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Abstract: The heritage of ancient buildings is an important part of the world’s history and culture,
which has extremely rich historical-cultural value and artistic research value. Beijing has a large
number of ancient palace buildings, and because of the age of their construction, many of them
have problems with varying degrees of peeling and molding on the inner surfaces of the envelope.
To solve the problems of damp interiors of palace buildings, a mathematical model of indoor heat
and moisture transfer was established based on an ancient wooden palace building in Beijing. The
model was validated by fitting the measured and simulated data. And the effects of outdoor relative
humidity, soil moisture, wall moisture, and other factors on indoor heat and moisture transfer of
ancient buildings were simulated and analyzed via the control variables method. The results showed
that the measured and simulated data are within the error range, which verifies the accuracy of the
model. And the simulation of indoor humidity matched the measured humidity. Thus, the simulation
results were consistent with the actual situation. The variable trend of the relative humidity of the
indoor environment with the outdoor humidity is inconsistent from plane to plane, i.e., it increases
or remains constant with the increase in the outdoor humidity. Indoor ambient relative humidity
increased with increasing wall moisture. And the indoor average temperature is 24.5 °C, and indoor
relative humidity ranged between 87.4% and 92.4%. Soil moisture and wall moisture were the main
factors affecting indoor relative humidity.

Keywords: ancient building; heat transfer moisture transfer; simulation

1. Introduction

Ancient buildings are an important part of the world’s historical and cultural heritage,
which is an important carrier for inheriting national traditional culture and promoting
cultural exchanges among nations and cannot be restored once they are damaged [1].
Nowadays, the protection of cultural relics and ancient buildings is gaining more and more
attention. “Preserve the original appearance” is the basic principle for the protection of
ancient buildings, so higher requirements for the technology of protection and restoration
of ancient buildings have been proposed. With the advancement of technology, the con-
servation and repair of ancient buildings have gradually incorporated modern simulation
and digital means from a purely manual approach [2,3] to seek the root mechanism of
problem solving.

To better preserve its original appearance and historical value, revitalize the social
value of ancient buildings, and enhance the comfort of visitors, many researchers have
been conducting various explorations in recent years [4-7], such as ancient building wall
repair work and ancient architecture of digital protection, etc. The typical problems of
ancient building damage are the degradation of the anti-corrosion paint surface and the
moldy wood structure. It was found that the deterioration and mold problems of ancient
buildings are influenced by the coupling of multiple factors, such as the thermal and
humid environment around the building, air flow, underground soil moisture, and the
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building envelope, etc. [8-10]. Exploring the patterns of influence of different factors on
the deterioration of ancient buildings is an important prerequisite for taking effective
conservation measures. At present, numerical simulation methods investigating the effects
of airflow, the envelope structure, soil, precipitation, and other factors on the heat and
moisture migration of ancient buildings are a low-cost and highly efficient way to grasp
the influence law. And the degree of ancient building damage can put forward effective
protection schemes for the problems such as dampness. Therefore, it is especially important
to carry out more in-depth research and analysis based on numerical simulation methods
for ancient buildings and propose reasonable conservation plans.

