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Abstract

The Dadiwan F901 site, boasting a history of over 5000 years, stands as the largest and most intricately crafted
large-scale housing structure from China’s prehistoric era. The early renovation efforts, incorporating a sealed glass
curtain wall, led to a continuous rise in relative humidity within the site, triggering outbreaks of microbial diseases.
Subsequent measures successfully restored stability to the thermal and humid environment. This paper employs
on-site real-time environmental monitoring and numerical simulation methods to assess the ventilation effectiveness
and relative humidity changes before and after multiple interior modifications of the Dadiwan F901 site museum. The
results indicate that the fully enclosed glass curtain wall can suppress the dependence of indoor humidity fluctua-
tions on external weather fluctuations but has generated unintended consequences, leading to increased air rela-
tive humidity and even reaching saturation in the museum space. The strategic deployment of louvered windows
and duct fans proved effective in enhancing internal airflow dynamics and overall air exchange capacity. It was possi-
ble to ensure that the relative humidity inside the site remained at approximately 70%, meeting the essential require-
ments for the preservation of cultural relics. This study is of great significance for alleviating the deterioration problem
of enclosed exhibition halls of earthen relics.
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Introduction

The Dadiwan site is located in Qinan County, Gansu
Province, northwest China. It is known for its abundant
cultural artifacts and unique characteristics, which reflect
the ancient civilization established by the Chinese ances-
tors in the Yellow River Basin [1]. The site is considered
one of the most important Neolithic sites in northwest
China [2]. Its F901 site is the most prominent palace-style
construction with a total area of 420 m? the largest and
most highly crafted large-scale housing structure from
China’s prehistoric era [3, 4]. The origin of this structure
may be traced back to the late phase of the Yangshao cul-
ture, approximately 5000 years ago [5, 6]. Its grand scale,
intricate structure, and meticulous design pioneered the
development of ceremonial palace-style architecture in
China [7]. The museum on the site was finished in late
2011 and made accessible to the public. Its purpose is to
accurately replicate the natural state of the ancient com-
munity, showcasing the activities, lifestyle, and ecological
surroundings of early people. To avoid any direct human
intervention, the museum effectively isolated the spot by
constructing glass curtain walls. Nevertheless, this action
resulted in a persistent increase in indoor temperatures
and consistent saturation of relative humidity, which in
turn caused the occurrence and spread of microbial dis-
eases. As a result, this cultural relic experienced ongoing
degradation caused by microbial diseases.

Excavation and conservation of artifacts disturb the
previously steady subsurface environment, making the
relics very vulnerable to harm [8]. Common forms of
damage include deformation, cracking, efflorescence,

blistering, separation of paint layers, discoloration, and
microbiological diseases, among other manifestations
[9—-12]. The main environmental elements that contribute
to the destruction of artifacts include temperature, rela-
tive humidity, and microbes [13]. Temperature variations
may cause direct harm to artifacts by affecting materials
with differing reaction rates, whereas changes in relative
humidity can modify the moisture content of artifacts,
resulting in structural and characteristic alterations
[14]. The collective impact of these elements facilitates
detrimental chemical reactions and the rapid growth of
microorganisms, leading to the deterioration of artifacts
[15]. In addition, the process of moisture evaporation
may result in the movement of soluble salts from the soil
to the surface, which can induce local crystallization,
efflorescence, and the occurrence of whitening phenom-
ena [14, 16]. Therefore, hygrothermal cycling plays an
essential role in the development of deterioration [17].
Good ventilation can help control temperature, relative
humidity, and air quality, thus slowing down the dam-
age to cultural relics or sites. Natural ventilation is one
of the most basic ventilation methods, achieved through
the design and layout of the building to facilitate natu-
ral convection. Heating, ventilation, and air condition-
ing (HVAC) systems stand as the primary means to meet
thermal and humidity requirements [18—21]. The heating
system is often employed to enhance the climate stability
of the museum [22]. Meanwhile, the air curtain system
isolates the exhibition halls from the external environ-
ment to control the stability of the internal localized
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environment [23, 24]. Compared to complex HVAC sys-
tems, displacement ventilation is widely used for local
environmental control [8]. Environmentally sensitive
artifacts or sites are usually isolated in sealed showcases
to minimize the impact of the external environment [25,
26]. To minimize damage to the F901 site, the research
staff have combined the above treatments and restora-
tions to improve the airflow circulation and maintain the
internal humidity-heat balance in the museum.

