

  energies-13-01652




energies-13-01652







Energies 2020, 13(7), 1652; doi:10.3390/en13071652




Article



Optimization and Assessment of the Protective Shed of the Eastern Wu Tomb



Yonghui Li 1,2,*[image: Orcid], Yumai Feng 1[image: Orcid], Zhenyi Kong 1 and Shuichi Hokoi 1





1



School of Architecture, Southeast University, Nanjing 210096, China






2



Key Laboratory of Urban and Architectural Heritage Conservation of Ministry of Education (Southeast University), Nanjing 210096, China









*



Correspondence: liyonghui@seu.edu.cn; Tel.: +86-25-83790530







Received: 2 March 2020 / Accepted: 27 March 2020 / Published: 2 April 2020



Abstract

:

The Eastern Wu tomb in Shangfang Town, Nanjing City is a brick tomb of the Six Dynasties in China, which is very famous for its big scale and complex structure. After being excavated, biodeterioration occurred on the interior wall of the tomb chambers due to the fluctuation of environmental factors, which threatens the cultural value of this architectural heritage. Biodeterioration is highly related to the mild temperature and the high humidity in the tomb chamber and condensation on the wall surface. To reduce biodeterioration in the Eastern Wu tomb, environment monitoring was carried out and the effect of the current protective shed on the Eastern Wu tomb was examined. The hygrothermal transfer model of the protective shed was developed to evaluate the effects of the optimization of the protective shed for reducing the condensation on the wall surface. The results show that condensation on the wall surface of the site was reduced by 53% in a year after the functional space utilizing solar energy was added to the protective shed.
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1. Introduction


The Eastern Wu tomb is located in Shangfang town, Nanjing city, China and was discovered in December 2005. The identity of the tomb owner is unknown, but it is estimated to be an emperor or a king [1]. The ancient tomb is one of the largest and most complex brick structured tombs of the Eastern Wu dynasty in China with the most large-scale porcelain unearthed [2], and has been listed as a national-level cultural relics preservation unit. The tomb is surrounded by mountains and is now under a protective shed built in May 2007. The protective shed is enclosed by 0.24 m-thick brick walls made of brick and slope roof made of corrugated steel sheets. Figure 1 and Figure 2 show the indoor scene of the protective shed and the plan of the Eastern Wu tomb, respectively. Immediately after the protective shed construction was finished in 2007, a lot of mold-like microbial species grew on the walls of both the front and back tomb chambers. As shown in Figure 3a, the mold mainly grows in the lower part of the wall surface near the ground. Under microbiological activities, the brick is under destruction and the pattern on the brick surface is obviously blurred or disappeared as Figure 3b shows.



Microorganism colonization can cause biodeterioration to porous building materials, and bring intertwined damage aesthetically, physically and chemically to architectural heritage. Colonization and growth of microorganisms induce the surface discoloration and deterioration of architectural heritages [3,4,5]. Even when the microorganisms are not alive, the contamination they leave is still difficult to remove. Because architectural heritages are composed of porous materials, such as soil, mortar, plaster, brick and so on, mycelium penetrates into the micro pores of materials easily [6,7] and brings damage physically. The metabolites of microorganisms can dissolve building materials [8,9], which brings damage chemically. Besides, chemical and physical weathering always interacts with biological weathering [10,11]. Biodeterioration has long-term and continuous influences on the aesthetic and historic value of architectural heritages. The inhibition of mold growth is essential for the protection of architectural heritages.



