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Abstract

:

It is important to determine the ventilation required in the construction of deep and long tunnels and the variation law of tunnel temperature fields to reduce the numbers of high-temperature disasters and serious accidents. Based on a tunnel project with a high ground temperature, with the help of convection heat transfer theory and the theoretical analysis and calculation method, this paper clarifies the contribution of various heat sources to the air demand during tunnel construction, and reveals the important environmental parameters that determine the ventilation value by changing the construction conditions. The results show that increasing the fresh air temperature greatly increases the required air volume, and the closer the supply air temperature is to 28 °C, the more the air volume needs to be increased. The air temperature away from the palm face is not significantly affected by changes in the supply air temperature. Adjusting the wall temperature greatly accelerates the rate of temperature growth. The supply air temperature rose from 15 to 25 °C, while the tunnel temperature at 800 m only increased by 1.5 °C. Over a 50 m range, the wall temperature rose from 35 to 60 degrees Celsius at a rate of 0.0842 to 0.219 degrees Celsius per meter. The total air volume rises and the surface heat transfer coefficient decreases as the tunnel’s cross-section increases. For every 10 m increase in the tunnel diameter, the temperature at 800 m from the tunnel face drops by about 0.5 °C. Changing the distance between the air duct and the tunnel face has little influence on the temperature distribution law. The general trend is that the farther the air duct outlet is from the tunnel face, the higher the temperature is, and the maximum difference is within the range of 50 m~250 m from the tunnel face. The maximum difference between the air temperatures at 12 m and 27 m is 0.79 °C. The geological structure and geothermal background have the greatest influence on the temperature prediction of high geothermal tunnels. The prediction results are of great significance for guiding tunnel construction, formulating cooling measures, and ensuring construction safety.
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1. Introduction


The demand for survival and development of human beings and the exploration of unknown areas [1,2,3] have promoted the continuous expansion of underground activity space. Therefore, tunnel construction is gradually developing towards more complex environments and longer and deeper tunnels [4,5,6]. These longer, deeper tunnels with complex environments are more likely to cause high-temperature disasters and serious accidents. In the high-temperature working environment, the harsh construction conditions pose a threat to the safety and health of on-site construction personnel, easily lead to heat stress reactions such as heatstroke and heat exhaustion, and seriously affect health and work efficiency [7,8,9]. High geothermal tunnel conditions not only endanger the health of construction workers and the service life of mechanical equipment, but also reduce the stability and durability of tunnel structures [10,11,12]. Due to the harsh construction conditions of high geothermal tunnels, various cooling measures are needed, which increase the complexity and cost of construction and prolong the construction period. High-temperature environments also seriously affect the safe and efficient operation of mechanical equipment and reduce construction efficiency. High temperature also has a great influence on engineering quality [13,14,15]. For example, concrete construction requires heat insulation measures, and wind power facilities in tunnels are prone to aging and damage at high temperatures, which requires real-time detection and timely replacement. In addition, high-temperature environments also bring challenges to tunnel excavation and blasting [16,17]. Under the condition of high temperature, the nonel tube may soften and become blocked, the detonator is unstable, and there is a risk of self-explosion, which poses a great safety hazard. Thermal damage has become an important restricting factor in current tunnel construction.



Ventilation and cooling are crucial measures for reducing temperature in tunnels during construction in a high geothermal climate [18]; thus, it is especially necessary to investigate the required air volume. Wang [19] and others analyzed the influence of the emission generation formula, benchmark emission rate, and time factors on ventilation system design through case studies. The differences in air volume calculation caused by various factors were revealed, which provides a reference for tunnel ventilation design in China. Luo et al. [20] put forward a formula to estimate the ventilation required by the working face considering the heat dissipation of the equivalent heat source and the cooling effect of airflow. Subsequently, the formula for calculating the radius of the thermal regulation zone was derived. The theoretical calculation was verified by the finite element analysis model. Wang et al. [21] put forward a calculation method of tunnel ventilation considering the influence of random natural wind. Dong et al. [22] took a highway tunnel in Yunnan as an example, predicted the short-term and long-term traffic volume, calculated the emission of harmful gases during the tunnel operation, and determined the maximum air volume required for diluting harmful gases and ventilation. They established the pressure balance equation for stable airflow in the tunnel, and determined the number and arrangement of jet fans according to the maximum air volume of short-term and long-term schemes, and analyzed the influence of natural wind speed on the setting of jet fans.



The hygienic standard [23,24] in the current code clearly stipulates that the temperature in the tunnel should not be greater than 28 °C during tunnel construction. When the temperature exceeds 28 °C during tunnel construction, this kind of tunnel is generally defined as a high geothermal tunnel [25,26]. Therefore, keeping the temperature in the tunnel below 28 °C has become an essential link in the process of tunnel construction. Wang et al. [27] considered the influence of wind temperature and air volume, combined with the distribution of tunnel ground temperature, established a prediction model of environmental temperature by the finite difference method, and discussed the characteristics of environmental temperature change. Lin [28] and others established a theoretical model of tunnel temperature fields in cold regions based on turbulence, and studied the tunnel temperature field and frost damage in a cold region with negative actual annual average temperature. In order to solve the problem of thermal damage caused by hot air in a deep-buried high-speed railway tunnel to the operators, Lu et al. [29] derived a theoretical model of the front temperature changing with distance when hot air propagates in the tunnel according to the law of conservation of energy, and the air temperature changes along the deep-buried high-speed railway tunnel under different working conditions were simulated with CFD 2022 R1 software. Zhang et al. [30] analyzed the law of heat exchange in the tunnel under the condition of construction ventilation, and established the air temperature prediction model of the tunnel face. Chen et al. [4] combined the finite difference method and finite element software (COMSOL Multiphysics), and considering the initial ground temperature distribution and heat exchange of the tunnel face, established a numerical model that can quickly calculate the longitudinal temperature field of the tunnel construction environment. Xu et al. [31] and Gao et al. [32] studied the tunnel temperature distribution and smoke spread distance through scale model tests, and quantitatively analyzed the variation law of tunnel longitudinal temperature under different fire heat release rates and smoke emissions. According to the basic heat transfer equation of surrounding rock and air, Jiang [33] predicted and analyzed the radial and axial surrounding rock temperatures throughout a tunnel by using the analytical solution of the surrounding rock temperature, and quantitatively analyzed the cooling effect of different insulation layers on the lining. This article is based on a high-temperature tunnel project, using convective heat transfer theory and theoretical analysis calculation methods to clarify the contribution of various heat sources to the required air volume during tunnel construction. At the same time, by changing the construction conditions, important environmental parameters that determine the value of ventilation volume are revealed. This conclusion is used to avoid high-temperature disasters and serious accidents caused by long and deep tunnels in complex environments.




2. Calculation Method for Construction Ventilation Cooling Parameters


2.1. Heat Source


In the design of forced ventilation and tunnel ventilation, the following heat sources are usually considered in the construction of high geothermal tunnels:



(1) The convective heat    Q 1    between surrounding rock and the tunnel basin is calculated as follows:



According to Newton’s cooling formula, the following is true:


  q = h (  T w  −  T f  )  



(1)




where q is the heat flux (W·m−2); h is the surface heat transfer coefficient (W·m−2·°C−1);    T w    is the heat transfer wall temperature (°C), taking 40 °C; and    T f    is the temperature of the heat transfer fluid (°C).




	
(Note: When the fluid is cooled, the above formula changes to   q = h (  T f  −  T w  )  .)