This research utilizes on-site real-time environmental
monitoring and numerical simulation techniques to eval-
uate the airflow and relative humidity conditions of the
Dadiwan F901 palace-style building site museum before
and after many alterations. Firstly, an analysis is con-
ducted on the variations in interior and outdoor temper-
ature and relative humidity throughout various phases of
protection. Secondly, a three-dimensional numerical sim-
ulation is created to accurately replicate the fluctuations
of the environmental elements and evaluate the effective-
ness of various protective measures. The model’s accu-
racy is confirmed by comparison with observed data. This
study not only provides a scientific basis for the develop-
ment and implementation of protection protocols related
to ventilation and air management in the Dadiwan site
museum but also offers valuable insights and guidance
for the preservation of similar cultural relics.
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Methods

Study area

The Dadiwan F901 site is situated in the Wuying Town-
ship of Qinan County, Gansu Province, Northwestern
China (105.90°E, 35.01°N), positioned on the second and
third terraces along with adjacent gentle slope mountain-
ous terrain on the southern bank of the Qingshui River, a
tributary of the Hulu River [27]. The site is located within
the typical topographical features of the Loess Plateau.
The region exhibits a semi-humid climate, characterized
by an average annual temperature of 9.2°C and an annual
precipitation range of 507-561 mm. The geographic par-
ticulars are illustrated in Fig. 1.

In June 2018, the management authorities began
renovating the Dadiwan F901 site. The chronological
sequence of protective measures implemented for the site
was condensed into several phases: Phase I (before June
2018, Fig. 2a), there were no precautions taken to guard
against any potential harm, and the interior humidity
levels fluctuated in accordance with the outdoor humid-
ity. During phase II (Fig. 2b), which took place from June
to October 2018, the installation of closed glass curtain
walls was carried out on the site.

During phase III (Fig. 2c), which took place from
October 2018 to May 2019, mechanical equipment such
as louvered ventilation windows, and duct fans were
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Fig. 1 Study area. a The location of the Dadiwan site; b Interior of the site; ¢ Peripheral glass curtain walls
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Fig. 2 Conceptual diagrams of site modifications at different
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Table 1 The information of measuring instrument

Item Instrument type Precision Sampling interval
Temperature HOBO MX2301 +0.2°C 10 min
Relative humidity  HOBO MX2301 +2.5% 10 min

installed to improve air circulation and reduce excessive
humidity at the site. During phase IV (Fig. 2d), which
took place from June 2019 to June 2020, the partial glass
curtain walls were removed and replaced with louvered

% Monitoring point

Fig. 3 Layout of monitoring points inside and outside the site
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ventilation windows. During phase V (Fig. 2e), which
took place from June 2020 to the present, additional opti-
mization measures were undertaken, such as the substi-
tution of five glass curtain walls with louvered ventilation
windows, enhancement of duct fans power, and installa-
tion of three mesh doors at the major entrances.

Field monitoring

Environmental monitoring is an essential approach for
safeguarding cultural heritage [28, 29]. Temperature
and relative humidity are closely related to the occur-
rence and development of cultural heritage deterioration.
Murals or earthen cultural relics are particularly con-
cerned with the salt weathering caused by fluctuations in
relative humidity, leading to phenomena such as efflores-
cence and alkali deterioration. Microbial disease focuses
more on high relative humidity and water activity, which
provide conditions favorable for microbial growth and
activity. Therefore, the monitoring primarily concen-
trated on indoor and outdoor temperature and relative
humidity. Specifics about the measuring instruments are
provided in Table 1.

The monitoring points are situated in the follow-
ing positions: the northwest corner, southwest corner,
northeast corner, southeast corner, backfill region, center
region, and corridor of the site. As seen in Fig. 3, all posi-
tions, with the exception of the corridor, are furnished
with monitoring stations at three different elevations:
20 cm, 180 cm, and 300 cm.

Numerical simulation

General setup

Computational Fluid Dynamics (CFD) method simulates
and evaluates the processes such as fluid flow and heat
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conduction. The simulation results provide the spatial
distribution of fundamental physical parameters (such as
velocity, pressure, temperature, etc.) at different points
within the intricate flow domain. If we assume that the
airflow is constant and not compressible, and has three
dimensions, the equations that regulate continuity and
momentum conservation may be represented as follows:

u;
P 0 1)
_ 0w 10p | %m0 (ﬁ)
P - ‘u. S;
“ 0x; 0 0x; Y BXI.Z Ox; it ) =+ 5i )

where %; and x; represents the average velocity compo-
nent and direction, p is the density, ¢ is time, p is the aver-
age pressure, and S; is the source term.

In this study, we employed the professional CFD soft-
ware Ansys Fluent and established the actual tempera-
ture, relative humidity, roughness, and other parameters
corresponding to each boundary. Given that Egs. (1) and
(2) lack time-dependent terms, the simulation was con-
ducted as a steady-state analysis. The SST k-omega tur-
bulence model was used to calculate the distribution of
the flow field. Subsequently, the species transport model
was activated to simulate the coupled process of water
vapor and air. This involved setting the initial boundary
conditions, and halting the simulation once the residuals
of all variables converged. To align with the five stages of
the archaeological site renovation, five cases were set up
for simulation, as shown in Table 2.