The microbial spores exist ubiquitously in the environment [12]. The surface of architectural heritages are rough with numerous micro pores, which is easy for spores to deposit, be absorbed, and colonize on the surface. After that, once the ambient conditions like temperature, humidity etc. are suitable, spores will become active and microbial reproduction begins. According to previous studies, there was no mold growth after 95 days of incubation if ambient temperature was below 5 °C or above 40 °C [13]. It was pointed out [14,15,16] that the correlation curve of growth and temperature shows a shape of a mountain with a peak at about 25 °C for most common microorganisms. As for relative humidity, ambient relative humidity exceeding 75% highly accelerates the growth of microorganisms [17]. Most of the archaeological sites are connected to the ground and some are semi-underground, so the sites are usually in a relatively stable ambient temperature between 15 °C and 25 °C. In the study on the correlation between microbiological reproduction and environmental factors, French scholar Bastian F et al. [18] studied the biodeterioration in the prehistoric cave paintings in Lascaux, France. The study showed that visitors changed the original environment in the caves, leading to the outbreak of different types of mold, which affected the color and structure of the murals. Spanish scholar Saiz-Jimenez C [19,20] studied the influence of environmental factors on biodeterioration in prehistoric caves in Altamira, Spain. Clarke [21] and Rowan [22] analyzed the biodeterioration phenomenon on the surface of buildings combined with the temperature and humidity inside buildings based on the minimum temperature and humidity growth range curves of different fungi. Sedlbauer et al. [23] studied the mold propagation process under the influence of temperature, humidity and nutrients, and developed one digital prediction technology, which has been widely used to predict the degradation of materials caused by microbiological factors on the surface of architectural heritages. Li Y et al. [24] in Kyoto university Japan, carried out experiments and simulations on environmental issues related to mural degradation in Takamatsuzuka Tumulus in Japan.



Usually, Ancient tombs are easily influenced by the underground water and rising damp. Ancient tombs are directly connected with the outer ground. In an open display environment, the continuous moisture evaporation and fluctuation of temperature and humidity will occur on ancient tombs, which easily leads to local condensation on the tomb wall, and a high moisture content of materials and promotes the vigorous reproduction of mold. At present, in the field of ruins site protection, mold-proof reagents such as borax, Kathon [25,26] or microwave irradiation such as ultraviolet [27] are mainly applied to the cultural relics as methods to reduce biodeterioration. However, the mold-proof reagents are recommended to spray every year since they cannot prevent the spread of microbial spores and growth in suitable environments [25]. Moreover, the use of mold-proof reagents and ultraviolet irradiation may produce a contamination or cause secondary damages to the cultural relics. In recent years, nanomaterials are being applied to reduce biodeterioration [28] gradually. However, as a new type of material, the stability of nanocomposites needs to be enhanced [29,30]. Biological colonization of the pore materials constantly occurs on the wet surface in suitable environment where condensation intermittently appears and keeps some dust substrates with high temperature, and high humidity. Therefore, surface cleaning methods and sterilization methods are supposed to be “Cosmetic Measures” to facilitate the inhibition of mold growth. To improve the physical environment state of the site itself will have a lasting effect on inhibiting the biodeterioration.



In this study, the Eastern Wu tomb under a protective shed is taken as an example to explore a method to control biodeterioration based on passive (assisted by fan operation) environmental regulation. This paper aims to analyze and assess the inhibition effect of biodeterioration by optimizing the protective shed design through environmental measurement and numerical simulation. First, we developed a hygrothermal transfer model, and validated it by using the monitored data. Next, the protective shed was optimized (attached by a functional space utilizing the solar radiation), and the simulation results of the indoor environment of the tomb before and after optimization were compared. Finally, the effect of the functional space utilizing the solar radiation on the reduction of biodeterioration was evaluated. The research results of this paper will contribute to provide theoretical reference for the design and optimization of protection facilities for ancient tombs.




2. Modeling of Eastern Wu Tomb


2.1. Hygrothermal Transfer Equations


A two-dimensional (2D) numerical simulation analysis was carried out on the heat and moisture transfer of the Eastern Wu tomb and the surrounding soil under the effect of the protective shed. The model was based on the theory of heat and moisture transfer in porous materials driven by the temperature and water chemistry potential [31,32].



The basic heat and moisture balance is given by Equations (1) and (2).