Currently, some scholars have conducted single-factor or multi-factor coupled analyses
in numerical simulation studies. For ordinary residential buildings, Hong et al. [11] used
the software CFD to study the indoor wet environment and linearly fitted the factors
affecting humidity and concluded that the predicted humidity distribution was in good
agreement with the experiment. Teodosiu et al. [12] investigated numerical models for
assessing thermal comfort and developed CFD numerical models for airflow modeling and
humidity modeling of indoor air, then analyzed and demonstrated the good potential for
correctly estimating the indoor environment under stable and uniform thermal conditions.
In addition to the relevant research on heat and humidity transfer in residential buildings,
existing literature has also investigated building types such as libraries, temples, churches,
grottoes, museums, etc. Liu [13] focused on and studied the insulation technology of ancient
buildings in the Amu River basin, using AIRPAK software to simulate and analyze the
indoor temperature of ancient buildings and explore the effect of active heating measures.
Bi et al. [14] conducted an experimental and numerical analysis of the moisture and heat
transfer in the cave walls of the Mogao Caves using a comparison of simulation results with
experimental temperature and relative humidity values, finding that temperature changes
may lead to condensation of moisture in the air, and the application of the one-dimensional
model to simulate the cave wall has limitations. Balocco et al. [15] adopted CFD software
to carry out a three-dimensional transient simulation of the natural ventilation system
of a historical building library in Italy and explored the operation mode of the natural
ventilation system inside the building, which confirmed that the ancient building could
create a good natural ventilation environment. Li et al. [16] analyzed the hygrothermal
environment of the Luohan Hall of Baosheng Temple located in the southeast of China
and concluded that the air temperature near the sculpture had different fluctuation modes
in different directions, and the relative air humidity fluctuated violently. Cao et al. [17]
used the CFD software Fluent to numerically simulate the air movement, temperature, and
relative humidity of the micro-environment in the museum and concluded that the large
gradient of temperature and humidity distribution was not conducive to the preservation
of artifacts. In addition, some scholars have studied numerical simulations for the cultural
heritage of wooden structures. Huijbregts et al. [18] conducted a two-dimensional multi-
area building simulation on a wooden cabinet in a Dutch castle to study the influence
of indoor climate changes on the heat and humidity of the cabinet and concluded that
indoor climate conditions were controlled by humidity rather than restricted by the average
water content of the room. Napp et al. [19] studied the different indoor climate control
schemes of a church in Estonia via field measurement and simulation and concluded that
dehumidification measures could be used to prevent mold growth and protect wood parts
from cracking.

Summarizing previous research results, it is known that the wet and cold interior
of buildings only takes into account the influence of outdoor climatic conditions without
exploring the influence of soil moisture and wall moisture on the situation of large indoor
humidity. In this paper, soil moisture and wall moisture added to the influence of indoor
humidity in ancient buildings.

The object of this study is the world’s most complete surviving palace-type ancient
building with a construction history of 600 years. The three-dimensional heat and moisture
transfer characteristics of palace-style wooden ancient buildings in Beijing are studied. A
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mathematical model of indoor heat and moisture transfer is established, and the accuracy
of the model is verified via comparison with simulated data using actual measurements of
indoor relative humidity. The influences of outdoor humidity environment, soil moisture,
and wall humidity on the indoor heat and moisture transfer characteristics of ancient
buildings are analyzed. And the correlation analysis of these three factors and the main
protection measures of ancient buildings are proposed. The research results provide
effective theoretical guidance for the conservation of palace-style wooden ancient buildings
in Beijing.

2. Indoor and Outdoor Heat and Humidity Environment Testing of Ancient Buildings
2.1. Overview of Ancient Buildings

The palace-style buildings in Beijing are one of the largest and best-preserved wooden
ancient buildings in the world, which have a variety of architectural structures with more
than 70 different building types [20]. In this study, a palace-style wooden ancient building
in Beijing is selected as the research object. The building is located on the west side of the
palace-style building complex in Beijing, which was built during the Jiajing period of the
Ming Dynasty.

2.2. Outdoor Environmental Parameters

According to the data statistics of a weather station in Beijing (https://www.xihe-
energy.com/, accessed on 1 January 2023), the outdoor temperature and humidity change
curve of the ancient building is shown in Figure 1. Through the investigation and analysis
of the environmental monitoring of ancient buildings, the relative humidity of the indoor
environment of the ancient building is high in summer. The original appearance of the
building is damaged by the humid indoor environment. Therefore, the outdoor ambient
temperature and humidity for the July period from 2020 to 2022 were selected and averaged
as the outdoor meteorological parameter of choice. The outdoor temperature is 26.3 °C,
the outdoor relative humidity is 67.17%, and the atmospheric pressure is 101.35 kPa. The
moisture content is 14.49 g/kg dry air, and the water vapor partial pressure is 2.3073 kPa.
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Figure 1. Outdoor temperature and humidity change curve.
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2.3. Indoor Environmental Parameters

Based on the relevant research [21], the indoor air temperature is 24.7 °C, the indoor
relative humidity is 75%, the moisture content is 14.67 g/Kkg 4ry air, and the water vapor
partial pressure is 2.3347 kPa. The indoor relative humidity of the interior walls is 92%, the
moisture content is 18.09 g/kg dry air, and the water vapor partial pressure is 2.8639 kPa.

