therefore, this article uses the NIST physical property function of the 

REFPROP software in FLUENT to define the physical properties of the hydrothermal fluid at different 

temperatures. The steady-state calculation is used for numerical simulation, uses the Semi-Implicit 

Method for Pressure Linked Equations (SIMPLE), and the pressure discretization scheme uses 

PRESTO! method. Since the grid used in this paper is a quadrilateral grid, the momentum equation, 

and energy equation both use the second-order upwind style. The residual of the continuity equation 

is controlled below 1e-8, and the residual of the energy equation is controlled below 1e-10. At the same 

time, the flow rate changes of the inlet and outlet are detected. It is considered that the calculation can 

be stopped when the inlet and outlet flow are stable and the residual meets the convergence conditions. 

3. Results and discussion 

3.1. Influence of porosity on flow and heat transfer characteristics 

Rock porosity is related to a series of factors such as depth, geological activity, hydrothermal fluid 

physical properties, etc. Porosity is concentrated in the range of 0.05–0.2 in a depth of 3000 m 

according to Niu et al. [23]. The porosity will directly affect the permeability, the flow characteristics 

and heat transfer characteristics of the hydrothermal fluid. Therefore, this paper simulates rocks with 

different porosities to analyze the influence of porosity on the flow and heat transfer characteristics.  
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(a) case 1( 0.20  , 10 23.737 10 m  ) velocity contours(left) and temperature contours (right) 

 

(b) case 2( 0.15  , 11 24.878 10 m  )velocity contours(left) and temperature contours (right) 

 

(c) case 3( 0.10  , 12 26.636 10 m  )velocity contours(left) and temperature contours (right) 

Figure 3. Velocity and temperature contours of hydrothermal in the porous rock under 

different porosity without crevice. 

Figure 3(a) shows the velocity and temperature distribution feature are both “low in the middle 

and high on both sides”, and the velocity gradually increases along the x-direction in case 1. The 

average cross-section velocity at the inlet is 8.49 × 10-3 m/s, and the average cross-section velocity at 

the outlet is 2.03 × 10-2 m/s which is 2.4 times the inlet. The velocity at the centerline (y = 0.5 cm) 

increases from 9.0 × 10-3 m/s to 1.92 × 10-2 m/s in case1. The average cross-section temperature 

increased from 400.00 ℃ to 468.28 ℃ and the temperature at the centerline (y = 0.5 cm) increased 

from 400 °C to 413.02 °C in case1. The distribution feature of the velocity field and the temperature 

field are similar because the velocity field and temperature field are coupled. The velocity is affected 

by density and the density is related to temperature, so velocity is related to temperature due to the 

nonlinear thermophysical properties of hydrothermal in the temperature range of 400–550 ℃. Density 

increases with the decrease of temperature and decreases with the increase of temperature, so the 

velocity increases when temperature increases which results in the velocity field distribution will be 

so close to the temperature field. 

Figure 3(b),(c) show that the average velocity decreases when the porosity decreases, and the 

velocity distribution feature is still low in the middle and high on both sides before the fluid reaches 

the isothermal flow state. It is found that the velocity and temperature field in case 2 and case 3 no 

longer have such an obvious correspondence after comparing the velocity contours and temperature 

contours. The impact of temperature on the fluid velocity is minimal because the density changes 

gently in the temperature range of 500–550 ℃. Therefore, the flow characteristics in case 2 and case 3 

will be different from case 1. 
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Figure 4. Variation of average velocity and average temperature under different porosity. 

Figure 4 shows the average velocity is 2.19 × 10-3 m/s and 2.854 × 10-4 m/s in case 2 and case 3, 

respectively, and the average temperature is 535.917 and 549.253 °C, respectively. The flow time 

inside of the porous rock increases which makes the heat exchange between the hydrothermal and the 

porous rock more sufficient, so, the temperature distribution becomes uniform.  

 

(a) Velocity at y = 0.5 cm as a function of temperature, velocity is given on the logarithmic 

scale. 

 

(b) Velocity at the outlet along the y-direction 

Figure 5. Variation curve of velocity with temperature and y-direction under different porosity. 
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It can be seen from the above analysis that the velocity is not only related to the porosity but also 

corresponds to the nonlinear thermophysical properties of the hydrothermal fluid. Three laws can be 

seen in Figure 5. Firstly, the velocity increases with the increase of temperature in three cases from 

Figure 5(a), and the ratio of the maximum velocity to the minimum velocity is 3.1 in case 2 and case 3 

which means the velocity increase rate is constant in case 2 and case 3. Secondly, the velocity gradient 

is the largest in the range of 400–450 °C, which indicates that the temperature field has the greatest 

impact on the velocity field in this range. Thirdly, Figure 5(b) shows the outlet velocity increase then 

decrease along the y-direction in case 1 but has been stabled in cases 2 and 3. The effect of temperature 

on the velocity is great at the outlet in case1because the flow hasn’t reached the isothermal flow state. 

