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Abstract

:

Burial stone relics remain in a humid, semi-enclosed environment for long periods, and temperature and humidity variations can cause deterioration acceleration. Yang Can’s tomb was selected as the research object, and field monitoring and simulations were performed to investigate the characteristics of temperature and humidity variations, after which the simulation results were evaluated. The monitoring results showed that solar radiation, rainfall, wind speed, and depth of entry are important factors affecting the variation in the temperature and humidity of burial stone relics. The temperature outside the chamber is greatly affected by seasonal variations, while the humidity inside the chamber is influenced by seasonal variations, so appropriate measures should be implemented inside and outside the chamber during different seasons to alleviate deterioration. On the basis of the above analysis, a temperature and humidity model for the interior chamber of burial stone relics was established in COMSOL software 5.6, combined with a porous medium heat transfer model and computational fluid dynamics (CFD) model. The temperature and humidity inside the chamber can be calculated by the temperature and humidity outside the chamber. This study provides data support for hydrothermal, condensation and other related studies of burial stone relics.
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1. Introduction


Burial structures house the remains of the dead. In terms of the spatial relationship, a burial structure comprises two major systems, i.e., above- and below-ground systems. The above-ground system includes facilities such as burial mounds, mausoleums (cemeteries), mausoleum buildings, and Shinto stone carvings, while the below-ground system includes tomb shapes, tomb room decorations, coffins, burial goods and various burial objects [1]. Considering ancient traditions, the tomb is a place for long-term rest, so much attention was given to tomb decoration and durability aspects, and these needs could be satisfied by rock and stone carvings. Most tombs excavated and completed in China comprise natural rock, used for the construction of above- and below-ground systems. Therefore, the conservation of burial stone relics is an important part of heritage conservation. Southwest China exhibits a humid subtropical monsoon climate, with high temperatures, rainy summers, and mild winters with little rain. Burial stone relics remain in a semi-enclosed, humid environment for long periods, and notable variations in the temperature and humidity could cause deterioration acceleration. Consequently, there is an urgent need for conservation research on the characteristics of temperature and humidity changes of burial stone relics.



At present, research on the temperature and humidity of stone relics mostly entails the adoption of field measurement methods. On-site field measurements indicate that although the acquisition of relic information is time consuming and costly, researchers must often obtain multiple consecutive data time series for use as a control. Therefore, it is necessary to explore and design a fast, nondestructive and low-cost temperature and humidity measurement method for stone artifacts, which can provide valuable references for the conservation and restoration of cultural relics. In recent years, the rapid development of computer simulation technology has provided new ideas to solve this problem. Among them, nonstationary hygrothermal coupling simulation technology and computational fluid dynamics (CFD) simulation technology have been widely used to obtain the change trends of the temperature, water content and other parameters of cultural relics. Various simulation techniques can be coupled to provide a scientific basis for heritage conservation while greatly reducing measurement costs.



Matsukura et al. aimed to improve the adaptability of the heat, air, and moisture (HAM) model to different environments, using the temperature (T) and moisture chemical potential (μ) as driving potential factors to establish a coupled μHAM model of the building body, which is more suitable for the simulation of heat–humidity coupling in different environments, yielding an enhanced calculation accuracy [2]. Belleghem et al. [3] presented a newly developed heat and mass transfer model implemented in 3D finite volume solver Fluent, allowing for simultaneous modeling of the convective conditions around porous materials and heat and moisture transfer in porous materials controlled by diffusion. In contrast to most HAM models, which are usually limited to constant convective transfer coefficients, it is now possible to better predict these convective boundary conditions [3]. Gu, Luo and Song proposed the idea that large open spaces in archeological museums could lead to relic deterioration, demonstrating the necessity of introducing localized environmental control of pits. Moreover, they conducted CFD simulations to propose optimal preservation criteria for relics, seeking to ensure a balance between visitor comfort and relic protection [4,5,6]. An used CHAMPS-BES model to simulate transient heat and moisture coupling considering relic heat, moisture and other data of cliff statues in the Guangfo Cliff Grottoes, Sichuan, and the simulation results indicated a high accuracy, thus providing theoretical support for the protection of stone relics [7]. Araoka et al. [8] investigated the damage to the Nanjing city wall and proposed a model for rainwater infiltration into the wall. The simulation results showed that rainwater infiltration gradually affects the water content in bricks and mortar inside the wall [8]. Chang et al. proposed a system using evaporative cooling and ultrasonic humidification devices to control the local environment in relic conservation areas and to provide supersaturated relative humidity conditions for inhibiting soil cracking [9]. Agnieszka Sadłowska-Sałęga and JC Radon monitored the indoor conditions and external climate of an 18th century wooden church in Wiśniowa (Poland). The results of year-round simulations were compared with those of an experimental study resulting from model calibration, which, in addition to the goodness of fit, provided sufficient flexibility [10]. Luo et al. conducted localized environmental management of museum burial pits at the site of the Mausoleum of Qin Shi Huang [11]. Francesca Frasca et al. [12] outlined a multistep approach to investigate the ability of BES tool coupled with the HAM model (BES + HAM) as a diagnostic and preservation technique in complex environments. The 17th century Church of Santa Rosalia (Italy) was used as a historical monument within an authentic context, and it was demonstrated that the BES + HAM tool could be used to identify potential moisture-induced conservation risks [12]. Bi et al. [13] analyzed hygrothermal transfer in the cave wall of Mogao Cave experimentally and numerically. A one-dimensional model of moisture–heat coupling was established to simulate the moisture and heat behavior patterns of Mogao Cave walls with the temperature and water vapor pressure as driving potentials. The model provides theoretical support and a scientific methodology for the conservation of cave sites, while mural paintings should still be quantitatively analyzed [13]. Xiong et al. [14] investigated the changes in heat and humidity conditions during the burial period of the Mausoleum of Zhang Anshi from tomb sealing to excavation by means of on-site tests and CFD modeling. Moreover, it was noted that drastic changes in the heat and humidity environmental conditions could trigger deterioration of historical relics. The local annual average temperature should be considered in the protection of underground relics excavated from the thermostatic layer of soil. This study paved the way for describing the environment of ancient burial chambers, museum design, energy conservation, and support for cultural heritage preservation and preventive conservation [14]. Tarek A. Mouneer et al. [15] adopted three approaches, namely: (i) experimental work, (ii) CFD simulation, and (iii) cooling load analysis. Temperature distributions were measured for establishing a reduced model of a mosque and a church, and CFD modeling (with the MSJ-CFD model) was performed to study the flow fields associated with two configurations under three distinct scenarios [15]. Xu et al. [16] investigated the potential effect of coupled moisture–heat migration on the heat transfer characteristics of buried pipes through a series of modeling tests. A three-dimensional model considering the variation in the soil thermal conductivity with temperature was established and validated. The model was utilized to further evaluate the effects of the heat storage temperature and initial soil moisture content on the heat transfer characteristics of buried pipes [16]. Liu et al. [17] proposed an energy-balanced routing protocol that could minimize the energy consumption of the network. An improved artificial intelligence population optimization algorithm combining particle swarm and ant colony optimization techniques was used to construct an environmental monitoring system for relic protection [17]. Cao and Li simulated and predicted the spatial and temporal patterns in 2030 and 2060 using the cellular automata (CA) model and landscape index and assessed the achievement of the carbon peaking and carbon neutrality targets [18]. Xia et al. [19] investigated the distributions of salt crystallization and microbial growth in two tombs through long-term (annual) environmental monitoring and short-term (monthly) surveys. It was concluded that microclimate control is crucial for inhibiting mural deterioration and should be emphasized in the future [19]. Liu et al. [20] developed a mathematical model of indoor heat and moisture transfer based on an ancient wooden palace building in Beijing. The model was validated against measured and simulated data through fitting. The results showed that both the measured and simulated data occur within the error range, verifying the accuracy of the developed model [20]. The simulation results of the indoor humidity matched the measured humidity data. Therefore, the simulation results are consistent with the actual conditions.