2.4. Indoor Flooring Parameters

Soil temperature and humidity can have an impact on the coupled heat and moisture
transfer [22]. The ground temperature is set at 23.3 °C, and the water absorption rate
of ancient grey bricks generally ranges from 14% to 25% [23], so the water absorption
rate of grey bricks is set at 14% in this work. Beijing, located in the North China Plain,
is sandy soil. According to relevant studies [21,24], the soil volumetric moisture content
of ancient buildings in the area is 0.09 m3/m?>. The field capacity of sandy soils in the
North China Plain is 10-14%. The soil bulk density value of this study is selected from
the Second National Soil Survey of China (SNSSC), and the reference value is 0.95 g/ cmd.
The conversion relationship between the soil’s relative humidity and the soil’s volumetric
water content is expressed as follows [25]:

eV:RXfoSC (1)

where 0y is the soil’s volumetric water content, m3/m3; R is the soil’s relative humidity, %;
fc is the soil’s field capacity (taken as 10%); and Sc is the soil’s bulk density, kg/m?.

Consequently, it is calculated that the soil’s relative humidity of the indoor building
ground is 81.5%, the moisture content is 15.97 g/kg gry air, and the water vapor partial
pressure is 2.5371 kPa.

3. Numerical Simulation
3.1. Physical Model

The physical graphic of the ancient building is shown in Figure 2. The main area of
the ancient building is 26.63 m?, and the height of the hard roof is 2.73 m. Its building
envelope structure mainly includes a roof, walls, doors and windows, and indoor floors
composed of a variety of building structures and components of different materials. The
specific structure and its adjustment effect on the environment are shown in Table 1. Table 2
shows the dimensions of the ancient building envelope.
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Figure 2. Elevation of a palace-style wooden ancient building in Beijing: (a) south elevation and

(b) west elevation.
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Table 1. Composition and role of the ancient architecture building envelope.

Building Envelope Types

Structural Composition Environmental Functions

Roof

It can buffer the external temperature, heat
insulation, heat preservation, windproof,
rainproof, and so on.

Tiles, tile mud, bottom tile, clip ridge ash,
gray back, watch board, etc.

Interior wall

Built of grey brick, the exterior paint is made of
water-resistant properties.
It has the functions of being windproof,

Papering, gold cladding earthen wall,
oil-painting ground layer, etc.

Exterior wall

waterproof, and blocking solar radiation.

Wall brick masonry, plaster layer, and It can buffer the change in external temperature,
bonding material has thermal insulation performance, and blocks

indoor and outdoor air circulation.

Doors and windows

The doors and windows composed of wood and
glass can reduce indoor and outdoor ventilation
and buffer temperature changes to a certain
extent.

Embrace frame, Geshan door, glass,
threshold, metal components, finish coat
layer, and internal papering

Interior flooring

The indoor ground plays an important role in
There is a kang under the indoor brick of isolating underground moisture; the indoor
the building. ground of the kang system has the effect of
heat conduction.

Roof

It can buffer the external temperature, heat
insulation, heat preservation, windproof,
rainproof, and so on.

Tiles, tile mud, bottom tile, clip ridge ash,
gray back, watch board, etc.

Table 2. Envelope-sized building table.

Name L/mm W/mm H/mm
Building body 5366 5554 6816
Window 1 (west side) 1982 2088 -
Window 2 (south side) 3812 2261 -—-
. 550 400 53
Floor tiles/pc 517 510 53

Note: The thickness of the east-west wall is 505 mm; the thickness of the north—-south wall is 624 mm.

In the room, the release of water vapor comes mainly from the ground and walls, and
water vapor can be used as a medium between the two. Due to differences in indoor and
outdoor pressure and no mechanical equipment, the air is only penetrated by opening
the window, and the density of air in and out is small. The wet environment near the
window is close to the wet outdoor environment, and the wet air in the room penetrates
the outdoors through the window.

After simplifying the physical graphic, the building structure of the physical model is
shown in Figure 3.

unit(mm) '

Figure 3. Structure of a palace-style wooden ancient building in Beijing.
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3.2. Mathematical Model
3.2.1. Basic Assumptions

In this study, the ground and wall are set as the wet source, and the effects of ground
soil moisture and wall moisture on the relative humidity inside the room are simulated,
respectively. To simplify the simulation, the actual physical process is assumed as follows:

(1) The soil and the wall are wet sources;

(2) The ground and the wall are the water vapor flow inlet, and the two windows are the
gas outlets;

(3) The building interior is natural convection, and the indoor airflow is a low-speed flow,
which is regarded as an incompressible fluid [26], and satisfies the ideal gas equation
of state;

(4) The water vapor mass fraction of the windows is set as the outdoor water vapor
mass fraction.