Model and mesh generation

Based on the design drawings of the site and field sur-
veys, a three-dimensional building model is created in
the modeling and meshing software ICEM. This model is
based on the actual dimensions of the site and includes
the internal spaces, walls, glass, louvers, entrances, exits,
duct fans, and other overall structures related to airflow
within the site. Spatial meshing is conducted as illus-
trated in Fig. 4a—d. The dimensions of the model are

Table 2 Setting of different simulation cases
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50%33 m in the horizontal direction and 4.8 m in the
vertical. The gray area in the image represents the wall,
the yellow area represents the site, which is also the area
for temperature and relative humidity monitoring. The
blue area represents the glass curtain wall, and the light
blue and red areas represent horizontal and vertical lou-
vers. The mesh size is determined after a series of trials
using the mesh-convergence index method. Therefore,
the minimum mesh size is 0.2 m, and the total number of
mesh is about 1.78 X 10°.

Setting of boundary conditions

Based on on-site observations, we selected actual
moments with significant differences of indoor and out-
door relative humidity in the numerical simulation pro-
cess. Considering that air may blow into the site from
either direction, the initial and boundary conditions for
various cases in the computational domain are set as
follows:

In scenario one, the air velocity at the door_1 is set to
0.5 m s~1, with a relative humidity of 50% and a tempera-
ture of 25 °C. The roof is equipped with waterproof insu-
lation, thus the impact of solar radiation on the walls and
interior temperature is disregarded. The initial tempera-
ture of the roof and walls is set to 18°C, with no relative
humidity specified. The ground, influenced by soil mois-
ture, is treated as a source term, with initial temperature
and relative humidity set to 18°C and 90%, respectively.
The initial temperature and relative humidity within
the interior space of the site were set to 18°C and 90%,
respectively. The ventilation facilities are designated as
outlet-vent boundaries, and the airflow rates were set
to 250 m® k™1, 250 m> k1, 900 m> k™ in different cases,
respectively. The louvers around the glass are simplified
to porous media with a “porous-jump” boundaries, with
a ventilation coeflicient set at 80%. The door_2 is set to
free outflow. The simulation begins with the initial out-
door air values remaining constant, and the analysis con-
tinues until the indoor temperature and relative humidity
reach a stable state. Another actual moment with small
differences in indoor and outdoor relative humidity is a
relative humidity of 72% with a temperature of 7 °C in

Name Stage Protective measures

Case 1 I /

Case 2 Il Glass curtain

Case 3 If Glass curtain +ventilation facility +duct flow: 250 m* h™'

Case 4 v Glass curtain + ventilation facility + louver +duct flow: 250 m*> h™'

Case 5 \% Glass curtain +ventilation facility + optimized louver +duct flow: 900 m*> h™
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Fig.4 Computing domain Settings. a Monitoring line settings; b Spatial meshing; ¢ Internal meshing of the site; d Mesh details at door_2

inlet, while the internal relative humidity is 69% with a
temperature of 2 °C. The other boundary conditions were
essentially unchanged.

Scenario two considers an opposite wind direction and
alters the initial conditions of the door_1 and door_2,
while the initial values of the remaining boundaries
remain unchanged.

In Fluent, the inlet conditions require the specifica-
tion of the species mass fraction of water vapor rather
than relative humidity. The relationship between relative
humidity and the species mass fraction of water vapor is
obtained from the following equations:

PPs
d=0.622————
P — Qps (3)
d
V=114 @)

where d represents specific humidity (g kg™'), ¢ repre-
sents relative humidity (%), p represents air pressure (Pa),
ps represents saturated water vapor pressure correspond-
ing to the dry-bulb temperature (Pa), and w represents
the mass fraction of water vapor (%).

7.500

To compare the differences between different meas-
ures, six monitoring lines are established from the
ground to the top of the site before numerical simu-
lation. After the numerical simulation ends, the data
on the monitoring lines can be directly obtained from
the software for comparison with the measured data
(Fig. 4a). The monitoring lines numbered 1 to 6 in the
figure correspond respectively to the real-time moni-
toring points located at the center region, southwest
corner, northwest corner, backfill region, northeast cor-
ner, and southeast corner (Corresponds to Fig. 3). This
allows for a direct comparison of numerical differences
between the cases.