Heat:


    ( c ρ )   a p     ∂ T   ∂ t   = ∇ ·  [   (  λ + λ  ′  T g    )  ∇ T + r λ  ′  μ g   ∇ μ  ]   



(1)







Moisture:


   ρ w    ∂ ψ   ∂ μ     ∂ μ   ∂ t   = ∇ ·  [  λ  ′ μ   (  ∇ μ − g n  )  + λ  ′ T  ∇ T  ]   



(2)







Here,   (  c ρ   )  a p     is apparent heat capacity of the material [J/m3 K],  λ  is thermal conductivity [W/m K], T is temperature [K], μ is water chemical potential [J/kg],    λ  T g  ′    is moisture conductivity related to temperature gradient (gas phase) [kg/m s K],    λ  μ g  ′    is moisture conductivity related to water chemical potential gradient (gas phase) [kg/m s (J/kg)], r is heat of gas/liquid phase change [J/kg],    ρ w    is the density of liquid water [kg/m3],  ψ  is volumetric water content [m3/m3],    λ μ ′    is moisture conductivity related to water chemical potential gradient [kg/m s (J/kg)],    λ T ′    is moisture conductivity related to temperature gradient [kg/m s K], and g is the gravity acceleration [9.8 (m/s2)].



The relationship between water chemical potential μ and relative humidity H is as follows:


  μ =  R v  T ln  ( H )   



(3)







Here, Rv is the gas constant for water vapor [Pa·m3/k mol K].



2.1.1. Boundary Condition


The ground surface around the protective shed is regarded as a bare area, which can receive solar radiation and rain. The equations of heat and moisture transfer at this boundary are given as follows:



Heat:


   (  α + r   α ′  T   )   (   T o  −  T s   )  + r   α ′  μ   (   μ o  −  μ s   )  +  q  s o l   +  q  n o c   = −  (  λ + r   λ ′   T g    )        ∂ T   ∂ n    |   s  −     r   λ ′   μ g     ∂ μ   ∂ n    |   s   



(4)







Moisture:


    α ′  μ   (   μ o  −  μ s   )  +   α ′  T   (   T o  −  T s   )  +  J s  = −   λ ′  μ   (        ∂ μ   ∂ n    |   s  − g >  n j   )  −   λ ′  T        ∂ T   ∂ n    |   s   



(5)







Here, α is heat transfer coefficient [W/m2 K], α′T is moisture transfer coefficient related to temperature difference [kg/m2/s K], α′μ is moisture transfer coefficient related to water chemical potential difference [kg/m2/s (J/kg)], is solar radiation [W/m2],    q  n o c     is nocturnal radiation [W/m2], and Js is rainfall [kg/m2/s]. The subscript o represents outside, s represents surface of the ground in contact with the air.



The equations of heat and moisture transfer at the boundary of the outside surface of the protective shed, and the inner surface of the tomb or the protective shed are almost the same as Equations (4) and (5) except for the solar radiation and rain. The steel roof of the protective shed is damp-proofed, thus only heat flow is considered at the boundary of the ceiling surface of the protective shed.




2.1.2. Heat and Moisture Balance in the Tomb Chamber and the Protective Shed


The heat and moisture balance equations of the air in the tomb chamber are as follows:



Heat:


  c γ  V r    ∂  T r    ∂ t   =   ∑  j = 1   m 1     S j   α j   (   T j  −  T r   )    + c γ  V r   N r   (   T b  −  T r   )   



(6)







Moisture:


  c ′  V r    ∂  P r    ∂ t   =   ∑  j = 1   m 1     S j    α  ′  m j    (   P j  −  P r   )  + c ′  V r   N r   (   P b  −  P r   )   



(7)







Here,   c γ   is the volumetric heat capacity of air [J/m3 K], V is air volume [m3], T is the temperature of air [K], P is water vapor pressure [Pa], S is area of the wall surface [m3], α′m is moisture transfer coefficient [kg/m2/s Pa], N is the air change rate [1/s], and   c ′   is the moisture capacity of air [kg/m3 Pa]. The subscript r represents tomb chamber, b represents protective shed.