3.2.2. Governing Equations

Based on the physical model and basic assumptions, the governing equations in this
paper are outlined as follows.
Continuity equation:

div(U) =0 2)
Momentum equation:
) _lop .
div(ull) = Toox + div(vgradu) ©)]
. 19dp ,
div(vl) = —— == +div(vgradv 4)
(0U1) = — 50 + div(vgrado)
div(wl) = _Lop + div(vgradw) ®)
- poz 8
Energy equation:
div(pTU) = div(?gde) + St 6)
p
The ideal gas equation of state:
p = pRT )

where p is the fluid density, g/cm3; ¢, is the specific heat capacity of fluid, ]/ (kg-K);

A is the thermal conductivity; W/ (m-K) and U are the velocity vectors; T is the
thermodynamic temperature; K. v is the kinematic viscosity of the fluid; m?/s and St are
the viscous dissipation terms.

Due to the existence of the moat, the ground dissipates moisture. The windows of
ancient buildings are made of wooden materials, which have poor sealing performance,
resulting in a pressure difference between indoors and outdoors, causing some moisture to
dissipate and diffuse from the outside to the inside. Therefore, in the simulation procedure,
it is considered that the airflow in the ancient building blows upwards from the ground.
The standard model is used for simulation analysis [27]. In the near wall region, the flow
state is laminar and has a low Reynolds number, with a ground average Reynolds number
of 1.2109, which is processed using the wall function method.

The floor and walls are made of grey bricks. The thermal conductivity of grey brick
is 0.265 W/ (m-K). The water vapor diffusion coefficient is 2.92 x 10'* kW-kg/(Pa-m's).
The heat flux of the building envelope and the parameters of the indoor environment are
shown in Tables 3 and 4.
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Table 3. Heat flux values of the building envelope.

Designation Heat Flux (W/m?)
Ground 1.50
North-South Wall 0.68
Wall East-West Wall 0.84
Average 0.76

Table 4. Indoor environmental parameters table.

Relati Moist Water Vapor Mass Fraction
Environment Temperature/°C eanve, oisture Partial of Water
Humidity/% Content/g/kgary air Pressure/kPa Vapor/%
Center 247 75 14.67 2.3347 0.0145
Indoor Ground 23.3 81.5 15.97 2.5371 0.0157
Interior wall 247 92 18.09 2.8639 0.0167

3.3. Grid Partitioning and Irrelevance Verification
3.3.1. Grid Division

Grid generation is very important in CFD (Computational Fluid Dynamics) simu-
lations, which seriously affects the accuracy of CFD simulations by the quality of the
generated grid [17]. In this work, a combination of tetrahedral and hexahedral grid types
is used to mesh the building. Due to the high accuracy and quality of structural grids,
a combination of tetrahedral and hexahedral grids is chosen as the structural grid. The
length (X) of the computational region is 6.816 m, the width (Y) is 5.554 m, and the height
(Z) is 5.366 m. The number of grids in the X-direction is 97, the number of grids in the
Y-direction is 79, and the number of grids in the Z-direction is 77. The average value of this
grid quality is 0.77, the grid cell size is 0.07 m, and the number of grids is 1,085,324. At the
same time, boundary conditions and local encryption were used. The grids of the ground
and the south corner of the palace-style building were encrypted, and the number of grids
after encryption is 3,307,497. The results of local encryption are shown in Figure 4a. The
results of grid division are shown in Figure 4b.

() (b)

Figure 4. Grid division of a palace-style ancient building model in Beijing: (a) local encrypted grid
division and (b) overall meshing diagram.