Burial relics are housed in unique environments, with concrete waterproof structures built around the perimeter of the burial chamber and covered with soil, producing highly complex heat and moisture distributions inside the chamber. Building envelope heat and moisture transfer models and CFD airflow models are commonly used in existing research. However, building envelope heat and moisture transfer models do not consider the effects of air exchange inside and outside the building on heat and moisture transfer, while CFD airflow models do not consider heat and moisture migration inside the wall. In this paper, these two types of models are combined for the first time, and a coupled heat and humidity transfer–CFD airflow model is applied to tomb-type stone relics. To monitor the meteorological parameters inside and outside Yang Can’s tomb, the characteristics of the spatial and temporal distributions of the meteorological parameters of stone relics of the tomb category, the change pattern and the influencing factors were first obtained. The heat and humidity transfer–CFD airflow model was then employed in simulations. Through the comparison of the measurement and simulation results, it could be concluded that the model provides greater applicability to the simulation of heat and humidity transfer in tomb-like stone artifacts under the action of airflow. The proposed heat and humidity transfer–CFD airflow model is a new, highly accurate and economical method for predicting the temperature and humidity of stone artifacts based on COMSOL software 5.6. It is very important to investigate the variation patterns of the temperature and humidity of tomb-like stone artifacts and deepen the research on the water vapor condensation mechanism.




2. Field Monitoring


2.1. Monitoring Object


The field monitoring object in this study is Yang Can’s tomb, located in the southern part of Honghuagang District, Zunyi city, Guizhou Province, 10 km south of Huangfenzui. The geographic location is shown in Figure 1. In 1982, the State Council announced the second batch of national key cultural relic protection units. It is the largest stone tomb of the Song Dynasty in Guizhou, Southwest China, and one of four major Tusi, or Yang family cultural relics, representing one of the most important relics. Yang Can’s tomb, with its outstanding architecture and stone carvings, is referred to as a treasure of the art of ancient stone carvings in Southwest China. It is a rarity among Chinese ancient tombs, with notable historical, cultural and artistic value. Yang Can’s tomb was constructed during the Chun You reign of Emperor Li Zong of the Song Dynasty (1241–1252), and it was mainly constructed of rock, making it a typical stone relic of the tomb category [21].



Considering the irreversibility of the destruction of cultural relics as well as the specificity of cultural relic protection, a small number of in situ sandstone samples were obtained from Yang Can’s tomb, and the thermal and humidity parameters of the sampled sandstone were systematically determined indoors (refer to Table 1). The density was measured using a hydrostatic balance (model: JA 5003) in combination with the wax seal method. Isothermal moisture absorption and release curves were obtained using desiccators containing silica gel desiccant (five humidity levels). The water vapor permeability coefficient of the sandstone specimens was determined using the desiccant method. In accordance with international standard ISO 15148:2002(E) [22], the specimens were immersed on one side to measure the liquid water transfer coefficient. The thermal conductivity and thermal diffusion coefficient of the specimens were obtained by a thermal constant analyzer (model: Hot disk TPS2500s). Parametric support was provided for the subsequent computer simulations.