For the air in the protective shed, heat and moisture balance equations are given as follows:



Heat:


    c γ  V b    ∂  T b    ∂ t   =     ∑  j = 1   m 2     S  b g     j     α j   (   T  b g     j  −  T b   )  +   ∑  j = 1   m 3     S  b r     j     α j   (   T  b r     j  −  T b   )  +   ∑  j = 1   m 4     S  b i     j     α j   (   T  b i     j  −  T b   )       + c γ  V b   N b   (   T o  −  T b   )  + c γ  V r   N r   (   T r  −  T b   )     



(8)







Moisture:


    c ′  V b    ∂  P b    ∂ t   =     ∑  j = 1   m 2     S  b g     j    α  ′  m j    (   P  b g     j  −  P b   )  +   ∑  j = 1   m 3     S  b r     j    α  ′  m j    (   P  b r     j  −  P b   )  +   ∑  j = 1   m 4     S  b i     j    α  ′  m j    (   P  b i     j  −  P b   )       + c ′  V b   N b   (   P o  −  P b   )  + c ′  V r   N r   (   P r  −  P b   )     



(9)







Here, superscript bg represents ground surface in contact with the air in the protective shed, br represents tomb surface in contact with the air in the protective shed, bi represents inside surface of the protective shed.





2.2. Monitoring of Meteorological Conditions and Indoor Environment


The climatic data around the Eastern Wu tomb were monitored from July 20th, 2015 to June 20th, 2017. The monitoring mainly consisted of three parts: meteorological parameters (temperature, relative humidity, solar radiation, wind speed, and wind direction); the indoor environment of the protective shed and the tomb chamber (temperature and relative humidity); and the height of the underground water level (Figure 4).



The equipment used in the monitoring were automatic weather station (HOBO U30-NRC, Onset company, Bourne, MA, USA), and temperature and relative humidity recorder (RTR-53A, T&D company, Nagano, Japan). The weather station monitored air temperature, relative humidity, wind direction, wind speed, atmospheric pressure, precipitation, solar radiation, and water content of soil.




2.3. Material Used in the Model


The brick chamber of the Eastern Wu tomb is 4.2 m wide, 4.4 m deep, and 4.8 m high; the two wing rooms are both 1.7 m wide, 2.5 m deep, and 1.9 m high. The tomb is surrounded by plain fill and silty clay (Figure 4). The plain fill is composed of silty soil and clay with few impurities, formed by manual disturbance and handling of landfills. The equilibrium water content and the thermal conductivity of the soil surrounding the tomb chamber were measured, and the moisture conductivities were estimated from the measured equilibrium water content and particle size distribution, according to the Arya–Paris model [33]. The brick wall of the tomb is about 0.6 m thick. The equilibrium water content, thermal conductivity, and moisture conductivity of the tomb brick from the Eastern Wu tomb were derived from reference values [34].




2.4. Simulation Procedures


Simulation model and grid division: the cross-section 1-1 of the front chamber shown in Figure 2 was simulated. It was divided into 326 × 250 grid cells. Figure 5 shows the outline of the calculation region and the boundary conditions. The mesh was set dense in the area covering the tomb chamber and the protective shed. An explicit control volume method with a time step of 60 s was adopted.



Monitoring data: the outdoor temperature, relative humidity, global solar radiation, and rainfall collected by the weather station near the protective shed from 1 January to 31 December 2016 were input into the numerical model as the boundary conditions. At the bottom of the calculation region, the temperature of 16.7 °C (annual average temperature in Nanjing) and the water chemical potential of −5 J/kg (nearly moisture saturation state) were given. On the leftmost and rightmost boundaries of the calculation region, no heat and moisture fluxes were assumed.