The calculation formula of    Q 1    is


   Q 1  = h  A 1  (  T w  −  T f  )  



(2)




where Q1 and A1 are the heat flux (W) and convective heat transfer area (m2), respectively.



In this project, the empirical formula of the surface heat transfer coefficient at the proximal end of the plug-shaped cave construction in “Mine Ventilation and Air Conditioning” [34] can be used to calculate the following:


   h T  =    λ ϕ   1.77  R 3   F      



(3)







Within this equation, the following are true:


  ϕ =   1 + 1.77  F     



(4)






  F =    a t    R 0 2      



(5)






   R 3  =    R 0  L +  R 0 2     



(6)






   R 0  = 0.564    A 2     



(7)




where  λ  is the thermal conductivity of rock (W·m−1·°C−1), taking 2.97 W·m−1·°C−1;  a  is the thermal conductivity of rock (m2·h−1), taking 2.7 × 10−3 m2·h−1;  t  is the ventilation time (h);    R 0    is the calculated radius of the tunnel (m), taking 3.37 m;    A 2    is the tunnel section area (m2), which is 35.7 m2; and L is the length of the tunnel cooling section (m), taking 80 m.



(2) The heat dissipation power of the tunnel face    Q 2    is calculated as follows:


   Q 2  =  h T   A 2  (  T w  −  T f  )  



(8)







(3) For the mechanical cooling power    Q 3   , the main consideration is the release of the remaining heat energy after the effective power of the diesel oil of the construction vehicle is removed. The calculation formula is


   Q 3  =    ( 1 − e )   ∑  i = 1  n    K i   N i   H i    60     



(9)




where  e  is the ratio of effective power to total power of diesel engine, taking 40%;    K i    is the effective working time ratio of each diesel vehicle;    N i    is the number of some diesel vehicles; and    H i    is the rated power of each diesel vehicle (W).



(4) For the dispersed power    Q 4    of new blasting slag, the heat dissipation of high-temperature new slag generated after the blasting of the tunnel face is mainly considered. Under the assumption that the new slag has enough heat dissipation near the tunnel face and does not dissipate heat during transportation, the following is true:


   Q 4  =    m  c s  Δ  T 4     t 4      



(10)




where   m =  A 2  l  ρ s   ;    c s    is the specific heat capacity (J·kg−1·°C−1) of the new blasting slag, taking 820 J·kg−1·°C−1;   Δ  T 4    is the temperature change (°C) before and after the cooling of new blasting slag;  l  is the excavation footage (m), taking 1.5 m;    ρ s    is the surrounding rock density (kg·m−3), taking 2610 kg·m−3; and t4 is the cooling time (s).



(5) The personnel cooling power is Q5. This part of the heat is the heat generated by the construction personnel engaged in labor, which can be calculated according to the following formula:


   Q 5  =   ∑  j = 1  n    K j   N j   H j     



(11)




where    K j   ,    N j   , and    H j    are, respectively, the effective working time ratio of the workers, the number of workers in a certain type of work, and the cooling power of the workers in the corresponding type of work (W).



The schematic diagram of each heat source is shown in Figure 1.




2.2. Calculation Method for Required Air Volume


In the absence of other auxiliary cooling measures, the calculation of the required air volume V of the high geothermal tunnel should be as follows:


  V =     t 1   Q 1  +  t 2   Q 2  +  t 3   Q 3  +  t 4   Q 4  +  t 5   Q 5    Δ T  ρ f   c f  t     



(12)




where    t i    is the duration (s) of each heat source;   Δ T   is the temperature difference (°C) between the fresh air temperature and the temperature required by the specification of 28 °C, which is 8 °C;    ρ f    is the average density of air (kg·m−3), taking 1.29 kg·m−3;    c f    is the specific heat capacity of air at constant pressure (J·kg−1·°C−1), taking 1013 J·kg−1·°C−1; and t is the ventilation time (s), taking 1.0 h.



In Formula (12), all parameters except    t i    can be obtained by on-site monitoring or consulting data. According to the division of a single cycle operation process,    t i    can be valued separately.



It is stipulated that    t i   / t  =    μ i    is the relative heat dissipation time. Its value is shown in Table 1.



The values in Table 1 consider the actual construction situation: (1) There is basically no locomotive and vehicle operation and personnel operation in the first stage, and the heat sources mainly consider Q1, Q2, and Q4. (2) Assuming that the heat transfer process of new slag in the second stage has ended, the relative heat dissipation time is taken as 0. (3) The third stage also does not consider the new ballast heat dissipation, and the relative heat dissipation time is 0.




2.3. Calculation Parameters


According to the design documents and site conditions of the project supported by this article, the values Ki and Kj refer to the working hours of vehicles and personnel. The    H j    value is from a reference in the literature [35]. The use of workers and machinery in a single cycle of tunnel excavation is shown in Table 2 and Table 3.




2.4. Calculation Results for Air Demand


According to the calculation formulas and parameters in the last two sections, the heat dissipation and air demand of the heat source in the three stages of a single cycle are shown in Table 4.



It can be seen from the calculation results that the unstable convective heat transfer coefficient hT at the proximal end of the tunnel face is 6.58 (W·m−2·K−1), and the calculation result is small. This is because there is less heat transfer because the surrounding granite rock has a low specific heat capacity and low thermal conductivity. For the ventilation and smoke exhaust stage, 57.58 m3·s−1 of air volume is needed overall. The air volume contributed by Q1 accounts for a large proportion, followed by Q4, and finally Q2. In the drilling construction and slag support stages, Q4 is no longer present, and Q1’s air volume contribution completely dominates. Other heat sources are essentially insignificant.




2.5. Analysis of Influencing Parameters of Air Demand


2.5.1. Supply Air Temperature


Seven supply air temperatures of 14 °C, 16 °C, 18 °C, 20 °C, 22 °C, 24 °C, and 26 °C were set up to calculate the required air volume, and the calculation process was the same as that in the previous section, as shown in Figure 2.



Figure 2 shows a similar change curve of air demand in the slag support and drilling construction stages. As the fresh air temperature rises, so does the air demand. The closer the supply air temperature is to 28 °C, the higher the demand. When the supply air temperature is raised from 14 °C to 20 °C, the increase in air demand is small, namely 20.5 m3·s−1 in the ventilation and smoke exhaust stage and 11.4 m3·s−1 in the last two stages. As can be seen from the figure, the difference between the supply air temperature and the wall temperature in the construction ventilation cooling should not be less than 8 °C; otherwise, the ventilation cost and energy consumption will be greatly increased, and the ideal cooling effect cannot be achieved.




2.5.2. Length of Cooling Section


Eight cooling section lengths of 50 m, 60 m, 70 m, 80 m, 90 m, 100 m, 110 m, and 120 m were set up to calculate the required air volume, as shown in Figure 3.



Figure 3 shows that the air volume change curves needed for the drilling construction stage and the slag discharge support stage are comparable, and that the required cooling section length and air volume requirement are essentially linearly increasing. The cooling distance rises to 120 m from 50 m. With an increase rate of 0.22 m3·s−1, the air volume needed in the ventilation and smoke exhaust stage goes from 49.9 m3·s−1 to 65.8 m3·s−1, and in the final two stages, it climbs from 28.9 m3·s−1 to 44.6 m3·s−1. This demonstrates that the wall air temperature has a greater effect on the necessary air volume than does the length of the cooling section.




2.5.3. Wall Temperature


Seven wall temperatures of 35 °C, 40 °C, 55 °C, 60 °C, 65 °C, 70 °C, and 75 °C were set to calculate the required air volume, as shown in Figure 4.