2.2. Monitoring Methods


By reviewing previous investigation data and combining them with the actual conditions of the Yang Can tomb site, a continuous and fixed monitoring method was adopted to conduct long-term monitoring of the environmental meteorological parameters inside and outside the burial chamber, such as the air temperature and humidity, solar radiation, rainfall, and wind speed.



2.2.1. Monitoring of the Meteorological Parameters Outside the Burial Chamber


Yang Can’s tomb exhibits geomorphological features and is subjected to local wind conditions. A meteorological monitoring station was deployed outside the tomb in the open area at the top of the tomb. Notably, the wind direction sensor faced east, the detection frequency was set to 30 min, and the specific deployment location is shown in Figure 2a.




2.2.2. Burial Chamber Environmental Data Monitoring


As the female chamber of Yang Can’s tomb has been preserved by the local museum, the monitoring process mainly focused on the male chamber, and the chamber plan is shown in Figure 2b. Since tourists visit the tomb regularly, the sensors were arranged in the tomb while fully ensuring their concealment. Therefore, the temperature and humidity recording devices and sensors were installed near the tomb and supported by a bracket to ensure the validity of the data recording process while considering aesthetics. Temperature and humidity data of the chamber were collected at 30-min intervals. Notably, points “#1” and “#4” were arranged at smaller depths, while points “#2” and “#3” were arranged at larger depths. Points “#1” and “#2” served as monitoring points at different depths on the same side, points “#1” and “#4” served as monitoring points at the same depth on different sides, and points “#1” and “#3” served as monitoring points at different depths on different sides.





2.3. Monitoring Instruments


The meteorological parameters outside the burial chamber were monitored using a meteorological monitoring station.



Tomb indoor environmental data were recorded using a temperature and humidity logger (model: TH10R), with a temperature measurement range of −40 °C to 80 °C, a humidity measurement range of 0–100% relative humidity (RH), a temperature measurement accuracy of ±0.5 °C and a humidity measurement accuracy of ±5% RH.





3. Temperature and Humidity Characteristics of Yang Can’s Tomb and Their Variation Patterns


3.1. Annual Variation Patterns of the Temperature and Humidity in the Burial Chamber


3.1.1. Temperature Variations


As shown in Figure 3a, the temperatures inside and outside the chamber of Yang Can’s tomb varied throughout the year. No data were collected from April to early May due to equipment upgrades. The temperature outside the chamber was highly responsive to seasonal variations, and the season variation was high. The temperature outside the chamber reached an annual maximum value of 37.8 °C in August and then began to decrease, reaching an annual minimum value of −1.4 °C in January, thus yielding a yearly temperature difference of 39.2 °C. The temperature inside the chamber was less responsive to seasonal variations, and the seasonal variation magnitude was small. The temperature inside the chamber gradually increased from February to August, reaching a maximum value of 26.5 °C in August, after which it began to decrease, reaching an annual minimum value of 4.8 °C in January, thus yielding a temperature difference of 21.7 °C throughout the year. In summer, gas exchange inside and outside the chamber was not intense, and heat transfer was reduced. Therefore, the temperature variations inside the chamber remained more stable in the summer months.



The average monthly temperatures inside and outside the chamber (Figure 3b) were analyzed. From the perspective of the monthly average temperature, the temperatures both inside and outside the tomb reached maximum values in summer and minimum values in winter, with obvious seasonal characteristics. However, due to the insulating effect of the subterranean system of the chamber, the temperature inside the chamber was less sensitive to seasonal variations, and the temperature peaks inside the chamber exhibited a certain lag. The minimum monthly mean temperature inside the chamber was 3.45 °C higher than that outside the chamber, indicating that the underground system of the chamber was well insulated. In summer, the temperature outside the chamber was higher than that inside the chamber, and heat was transferred from outside to inside. In winter, the temperature outside the chamber was lower than that inside the chamber, and heat was transferred from inside to outside.




3.1.2. Variations in the Relative Humidity


Figure 4a shows a comparison of the relative air humidity levels inside and outside Yang Can’s tomb throughout the year. The figure reveals that the relative humidity outside the chamber varied more widely and was less responsive to seasonal variations than that inside the chamber, and the relative humidity remained high throughout the year. Affected by rainfall, the relative humidity could reach a maximum value of 100% and a minimum value of 33%, which is related to the climatic conditions in the area of the burial chamber location. However, the humidity inside the chamber ranged from 42% to 89% and was highly responsive to seasonal variations, with higher levels in summer and lower levels in winter. The humidity in winter was reduced both inside and outside the chamber. Considering the above temperature variations, the wind speed imposed a similar effect on the temperature and humidity variations in the burial chamber. In summer, the wind speed was lower, and heat and humidity transfer between inside and outside the burial chamber was reduced. Thus, a higher relative humidity could be maintained inside the burial chamber.



The average monthly relative humidity inside and outside the chamber (Figure 4b) were analyzed. As shown in the above figure, there was a clear seasonal pattern of the relative humidity variation inside the chamber, reaching a higher level in summer and a lower level in winter, while the average monthly relative humidity outside the chamber remained high throughout the year. The relative humidity outside the chamber was lower than inside the chamber in summer, which is due to the higher temperature outside the chamber. The air water vapor content outside the chamber was higher than that in winter, but the saturated water vapor pressure was more notably affected by the temperature and sharply increased, resulting in a lower relative humidity outside the chamber than inside the chamber.