The air exchange rate (based on the volume of the tomb front chamber) between the tomb chamber and the protective shed and air exchange rate (based on the volume of the protective shed) between the protective shed and the outside are listed in Table 1.




2.5. Model Validation


The monitored and simulated air temperatures in the tomb chamber in 2016 are compared in Figure 6a. The monitored annual temperature fluctuated between −1.4~28.9 °C (average: 16.1 °C) and the calculated value is between 0.7~30.7 °C (average: 17.0 °C). As for the relative humidity in the tomb chamber in Figure 6b, the monitored relative humidity (RH) was 89.2% ± 9.8% and the calculated value was 90.6% ± 9.4%. The trends of change and fluctuation range of the calculated temperature and relative humidity agree well with those of the monitored results, thus the proposed simulation model can be regarded as reliable. The following section discusses the hygrothermal behavior in the underground tomb chamber predicted by this simulation model.





3. Optimization of Protective Shed Design with a Functional Space


Biodeterioration is highly related to the mild temperature and high humidity in the tomb chamber and the condensation on the wall surface [35]. The main reason for the occurrence of condensation is that the hot and wet outdoor air meets a cold wall. Thus, increasing the wall temperature or reducing the air absolute humidity is an effective measure to reduce condensation.



As a passive method to raise the surface temperature of the tomb brick wall and decrease the air absolute humidity for avoiding condensation, placing a functional space like a sunroom adjacent to the protective shed is proposed.



As shown in Figure 7, the functional space is enclosed by glass walls and roof to receive solar radiation. The glass wall is a double-glazing panel, which has a large transmittance of solar radiation and a small transmittance of heat. The ground and side wall adjacent to the protective shed are covered by vapor proofing film such as PMPC (a patented (#US 7,179,761) vapor/ water proofing membrane composed of an exclusive plasmatic core suspended mid-point between two layers of a homogeneous, bituminous material) to avoid the evaporation from the ground and the side wall. The air heated by the solar radiation in the functional space is transferred to the tomb chamber through the air conduct driven by a fan, then exhausted to the outside through another air duct driven by a fan. At the same time, the functional space supplies heat to the tomb chamber by heat conduction through the ground.



In this situation, only heat transfer between the surface around the functional space and the air in it is considered. The heat balance at the ground surface in contact with the air in the functional space is as follows:


  α  (   T s  −  T f   )  +  q  s o l   ⋅ R T +  q  n o c   = − λ   ∂ T   ∂ x    



(10)







Here, RT is radiation transmission. The subscript s represents surface of the ground in contact with the air, f represents functional space.



The equation of heat transfer at the boundary of the side wall adjacent to the protective shed is almost the same as Equation (10) except for the solar radiation.



The functional space exchanges air with the tomb chamber and the outside. From late fall to winter (November–February), the outdoor air has low absolute humidity but low temperature when without the solar radiation, thus not suitable to be transferred into the tomb chamber. Thus, only the air heated by the solar radiation and with high temperature is supplied.



The heat and moisture balance in the functional space are as follows:



Heat:


    c γ  V f    ∂  T f    ∂ t   =     ∑  j = 1   m 5     S  f g     j   α j   (   T  f g     j  −  T f   )    +   ∑  j = 1   m 6     S  f b     j   α j   (   T  f b     j  −  T f   )    +   ∑  j = 1   m 7     S  f i     j  K  (   T o  −  T f   )         + c γ  V f   N f   (   T o  −  T f   )     



(11)







Moisture:


   c ′   V f    ∂  P f    ∂ t   =  c ′   V f   N f   (   P o  −  P f   )   



(12)







Here, K is coefficient of heat transfer of glass. The subscript o represents outside, f represents functional space. The superscript fg represents ground surface in contact with the air in the functional space, fb represents protective shed surface in contact with the air in the functional space, fi represents inside surface of the functional space.