The required air volumes in the drilling construction stage and the slag retaining stage change curves are similar, as shown in Figure 4, and the wall temperature increased from 35 to 75 °C. The required air volume in the ventilation and smoke exhaust stage increased from 51.5 to 87.8 m3·s−1, and the required air volume in the final two stages increased from 30.5 to 66.7 m3·s−1. The figure also shows that the curves of the three stages are parallel and coincident, resulting in a growth rate of 1.21 m3·s−1·°C−1, while the cooling length increased from 50 to 120 m. This shows that the wall temperature has a greater influence on the required air volume than different cooling lengths.






3. Temperature Field Prediction Method for High Geothermal Tunnels


3.1. Calculation Principle


3.1.1. Convective Heat Transfer Theory


Thermal convection refers to the relative displacement between the various parts of a fluid caused by the macroscopic motion of the fluid, and the heat transfer process caused by the mixing of cold and hot fluids [36,37]. Thermal convection only occurs in fluid. At the same time, due to the irregular thermal motion of the molecule, thermal convection is also accompanied by the occurrence of heat conduction. In engineering, when a fluid flows through the surface of an object, the heat transfer process between the fluid and the surface of the object is called convective heat transfer. The basic calculation formula is the Newton cooling formula:


  q = h Δ t  



(13)




where h and ∆t are the surface heat transfer coefficient (W·m−2·°C−1) and the temperature difference between the wall temperature and the fluid temperature (°C), respectively.



The effect of heat transfer can be divided into forced convection heat transfer and natural convection heat transfer according to the cause of flow. The former is generated by external power sources, such as pumps, fans, etc., while the latter is usually caused by the density difference inside the fluid. When a viscous fluid flows on a wall, due to the viscous effect, the flow velocity gradually decreases and the fluid is in a non-slip state at the wall; that is, the fluid does not flow relative to the wall at the wall. This situation is called the non-slip boundary condition, as shown in Figure 5.



The fluid layer at the wall is very thin and does not flow relative to the wall, so heat transfer must occur through this layer of fluid. In this case, the energy can only pass through the non-flowing fluid layer by thermal conduction. Therefore, it can be concluded that the heat of convective heat transfer is equal to the heat conduction of the adherent fluid layer, as follows:


  q = − λ        ∂ t   ∂ y        y = 0    



(14)




where       ∂ t / ∂ y     y = 0     and  λ  respectively represent the fluid temperature change rate (°C·m−1) and the fluid thermal conductivity (W·m−1·°C−1) along the normal direction of the wall surface.



Combined with Newton’s cooling formula (13), the following is true:


  h = −   λ  Δ t           ∂ t   ∂ y        y = 0    



(15)







The ventilation and cooling process of high geothermal tunnel construction is primarily convective heat transfer between the airflow and the wall; the above formula relates the surface heat transfer coefficient with the temperature field of the fluid, and it is a common formula in most research methods of convective heat transfer. Determining the value of the convective heat transfer coefficient is crucial to accurately predict the distribution law of the tunnel temperature field.




3.1.2. Important Characteristic Numbers of Convective Heat Transfer


	(1)

	
Nusselt number (  N u  )







For the convective heat transfer process on a solid wall, the form of Formula (13) is changed and combined with Formula (14):


  h (  t w  −  t f  ) = − λ        ∂ t   ∂ y        y = 0    



(16)







Taking   (  t w  −  t f  )   as the temperature scale and a certain characteristic size l of the heat exchange surface as the length scale, the above formula is dimensionless:


  N u =    h l  λ   =        ∂   (  t w  − t ) / (  t w  −  t f  )     ∂ ( y / l )        y = 0    



(17)







The dimensionless number     h l  / λ    is the Nusselt number   N u  , which represents the convective heat transfer performance and is linearly related to the convective heat transfer coefficient.




	(2)

	
Reynolds number (  R e  )









The formula for calculating the Reynolds number (  R e  ) is


  R e =    ρ v d  η    



(18)




where  ρ  is the fluid density (kg·m−3);  v  is the fluid velocity (m·s−1);  d  is the pipe diameter (m); and  η  is the dynamic viscosity (N·s·m−2).



The Reynolds number (  R e  ) reflects the ratio of inertial force to viscous force in liquid flow. The larger the ratio is, the more significant the influence of inertial force is. The form of fluid motion tends to be a turbulent and vigorous turbulent flow. The smaller the ratio is, the more significant the influence of viscous force is. The form of fluid motion tends to be a laminar flow.




	(3)

	
Prandtl number (  P r  )









The Prandtl number (  P r  ) is defined as the ratio of the dynamic viscosity of the fluid to the thermal diffusion coefficient, namely


  P r =   η α    



(19)




where  η  and  α  represent the dynamic viscosity (N·s·m−2) and thermal diffusivity (m2·s−1), respectively.



Prandtl number (  P r  ) is used to describe the relative contribution between the fluid’s momentum transfer characteristics and heat transfer characteristics. The greater the fluid’s momentum transfer ability, the weaker the heat transfer ability.




3.1.3. The Connection between the Characteristic Numbers


Although the Newton cooling formula (13) can describe the relationship between some convective heat transfer coefficients and related factors, the factors affecting convective heat transfer are diverse. Different flow forces, flow states, fluid phase transitions, and geometric shapes of heat transfer surfaces constitute various types of convective heat transfer phenomena. Therefore, the surface heat transfer coefficient characterizing the convective heat transfer intensity is a complex function that depends on many factors.



Tunnel construction ventilation is a typical single-phase forced convection heat transfer process, and the surface heat transfer coefficient h can be expressed as


  h = f ( μ , l , ρ , η , λ ,  c p  )  



(20)




where  μ  is the fluid velocity (m·s−1); l is a characteristic length (m) of the heat exchange surface;  ρ  is the fluid density (kg·m−3);  η  is hydrodynamic viscosity (N·s·m−2);  λ  is the thermal conductivity of fluid (W·m−1·°C−1); and    c p    is the specific heat capacity of fluid at constant pressure (J·kg−1 °C−1).



According to the dimensional analysis method, Formula (20) consists of seven physical quantities and time dimension T, length dimension L, mass dimension M, and temperature dimension  Θ ; that is, n = 7, r = 4.  μ ,  l ,  λ , and  η  can be selected as basic physical quantities, and finally they can be combined into three dimensionless quantities.


   π 1  = h  u   a 1     l   b 1     λ   c 1     η   d 1     



(21)






   π 2  = ρ  u   a 2     l   b 2     λ   c 2     η   d 2     



(22)






   π 3  =  c p   u   a 3     l   b 3     λ   c 3     η   d 3     



(23)







According to the dimensions of the seven physical quantities (  dim h = M  Θ  − 1    T  − 3    ,   dim   l = L  ,   dim   λ = M L  Θ  − 1    T  − 3    ,   dim   η = M  L  − 1    T  − 1    , and   dim   u = L  T  − 1    ), the coefficients to be determined are equal, including the following:


   π 1  = h  u 0   d 1   λ  − 1    η 0  = ​    h d  λ   = N u  



(24)






   π 2  =    ρ u l  η   = R e  



(25)






   π 3  =    η  c p   λ   = P r  



(26)







Therefore, Formula (20) can be transformed into


  N u = f ( R e , P r )  



(27)









3.2. Calculation Method


3.2.1. Experimental Correlation Formula


From the above analysis, it can be concluded that   N u   is a function of   R e   and   P r  . After a lot of experiments and analysis, researchers usually describe the relationship between the three by constructing a power function considering the applicability and convenience of the formula:


  N u = C     R e  n    P  r m   



(28)







The parameters, such as C, n, and m, can be obtained by fitting the experimental curve. The most commonly used formula in this form is the Dittus–Boelter equation [38], and its expression is as follows:


  N  u f  = 0.023     R e  f  0.8     P  r f n   



(29)




where n = 0.4 when heating the fluid and n = 0.3 when cooling the fluid.