Combined analysis of Figure 3b and Figure 4b reveals that the temperature inside the burial chamber was lower than that outside the chamber in summer due to water vapor transport to areas with lower temperatures during heat and moisture transfer. Therefore, water vapor was transported into the chamber, and the relative humidity inside the chamber became higher than that outside the chamber. During the other seasons, the temperature inside the chamber was higher than that outside the chamber due to the lower atmospheric temperatures, and water vapor was transported to the outside during heat and humidity transfer, so the relative humidity outside the chamber was higher than that inside the chamber.





3.2. Monthly Variation Patterns of the Temperature and Humidity in the Burial Chamber


3.2.1. Relationship between the Temperature and Radiation Variations in Different Months


Figure 5 shows the relationship between the temperature and radiation variations in Yang Chan’s tomb in different months. As shown in the figure, the change in the temperature outside the chamber suitably agreed with the change in the total radiation and fluctuated with total radiation change, while the temperature notably increased. In contrast, there existed no significant correlation between the temperature and total radiation variations inside the chamber, and the overall trend remained stable. Although the temperatures inside and outside the chamber increases, the variations were small. Notably, the temperature inside the chamber is affected by the atmospheric temperature outside the chamber. In the underground system, the effect of the atmospheric temperature is slightly buffered.



Due to the high responsiveness of the solar radiation and the temperatures inside and outside the chamber to seasonal variations, the temperatures inside and outside the chamber were lower in winter due to the low solar radiation and exhibited a decreasing trend. Moreover, they demonstrated an increasing trend in summer due to the higher solar radiation.




3.2.2. Variations in the Relative Humidity in Relation to Rainfall in Different Months


As shown in Figure 6, there was a correlation between the relative humidity levels inside and outside the chamber and rainfall variation. The relative humidity outside the chamber was strongly influenced by rainfall, and it peaked at higher rainfall, but the peak exhibited a certain lag. Whereas the relative humidity inside the chamber fluctuated less with rainfall, its peak also exhibited a lag during some seasons. The relative humidity outside the chamber remained high and considerably varied from month to month. The relative humidities inside and outside the chamber were low in winter and spring due to the low rainfall. However, the values fluctuated more notably in winter and spring when the relative humidities inside and outside the chamber were significantly elevated, peaking at high rainfall. Afterward, the relative humidity decreased. In summer and autumn, due to the higher rainfall, the relative humidity inside the chamber fluctuated less and remained consistently high, i.e., rainfall did not significantly affect the value.





3.3. Changes in the Daily Variations in the Temperature and Humidity in the Burial Chamber


3.3.1. Relationship between the Temperature and Radiation Variations throughout the Day


According to Table 2 and Figure 7, the amount of radiation during the day is related to sunrise. During the pre- and post-sunset periods on different days, the radiation is close to zero, and the atmospheric temperature inside the chamber decreases. After sunrise, the amount of solar radiation increases, as does the atmospheric temperature outside the chamber. Notably, the change in the atmospheric temperature outside the chamber is closely related to solar radiation during the different seasons. This suggests that the variations in the atmospheric temperature outside the chamber are directly influenced by solar radiation, and there is consistency in the trends of these variations. The temperature inside the chamber does not greatly change throughout the day (it basically remains constant), with slight fluctuations during the different seasons due to the temperature variations outside the chamber, but all these variations lag behind the temperature variations outside the chamber. The temperature inside the chamber at different depths essentially remains constant in spring, summer and autumn, slightly higher at shallower depths and fluctuating at the same rate, with slightly higher values at larger depths in the winter months.




3.3.2. Relative Humidity versus Rainfall throughout the Day on Different Dates


As shown in Figure 8, there were significant fluctuations in the relative humidity outside the chamber after the onset of rainfall. The increase in the relative humidity outside the chamber was greater and increased faster during heavy rainfall. The relative humidity decreased as rainfall tapered off. The relative humidity outside the chamber had already gradually increased before rainfall, which is related to the accumulation of water vapor prior to rainfall. During the period after rainfall, the humidity outside the chamber gradually returned to normal. The variations in the humidity outside the chamber caused by rainfall indicated a certain lag. This suggests that rainfall significantly affected the variations in the relative humidity outside the chamber.



The relative humidity inside the chamber remained relatively constant and low over the course of the day. Even during rainfall periods, the relative humidity inside the chamber increased only slightly and recovered more quickly than that outside the chamber. The humidity trends were consistent across the different depths of the chamber, with a slightly higher relative humidity inside the chamber at greater depths than at shallower depths, regardless of the season.






4. Temperature and Humidity Fitting Model for Stone Burial Relics


4.1. Simulation Software


The simulation software used in this paper is COMSOL Multiphysics 5.6. COMSOL is finite element multi-physics field simulation software that can be used to numerically simulate and emulate most physical problems encountered in engineering. It provides the advantages of high modeling speed, notable computing power and convenient visualization and analysis. It has been widely used in simulation research in various fields, such as the construction and chemical industries.




4.2. Modeling of Heat and Moisture Transfer in Porous Media


The material used for the construction of the chamber of Yang Can’s tomb is sandstone, which is a porous material comprising a solid matrix, wet air, and liquid water, with temperature and moisture transfer features. The presence of dry air, water vapor, and liquid water in the pores of a given porous medium facilitates heat transfer in various ways, such as thermal conductivity, convection, and radiation. Moisture transport can impact the temperature distribution, while moisture transfer accompanied by enthalpy flow and phase change can affect the energy balance in the porous material, which in turn can influence heat transfer. Moisture transfer includes processes such as vapor diffusion, liquid water diffusion, Knudsen diffusion, evaporation and condensation. Heat transfer affects the form in which moisture exists, as well as the moisture transfer coefficient, which in turn affects the moisture distribution in the porous material.