In this situation, the heat and moisture balance in the tomb chamber are as follows:



Heat:


  c γ  V r    ∂  T r    ∂ t   =   ∑  j = 1   m 1     S j   α j   (   T j  −  T r   )    + c γ  V r   N r   (   T b  −  T r   )  + c γ  V f   N f   (   T f  −  T r   )   



(13)







Moisture:


  c ′  V r    ∂  P r    ∂ t   =   ∑  j = 1   m 1     S j    α  ′  m j    (   P j  −  P r   )  + c ′  V r   N r   (   P b  −  P r   )  + c ′  V f   N f   (   P f  −  P r   )   



(14)







Considering the given protective shed and the direction of the local solar radiation characteristics, the functional space was designed. As shown in Figure 8, the functional space was placed in the orange colored area considering the distance to the tomb and the sunlight’s direction. The glass wall enclosing the functional space is 3.2 m high and the glass roof is 5 m wide.



In this two-dimensional (2D) numerical model, the volumes of the tomb, the protective shed, and the functional space were set at 26.2, 130, and 16 m3, respectively. The air exchange rates (based on the volume of the functional space) between the functional space and the tomb chamber was controlled as listed in Table 2 depending on the time of the year and the temperatures of them.



Because of the air balance, the air exchange rate between the functional space and the outside is equal to that between the functional space and the tomb (both based on the volume of the functional space).




4. Results and Discussion


4.1. Changes of Surface Temperature and Water Content on the Internal Wall


To examine the change in the surface temperature and water content on the internal wall of the tomb chamber after the functional space was added, four simulation points on the internal wall surface were selected. As shown in Figure 9, points 1 and 3 are on the surface of the inner facade of the wing rooms, point 2 is on the surface of the brick ground, and point 4 is on the surface of the ceiling. In order to compare the difference between the ‘original’ case and the ‘functional space-added’ case, the annual cycle steady state will be discussed here.



Figure 10, Figure 11, Figure 12 and Figure 13 show the temperatures at the four points before and after the functional space was added to the protective shed. After the functional space was added, the temperature of all four points increased about 0.5 °C at points 1 to 3, and about 1.0 °C at point 4, respectively. The temperature on the lower side of the tomb chamber (points 1(+0.5 °C) to 3(+0.5 °C)) increased less than on the upper side(+1.0 °C), because of the large heat capacity of the ground. The temperature difference between the points 1 and 3 was very small, indicating that the effect of the heat conduction through the ground was very small. The temperature at the four points increased 0.7 °C on average.



Figure 14, Figure 15, Figure 16 and Figure 17 show the water content at the four points before and after the functional space was added to the protective shed. After the functional space was added, the water content at all four points decreased, about 0.008 m3/m3 at point 1, 0.005 m3/m3 at point 2, 0.007 m3/m3 at point 3, and 0.001 m3/m3 at point 4, respectively.




4.2. Changes of the Air Temperature and Humidity in the Tomb Chamber


The air temperature, relative humidity, and absolute humidity in the tomb chamber before and after the functional space was added are shown in Figure 18, Figure 19 and Figure 20:



It can be seen in Figure 18 that after the functional space was added, temperature in the tomb chamber increased in the whole year and by about 4 °C in summer. Even in winter, the temperature in the tomb chamber increased. As Table 3 shows, the temperature in the tomb chamber fluctuated between 0.7~30.7 °C throughout the year, and the average temperature was 17.0 °C in the original case. After the functional space was added, the temperature fluctuated between 0.8~34.6 °C, and the average temperature increased up to 18.2 °C. The maximum and the minimum temperatures increased by 3.9 °C and 0.1 °C compared to those in the original case, respectively. The annual average of the temperature in the tomb chamber increased by about 1.2 °C.



Figure 19 shows that after the functional space was added, relative humidity in the tomb chamber decreased in the whole year and by about 10% in late spring and late summer. Table 4 shows the statistics of the relative humidity in the tomb chamber. It can be seen that the addition of the functional space decreased the relative humidity of the air in the tomb chamber, which means the air in the tomb chamber became dryer. Especially, in the rainy season (June and July), almost RH100% decreased to 95%.