Model verification

In order to enhance the credibility of the numeri-
cal simulation, a direct comparison was conducted
between the simulation results and the real-time
monitoring data. The analysis specifically focused on
monitoring positions 1 to 6 (Figs. 5, 6). The relative
humidity was measured to be about 70-72% at loca-
tions 20 cm, 180 c¢cm, and 300 cm, and the simulated
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Fig. 5 Comparison of numerical simulation and measured results of relative humidity for monitoring lines 1 to 6
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Fig. 6 Comparison of numerical simulation and measured results of temperature for monitoring lines 1 to 6

values mainly fell within the range of 62-70%. At the
same location, the observed temperature range was
7.8-9.6 °C, while the simulated temperature range was
7.0-7.3 °C. We calculated the relative errors between
measured and simulated results at different positions
and heights. The results indicate that the relative
errors of most simulated values compared to measured
values of relative humidity and temperature are less
than 15%.

Results

Analysis of measured relative humidity

Average monthly relative humidity

The center section of the site exhibited a similar trend to
outdoor relative humidity variation, with higher levels
observed during summer and lower levels during winter,
as illustrated in Fig. 7. The relative humidity within and
outside the site exhibited distinct variations under vari-
ous protection measures:
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Fig. 7 The monthly average changes of relative humidity inside and outside the site from April 2018 to May 2023

Phase I (Before June 2018): Before the construction of
the glass curtain wall, the interior relative humidity of the
site fluctuated in accordance with the outside humidity.
As a result of the lack of a glass curtain wall, there was a
substantial flow of air between the interior and outdoor
spaces, resulting in an average indoor relative humidity of
around 84%. Phase II (June to October 2018): The indoor
relative humidity gradually increased after the installa-
tion of the glass curtain walls and before the installation
and opening of ventilation facilities. The interior aver-
age relative humidity significantly exceeded that of the
external environment, with an average indoor relative
humidity of up to 93%, even reaching saturation. Phase
III (October 2018 to May 2019): The ventilation systems
inside the facility were activated, resulting in a reduction
in indoor relative humidity. The mean indoor relative
humidity was around 85%.

Phase IV (May 2019 to June 2020): The indoor relative
humidity steadily increased and, at one point, reached
saturation. The monthly variation in relative humid-
ity steadily decreased, reaching an indoor average of
98%. This time coincided with the primary period of the
onset and dissemination of microbial diseases. In March
2020, the management office removed partial glass cur-
tain walls located on the eastern and western sides of
the property, therefore improving the circulation of air
within. As a consequence, there was a drop in the indoor
relative humidity, an increase in monthly variation, and
an estimated 10% decline in the average indoor relative
humidity.

Phase V (June 2020 to May 2023): The enhanced ven-
tilation between interior and outdoor spaces resulted in
a significant decrease in indoor relative humidity. The

average relative humidity remained consistently around
70% during much of the year, with a reduction of around
18% compared to 2018 and 23% compared to 2019. The
desired objective of enhancing the environment was suc-
cessfully accomplished, thereby curbing the proliferation
of microbiological infections inside the area.

It is noteworthy that Fig. 7 showed fluctuations in the
indoor and outdoor relative humidity distribution from
January to July 2022, with the relative humidity inside the
site being higher than outside and the renovation meas-
ures did not appear to be effective. This was primarily
due to the outbreak of COVID-19 pandemic in China at
the time, which led to delays in opening the museum and
activating ventilation systems. Consequently, the internal
relative humidity increased as the climate warmed. After
the ventilation systems were activated, monitoring data
indicated that the relative humidity inside the site could
be maintained at a stable level.

Relative humidity per 10 min

The real-time monitoring data of relative humidity
at 10-min intervals provide a clearer reflection of the
detailed changes in relative humidity inside and outside
the site (Fig. 8). Throughout the monitoring period, out-
door relative humidity exhibited significant fluctuations,
ranging from 5% to 100%, while indoor relative humidity
fluctuated between 35% and 100%. During phase I with-
out any protective measures, indoor relative humidity
fluctuated greatly due to the influence of outdoor rela-
tive humidity. During phase II, the use of glass curtain
walls prevented indoor relative humidity from fluctuat-
ing with external changes but maintained indoor relative
humidity at above 90%. During phase III, the installation
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Fig. 8 The 10-min changes of relative humidity inside and outside the site from April 2018 to May 2023

of ventilation facilities reduced the fluctuation of indoor
relative humidity from 70% to 90%, alleviating the high
relative humidity environment within the site.

In the early stages of phase IV, indoor relative humidity
approached saturation but later decreased. The saturation
of indoor relative humidity may be because the site is an
earthen relic, the high humidity environment in the early
stages primarily occurred during the summer, where heat
and moisture were generated from the ground, with high
temperatures accelerating the dissipation of heat and
moisture within the site. This process was significantly
improved later as winter approached.