3.3.2. Grid Independence Verification

To ensure the accuracy of the calculation results, the generated grids are verified for
independence [26]. The following grids all converge monotonically, which are presented in
Table 5. Comparing the data in Table 5, the grid independence verification is performed
with the value of the average relative humidity on the ground as the reference variable.
Grade 3 is closer to grade 1 than the other grades in terms of average relative humidity.
In addition, the calculation time of grade 3 is much less than that of grade 1, which can
reduce the calculation time to a certain extent. Therefore, grade 3 is selected for the



Processes 2023, 11, 1900

8 of 16

simulation study in this work. At this time, the number of grids is about 1.08 million, the
grid cell size is 0.07 m, and the grid quality is good, which can meet the requirements of
calculation accuracy.

Table 5. Data statistics of mesh verification.

Grid Classification Grid Size/m Number of Ground Average Ground Average
Levels Meshes/Pieces Temperature/°C Relative Humidity/%
1 0.05 17,315,932 233 79.69638
2 0.06 1,594,340 233 79.63364
3 0.07 1,085,324 23.3 79.66715
4 0.08 779,490 23.3 79.60327
5 0.09 583,620 23.3 79.59776

3.4. Initial Working Conditions

The outdoor relative humidity range is 45.45% to 87.89%.

The range of relative humidity is simulated by changing the water vapor mass fraction,
with a gradient of 0.02%. The effects of ground soil relative humidity, outdoor ambient
temperature, and wall relative humidity on indoor relative humidity are investigated. The
boundary conditions are set as follows:

(1) The west window and south window are set as the pressure outlets. The outdoor
humidity is 67.17%, and the water vapor mass fraction is 0.0142%.

(2) The ground and wall are set as the mass flow inlet, and the mass flow rate is 0.3 m/s.

(3) The wall temperature is set to 26.3 °C, and the ground temperature is 23.3 °C. The
water vapor mass fraction of ground and wall are 0.0145% and 0.0167%.

4. Results and Discussion
4.1. Mathematical Model Accuracy Verification

According to the relevant standards [28], the indoor area is less than 30 m?2, the mea-
surement points should be placed on a plane of (1.3 £ 0.1) m height, and the humidity
measurement points should be no less than three. In this paper, six relative humidity mea-
surement points are set up, and the measurement points are indicated by the numbers 1-6.
The locations of the indoor relative humidity measurement points are shown in Figure 5a,
and the coordinates of the measurement points are 1 (—1.2m, —1.6 m, —1.5m),2 (—-1.2m,
—-32m,—-15m),3(-1.2m,—-1.6m, —3m),4(—1.2m, —-32m, —3m),5(—1.2m, —1.6 m,
—4.5m),and 6 (—1.2m, —1.6 m, —4.5 m). At this point, multiple measurements are taken
at each measurement point on a particular day in summer, and the average is taken as the
actual indoor RH data. The model’s accuracy is verified by simulating relative humidity at
each measurement point. A comparison graph of measured and simulated data is shown
in Figure 5b.

110
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® Simulated data
100 -
—~ o -
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Figure 5. Location of measurement points and data map. (a) Location of indoor relative humidity
measurement points and (b) comparison chart of measured and simulated data.
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As seen from Figure 5b, the measured and simulated interior average relative humidity
at each measurement point ranged from 90% to 100%. Clearly, the relative humidity is
large. The maximum relative error between measured and simulated data was calculated
to be 6%, and the minimum relative error was 1.2%. The results show that the data from the
simulation are consistent with the measured data. The accuracy of the simulation results is
verified based on the comparison of the measured and simulated data.

4.2. The Indoor Temperature and Humidity Distribution in Initial Working Conditions

In this work, under the initial working conditions of ancient buildings (outdoor
temperature of 26.3 °C and outdoor relative humidity of 67.17%), the indoor temperature
and humidity distribution of ancient buildings are simulated. For the purpose of the
following analysis, detailed cross-sections in the horizontal and vertical directions are
shown in Figure 6 below.

Z-0m (East Wall) X=0m
s 7= ~3m (Middle) ’\ X=-2m

Z--5m (West Wall) I X- 4m
l:, South Window ".’ l: South Window / £
[_T West Window ,«’/ :] West Window

(a)

Figure 6. Cross-sectional view in different directions. (a) Cross-section in the vertical direction and
(b) cross-section in the horizontal direction.