Figure 20 shows that after the functional space was added, absolute humidity in the tomb chamber increased only a little in summer, but kept nearly the same as the original case in spring, winter and autumn. Table 5 shows the statistics of the absolute humidity in the tomb chamber. It can be seen that the addition of the functional space increased the absolute humidity of the air in the tomb chamber by 0.003 kg/m³ in summer.




4.3. Occurrence in Condensation


In this study, condensation was defined to occur when the water chemical potential of the wall surface is higher than −30 J/kg (the pore air is near 99.98% RH) and water vapor comes in. This definition of condensation was used to evaluate the risk of relative severe condensation [36].



To examine the areas where condensation occurs, the inner wall surface of the tomb chamber was divided into ten segments marked by letters “A” to “J” as shown in Figure 21. Figure 22 compares the condensation days on each segment between the original case and the functional space added case.



It can be seen that there were no condensation days on segments A to D and segments H to J both in the original case and the functional space added case, which means that no condensation occurred on the surface of the inner wall on the upper side of the tomb. This is because only the lower part of the tomb is covered by soil, while the outside wall surface of the upper part of the tomb is exposed to air.



Both before and after the functional space was added, condensation occurred on segments E to G, that is, the bottom side of the tomb chamber (the ground of the tomb chamber and inner facade of the wing rooms) (Figure 3a). Maximum condensation occurred between segments E and F and between segments F and G, that is, at the corner of the wing rooms. After the functional space was added, condensation days on segments E to G reduced by about 50 days in the whole year (Table 6).



To examine how the fraction of condensation area in the inner surface of the tomb chamber changed in a whole year, the condensation fraction on the wall surface in each month is shown in Figure 23.



Figure 23 shows that condensation frequently occurred from April to August in the original case while it occurred from June to July after the functional space was added. The condensation occurred nearly the whole year even after the functional space was added. This may be because the ground water level is high, about 60 cm below the tomb floor. Under the influence of the underground water, the water content at the lower part of the tomb remains high all year round.



Even after the functional space was added, condensation still occurred, but the average condensation rate through the whole year reduced by 53% from 13.5% to 6.3% (Table 7).



It is clear that the addition of the functional space was effective to reduce the occurrence of condensation in the tomb chamber. The increase in the temperature on the tomb wall surface shown in Figure 10, Figure 11, Figure 12 and Figure 13 is the main reason for the reduction of the condensation. When the condensation on the wall surface decreases, the growth of microorganisms on the wall surface can be expected to be inhibited.





5. Conclusions


Biodeterioration is highly related to the mild temperature and the high humidity in the tomb chamber and the condensation on the wall surface. After a functional space utilizing solar energy was added to the protective shed of the Eastern Wu tomb, the annual average temperature on the surface of the tomb chamber increased about 0.7 °C, the relative humidity of the air in the tomb chamber decreased by about 5.0%, and the condensation occurrence on the wall surface was reduced by 53%.



For the protection of masonry building heritage, functional spaces such as sunrooms can reduce the condensation on the wall surface of the building, and thus are effective at suppressing biodeterioration in the site and conserving architectural heritage. Compared with the spraying of mold-proof reagents on the architectural heritage or the irradiation of the site with microwave irradiation, this method is less intrusive to the heritage itself.