During phase V, improvements in internal ventilation
and dehumidification conditions ensured that even with
drastic fluctuations in outdoor relative humidity, indoor
relative humidity remained between 35% and 90%, with
an average relative humidity of around 70%, without
reaching extreme states of saturation or supersaturation.
During this stage, the relative humidity exhibited regular
fluctuations with seasonal changes, demonstrating over-
all stability in fluctuations.

Simulated relative humidity distribution

Numerical simulation results provide comprehen-
sive information on the flow field and the distribution
of physical quantities at different locations. To avoid
redundant presentation of results, we provide scenario
one set of simulation results. The analysis of relative
humidity at a 20 cm height above the ground indicated
that, in the absence of protective measures, the internal
relative humidity of the location was mostly impacted
by external humidity. Locations near the entry and situ-
ated between the entrance and exit, where air circula-
tion conditions were comparatively favorable, with a
lower relative humidity level. The relative humidity
near the entrance was approximately 40—-50%, while at
the entire exit, it was below 30%. Conversely, the overall
humidity level in the entire space was higher, especially
in the corridor area at the northwest corner, where the
relative humidity exceeded 90% (Fig. 9a). Following the
construction of the glass curtain walls (Fig. 9b), the
site became more closely confined, resulting in limited
air circulation. Due to the higher soil moisture within
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Fig. 9 Comparison of relative humidity distribution at 20 cm height above ground. a case 1; b case 2; c case 3; d case 4; e case 5

the site, the high-temperature environment caused the
internal relative humidity to approach saturation, with
the overall relative humidity within the entire space
reaching nearly 100%. The airflow can only exit via the
outside corridor of the glass curtain wall, resulting in a
reduction in relative humidity in that area, maintaining
the relative humidity in the corridor area at 60—70%.
The implementation of these precautionary measures
was unreasonable and significantly contributed to
the development of microbiological infections. Upon
the activation of the ventilation facilities (Fig. 9c), the
decrease in internal humidity was not substantial owing
to the low flow rate of the duct fans, suggesting inad-
equate ventilation efficiency.

By partly removing the glass curtain walls and replac-
ing them with louvers (Fig. 9d), the blocking impact of
the surrounding walls on the interior site was reduced.
This led to a notable reduction in internal relative humid-
ity compared to the previous stage. Nevertheless, in sev-
eral regions, the relative humidity remained over 90%,
therefore falling short of the rehabilitation criteria. By
further optimizing the quantity and placement of louvers,
and increasing the flow rate of duct fans (Fig. 9e), the
internal ventilation system was able to effectively transfer
water vapor to the corridor. The relative humidity in the
corridor region exhibited a rise in comparison to the pre-
vious stage, reaching over 80%. However, the distribution
of relative humidity in the majority of places within the
site remained consistent and stable, generally maintain-
ing around 70%. Thereby, the final renovation measures
attained the anticipated objective of enhancement.

The relative humidity distribution at ground elevations
of 180 cm and 300 c¢m inside the site is shown in Figs. 10
and 11. The heights displayed outcomes that were largely
congruent with those seen at a distance of 20 cm from
the ground. In the absence of any protective measures,
the internal relative humidity of the site fluctuated in
response to external circumstances by around 70-80%
(Figs. 10a, 11a). Due to the obstruction of the surround-
ing glass curtain walls, the indoor relative humidity
approached 100%, reaching a saturated state (Figs. 10b,
11b). When the ventilation facilities were activated, the
airflow through the duct fan was low, resulting in only
tiny regions of low humidity around the duct fan loca-
tion. The relative humidity near the fan was in the range
of 60% ~ 70% (Figs. 10c, 11c). By improving the placement
and quantity of louvers and enhancing the capacity of the
duct fans (Figs. 10d, e, 11d, e), these actions successfully
ensured a steady and low-humidity environment across
the whole site. Furthermore, owing to its substantial dis-
tance from the damp ground of the archaeological site,
the relative humidity consistently remained below 70%.

The analysis results for scenario two are provided in
supplementary material, as the distribution of relative
humidity at different heights of the site is essentially con-
sistent with scenario one when the boundary conditions
of the inlet and outlet doors are swapped. During the
first stage, when natural ventilation was employed, soil
moisture evaporation caused the internal relative humid-
ity to average around 80% (Figs. Ala, A2a, A3a). In the
second stage, the use of glass curtain walls resulted in a
saturated internal relative humidity of 100% (Figs. Alb,
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Fig. 11 Comparison of relative humidity distribution at 300 cm height above ground. a Case 1; b Case 2; ¢ Case 3; d Case 4; e Case 5