When the convective heat transfer coefficient is solved by Formula (29), the characteristic length is taken as the inner diameter d of the tube. At the same time, it has been verified that the applicable range of this equation is     R e  f    = 104~1.2 × 105,   P  r f    = 0.7~120,   l / d   ≥ 10. This formula is the most widely used formula for calculating forced convection heat transfer in pipelines, but usually the accuracy of this formula is low and it is suitable for estimation in engineering.



Another commonly used formula for calculating the convective heat transfer coefficient is the Gnielinski [39] formula, which is as follows:


  N u =      f / 8     R e − 1000   P r   1 + 12.7     f / 8     1 / 2     P  r  2 / 3   − 1        1 +       d l       2 / 3      c t   



(30)






  f =     1.8   l g R e − 1.5     − 2    



(31)






   c t  =         T f     T w         0.45    



(32)




where d is the pipe diameter (m); l is the pipe length (m); f is the Darcy resistance coefficient of turbulent flow in the pipe;    c t    is the temperature difference correction coefficient; and    T f    is the average temperature of the fluid and    T w    is the wall temperature, both of which are taken as the thermodynamic temperature unit K.



The scope of application of Formula (30) is   R  e f    = 2300~106,   P  r f    = 0.6~105, and the characteristic length is the inner diameter of the tube d. The Gnielinski formula has an advantage over the Dittus–Boelter equation in that it calculates the convective heat transfer coefficient more precisely by accounting for the aspect ratio and pipeline resistance. Consequently, the Gnielinski formula serves as the foundation for the tunnel temperature forecast method used in this work.




3.2.2. Computational Hypothesis


Tunnel construction ventilation is a typical forced convection heat transfer process. The following presumptions are established in order to determine the distribution law of the tunnel temperature field following ventilation and cooling:




	(1)

	
The prediction method only considers the heat source of surrounding rock;




	(2)

	
The heat transfer form of air and the rock wall in the tunnel is a single-phase forced convection heat transfer process;




	(3)

	
The ventilation time is sufficient, and the convective heat transfer process in the tunnel has been fully carried out;




	(4)

	
After the fresh air reaches the tunnel face and forms the return air, it develops into a stable airflow. The starting point of the prediction formula is the tunnel face.










3.2.3. Calculation Process and Preparation


According to Assumption (3), the convective heat transfer process in the tunnel has been fully carried out; that is, the convective heat transfer heat generated by the return air passing over the surrounding rock has all acted on the tunnel temperature, and the formula in   d t   time is


  Q = A h Δ t d t = ρ S  c p  Δ T d l  



(33)







And for the formula   d l = u d t  , the following is true:


  Q = A h Δ t = ρ u S  c p  Δ T  



(34)




where  Q  is the heat generated by convection heat transfer in the tunnel (J); A is the convective heat transfer area (m2);   Δ t   is the temperature difference between the wall temperature and the air attached to the wall (°C);  ρ  is the air density (kg·m−3);  u  is the return air speed (m·s−1); S is the tunnel cross-sectional area (m2);    c p    is the specific heat capacity of the air at constant pressure (J·kg−1·°C−1); and   Δ T   is the temperature change in the air (°C).



h is the surface heat transfer coefficient (W·m−2·°C−1), and according to Formulas (17) and (30), the following is true:


  h =      f / 8     R e − 1000   P r   1 + 12.7     f / 8     1 / 2     P  r  2 / 3   − 1        1 +       d l       2 / 3        λ  c t   d    



(35)







The tunnel return airflow is divided into continuous similar air circle segments, and the convective heat transfer process of each part of the air circle is similar. The difference is that the temperature of each part is different, as shown in Figure 6.



Taking the air temperature T1 near the tunnel face of wafer 1 as the initial temperature, the   Δ  t 1    in Formula (35) is determined. At the same time, h1 is determined by determining the airflow state in the tunnel, and the convective heat transfer heat in the air disc of   d l   length is calculated. All the heat is used for the temperature rise of the air disc in this section. Raising air temperature yields T2, which is then used to calculate Ti. Similarly,   Δ  t 2    is used as the starting condition for the wafer 2 calculation. In this way, the temperature distribution law along the longitudinal direction of the tunnel can be obtained by computational recursion.



Considering the convenience of data processing, the length of a single air disc is 1 m for the purpose of calculation. At the same time, the thermophysical properties of air have a great relationship with temperature. As shown in Table 5, the calculation parameters need to be updated every time the next wafer is calculated.



As can be seen from the above table, the specific heat capacity of air does not change much in the range of −50 °C~100 °C, and 1.005 (kJ·kg−1·°C−1) is taken in the calculation process. The variations in air density  ρ , thermal conductivity  λ , thermal diffusivity  a , and dynamic viscosity  η  with temperature and their fitting curve functions are shown in Figure 7.



According to reference [40], there is a tunnel–air convective heat transfer enhancement area near the air duct outlet during tunnel ventilation, and the peak point of convective heat transfer enhancement appears at a distance of about 2 times the tunnel diameter before the air duct outlet, as shown in Figure 8.



Based on Figure 8, assuming the outlet of the air duct as the origin and the positive x direction as the tunnel heading direction, the fitting curve and equation of convective heat transfer enhancement near the outlet of the air duct are obtained as shown in Figure 9.



To obtain better prediction results, the convective heat transfer coefficient can be calculated using the fitting equation shown in Figure 9. The recursive form of the tunnel temperature prediction method is shown in Formula (36), in which the variables are the same as those above, and i represents the parameters of the i-th air disc.


       h i  =       f i  / 8     R  e i  − 1000   P  r i    1 + 12.7      f i  / 8     1 / 2     P  r i  2 / 3   − 1        1 +       d l       2 / 3         λ i   c  t i      d i     ⋅  ζ i      Δ T =    A  h i  Δ  t i     ρ i  u S  c  p i             T  i + 1   =  T i  + Δ  T i      i  = 1 , 2 , 3 ,  … n  



(36)




where    ζ i    is the enhancement coefficient of the convection heat transfer coefficient; the other symbols have the same meanings as above.






4. Study on Temperature Field Distribution Law of High Geothermal Tunnels


4.1. Design of Work Conditions


A circular cross-section tunnel was designed as the research object for this prediction method, taking the conditions of a small section tunnel with a high ground temperature as a reference. The high geothermal tunnel has a total length of 13,326 m and a maximum buried depth of 887 m. The section size is about 36 m2. According to the geological survey report, the surrounding rock of the tunnel is broken, the geology is extremely complicated, the long-distance single-head heading face is narrow, the construction environment temperature is high, and the tunnel cooling is difficult. The deep hole ground temperature of the tunnel was measured, and the measured ground temperature was 22.6~26.3 °C. The geothermal gradient was 0.36~1.54 °C/100 m, and the temperature in the tunnel was 28~37.04 °C. The design parameters are shown in Table 6.



The initial parameters of the air temperature calculation are shown in Table 7.




4.2. Analysis and Verification of Prediction Results


Taking Table 7 as the initial calculation condition, it can be marked as the distance from the tunnel face (x = 0 m), and the distribution law of the temperature field within 800 m from the tunnel face can be calculated, as shown in Figure 10.