Moisture transfer in porous materials can be divided into three stages, as shown in Figure 9. This paper focuses on the first two stages of moisture migration, as the seepage stage does not normally occur in building structures.



The following assumptions are made to model heat and moisture transfer in the solid materials of Yang Can’s tomb:




	
The fluids (air, water vapor and liquid water) in the material voids occur in thermal equilibrium;



	
The material is a homogeneous, isotropic, continuous medium, with a solid skeleton that does not deform with heat and moisture transfer;



	
The effect of the temperature on the equilibrium moisture content in the porous material is neglected;



	
Only gas and liquid phases occur in the material pores.








4.2.1. Moisture Transfer


Combined with the law of mass conservation, isothermal hygroscopicity curves, Fick’s law, Tetens’ model, Darcy’s law and Kelvin’s relationship, the following moisture transfer equation can be derived:


  ρ ξ   ∂ φ   ∂ t   =  ∂  ∂ x    [   (   D v   P  s a t   +  D l   ρ l   R v   T φ   )    ∂ T   ∂ x   +  (   D v  φ   ∂ φ   ∂ x   +  D l   ρ l   R v  ln  ( φ )   )   ]    ∂ T   ∂ x    



(1)




where  ρ  is the density of the material (kg/m3);  ξ  is the slope of the isothermal hygroscopic curve of the material;  φ  is the relative humidity of air (%);    D v    is the water vapor diffusion coefficient;    P  s a t     is the saturated water vapor partial pressure (Pa);    D l    is the liquid water diffusion coefficient;    ρ l    is the density of liquid water (kg/m3); and    R v    is the gas constant for water vapor, which is approximately 461 (J/(kg·K)).




4.2.2. Heat Transfer


The following heat transfer equation can be derived from the law of energy conservation and Fourier’s law:


  ρ  c p    ∂ T   ∂ t   =  ∂  ∂ x    [   (  λ +  L v   D v  φ   ∂  P  s a t     ∂ T    )    ∂ T   ∂ x    ]  +  ∂  ∂ x    (  L  D v   P  s a t     ∂ φ  ∂   )   



(2)




where  ρ  is the density of the material (kg/m3);    c p    is the specific heat capacity of the material (J/(kg·K));  λ  is the coefficient of thermal conductivity (W·m−1·k−1); Lv is the latent heat of vaporization of water vapor (J/kg); and the remaining physical quantities are the same as above.




4.2.3. Boundary Conditions


At the boundary of a given porous medium, where both convection and transfer must be considered, the wet flow rate (   g n   ) can be expressed as:


   g n  = β  (  φ p −  φ  s u r f    p  s u r f    )   



(3)




where    g n    is the wet flow rate (kg/(m2·s));  β  is the surface convective mass transfer coefficient of the porous medium (kg/(Pa·m2·s));  p  is the air saturated water vapor pressure (Pa);    φ  s u r f     is the relative humidity at the surface of the porous medium (%);    p  s u r f     is the saturated water vapor pressure at the surface of the porous medium (Pa); and the remaining physical quantities are the same as above.



The heat flux (   q  n t    ) can be expressed by the convective heat transfer between the surface of the porous medium and air, latent heat of water vapor and solar radiation:


   q  n t   = h  (  T −  T  s u r f    )  +  L v   g n  + α I  



(4)




where  h  is the convective heat transfer coefficient at the surface of the porous medium (W/(m2·K));  T  is the temperature of air (K);    T  s u r f     is the surface temperature of the porous medium (K);  α  is the solar radiation absorption coefficient; and  I  is the solar radiation intensity (W/m2).





4.3. CFD Airflow Modeling


The air inside the chamber can be regarded as a Newtonian fluid whose differential equations must obey the laws of mass, momentum and energy conservation. For turbulent flows, turbulent transport equations must also be considered.



4.3.1. Fluid Flow Control Equations


	
Continuity equation






The mass conservation equation is often referred to as the continuity equation, and the introduction of vector notation   d i v  ( a )  = ∂  a x  / ∂ x + ∂  a y  / ∂ y + ∂  a z  / ∂ z  , combined with the fact that the density of an incompressible fluid is a constant, yields the following fluid flow continuity equation:


  d i v  ( u )  = 0  



(5)




where  u  is the velocity vector.



	2.

	
Momentum conservation equation







For any fluid flow system, the law of momentum conservation must be obeyed. Within the same time interval, the rate of change of the total momentum of each microelement of the flow system is equal to the sum of the various forces acting on this microelement. The equation of momentum conservation is also known as the Navier–Stokes equation (the N–S equation), and combined with the nature of fluid, the following momentum conservation equation for fluid flow can be obtained:


    ∂  (  ρ u  )    ∂ t   + d i v  (  p u u  )  = d i v  (  μ   g r a d   u  )  −   ∂ p   ∂ x   +  F x   



(6)






    ∂  (  ρ v  )    ∂ t   + d i v  (  p v u  )  = d i v  (  μ   g r a d   v  )  −   ∂ p   ∂ y   +  F y   



(7)






    ∂  (  ρ w  )    ∂ t   + d i v  (  p w u  )  = d i v  (  μ   g r a d   w  )  −   ∂ p   ∂ z   +  F z   



(8)




where  ρ  is the fluid density;   u , v ,  and    w   are the velocity vectors  u  along the x, y and z directions, respectively;   g r a d  (   )  = ∂  (   )  / ∂ x + ∂  (   )  / ∂ y + ∂  (   )  / ∂ z  ;    F x  ,  F y  ,  and     F z    are the volumetric forces acting on the microelement body along the x, y, and z directions, respectively;  p  is the pressure acting on the microelement body; and  μ  is the dynamic viscosity.