A2b, A3D). In the third stage, with the introduction of
low-flow ventilation systems, the relative humidity in
certain areas decreased compared to the previous stage,
with the northwestern corner exhibiting relative humid-
ity levels between 60% and 70% (Figs. Alc, A2¢c, A3c). In
the fourth stage, after replacing parts of the glass curtain
walls with louvered windows, the relative humidity fur-
ther decreased, with areas near the exhaust pipe showing

levels below 70% (Figs. Ald, A2d, A3d). Finally, in the
fifth stage, optimizing the number of louvered windows
and increasing the exhaust flow maintained the internal
relative humidity at 60% to 70% (Figs. Ale, A2e, A3e).
This indicated that these optimization measures effec-
tively reduced the relative humidity inside the site even
under different boundary conditions.
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Fig. 12 The comparison of relative humidity at six monitoring line positions under different renovation measures

Monitoring line comparison

The comparison of monitoring line placements yielded a
more accurate representation of the disparities in differ-
ent protective measures. According to Fig. 12, the instal-
lation of the glass curtain walls resulted in a consistently
high indoor relative humidity of 93% at every location
and height. Upon activating the ventilation facilities,
the relative humidity was reduced, however, it remained
greater than the relative humidity of the external. The
interior humidity at the site was dramatically reduced

by augmenting the quantity of louvered ventilation win-
dows and enhancing the flow rate of the duct fans. Con-
sequently, the total relative humidity was consistently
maintained at about 70%. This demonstrates that by
optimizing the renovation measures, the ventilation and
dehumidification facilities ultimately fulfilled the criteria
for preserving cultural relics.

Nevertheless, the site’s location in a depression resulted
in elevated soil moisture levels. Additionally, the entry
and exit were situated in the southwest and northeast

Streamline(m s)

I
0.0 0.1 0.2 0.3 0.4 0.5

Fig. 13 Comparison of particle motion distribution. a Case 1; b Case 2; ¢ Case 3; d Case 4; e Case 5
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corners, posing challenges for air circulation, especially
in the northwest corner. Despite implementing various
measures such as exhaust systems, dehumidification,
and louvered windows, a limited number of places none-
theless encountered a relative humidity as high as 84%
(Fig. 12 (3) at the bottom). Hence, the positioning of duct
fans should have considered the presence of corners and
backflow areas.

Flow distributions analysis

The visual observation of relative humidity may be
achieved by studying the trajectories movement and
the influence of airflow and moisture movement. Fig-
ure 13 illustrated the flow analysis for scenario one.
In the absence of the glass curtain walls, there is a
dynamic circulation between the entry and exit, which
effectively eliminates a portion of the air with greater
humidity (Fig. 13a). However, during this phase, indoor
relative humidity fluctuated with external changes, as
high-humidity outdoor air was brought indoors through
airflow circulation. In the absence of intervention meas-
ures, the relative humidity within the site underwent sig-
nificant changes.

Upon the installation of the glass curtain walls
(Fig. 13b), it effectively separated the interior site from
the exterior air exchange. This method effectively main-
tains the stability of indoor environmental elements. The
fully enclosed glass curtain wall can suppress the depend-
ence of indoor humidity fluctuations on external weather
fluctuations but has led to unintended consequences.
The airflow was redirected towards the exterior corridor,
diminishing its capacity to dissipate interior moisture.
The inside airflow had little convection with the exterior
environment, resulting in stagnant air and preventing the
transportation of high-humidity air outside. The discon-
tinuous streamline within the glass curtain wall in the
diagram clearly reflects the stagnation of airflow within
the site, significantly reducing the flow efficiency. As a
result of this condition, the relative humidity in the site
reached a level close to saturation, increasing the likeli-
hood of microbiological outbreaks.

Upon activating the ventilation facilities (Fig. 13c),
despite the low flow rate of the duct fans, observable
airflow movement was still present in the vicinity of the
fans. Compared to the stagnant airflow within the fully
enclosed glass curtain wall, although the airflow veloc-
ity within the site is less than 0.1 m s™! after opening
the low-flow ventilation facilities, it generally maintains
a slow internal airflow circulation. A certain amount of
water vapor was released externally, leading to a decrease
in the level of relative humidity.

By installing louvered windows and improving the
flow of duct fans (Fig. 13d), the airflow can be enhanced
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to facilitate convection between the external air and the
internal site through the louvered windows surrounding
the glass. Ventilation facilities can effectively improve
local airflow, but larger spatial layouts can only maintain
a low-speed internal airflow circulation. Replacing the
glass curtain wall with louvers can increase the exchange
of external and internal airflow. The figure reflects that
the airflow velocity in some areas of the site has increased
to 0.15 m s%, but low-speed vortices with velocities less
than 0.05 m s~* still exist in areas like the northwest cor-
ner. This indicates that replacing louvers can enhance the
airflow convection between indoors and outdoors, but
their position and quantity still affect the spatial distribu-
tion of airflow.