The distribution of temperature and relative humidity at Z=0m, Z = =3 m, and
Z = —5 min the vertical direction are shown in Figure 7, respectively. As seen in Figure 7a,d,
the temperature and relative humidity distribution at Z = 0 m (east wall) remain essentially
constant. This is due to the fact that there are no windows in the east wall, and there is
no heat dissipation to dissipate humidity. However, there are smaller temperature and
humidity fluctuations at ground level. This is due to the fact that the wall root zone is
less exposed to sunlight, which causes its humidity to rise slightly. The temperature was
around 24.5 °C, and the relative humidity was 90.2%.

As shown in Figure 7b,e, the temperature and relative humidity in the middle part
of the room remain more or less constant at Z = —3 m. The temperature is 24.5 °C, and
the relative humidity is about 84.3%, mainly due to its more even distribution of moisture
content. Fluctuations in temperature and humidity occur on the lower side (floor) and the
right side (around the south window). The relative humidity is lower near walls and the
ground than inside, mainly because sunlight in summer and poor heat storage capacity
of windows can make the part near windows and walls warmer than inside and contain
less moisture.

As shown in Figure 7cf, at Z = —5 m (west wall), fluctuations in temperature and
humidity occur mainly in the west window. The temperature and relative humidity at the
west window are lower than at the same vertical plane, and the temperature and relative
humidity gradually increase from the middle of the window to the surrounding area. This
is due to the fact that the windows are wooden and will have gaps, resulting in infiltration
and moisture dispersion, resulting in low moisture content. The overall temperature is at
24.4 °C-24.7 °C, and the relative humidity is at 75.9-85.8%.
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Relative humidity (%)

Figure 7. Indoor temperature and relative humidity distribution in the vertical direction. (a) Indoor
temperature distribution at Z = 0 m, (b) indoor temperature distribution at Z = —3 m, (c) indoor
temperature distribution at Z = —5 m, (d) indoor relative humidity distribution at Z = 0 m in the
vertical direction, (e) indoor relative humidity distribution at Z = —3 m, and (f) indoor relative
humidity distribution at Z = —5 m.

The distribution of temperature and relative humidity in the horizontal direction
at X =0m, X = =2 m, and X = —4 m are shown in Figure 8, respectively. Analysis of
Figure 8a—c above shows that the room temperature is maintained at 23.3 °C and remains
the same. From Figure 8d, it can be seen that the relative humidity of the ground remains
unchanged at 91.7%. This is mainly due to the presence of a moat on the ground, which
makes its moisture content evenly distributed. From Figure 8e, it can be seen that the
relative humidity values of the south and west windows are larger than those of the rest of
the plane, which is due to the infiltration effect of the windows that makes their humidity
greater. From Figure 8f, it can be seen that the relative humidity on the roof remains
constant, and the indoor relative humidity value is higher.

The comprehensive analysis reveals that the indoor average temperature is 24.5 °C,
and the indoor relative humidity range is between 87.4% and 92.4%. Overall, the tem-
perature fluctuations in the interior of the ancient building are small, while the relative
humidity fluctuates widely. Therefore, the following section focuses on the effect of each
factor on indoor humidity. The control variate method is taken to investigate changes
in humidity.
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Figure 8. Indoor temperature and humidity distribution in the horizontal direction. (a) Indoor
temperature distribution at X = 0 m, (b) indoor temperature distribution at X = —2 m, (c) indoor
temperature distribution at X = —4 m, (d) indoor relative humidity distribution at X = 0 m in the
vertical direction, (e) indoor relative humidity distribution at X = —2 m, and (f) indoor relative
humidity distribution at X = —4 m.

4.3. Effect of Outdoor Humidity on Indoor Moisture Transfer

The humidity of the soil and walls is set as the initial state. With the difference in
outdoor humidity, the indoor humidity is shown in Figure 9a,b. Due to the ancient age of
this historic building, outdoor air enters the interior through windows, which are made
of a paper material and have a significant degree of damage. Thus, the outdoor humid
environment is an important factor affecting the indoor humidity of ancient buildings.
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Figure 9. Effect of outdoor humidity on the humidity in the horizontal and vertical direction of the
room. (a) Trends in the effect of outdoor ambient relative humidity on average relative humidity in
the vertical direction inside the room and (b) trends in the effect of outdoor ambient relative humidity
on average relative humidity in the horizontal direction of the room.
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As seen from Figure 9a, under a given outdoor humidity, the indoor relative humidity
is observed to change in the vertical direction from east to west (Z=0m to Z = -5 m).
When the outdoor humidity is less than 75.6%, the average indoor relative humidity shows
a trend of gradual decrease. And when the outdoor humidity is greater than 75.6%, the
average indoor relative humidity shows a gradually increasing trend. When located in
the same vertical plane, with the increase in outdoor humidity, the average indoor relative
humidity increases significantly at Z = —5 m. At Z = —3 m, the trend of the average indoor
relative humidity increases more slowly than that at Z = —5 m. At Z = 0 m, the average
indoor relative humidity remains unchanged.