Figure 10 illustrates how the temperature of the tunnel increases from 25 °C at the tunnel face to 37.83 °C at 800 m. At 26 and 50 m, respectively, the temperature growth rate significantly drops. In the first stage, the temperature rises at a rate of approximately 0.125 °C/m2, in the second stage, 0.0367 °C/m2, and in the third stage, 0.0116 °C/m2. The “Code for Construction of Railway Tunnels” states that the tunnel face temperature cannot be more than 28 °C, and the maximum distance that satisfies the requirements is around 30 m.



A three-dimensional numerical calculation model of the tunnel, including the surrounding rock structure, was built in order to confirm the prediction formula’s accuracy. The calculation grid is shown in Figure 11.



The total length of the three-dimensional model is 830 m, the length of the tunnel basin is 800 m, and the thickness of the surrounding rock is designed to be 11.6 m. The two-dimensional grid size of the tunnel basin is 0.3 m, and the longitudinal tensile length is 1 m. A 12-layer boundary layer grid is set up at the interface between the tunnel basin and the surrounding rock. The thickness of the first layer grid is set to 0.002 m, and the boundary layer growth rate is 1.2.



ANSYS Fluent is used to solve the problem, and the energy equation and k-omega turbulence model are opened during the calculation (this turbulence model can better simulate the heat transfer process of low Reynolds number fluid near the wall). The composition of surrounding rock and the wall temperature are initialized at 40 °C, and the interface between the tunnel basin and surrounding rock is set as a coupling surface, and the wall surface has no slip. The calculation mode based on the pressure solution is selected, and the steady-state calculation iteration is performed 100,000 times. The comparison between the numerical simulation and the prediction results is shown in Figure 12.



As can be seen from Figure 12, the results of the numerical simulation and prediction formula are similar. Through data analysis, it is determined that the maximum difference between the two curves is 1.06 °C, the average value is 0.218 °C, and the standard deviation is 0.132 °C. Through verification, the temperature prediction method is shown to have high accuracy and can be further analyzed for different tunnel working conditions.





5. Temperature Distribution in Tunnels under Different Calculation Conditions


5.1. Supply Air Temperature


Considering that temperatures of 28 °C and above cannot effectively cool down the tunnel construction environment, six working conditions in the range of 15~25 °C were selected for calculation, and the calculation parameter design and tunnel temperature distribution curve are shown in Figure 13.



Figure 13 clearly shows that the change in the supply air temperature does not change the overall trend that the temperature in the tunnel gradually decreases with the increase in distance. The temperature difference gradually decreases with the increase in the distance from the tunnel face, which reflects the diffusion and attenuation process of heat in the tunnel. With the increase in distance, heat is gradually lost to the surrounding environment, and the temperature difference is gradually reduced. At the same time, the curve temperature change rate enters the low-speed range at about 55 m from the working face; although the increase in the supply air temperature leads to an increase in the overall temperature in the tunnel, this effect will gradually weaken in the area far from the tunnel face. At a distance of 800 m, when the supply air temperature increases from 15 °C to 25 °C, the tunnel temperature only increases by about 1.5 °C, indicating that the direct influence of supply air temperature on the temperature is limited in the long-distance transmission process. With the increase in supply air temperature, the working area that meets the temperature range of less than 28 °C is significantly shortened, and the areas that meet the temperature range are 240 m, 200 m, 155 m, 108 m, 56 m, and 27 m, respectively.




5.2. Rock Wall Temperature


Six different working conditions of the wall temperature are taken to study the temperature distribution law. The design of the working conditions and the temperature distribution curve of the tunnel are shown in Figure 14.



As can be seen from Figure 14, the increase in the wall temperature directly leads to a significant increase in the air temperature inside the tunnel, and this effect is more significant in the area far from the tunnel face. This shows that in addition to direct heat conduction, air convection and radiation heat transfer in the tunnel are also aggravating the temperature rise. The final temperature on the air temperature curve increases linearly or nearly linearly with the increase in the wall temperature, and the growth rates of the air temperature within 50 m from the tunnel face are 0.0842 °C/m, 0.112 °C/m, 0.139 °C/m, 0.166 °C/m, 0.192 °C/m, and 0.219 °C/m, respectively. In the range of 50 m~750 m, the temperature increases at the rates of 0.0115 °C/m, 0.0154 °C/m, 0.0192 °C/m, 0.0230 °C/m, 0.0269 °C/m, and 0.0307 °C/m, respectively. In the area close to the tunnel face (for example, within 50 m), the temperature increases. The increase in the wall temperature leads to a sharp reduction in the area below 28 °C (which is usually regarded as the upper limit of the comfortable or acceptable working environment temperature), and the areas below 28 °C are 250 m, 135 m, 77 m, 45 m, 34 m, and 28 m, respectively. This directly affects the working efficiency and health and safety of tunnel construction personnel, so it is necessary to take corresponding cooling measures to expand the suitable working area.




5.3. Tunnel Diameter


The design of the working conditions and the temperature distribution curve of the tunnel are shown in Figure 15. To study the law of temperature change in the tunnel, different working conditions of the tunnel radius are taken. The return air speed in the tunnel is changed accordingly to control the condition of constant ventilation.



As can be seen from Figure 15, when the tunnel cross-section is increased, the area of convective heat transfer is increased, but at the same time the surface heat transfer coefficient is reduced. The decrease in the surface heat transfer coefficient means there is a decrease in heat exchange efficiency per unit area, which offsets the effect of the increasing heat transfer area to some extent. With the increase in the tunnel’s cross-sectional area, the final temperatures of the temperature curve are 37.11 °C, 36.53 °C, 35.99 °C, 35.49 °C, 35.03 °C, and 34.60 °C, respectively; that is, with the increase in the tunnel diameter by 154 m, the temperature at the distance of 800 m from the tunnel face will drop by about 0.5 °C, and with the increase in the tunnel radius, the areas meeting the temperature range of less than 28 °C will be 135 m. On the other hand, the increase in the tunnel section also increases the overall air quality in the tunnel, which further affects the heat capacity and airflow characteristics in the tunnel. With the increase in heat capacity, the air in the tunnel can absorb more heat without a significant temperature rise, while the change in airflow characteristics may affect the distribution and transfer efficiency of heat. Larger sections may require stronger ventilation capacity to maintain air circulation and temperature control. If the ventilation system cannot be adjusted in time to adapt to the change in section size, the temperature distribution in the tunnel may be significantly affected. Therefore, one of the important measures to ensure construction safety is to reduce the air temperature in the tunnel by reasonably designing the tunnel section size and ventilation system.




5.4. Distance between Air Duct and Tunnel Face


The variation law of air temperature in the tunnel was studied under the working conditions of different arrangement positions of air ducts. The distance between the air ducts and the tunnel face was increased from 12 m to 27 m. The design of the working conditions and the temperature distribution curve of the tunnel are shown in Figure 16.



According to the analysis of Figure 16, although the overall trend shows that the farther the outlet of the air duct is from the tunnel face, the higher the air temperature, this influence shows different intensities and characteristics in different positions in the tunnel. Especially in the area close to the tunnel face (for example, within the range of 50 m~250 m, the maximum temperature difference between 12 m and 27 m is 0.79 °C), the temperature difference is most significant, which may be due to the insufficient mixing of fresh cold air with the surrounding hot air at a short distance after it is ejected from the air duct, resulting in a large local temperature difference. With the increase in distance, the mixing process of cold air sprayed from the air duct and the original hot air in the tunnel is gradually completed, and the heat transfer tends to be uniform, so the temperature difference gradually decreases. To the area far away from the tunnel face (such as 800 m), there is almost no difference in the air temperature under each working condition, which shows that the air temperature in the tunnel has reached a relatively stable state at this time. Considering the health and safety of construction personnel and construction efficiency, the distance between the air duct and the tunnel face needs to be carefully designed. Too short a distance may lead to too low a temperature near the tunnel face, which will affect the operations of construction personnel; too long a distance may not effectively reduce the overall temperature in the tunnel. With the increase in the distance between the air duct and the tunnel face, the areas that meet the temperature range of less than 28 °C are 143 m, 135 m, 172 m, 124 m, 120 m, and 115 m, respectively.