By further optimizing the placement and number of
louvered windows (Fig. 13e), the interior airflow was
improved, resulting in a smoother flow compared to the
previous stage. The flow velocity in most areas within the
site exceeds 0.15 m s~ L. The airflow in the corner portions
of the site was improved, resulting in a further reduction
in the relative humidity of the air in these locations. The
glass curtain wall effectively prevents the internal relative
humidity of the site from changing with external condi-
tions, while louvers and ventilation facilities ensure inter-
nal airflow circulation. Coordinating the relationship
between enhancing air convection and preventing airflow
exchange, contributed to the maintenance of a consist-
ent and even low level of relative humidity over the whole
area.

Figure A4 in the supplementary materials depicted the
flow distribution for scenario two. The internal airflow
was essentially consistent with scenario one when air
goes into the site from a different door. The difference
was that the internal airflow velocity was below 0.1 m s™!
in center areas, and ranged between 0.1 and 0.3 m s~ ! in
the corridor area. This reduction in speed was primarily
due to the wall near door_2 obstructing the airflow.

Discussion

Cultural heritage preservation includes the processes of
initial subterranean burial, non-sealed burial, and storage
in museums after excavation. Within the enclosed sub-
terranean burial chamber, the climatic conditions of the
storage area for relics remain consistently steady, ensur-
ing that the items maintain their original physical state.
During the non-sealed burial phase, the equilibrium of
environmental components, such as the initial tempera-
ture, relative humidity, and microbes, is disrupted by
human activity or other reasons. During the post-excava-
tion phase, relics are relocated from their original setting,
and human intervention mostly regulates environmen-
tal conditions. Consequently, the notable decay of exca-
vated artifacts is ascribed to the volatile outdoor weather
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conditions and imbalanced soil-air conservation habitats
[30].

The F901 site in Dadawan utilizes in-situ preserva-
tion techniques, which are part of the ongoing process
of conserving cultural assets throughout the non-sealed
burial stage. At first, the interior temperature and relative
humidity at the location fluctuated in accordance with
the external circumstances. Following the first renovation
project, the installation of the glass curtain walls enclo-
sure resulted in a consistent rise in interior temperature
and relative humidity, with the relative humidity almost
approaching saturation. According to the real-time on-
site monitoring data, the average interior relative humid-
ity reached a maximum of 93% at this stage, while the
average outside relative humidity was 77.7%. The indoor
relative humidity significantly exceeded that of the exter-
nal environment. Soil moisture and wall moisture were
the main factors affecting indoor relative humidity [31].
The subsequent activation of low-flow ventilation facili-
ties had a negligible impact. Between May 2019 and June
2020, the indoor relative humidity steadily increased,
exhibiting a consistent range of fluctuations. The monthly
mean relative humidity varied between 88.5% and 100%,
whilst the average outdoor relative humidity ranged from
55.9% to 84.8%. The presence of elevated temperature
and humidity inside led to a significant proliferation of
microorganisms, resulting in the continual occurrence
of microbial infections that affected the relics. Therefore,
dramatic changes in the thermal and humid environment
will trigger the deterioration of historical artifacts [32].
This suggests that the initial rehabilitation attempt was
ineffective, and instead, protective measure performed by
humans resulted in the rapid deterioration of the cultural
artifacts.

Implementing an optimized ventilation system has
been empirically shown as an effective method for safe-
guarding cultural artifacts [33]. During the final phases of
the restoration, specific precautions were taken depend-
ing on the site’s peculiarities, natural environment,
microbiological infections, and other factors. The steps
implemented were converting the glass curtain walls into
louvered ventilation windows, and enhancing the capac-
ity of duct fans, to improve exhaust and dehumidification
capacities. The numerical simulation results demonstrate
that the final restoration measures greatly enhance the
ventilation efficiency and dehumidification impact inside
the site. They simultaneously ensure the consistency and
steadiness of the air’s temperature and moisture condi-
tions inside the spatial region of the location, with an
overall indoor relative humidity level of around 70%.