	3.

	
Energy conservation equation







For any fluid flow system, the law of energy conservation must be obeyed. Within the same time interval, the rate of change of the total energy of each microelement of the flow system is equal to the sum of the heat flux given to the microelement from the outside and the work done by the external force on the microelement, and combined with the nature of fluid, the energy conservation equation can be expressed as follows:


    ∂  (  ρ T  )    ∂ t   + d i v  (  ρ u T  )  = d i v  (   k   C p    g r a d T  )  +  S T   



(9)




where    C p    is the specific heat capacity;  k  is the heat transfer coefficient of the fluid; and    S T    is the viscous dissipation term of the fluid.



In summary, the governing equations for fluid flow can be expressed in the following common form:


    ∂  (  ρ ϕ  )    ∂ t   + d i v  (  ρ u ϕ  )  = d i v  (  Γ g r a d ϕ  )  + S  



(10)




where  ϕ  is the common variable;  Γ  is the broad diffusion term (generalized diffusion tensor (GDT));  S  is the broad source term; and the remaining physical quantities are the same as above. The terms of Equation (10) comprise transient, convective, diffusive, and source terms.




4.3.2. Turbulence Modeling


Turbulence modeling is extremely complex, and it is difficult to fully explain turbulent flow patterns, either by theoretical calculations or experimental studies. Existing turbulence numerical simulation methods can be classified into direct and indirect numerical simulation methods. Non-direct numerical simulation methods mainly include turbulent transport coefficient simulation and large-eddy simulation methods.



The turbulence research object in this paper is the air flow inside the chamber, which belongs to the low-speed turbulent motion category of fluid flow. Turbulence transport coefficient simulation with high accuracy, low computational cost and high reliability was chosen as the solution method in this paper.



	
Time-averaged equation






The turbulent viscosity coefficient    μ T    proposed by Boussinesq is introduced, and the following assumptions are made:


  − ρ    u i   ¯     u j   ¯  =  μ T   (    ∂    u i   ¯    ∂  x j    +   ∂    u j   ¯    ∂  x i     )   



(11)







The time-averaged momentum transport equation can be obtained as:


   ∂  ∂ t    (  ρ    u i   ¯   )  +   ∂  (  ρ    u i   ¯     u j   ¯   )    ∂  x j    = −   ∂  ρ ¯    ∂  x i    +  ∂  ∂  x j     [   (  μ +  μ T   )    ∂    u i   ¯    ∂  x j     ]  +  S i   



(12)







For all variables, the time-averaged transport equation exhibits the following generic form:


    ∂  (  ρ  ϕ ¯   )    ∂ t   +   ∂  (  ρ    u i   ¯   ϕ ¯   )      ∂  x j    =  ∂  ∂  x j     [   (  Γ +  μ T   )    ∂  (  ρ  ϕ ¯   )    ∂  x j     ]  + S  



(13)







	2.

	
Standard k-ε model







The analysis of the time-averaged equations indicates that the key to calculating turbulent flow is determining    μ T   . Many scholars have proposed many solution methods for this purpose. Through the validation study of Xie et al. [23] and Patil M S et al. [24] it can be concluded that the   k − ε   model achieves a lower computational cost and higher computational accuracy, so the   k − ε   model proposed by Launder [23,24]. The turbulent dissipation rate is denoted in the model and can be defined as follows:


  ε =  μ ρ     (    ∂  u i    ∂  x k     )   (    ∂  u i    ∂  x k     )   ¯   



(14)







The turbulent viscosity coefficient    μ T    can be expressed as a function of the turbulent energy  k  and the turbulent dissipation rate  ε .


   μ T  = ρ  C μ     k 2   ε   



(15)







Notably,    C μ  = 0.99  .



The turbulent kinetic energy  k  and turbulent kinetic energy dissipation rate  ε  can be obtained as follows:


   ∂  ∂ t    (  ρ k  )  +  ∂  ∂  x i     (  ρ k  u i   )  =  ∂  ∂  x i     [   (  μ +    μ t     σ k     )    ∂ k   ∂  x j     ]  +  G k  − ρ ε  



(16)






   ∂  ∂ t    (  ρ ε  )  +  ∂  ∂  x i     (  ρ ε  u i   )  =  ∂  ∂  x j     [   (  μ +    μ t     σ ε     )    ∂ ε   ∂  x f     ]  +  C  1 ε    ε k   G k  −  C  2 ε   ρ    ε 2   k   



(17)




where    G k    is the generating term for the turbulent kinetic energy  k  due to the mean velocity gradient.