Meanwhile, the functional space in this study is a simple, passive and economic environmental control system with no management costs over time (when with a fan driven by solar panel), which is very important for conservation management. Architects can consider specific designs like this functional space when designing protective and display facilities for architectural heritage.
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Figure 1. The Eastern Wu tomb in the protective shed. 
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Figure 2. Plan of the Eastern Wu tomb. 
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Figure 3. (a) Distribution of biodeterioration in Section 1-1 (Figure 2); (b) Biodeterioration detail. 
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Figure 4. Monitoring scheme. 
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Figure 5. Calculation region and the boundary conditions. 
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Figure 6. (a) Air temperature in the tomb chamber and the outside; (b) Relative humidity in the tomb chamber and the outside. 
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Figure 7. Schematic diagram of the proposed method. 
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Figure 8. Outline of functional space: (a) Plan; (b) Section 1-1. 
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Figure 9. Four simulation points. 
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Figure 10. Point 1—temperature change. 
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Figure 11. Point 2—temperature change. 
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Figure 12. Point 3—temperature change. 
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Figure 13. Point 4—temperature change. 
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Figure 14. Point 1—water content change. 
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Figure 15. Point 2—water content change. 
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Figure 16. Point 3—water content change. 
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Figure 17. Point 4—water content change. 
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Figure 18. Comparison of air temperatures in the tomb chamber. 
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Figure 19. Comparison of relative humidity. 
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Figure 20. Comparison of Absolute humidity. 
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Figure 21. Position of simulation segments. 
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Figure 22. Condensation days on each segment. 
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Figure 23. Condensation fraction in each month—comparison between original and functional space added cases. 
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Table 1. Air exchange rates.
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	Position
	Air Exchange Rate (Times/Hour)





	Between the tomb chamber and the protective shed
	3



	Between the protective shed and the outside
	3.2
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Table 2. Air exchange rates between the functional space and the tomb chamber.
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	Conditions
	Air Exchange Rate (Times/Hour)





	March-October
	2



	January-February or November-December and Tf > Tr
	2



	January-February or November-December and Tf ≤ Tr
	0







Tf: air temperature in the functional space; Tr: air temperature in the tomb.
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Table 3. Statistics of the air temperature in the tomb chamber.
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	Statistics
	Original Case (°C)
	Functional Space Added (°C)
	Difference (°C)





	maximum
	30.7
	34.6
	3.9



	minimum
	0.7
	0.8
	0.1



	average
	17.0
	18.2
	1.2



	standard deviation
	7.4
	8.1
	0.7
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Table 4. Statistics of relative humidity in the tomb chamber.
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	Statistics
	Original Case
	Functional Space Added
	Difference





	maximum
	100%
	100%
	0.0%



	minimum
	69.8%
	58.9%
	−10.9%



	average
	90.6%
	85.6%
	−5.0%



	standard deviation
	5.3%
	8.0%
	2.7%
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Table 5. Statistics of absolute humidity in the tomb chamber.
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	Statistics
	Original Case

(kg/m³)
	Functional Space Added

(kg/m³)
	Difference

(kg/m³)





	maximum
	0.032
	0.035
	0.003



	minimum
	0.004
	0.004
	0



	average
	0.015
	0.015
	0



	standard deviation
	0.007
	0.008
	0.001
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Table 6. Condensation days on average at each simulation point on segments E to G.
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	Segment(s)
	Original Case
	Functional Space Added
	Difference





	E
	54
	23
	−31



	F
	109
	52
	−57



	G
	58
	22
	−36



	E-G
	94
	44
	−50
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Table 7. Monthly rate of condensation.
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	Statistics
	Original Case
	Functional Space Added
	Difference





	January
	1.3%
	1.3%
	−0.0%



	February
	6.5%
	4.6%
	−1.9%



	March
	8.1%
	6.6%
	−1.5%



	April
	19.3%
	6.2%
	−13.1%



	May
	11.9%
	5.7%
	−6.2%



	June
	26.4%
	12.2%
	−14.2%



	July
	43.7%
	28.2%
	−15.5%



	August
	25.0%
	2.0%
	−23.0%



	September
	9.4%
	1.6%
	−7.8%



	October
	4.4%
	1.4%
	−3.0%



	November
	5.5%
	5.3%
	−0.2%



	December
	0
	0
	−0.0%



	Average (whole year)
	13.5%
	6.3%
	−7.2%











© 2020 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 (http://creativecommons.org/licenses/by/4.0/).
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Simulation segments on the inner surface
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