To sum up, comparing the influence of four different parameters on the tunnel temperature, the supply air temperature increased from 15 °C to 25 °C, and the tunnel temperature increased by 1.5 °C at a distance of 800 m. The temperature of the rock wall increased from 35 °C to 60 °C, and the temperature of the tunnel at a distance of 800 m increased by 21.1 °C. The section size of the tunnel increased from 3.4 m to 5.9 m, and the temperature of the tunnel decreased by 2.5 °C at the distance of 800 m. The distance between the air duct and the tunnel face increased from 12 m to 27 m, and the maximum temperature change was 0.79 °C. It is easy to conclude that the change in rock wall temperature has the greatest influence on the temperature distribution in the tunnel, and the different placement distances of air ducts have the least influence on the temperature distribution in the tunnel. This also shows that the proportion of heat sources in the first chapter is consistent, and the convection heat transfer between the surrounding rock and the tunnel basin accounts for the majority. The temperature distribution of different supply air temperatures and rock wall temperatures is highly unified with the demand for air volume in the second chapter. The higher the supply air temperature and the rock wall temperature, the higher the temperature in the tunnel and the higher the demand for air volume.





6. Conclusions


There may be a complex coupling relationship among many factors influencing the temperature field distribution in high geothermal tunnels. The difference between theoretical models and actual situations makes it difficult to accurately predict the temperature field distribution in tunnels, and the establishment of a temperature field prediction model in high geothermal tunnels may not be able to be extended to other high-temperature tunnels. In this paper, the theoretical calculation method is used to predict the distribution law of air demand and the temperature field in the ventilation process of high-ground-temperature tunnel construction, the changes in air demand and the temperature field under different environmental parameters are studied, and the main conclusions are as follows:




	(1)

	
Increasing the air temperature greatly increases the required air volume. The closer the supply air temperature is to 28 °C, the more the air volume needs to be increased. The difference between the supply air temperature and the wall temperature in the construction ventilation cooling should not be less than 8 °C; otherwise, the ventilation cost and energy consumption will be greatly increased, and the ideal cooling effect cannot be achieved at the same time. Both the curve of air demand–cooling section length and the curve of air demand–wall temperature show a linear growth relationship.




	(2)

	
The change in supply air temperature has little effect on the temperature far away from the tunnel face. When the supply air temperature increases from 15 °C to 25 °C, the tunnel temperature at 800 m distance increases from 36.3 °C to 37.8 °C.




	(3)

	
The wall temperature has a great influence on the tunnel temperature, and changing the wall temperature significantly increases the growth rate of the temperature; within 50 m away from the tunnel face, the temperature increases at rates of 0.0842 °C·m−1, 0.112 °C·m−1, 0.139 °C·m−1, 0.166 °C·m−1, 0.192 °C·m−1, and 0.219 °C·m−1, respectively.




	(4)

	
The increase in the tunnel cross-section increases the convective heat transfer area, but at the same time, it reduces the surface heat transfer coefficient and increases the total air mass, which has a greater influence on the air temperature. With the increase in the tunnel cross-sectional area, the final temperatures on the temperature curve are 37.11 °C, 36.53 °C, 35.99 °C, 35.49 °C, 35.03 °C, and 34.60 °C, respectively; that is, the temperature at a distance of 800 m from the tunnel face drops by about 0.5 °C for every 10 m increase in the tunnel diameter.




	(5)

	
Changing the distance between the air duct and the tunnel face has little influence on the temperature distribution law, and the general trend is that the farther the outlet of the air duct is from the tunnel face, the higher the temperature is. From the tunnel face to a distance of 800 m, the temperature difference under different working conditions first increases and then decreases, especially in the range from 50 m to 250 m from the tunnel face, but there is almost no difference in the temperature under different working conditions at 800 m.
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Figure 1. High geothermal tunnel construction ventilation heat source diagram. 
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Figure 2. Air demand–supply air temperature curve. 
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Figure 3. Air volume–cooling section length curve. 
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Figure 4. Air volume–wall temperature curve. 
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Figure 5. Distribution law of wind speed on ventilation wall of tunnel. 
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Figure 6. Convective heat transfer of tunnel return air disc. 
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Figure 7. Fitting curve of air thermophysical properties changing with air temperature. 
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Figure 8. Nuc distribution curve of convective heat transfer enhancement zone. 
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Figure 9. Fitting curve and equation of convective heat transfer enhancement. 
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Figure 10. Temperature distribution curve. 
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Figure 11. Mesh generation of 3D model. 
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Figure 12. Comparison curve of calculation results. 
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Figure 13. Temperature distribution law of tunnel with different supply air temperatures. (Note: r—tunnel radius; Ta—wind temperature; Tw—surrounding rock temperature; v—return air velocity; L—distance between air duct and tunnel face.) 
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Figure 14. Distribution law of tunnel air temperature under different wall temperatures. 
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Figure 15. Temperature distribution law of different tunnel section sizes. 
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Figure 16. Distribution law of air temperature at different placement distances of air duct. 
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Table 1. Values of    μ i    at different construction stages.






Table 1. Values of    μ i    at different construction stages.





	

	
Heat Dissipation Time

	
     μ 1     

	
     μ 2     

	
     μ 3     

	
     μ 4     

	
     μ 5     




	
Construction Stage

	






	
Ventilation and smoke extraction stage

	
1

	
1

	
0

	
1

	
0




	
Slag discharge and support stage

	
1

	
1

	
1

	
0

	
1




	
Drilling construction stage

	
1

	
1

	
1

	
0

	
1











 





Table 2. Q3 heat source calculation parameters.






Table 2. Q3 heat source calculation parameters.





	
Mechanical Vehicle

	
The First Stage

	
The Second Stage

	
The Third Stage




	
-

	
     K i     

	
     N i     

	
    H i     (kW)

	
     K i     

	
     N i     

	
    H i     (kW)






	
Excavator

	
-

	
0.2

	
1

	
223

	
-

	
-

	
-




	
Mechanical loader

	
-

	
0.3

	
1

	
412

	
-

	
-

	
-




	
Dump truck

	
-

	
0.4

	
2

	
316

	
0.2

	
1

	
316











 





Table 3. Q5 heat source calculation parameters.






Table 3. Q5 heat source calculation parameters.





	
Process And Labor

	
The First Stage

	
The Second Stage

	
The Third Stage




	
-

	
     K j     

	
     N j     

	
    H j     (kW)

	
     K j     

	
     N j     

	
    H j     (kW)






	
Excavation

	
-

	
-

	
-

	
-

	
1

	
5

	
0.47




	
Slagging

	
-

	
0.4

	
7

	
0.28

	
-

	
-

	
-




	
Supporting

	
-

	
0.5

	
3

	
0.47

	
-

	
-

	
-




	
Bottom floor construction

	
-

	
0.7

	
9

	
0.47

	
-

	
-

	
-




	
Management and others

	
-

	
1

	
5

	
0.28

	
1

	
5

	
0.28











 





Table 4. Calculation results for heat source heat dissipation and air demand in three stages.