As seen from Figure 9b, under a given outdoor humidity, the change in indoor relative
humidity in the horizontal direction from the ground to the roof (X =0m to X = —4 m)
is observed. When the outdoor humidity is less than 75.6%, the average indoor relative
humidity shows a trend of first decreasing and then gradually increasing, and the change
in decreasing is larger. At outdoor humidity greater than 75.6%, the average indoor relative
humidity showed a trend of first increasing and then gradually decreasing. Therefore, it
was concluded that the average relative humidity at ground level was the highest. When
located in the same horizontal plane, with the increase in outdoor humidity, the average
indoor relative humidity is the highest and remains the same at X = 0 m. At X = —2 m, the
average indoor relative humidity increases significantly. At X = —4 m, the average indoor
relative humidity shows a slowly increasing trend.

4.4. Effect of Soil Moisture on Moisture Transfer

Xu et al. [22] carried out experiments on the effect of coupled heat and moisture
transfer on soil heat storage systems and confirmed that ignoring moisture migration and
temperature dependence of soil thermal conductivity would lead to a low predicted value
of the numerical model, and the influence of initial soil moisture on coupled heat and
moisture transfer should be considered. In this paper, the influence of soil moisture on the
humidity in different directions in the room was simulated by changing the mass fraction
of groundwater vapor (soil moisture).

As seen from Figure 10a, under a given soil moisture, changes in indoor relative
humidity in the vertical direction from east to west (Z = 0 m to Z = —5 m) are observed.
The average indoor relative humidity decreases gradually, but the decrease is small. When
located in the same vertical plane, the average indoor relative humidity gradually increased
with the increase in soil moisture, and the trend of the increase was almost the same on
each plane.
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Figure 10. Effect of soil moisture on the humidity in the horizontal and vertical direction of the room.
(a) Trends in the effect of soil moisture on average relative humidity in the vertical direction inside
the room and (b) trends in the effect of soil moisture on average relative humidity in the horizontal
direction of the room.
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As seen from Figure 10b, under a given soil moisture, the average indoor temperature
shows a first decreasing and then increasing trend when observing the change in indoor
temperature and humidity in the horizontal direction from ground to roof (X = 0 m to
X = —4m), but the change is smaller. When located in the same horizontal plane, the
average indoor relative humidity increases gradually with the increase in soil humidity.

4.5. Effect of Wall Moisture on Indoor Humidity Transfer

Over time, the porosity of the ancient building envelope will become larger, and its
moisture storage capacity will also be enhanced. In addition, excessive humidity in the
building envelope can lead to damage to building materials and mold growth [29]. It is also
a factor that produces wall mold, as it migrates into the indoor environment. Therefore,
the influence of wall humidity on the humidity in different directions of the room was
simulated by changing the water vapor mass fraction (changing wall moisture) of the wall.

As seen from Figure 11a, the indoor relative humidity values on different planes are
the same, so the relative humidity of the whole room can be analyzed by the above figure.
From Figure 11a,b, it can be seen that as the humidity of the walls increases, the relative
humidity in the room also gradually increases. This is due to the moisture transfer from
the walls, which makes the humidity in the room also increase gradually.

X —a— Average relative humidity at Z= O m —=— Average relative humidity at X=0m
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Figure 11. Effect of wall humidity on the average humidity in the horizontal and vertical direction
of the room. (a) Trends in the effect of wall humidity on average relative humidity in the vertical
direction inside the room and (b) trends in the effect of wall humidity on average relative humidity
in the horizontal direction of the room.