Referring to the Museum Environmental Preservation
Standards—ASHRAE Handbook Class D standards, the
recommended indoor relative humidity range is 25% to
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75% throughout the year [34]. We have noted that Class
D of the ASHRAE Handbook does not specify a tempera-
ture standard. The primary reasons we did not increase
the temperature to lower the relative humidity are as
follows: firstly, the preservation requirements of the
site limit drastic temperature changes to avoid damage
to artifacts. Secondly, using solar radiation to increase
temperature introduces uncertainties and makes precise
temperature control challenging. Therefore, we opted
methods such as enhanced ventilation and dehumidifica-
tion to control the relative humidity, taking these factors
into full consideration in our study. Moisture is a key fac-
tor that can lead to deterioration [35]. The level of rela-
tive humidity in the air is closely linked to the formation
of salt efflorescence-crystallization cycles such as efflo-
rescence and microbial outbreaks on the surface of cul-
tural relics. This is why relative humidity is a key concern
in cultural heritage conservation. Therefore, relevant
standards and recommended relative humidity control
values in museum artifact preservation have significant
reference value. Reference similar museums of environ-
mental conservation [36]: The fluctuations in the hygro-
thermal environment can promote the deterioration of
the Maijishan Grottoes, and in the summer, indoor ven-
tilation and dehumidification should be increased [37].
The Jinsha earthen relic average indoor humidity for a
general average year was 77.5+6.6% [38]. The No.l Pit
of the Terracotta Army Museum maintains a relative
humidity of 7% to 67%, which is suitable for the pres-
ervation of soil sites and painted terracotta figures [39,
40]. The Banpo Museum maintains a relative humidity
of 53% to 70%, essentially meeting the requirements for
soil sites and pottery preservation. Qianling Museum’s
outdoor environment for preserving the stone inscrip-
tions on the Sima Dao has a relative humidity of 26%
to 52%, but due to outdoor exposure, the stone inscrip-
tions are susceptible to frost damage. On the other hand,
the semi-closed Zhang Huai Crown Prince’s Tomb has
a relative humidity of 64% to 85%, often exceeding 90%
in the summer, resulting in aging, peeling of murals, and
microbial diseases. The Maoling Museum’s protective
measures include an outdoor shelter, and the moisture
factors mainly vary with the environment, with a relative
humidity range of 40% to 61%, which leads to frequent
damage to stone inscriptions from summer exposure
and winter frost. The Zhouyuan Museum has an average
relative humidity of 60%, essentially meeting the pres-
ervation requirements for bronze artifacts. When the
relative humidity in museums falls below 70%, it often
satisfies the preservation requirements for soil sites,
ceramics, paintings, bronze artifacts, and similar items.
Semi-closed buildings are more effective than open-air or
outdoor shelters in providing protection.
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The previous anthropogenic alterations made to the
Dadawan F901 site museum resulted in a persistent rise
in internal temperature and humidity, leading to the
occurrence of microbiological infections. Subsequently,
an exhaust system was implemented and upgraded, pro-
tective systems were refined, and ventilation efficiency
was increased. The concerted efforts made involve con-
tinuously improving and adjusting enclosure strategies,
moving from glass curtain walls to louvered ventilation
windows, and improving mechanical systems. These
efforts ultimately contribute to the ongoing protection
and preservation of the Dadiwan F901 site.

Nevertheless, continuous study is being conducted
on the optimal preservation environment for cultural
treasures. The challenge faced by archaeological muse-
ums is how to appropriately control the environment
while ensuring the long-term preservation of cultural
relics, all the while maintaining the overall view of the
excavation site. The existing air thermal and moisture
environment variables fulfill the standards for artifact
preservation when evaluated using single atmospheric
environmental indicators (e.g. relative humidity, tem-
perature). However, it is essential to conduct systematic
studies and implement effective management strategies
to address concerns related to the aging of relics, weath-
ering, and microbiological illnesses to achieve accurate
preservation.

Conclusion

This paper assesses the efficiency of ventilation in five
different stages of renovation at the Dadiwan F901 site
museum. The evaluation is done through on-site real-
time environmental monitoring and numerical simula-
tion methods. The study compares the distribution of
relative humidity and particle movement inside the site
under various protective measures. The main conclusions
based on the above analysis are as follows:

1. The fully enclosed glass curtain wall can suppress
the dependence of indoor humidity fluctuations on
external weather fluctuations but has led to unin-
tended consequences. The original glass curtain walls
and other obstructions hinder air circulation, exac-
erbating the increase in relative humidity near the
site. This leads to the saturation of indoor air relative
humidity, promoting the proliferation of microorgan-
isms.

2. Louvered windows enhance the circulation of air
inside the historical site, while duct fans and other
methods can decrease humidity in partial areas or to
a certain degree. Through the strategic optimization
of the placement and number of louvered ventilation
windows, the augmentation of duct fans’ power, and
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the implementation of further measures, the indoor
relative humidity is effectively maintained at around
70%, therefore satisfying the prerequisites for artifact
preservation.

When implementing practical solutions, it is crucial to
take into account the specific layout features of the loca-
tion and carefully set up various ventilation techniques to
properly regulate the equilibrium between interior and
outdoor temperature and relative humidity. Moreover, it
is essential to conduct systematic studies and implement
effective management strategies to address concerns
related to the deterioration of artifacts due to aging,
weathering, and microbiological illnesses to ensure accu-
rate preservation.

List of symbols

x;  The direction

o Thedensity, kgm™
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¢@  The relative humidity, %

d  The specific humidity, g kg~

w  The mass fraction of water vapor, %

p  The pressure, Pa
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