Table 4. Calculation results for heat source heat dissipation and air demand in three stages.





	Stage
	Unstable Convection Heat Transfer Coefficient

(W·m−2·K−1)
	    Q 1     (kW)
	    Q 2     (kW)
	    Q 3     (kW)
	    Q 4     (kW)
	    Q 5     (kW)
	Required Air Volume

(m3·s−1)





	Ventilation and smoke extraction stage
	6.58
	372.080
	7.047
	-
	222.848
	-
	57.58



	Slag discharge support stage
	6.58
	372.080
	7.047
	4.210
	-
	0.00375
	36.32



	Drilling construction stage
	6.58
	372.080
	7.047
	0.632
	-
	0.00375
	36.32










 





Table 5. Thermophysical properties of air at atmospheric pressure (p = 1.01325 × 105 Pa).






Table 5. Thermophysical properties of air at atmospheric pressure (p = 1.01325 × 105 Pa).





	     t   ° C       
	     ρ     kg / m   3       
	       c p     kJ / ( kg  ⋅ °  C )       
	      λ ×   10  2     W / ( m  ⋅ °  C )       
	      a ×   10  6     m 2   / s       
	      η ×   10  6     kg / ( m  ⋅  s )       
	    P r    





	−50
	1.584
	1.013
	2.04
	12.7
	14.6
	0.728



	−40
	1.515
	1.013
	2.12
	13.8
	15.2
	0.728



	−30
	1.453
	1.013
	2.20
	14.9
	15.7
	0.723



	−20
	1.395
	1.009
	2.28
	16.2
	16.2
	0.716



	−10
	1.342
	1.009
	2.36
	17.4
	16.7
	0.712



	0
	1.293
	1.005
	2.44
	18.8
	17.2
	0.707



	10
	1.247
	1.005
	2.51
	20.0
	17.6
	0.705



	20
	1.205
	1.005
	2.59
	21.4
	18.1
	0.703



	30
	1.165
	1.005
	2.67
	22.9
	18.6
	0.701



	40
	1.128
	1.005
	2.76
	24.3
	19.1
	0.699



	50
	1.093
	1.005
	2.83
	25.7
	19.6
	0.698



	60
	1.060
	1.005
	2.90
	27.2
	20.1
	0.696



	70
	1.029
	1.009
	2.96
	28.6
	20.6
	0.694



	80
	1.000
	1.009
	3.05
	30.2
	21.1
	0.692



	90
	0.972
	1.009
	3.13
	31.9
	21.5
	0.690



	100
	0.946
	1.009
	3.21
	33.6
	21.9
	0.688










 





Table 6. Design parameters of research tunnel objects.






Table 6. Design parameters of research tunnel objects.





	Tunnel Design

Parameters
	Shape
	Radius
	Wind

Temperature
	Surrounding Rock Temperature
	Return Air

Velocity
	Distance between Air Duct and Tunnel Face





	Design situation
	Circular
	3.4 m
	25 °C
	40 °C
	0.5 m/s
	15 m










 





Table 7. Calculation results for tunnel temperature within 10 m.






Table 7. Calculation results for tunnel temperature within 10 m.





	Air Temperature (°C)
	Convective Heat Transfer

Temperature Difference (°C)
	Airflow Density (kg·m−3)
	Convective Heat Transfer

Coefficient (W·m−2·°C−1)





	25
	15
	1.183797
	7.385728
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file26.jpg
2o
48 o i
“
S
£
E
in
=2 Temperature dividing lnc|
2
» :
0 50 1 150 20

0 300 350 400 450 500 550 600 650 700 750 800
Distance from working face (m)





media/file8.jpg
7,(0) u,

Tumnel basin

L’ 7.(C) B, u(mts)






media/file27.png
- =
- o=
- A=
-v-
- =
- <=

= = W
= oo N

r=3.4m;7,=20°C;7, =35°C;y=0.5m/s;L=15m
r=3.4m;7,=20°C;7, =40°C;y=0.5m/s;L=15m
r=3.4m;7,=20°C;7, =45°C;y=0.5m/s;L=15m
r=3.4m;7,=20°C;7, =50°C;y=0.5m/s;L=15m
r=3.4m;7,=20°C;7, =55°C;y=0.5m/s;L=15m
r=3.4m;7,=20°C;7, =60°C;y=0.5m/s;L=15m <r =<t

Temperature (°C)
(Y | =
o N o
| | |

\®)
~
|

s
'
s
’
-
¢
‘EE
t
:
5
&
=
i

P g (

g -0~ 0= o=~ - 4= -k =1

Temperature dividing line

50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
Distance from working face (m)





media/file13.png
—_—
(@)

—_— —_— —_— —_—
(\&} (U8} S~ ()}
T T T T T T v

Air density (kg/m’)

[
[
T ¥

: —X
)= 0.689ex 1 0.605
Y PU3aa’

-20 0 20 40 60 80 100
Temperature (°C)

(a) density

[\ (U (U
~ - W
T T T

[\
B~
T

—_—
o0
|

Thermal diffusivity (m*-s)x10¢
— N
) —_

-20 0 20 40 60 80 100

Temperature (°C)
(c) thermal diffusivity

120

Thermal conductivity W/(m-°C)x 107

)

Kinetic viscosity (kg-m™-s'x10°

‘(JJ
[\
T

_UJ
-]
T

o
oo
1

o
@)
T

b
~
]

(\®]
o

40

20 0 20 40 60
Temperature (°C)

(b) thermal conductivity

80

100 120

p— p— p— p— [\ @] [\ @] [\ @]
(@) ~J ore} Ne) - — (\®]
T T T T T T T

—_—
W
||

40

20 0 20 40 60
Temperature (°C)

(d) dynamic viscosity

80

100

120





media/file31.png
Temperature (°C)

I
-}

38 |-
s
36 | PR
AP

N PP
34 @_.g.\ﬁ‘
30+ P

@,ﬁ,\ﬁ‘
30 G
S
28 s e
26 - ﬁ" ), Temperature dividing line = - - r=3.4m; 7 =15°C;T, =40°C;y=0.5m/s;/=12m
o = @- -r=3.4m;7,=17°C;T,=40°C;y=0.5m/s;.=15m

24 Qf - e - p=3.4m;T,=19°C; T, =40°C;v=0.5m/s;.=18m
0 _: = &= -r=3.4m;1,=21°C;T,=40°C;y=0.5m/s;.=21m

o - <= -r=3.4m,;T,=23°C;T,=40°C;v=0.5m/s;.=24m
20 T— = <l <=3 4m; 7 =25°C; T =40°C;v=0.5m/s;L=27m
18 IR R UN RN SR T WU N R ST S R R N R

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
Distance from working face (m)





media/file12.jpg
Temperatue () h " rcnperaure () "
. (@) density (b) thermal conductivity
T T R TR

Tempersur (C)
() thermal diffusivity

Temperaure (C)
(d) dynamic viscosity





media/file18.jpg
Wind duct

050 100 150 200 250 300 350 400 450 S00 S50 600 650 700 750 800

Distance from working face (m)





media/file9.png
T.(C) e
> — g
- '
> —~— > Tunnel basin
- >
Q) thermal
y . > TN u (m / S)

Ts (C) t convection






media/file14.jpg
—Nu distribution curve
O Start point

Convective heat
transfer enhancement

oneNuoNig) N

Thermal fully

Nitg=Nityg = === -

120 -8 -16 <14 -12-10 -8 -6 -4 2 0 2

I
== Tunnel outlet

'
Duet nozzle
D[]