   G k  =  μ t   S 2   



(18)






  S =   2  S  i j    S  i j      



(19)






   S  i j   =  1 2   (    ∂  u i    ∂ x   +   ∂  u j    ∂ x    )   



(20)







Based on experimental validation by Launder et al. and later researchers, the empirical constants of the model take the following values [25]:


   C  1 ε   = 1.44 ,    C  2 ε   = 1.92 ,    σ k  = 1.0 ,   a n d    σ ε  = 1.3  













4.4. Physical Modeling


Due to the simulation complexity and computational difficulty, in this study, the inside of the chamber of Yang Can’s tomb was moderately simplified with respect to the architectural structure and the connecting steps between the front and back chambers. The inconsistent thicknesses resulting from the stone carvings and the surrounding decorations on the wall surfaces inside the chamber were ignored in the model, and the remainder was modeled according to the actual dimensions. As shown in Figure 10a, the thickness of both the rock wall of the chamber and the concrete waterproof partition wall was set to 0.3 m, the width of the canal between the concrete wall and the main body of the sandstone chamber was set to 0.5 m, and the thickness of the overburden of the upper part of the concrete waterproof partition wall was set to 0.8 m. The left side of the chamber and the upper interface of the soil are in contact with the atmosphere outside the chamber.



4.4.1. Material Parameters


In this paper, sandstone and concrete were treated as enclosures in the simulations and as building materials in COMSOL. The hygrothermal physical parameters of sandstone are listed in Table 1, those of concrete and soil were retrieved from the literature [26,27].




4.4.2. Boundary Conditions


In this paper, a nonstationary heat and moisture coupling simulation process was used, and one year of temperature and humidity monitoring data outside the chamber was used as boundary conditions at the interface between the soil and outdoor air at the top of the chamber, and the convective heat transfer coefficient was set to 18 W/(m2·K).



A heterogeneous air distribution was considered inside the chamber under the influence of airflow, which is correlated with the air temperature, humidity and velocity during hygrothermal migration in the walls. As shown in Figure 10b, both the space inside the chamber of Yang Can’s tomb and the canal between the chamber and the concrete waterproof partition wall are single-channel spaces. The upper part of the door of the chamber is defined as the exit, and the lower part is defined as the entrance in model construction, with the dimensions of both the entrance and exit reaching 1 m. The canal between the chamber and the concrete waterproof partition wall was similarly established, with the dimensions of both the entrance and the exit reaching 0.25 m.



At the entrance to the chamber, data on the meteorological parameters outside the chamber, including atmospheric temperature, relative humidity and wind speed, were used to determine the flow rate, air temperature and relative humidity, considering that external air currents could enter the interior of the chamber.




4.4.3. Initial Conditions


As shown in Figure 11, the initial conditions of the model include a soil temperature of 15 °C and a relative humidity of 80%. The settings for the remaining section include a temperature of 12.8 °C and a relative humidity of 87.5%.




4.4.4. Mesh Subdivision


The mesh subdivision of Yang Can’s tomb model is shown in Figure 12. The inside chamber, canal, boundary and corner parts are carefully divided.





4.5. Validation of the Simulation Results


To verify the simulation accuracy considering the complex chamber environment, the model calculation results were compared to the measured data. Due to the similarity of the monitoring data across the different depths, only the results for measurement point #1 were selected for comparison. A comparison of the simulation results of the air temperature and relative humidity inside the chamber with the measured data is shown in Figure 13.



In the temperature simulations, the difference between the maximum measured and simulated values is 1.539 °C, while the difference between the minimum measured and simulated values is 0.195 °C. Moreover, there is a certain lag in the peak values of the measured values relative to the simulated values. In the humidity simulations, the difference between the measured and simulated values is 0.174% for the maximum values and 1.628% for the minimum values. In contrast to the temperature simulations, the measured peak values occur slightly ahead of the simulated values.



Figure 13 reveals that the simulation results approximately conform with the measured values, and the trends of the simulated air temperature and humidity variations are basically consistent with those of the measured data. The simulation results are more accurate in the summer months (the simulation results highly agree with the measured values). Moreover, the modeled values fit the measured values better at higher relative humidity levels and slightly worse at lower relative humidity levels in winter, but the difference is not significant. The above reflects the suitable predictive ability of the model for complex environments.




4.6. Model Evaluation and Extension


The error analysis results indicate that:




	(1)

	
Theoretical modeling errors occur, which cannot be avoided. Notably, scholars often establish theoretical models based on certain basic assumptions, such as fluid and solid mechanics in the assumption of a continuous medium. Many theoretical models have been proposed based on specific physical conditions, such as the turbulence model in CFD analysis, while some model parameters are obtained through specific experiments, yielding empirical parameters. Therefore, a reasonable choice of theoretical models is critical. In this study, a heat and moisture transfer model and CFD model are combined to provide better simulations of the physical problem studied and to avoid error sources that could lead to large errors.




	(2)

	
For any engineering problem, numerical simulation requires geometric modeling of the computational domain based on the actual physical conditions. Since the actual conditions are often very complex, some simplifications of the physical geometry are needed in the calculation process, so a certain error will be generated. Some geometric simplifications, however, do not affect the results and can be ignored. In this study, certain simplifications of the geometric modeling setup are made, but the resulting errors can be neglected relative to the full model.




	(3)

	
The mesh quality, accuracy, and type all contribute to the discretization error. This phenomenon is caused by the mesh division. Moreover, to ensure the mesh accuracy, if the mesh size is infinitesimally small, more systems of algebraic equations must be solved, but the solutions obtained will be more accurate. In this paper, more refined meshing is employed for certain locations, which reduces the error.




	(4)

	
Boundary conditions enable equations to provide deterministic solutions and various input parameters for solving a particular physical problem. This is usually determined by the actual physical conditions. However, some parameters must be obtained experimentally. In this study, a few experimental measurements are conducted and averaged to determine the parameters and boundary conditions that contribute to minimizing the experimental errors.