The temperature is evenly distributed along the cross-section before reaching the outlet in cases 2 and 3, 

and the temperature gradient on the entire cross-section at the outlet is 0, so the velocity is almost 

evenly distributed along the cross-section. 

 

Figure 6. The dimensionless velocity curve at the location of y = 0.5 cm. 

 

Figure 7. Excess temperature curve at the location of y = 0.5 cm. 
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Figure 8. Local Nusselt number curve under different porosity. 

Figure 6 is the dimensionless velocity at the y = 0.5 cm line (um is the average cross-sectional 

velocity), and the dimensionless velocity curve shows some different features from the constant 

property flow. The trends of the dimensionless velocity in cases 2 and 3 are both decreasing first and 
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indicates that the temperature has a little impact on the flow velocity. The main reason affecting flow 
velocity is the viscous resistance in the second decreasing section. It can be seen from the curve in 
Figure 6 that the dimensionless velocity at the beginning of the second decreasing section has exceeded 1. 
Because under the action of viscous resistance, u will gradually approach um until two velocities are 
the same. There is no second decreasing section for case 1 because the two influencing factors of the 
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increasing section are still working on u and um. 

Figure 7 is the excess temperature curve at the location of y = 0.5 cm (� =
(�������.�)

(�����)
 ). The 

temperature at the y = 0.5 cm line rises more slowly than Tm because the temperature at the y = 0.5 cm 

line changes behind Tm. The excess temperature curve just shows an increasing section in case 1. This 

is because the temperature of the fluid has not fully developed, it will show the complete curve as in 

cases 2 and 3 if the flow distance is long enough.  

Figure 8 shows the variation of the local Nusselt number curves for three cases. The definition of 
Nux is given as: 

 ℎ� =
��

�����
=

�����
��

��
�
���

�����
                           (5) 

 
��

��
=

�(����)

��
=

��

��
(�� − ��)                         (6) 

 ℎ� = ����
��

��
�
���

                             (7) 

 ��� =
ℎ��

����
= �

��

��
�
���

                            (8) 

According to Figure 7, � must be a function of x, and according to the definition of �, � is also 

a function of y, So � is the function of x and y which can be written as �(�, �). According to Eq (8), 

Nux is a function of x. Assuming �(�, �) satisfies the S-L theorem, � can be expressed as �(�, �) =

��(�)��(�). That means the Nux curve can reflect the trend of the ��(�) curve. Specifically, the trends 

with Nux and ��(�) should be the same. Figure 7 is the � curve at y = 0.5 cm, that is �(�, 0.5). So 

the trends of curves in Figures 7 and 8 should be the same. The “red” curve satisfies the same trend in 

the range of 4.24 ≤ x ≤ 20 and the “blue” curve has the same trend in the range of 1.01 ≤ x ≤ 20 in 

Figures 7 and 8, respectively. But the “black” curve has the opposite trend in the range of 0 ≤ x ≤ 20 

in Figures 7 and 8, respectively. After analyzing the simulation dates, the temperature of the “red” 

curve is 529.78 ℃ at the position with coordinates (4.24,0.5) and the average cross-sectional 

temperature is 536.68 ℃. The temperature of the “blue” curve is 533.35 ℃ at the position with 

coordinates (1.01,0.5) and the average cross-sectional temperature is 539.13 ℃. The average cross-

sectional temperature of the “black” curve at x = 20 is 468.28 ℃. That means for the “red” and “blue” 

curves, the flow characteristics are similar to the constant physical properties of incompressible pipe 

flow after the position with coordinates (4.24,0.5) and (1.01,0.5), respectively. As for the “black” curve, 

the velocity field and the temperature field are still strongly interacted, which means the properties 

change drastically with temperature. Therefore, the “black” curve has the opposite trend in the range 

of 0 ≤ x ≤ 20 in Figures 7 and 8, respectively. 
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3.2. The effect of the crevice on flow and heat transfer characteristics of hydrothermal 

Figure 9 is a contour of pressure (notice the pressure is the relative pressure, the environment 

pressure is 30 MPa) distribution without crevice and with a single crevice in the porous rock, 

respectively. Figure 9 shows the pressure decreases uniformly when there is no crevice in the rock. 

Pressure is nearly a constant value from the beginning to the end of the crevice in the case of a single 

crevice, because the viscous resistance leads most of the fluid in the entire flow channel to be 

“squeezed” into the crevice to flow. (According to the simulation result, the flow velocity of the fluid 

in the crevice is 103 times that of the surrounding area) 

 

Figure 9. Pressure contours (case 1) without crevice (top) and with a single crevice 

(bottom), respectively. 