Working face





media/file20.jpg
Working face Model endpoint

z
outiet 75

Wall
Wind duct
Tunnel basi





media/file23.png
Calculation results of prediction method
- -@ - - Numerical simulation results

100 150

200 250 300 350 400 450 500 550 600 650 700 750 800
Distance from working face (m)





media/file5.png
70
i .9
65 -
L o--
C:@ 60 - e =
E 55t I
O I -9
50 | - o
£
g 45 B _==Q
3:1 3 -===G==—
< | _=s@==—
= 40 e
L - a 2227
L) _==G
=2 35 - Ldad
SN o
e~ 30 9 2%° --@-- Ventilation and smoke exhaust stage
55 | --@-- Slag discharge support stage
--@-- Drilling construction stage
20 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
40 50 60 70 80 90 100 110 120 130

Cooling section length (m)





media/file15.png
Nu distribution curve
O Start point

Convective heat
transfer enhancement

zone(Nu>Nu ) \

Thermal fully :
developed area <:||
[

I

(Nuc %Nuc,f)

Nuc=Nuc,f - me—mEEEmmmEmm==

T T T T T T T T
:-20 -18 -16 -14 -12 -10 -8 -6 -4
I
h Tunnel outlet Duct nozzle Working face
x/D [-]





media/file32.png





media/file19.png
N
o

37.83

o
o <]
| T

o o
+ N
L] I L] I L]

Temperature (°C)
!
|

29.12

W
-
| I L]

28.00

[\
oo

26 Wind duct
NP N RN R I R RN IR EE NI B P BN B

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
Working face

Distance from working face (m)





media/file28.jpg
S A AT, A0 G0 S
Temperature dividing e | o -5 o, .-20°C.1_40°C -0 3.1 5m}
e A C T A0 C 0 05
e 201 0°C=0 s 5]
e A VC T A0 C 0 2mis -1
S5 T, W0 Tl 5m

Temperature (°C)

0 S0 100 150 200 250 300 350 400 450 500 S50 600 650 700 750 800
Distance from working face (m)





media/file2.jpg
F-@-- Ventilation and smoke exhaust stage]
|--@-- Slag discharge support stage
|--@-- Drilling construction stage

14 16 18 20 2
Supply air temperature (°C)






nav.xhtml


  buildings-14-02908


  
    		
      buildings-14-02908
    


  




  





media/file11.png
______

Wind duct | => |

Tunnel
face

Air disc |

|

T3 T, T, |

J Convective |

|’—|—r Ihl—r H—r heat transfer |

_________________________ _J
Wafer 1 Wafer 4 Wafer 3 Wafer 2 Wafer 1

Wafer number i=1.2,*** n





media/file6.jpg
90

Required air volume (m°/s)

Ventilation and smoke exhaust stage|
Slag discharge support stage
Drilling construction stage

45 50 55
Wall temperature (°C)

70





media/file24.jpg
‘Temperature (°C)

Temperature dividing line

[ m 15 CT A0 s T
b o amr17°C 0 o st 15
b rsam s wca-oswsi i
A 21T AV Cr-0 i)
A 2T AVC=0 s
AR 25 CTL A0 Ca-0 S50

0

50

100

150 200

250 300 350 400 450 500 550 600 650 700 750 800
Distance from working face (m)





media/file29.png
W W W
e =) - -

Temperature (°C)
oo

o o N W W
= O

22
20

-
- .n-‘ﬂ"'}:n- 'iﬁ
4} —I} — _X— - -
-0 5 _-0-% A- == %
| - Do e S Sy ot ’é’ :§
‘[r—[l -O'—O-‘&'A' L ‘%‘ -:, o -
- - F—O < 2—0 A= &' "§—§'§
| A o X e e ST %. -
.o - a4~ . 2« —A‘ ‘§—é, =
o B X
- A EEEAT
- :' ':_ ‘.%'\ ' T - - 40 - =3.4m;7,=20°C; T’ =40°C;v=0.50m/s;L=15m[[
L 18?%;5'. Temperature dividing line |- - . /=3 9m:7=00°C;7,,=40°C;=0.38m/s:L=15m
,:g:: = e - =4 4m; T, =20°C;T,=40°C;v=0.30m/s;L=15m
[/
= = &= - r=4.9m;T,=20°C;1,~40°C;»=0.24m/s;L=15m
? - <= - r=5.4m;7,=20°C; 7, =40°C;y=0.20m/s;L=15m
—.. - <l= - r=59m;T,=2°C;T, =40°C;y=0.17m/s;,L=15m
{:' L | L | L | L | L | L ] L ] L | ] | | L | L | L | L | L ] L
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800

Distance from working face (m)






media/file1.png
Surrounding rock

N
Wind duct

Working
face






media/file10.jpg
[Tunnel

Airdise

Convective

[ heat wanster

Wafer 3 Waer |

‘afer number =12





media/file7.png
Required air volume (m’/s)

O
o

)
80 | ad
—’D"
70 | -
ﬂ“’ "o
¢’°' "’
60 | .
',.Q' s*’
Q"" ,v"‘
50 “.Q-
Lo
40 I ,"’
PP --@-- Ventilation and smoke exhaust stage
30 F @’ --@--Slag discharge support stage
--@-- Drilling construction stage
20 1 1 1 1 1 1 1 1 1 1 1
30 35 40 45 50 55 60 65

Wall temperature (°C)

70





media/file16.jpg
Enhancement degree of convective heat transfer {

©

o

<

=S

o

=

w

©

-150 -125 -100 -75 -50 -25 00 25 50 75
The ratio of the distance from the air duct outlet to the tunnel diameter





media/file3.png
220
200 | --@-- Ventilation and smoke exhaust stage °
--@-- Slag discharge support stage I
—~ 180 F |- @--Drilling construction stage /
|78} )
E 160
2 140
ER :
S 120 p
L) ¢
5 100 F R
*g 80 - '_,Q" /,'
S 60 P .9
Qﬁ Q- 4
-------- 9
40 B Q@----"""" o o .---Q’ ----
-------- @---=-=" 9"
0F
14 16 18 20 22 24 26

Supply air temperature (°C)





media/file22.jpg
Temperature (°C)

2
2
2
B
2

0 S0 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800
Distance from working face (m)






media/file17.png
Enhancement degree of convective heat transfer ¢

\O

o0
1 ¥

2
y=1.53318 4 200804 C‘Ap{_z{x—o.%@g”

7 475875
4.75875 Bl

~
T

(@)
T

Working

(OS] RN W
¥ T T T

(\
T

1
-150 -125 -100 -75 -50 -25 00 25 50 75
The ratio of the distance from the air duct outlet to the tunnel diameter





media/file4.jpg
3

2 @
g S

Required air volume (m*/s)
9

W ow s s o
g & & & 8

>

w
s

-9~ Ventilation and smoke exhaust stage]
|--@-- Slag discharge support stage
[--@-- Drilling construction stage

=
&

70 80 90 100 110 120
Cooling section length (m)

130





media/file30.jpg
o

Sn

[

.

H W

B P

ey P
»ig Belepa AR et

050 100 150 200 250 300 350 400 450 500 S50 600 650 700 750 800
Distance from working face (m)





media/file25.png
Temperature (°C)

40
38
36
34
32
30
28
26
24
22
20
18
16

L < -g:%{?i:% %%%‘%%2
L e e Rl B
’<]—4 <y-<> 'V—X' '_Q'O N 1k
<707 N koo g
- T oY e T e e T
SR A = A Temperature dividing lin

—'<r" 02 eV el e pe AT cmperatur