The difference between the simulated and measured values mainly stems from the fact that the actual environment is affected by numerous factors, while the model has been moderately simplified. Hence, the error between the simulated results and measured data is reasonable. Such differences reflect the complexity of the real environment and provide valuable lessons for model improvement and optimization.



The above comparison results demonstrate that the proposed heat and humidity transfer–CFD airflow model achieves high accuracy and reliability in simulating the inside chamber environment of Yang Can’s tomb. Therefore, in the process of research and protection of stone cultural relics in other tomb categories, computer simulations can be performed and combined with relevant information and external environmental conditions to explore the internal environment, which can reduce the damage and destruction of cultural relics caused by monitoring.





5. Conclusions


In this study, the following conclusions can be obtained by monitoring the inside and outside of the chamber of Yang Can’s tomb for a period of one year, combined with indoor tests and simulations:




	
The characteristics of the temperature and humidity variations of stone relics in tombs are closely related to the direct solar radiation and rainfall. The temperature variations outside the chamber are mainly influenced by solar radiation, while the relative humidity is notably influenced by rainfall. The temperature and humidity inside the chamber are mainly affected by variations in the temperature and humidity outside the chamber. The wind speed indirectly affects the temperature and humidity inside the chamber by influencing the hygrothermal transfer effect. The temperature and humidity variations inside the chamber exhibit a lag due to the buffering effect of the envelope on the temperature and humidity variations outside the chamber. The greater the chamber depth is, the poorer the air circulation with the outside and the higher the relative humidity.



	
The temperature and humidity variations in Yang Can’s tomb exhibit seasonal variation characteristics. The temperature outside the chamber reaches a maximum value of 37.8 °C in summer and a minimum value of −1.4 °C in winter. The temperature inside the chamber is less responsive to seasonal variations, and the seasonal variation magnitude is small. The humidity outside the chamber remains high throughout the year and does not significantly vary with the season. The humidity inside the chamber is more responsive to seasonal variations, with a higher humidity in summer and a lower humidity in winter.



	
A heat and humidity transfer—CFD airflow model is established to simulate the inside chamber environment of Yang Can’s tomb. Through comparison and validation against the measured data, the model achieves favorable applicability and high reliability. Temperature and humidity data for the outside environment of the chamber can be used to predict the temperature and humidity inside the chamber. This study provides a reference and basis for subsequent research and protection of stone cultural relics in the tomb category.



	
By studying the change trends of the temperature and humidity inside and outside the tomb, it can be found that the temperature and humidity inside the tomb are mainly affected by those outside the tomb. The higher the humidity is, the greater the damage to stone cultural relics. Therefore, structures or plants can be arranged at the entrance of the tomb with stone cultural relics to alleviate the overall impact of the atmospheric temperature and humidity on the temperature and humidity within the chamber. Moreover, chamber desiccant or dehumidifier technology can be used to reduce the humidity in the chamber.
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Figure 1. Map of the location of Yang Can’s tomb. 
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Figure 2. Plan of Yang Can’s tomb and location of the meteorological stations outside and inside the chamber: (a) outside the chamber; (b) inside the chamber. 
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Figure 3. Temperature variations inside and outside the chamber: (a) variations throughout the year; (b) average monthly variations. 
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Figure 4. Variations in the relative humidity inside and outside the chamber: (a) annual variations; (b) average monthly variations. 
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Figure 5. Variations in the temperature of sensor #1 inside the chamber of Yang Can’s tomb and the average hourly radiation of the day in the different months. 
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Figure 6. Variations in the relative humidity of sensor #1 inside the chamber of Yang Can’s tomb and the average hourly rainfall of the day in the different months. 
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Figure 7. Variations in the temperature of sensor #1 and #2 inside the chamber of Yang Can’s tomb and radiation on different days. 
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Figure 8. Variations in the humidity of sensor #1 and #2 inside the chamber of Yang Can’s tomb and rainfall on different days. 
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Figure 9. Three stages of moisture transfer in porous materials. 
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Figure 10. Yang Can’s tomb model: (a) physical model; (b) entrance and exit settings. 
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Figure 11. Initial conditions of Yang Can’s tomb model: (a) temperature conditions; (b) relative humidity conditions. 
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Figure 12. Yang Can’s tomb model meshing and local enlargement. 
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Figure 13. Comparison of the simulated and measured air temperatures and relative humidities inside the chamber. 
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Table 1. Thermo-hygroscopic parameters of the sandstone from Yang Can’s tomb.
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	Density

(g/cm3)
	Isothermal Hygroscopic Curve
	Water Vapor Permeability Coefficient

(g/(Pa s m2))
	Liquid Water Diffusion Coefficient

(m/s2)
	Thermal Conductivity

(W/(m K))
	Specific Heat

(J/(kg K))





	2.42
	      u = e    − 4  . 81 + 0   . 053 φ      
	2.33 × 10−7
	4.49 × 10−6
	2.54
	863










 





Table 2. Sunrise and sunset schedule during the monitoring period in Honghuagang District, Zunyi.
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	Date
	Sunrise
	Midnoon
	Sunset
	Day Length
	Daybreak
	Dark





	3.15
	7:01:16
	13:01:07
	19:00:57
	11:59:41
	6:38:00
	19:24:13



	6.19
	5:56:46
	12:53:43
	19:50:40
	13:53:54
	5:30:11
	20:17:15



	9.21
	6:40:03
	12:45:09
	18:49:47
	12:09:16
	6:17:13
	19:13:05



	12.10
	7:31:52
	12:44:52
	17:57:52
	10:26:00
	7:06:23
	18:23:21
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