Figure 10 is the velocity contours diagram and vector diagram of the entrance zone in cases 

without crevice and with a single crevice, respectively. It can be seen from (a) in Figure 10 that the 

velocity distributions of these cases are quite different. The flow velocity gradually increases with the 

increase of temperature, and the velocity distribution feature is low in the middle and high on both 

sides in the case of no crevice. The velocity is the highest among the crevice and it is evenly distributed 

across the entire section after the crevice disappears in the single crevice case. The average flow 

velocity of the two cases is 0.01615 m/s and 0.04159 m/s, respectively. Figure 10(b) shows the fluid 

has two velocities both in the x and y directions after the fluid enters the crevice, and a small part of 

the fluid will be “squeezed” into the crevice from the y-direction when the fluid enters the crevice. 

Fluid in the crevice will be “discharged” into the surrounding area after flowing for a certain distance. 

This phenomenon is because the velocity in the crevice is higher than in other areas. Pressure at the 

entrance of the crevice is lower than the surrounding area under the action of viscous resistance, so a 

large velocity gradient will generate after the fluid enters the crevice. At the same time, the viscous 

resistance in the crevice is extremely low which results in almost no pressure loss in the crevice. The 

fluid around the crevice is hindered by viscous resistance, so the pressure in the crevice will be higher 

than the surrounding area after the fluid flows for a certain distance, then the fluid will be “exhausted” 

from the crevice to the surrounding area. Figure 11 shows the velocity distribution in the crevice of 

cases 2 and 3 are similar, and the average velocity for the two cases is 6.43 × 10-3 m/s and 9.9065 × 10-4 

m/s, respectively. 
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(a) Contours of the velocity distribution without crevice and with a single crevice, respectively 

 

 

 

  

(b) Velocity vector without crevice and with a single crevice, respectively, and the left 

diagram is the entrance of crevice the right diagram is the export of crevice  

Figure 10. Velocity contours and part of vector (case 1) without crevice and with single 

crevice, respectively. 
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(a) case 2 ( =0.15,  =4.878×10-11) 

 

(b) case 3 ( =0.10,  =6.636×10-12) 

Figure 11. Velocity contours with a single crevice. 

Figure 12 is the temperature distribution contours diagram in cases without crevice and with a 

single crevice, respectively. Figure 12 shows the existence of a crevice has a great influence on the 

temperature distribution. Firstly, the temperature distribution feature in the case of the single crevice 

is low in the crevice and high around the crevice because the velocity is extremely slow around the 

crevice, so the fluid has sufficient heat exchange time. The temperature in the crevice is lower than the 

surrounding area, and most of the fluid flows along the crevice if the crevice exists. On the other hand, 

there is a larger temperature gradient when fluid flows out of the crevice, because the hot and cold 

parts of the hydrothermal fluid mix when the hydrothermal fluid flows out of the crevice. Secondly, 

the existence of the crevice makes the average temperature decrease in the entire flow field. It can be 

seen from Figure 13 that the average temperature with the 0.2 porosity case is reduced by 7.264 °C, 

the average temperature with the 0.15 porosity case is reduced by 20.955 °C, and the average 

temperature with the 0.1 porosity case is reduced by 0.122 °C. This phenomenon is caused by the 

decreased heat flux from the wall, because the crevice causes the near-wall temperature to rise higher 

after the hydrothermal fluid flows over the same distance. The difference between the near-wall and 

wall temperatures decreases, leading to the total heat flux decreasing. Thirdly, the degree of total heat 

flux reduction is different in these cases. Figure 12 shows there is a magnitude difference between the 

temperature in the crevice and the wall temperature when the porosity is 0.2, and the temperature in 

the crevice is already close to the wall temperature when the porosity is 0.15 and 0.1. The difference 

between the temperature in the crevice and the wall temperature leads to the degree of average 

temperature reduction is different. 
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(a) case 1 (=0.2,  =3.737×10-10 m2) 

 

 
(b) case 2 (=0.15,  =4.878×10-11) 

 

 
(c) case 3 (=0.10,  =6.636×10-12) 

Figure 12. Temperature contours without crevice and with a single crevice, respectively. 

 

Figure 13. The average temperature under different porosity without crevice and with a 

single crevice, respectively. 
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4. Conclusions 

The following conclusions can be drawn: 

1) The average flow velocity decreases and the average temperature increases when the porosity 

decreases. 

2) Three main parameters affect the trend of the dimensionless velocity in different ranges: the average 

temperature of the cross-section, the viscous resistance, and the fluid temperature at the center position.  

3) The velocity field and temperature field are coupled due to the nonlinear thermophysical properties of 

hydrothermal. The velocity field and temperature field have strongly interacted in the range of 400–450 ℃ 

and the effect of temperature on velocity is gradually diminishing outside the range. 

4) Most of the fluid will be “squeezed” into the crevice and the average velocity is almost three times 

the no-creviced case when a crevice is present. The existence of a crevice makes the total heat flux 

decrease from an overall perspective and makes a large temperature gradient when fluid flows in and 

out of the crevice from a local perspective. 
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