From the analysis of indoor relative humidity law in 4.4 and 4.5, it can be seen that
when the ground or wall water vapor mass fraction decreases (ground soil or wall moisture
decreases), the average indoor relative humidity decreases when the conditions of building
protection and maintaining the original appearance of the building can be met. Therefore,
the relative humidity of the indoor environment can be reduced by lowering the ground
soil moisture or wall moisture.

4.6. The Sensitivity of Factors

While the effect patterns of outdoor environmental humidity, soil moisture, and wall
humidity on indoor relative humidity have been obtained via simulation, the sensitivity
of each factor requires correlation analysis that takes statistical methods [30], with indoor
relative humidity as the target (significant test level of 0.01). Outdoor ambient relative
humidity, soil moisture, and wall moisture are set as the reference series Xy and the indoor
ambient relative humidity is set as the comparison series X;(k), respectively. Based on
the existing correlation empirical equations [31,32], the calculation steps for correlation
analysis are as follows.
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Relation coefficient:

(k) = min;mingA;(k) + Emax;maxiA;(k)
Tk = A;(k) + Emax;maxiA; (k)

®)

where A; (k) = ‘X(')(k) — X (k)
value of 0.5.
Correlation degree:

,¢ € (0,1) is the resolution factor, which usually takes the

1 n
R; = - Y vilk),i=1,2,3,.,mk=1,23,.,n )
k=1

From Table 6, it can be seen that the correlation between outdoor ambient humidity
to indoor relative humidity is weak; while the correlation between soil humidity and
wall humidity to indoor relative humidity is strong, and the correlation between wall and
indoor relative humidity is lower than that of soil by 0.002. This paper mainly focuses on
the problem of wet building floors and high indoor relative humidity. Therefore, it can
be concluded that soil moisture and wall moisture are the main factors affecting indoor
relative humidity.

Table 6. Correlation analysis result.

Dependent Variable Indoor Relative Humidity
Correlation coefficient with outdoor environmental humidity 0.486
Correlation coefficient with soil moisture 0.995
Correlation coefficient with wall moisture 0.993

4.7. Indoor Temperature and Humidity Distribution after Moisture-Proof Treatment

According to related studies [33-35], antimicrobial and hydrophobic coatings can be
used to reduce room humidity by coating and protecting moldy areas of bricks without
affecting the appearance of ancient buildings, such as SiO;-TiO; hybrid fluorinated B-72,
lime putty mortar (ASPL and ASPL/PP series), etc. This coating has better resistance to
acid, alkali, salt, and UV light as well as the inhibition of damp proofing. Ground and
walls are as examples of wet sources, obtained from Figure 12. When the water vapor
mass fraction is 0.0105% (ground soil relative humidity of 59.02%) and the wall water
vapor mass fraction is 0.0107% (wall relative humidity of 60%), the relative humidity of the
ancient building interior is 60.2% to 78.8%, in line with the requirements of indoor relative
humidity under summer working conditions. Indoor ground temperature and humidity
distribution are shown in Figure 12, and the temperature at the ground is 23.3 °C, with
an average relative humidity of 60.32%. As seen in Figure 12a, after the damp-proofing
treatment, the relative humidity of the ancient building interior was reduced from 90.9% to
94.0% to 60.2% to 78.8%, and the relative humidity decreased and met the requirements of
indoor relative humidity under summer working conditions.

704
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(b)

Figure 12. Indoor ground temperature and humidity distribution picture: (a) Relative humidity
distribution at ground level and (b) temperature distribution at ground level.
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5. Conclusions

To solve the problem of mold growth causing damage to the architectural style of
an ancient palace in Beijing, a simulation study of indoor heat and humidity transfer
characteristics of ancient buildings was carried out via an ANSYS numerical simulation
research method. The results of the parameters affecting the indoor humidity and the
proposed protective measures were obtained as follows.

(1) Inthe initial state, the overall room temperature varied between 24.4 °C and 24.7 °C, and
the relative humidity fluctuated between 87.4% and 92.4%, with high relative humidity.

(2) The indoor relative humidity changes with the outdoor relative humidity and in-
creases with the increase in soil moisture and wall moisture.

(3) Soil moisture and wall moisture are the main factors affecting the change in indoor
relative humidity.

(4) By adding hydrophobic coatings to the floor and walls, the room temperature was
23.3 °C, and the relative humidity ranged from 60.2% to 78.8%, which had the effect
of reducing humidity.
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