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This paper explores the impact of “Yinyan”, a climate-responsive building component depicted in the
paintings of the Song Dynasty (960-1279 AD), on indoor wind environments, aiming to support the
digital representation and multisensory simulation of architectural heritage. Although few buildings
from the Song Dynasty remain, Song paintings, renowned for their realism, provide detailed visual
records that can inform the representation of the then buildings. In this study, a building depicted in the
Life along the Bian River at the Qing Ming Festival (Qing Ming Shang He Tu in Pinyin) was modeled
according to the Song construction manual — Yingzao Fashi. Numerical simulation was then
conducted to evaluate the impact of “Yinyan”, given its various designs, on indoor wind environments.
The results provide scientific evidence for the multisensory digital representation of architectural
heritage from the Song Dynasty, and offer insights for their conservation and restoration as well as for

sustainable building desighs nowadays.

The rapid advancement of digital technologies has profoundly transformed
the conservation, dissemination, and education of architectural heritage“".
Digital tools such as Virtual Reality (VR) and Augmented Reality (AR) have
overcome the spatial and temporal limitations of traditional heritage edu-
cation, enhancing public engagement and improving the effectiveness of
cultural transmission’. Built on this, multi-sensory digital heritage has
emerged as a new and important research field, where the accuracy of details
is critical for effective multi-sensory digital representation. This is particu-
larly important for climate-adaptive building components in architectural
heritage, as they are closely related to human perception. Inaccurate
representations may undermine the design wisdom embedded in historical
architecture and weaken the scientific value of heritage education. The Song
Dynasty (960-1279 AD) was a remarkable period in the history of Chinese
architecture, characterized by significant advancements in building tech-
niques. Over time, the architecture of the Song Dynasty accumulated a
wealth of climate-responsive design measures, while only a few buildings
from this time have been retained’’. Fortunately, the paintings of the Song
Dynasty, renowned for their realism and meticulous details, contain rich
information on building components and structures (ak.a. the way of
assembling building components)”. This study investigates the architectural
component “Yinyan”, as depicted in the paintings of the Song Dynasty,

focusing on its impact on indoor wind environments. It aims to extract the
design wisdom embedded in traditional architecture. The findings are
expected to enrich the multi-sensory digital representation of architectural
heritage in the Song Dynasty and offer insights for both the conservation of
Song architectural heritage and the sustainable design of contemporary
architecture.

The digitalization of architectural heritage is undergoing diversified
development, with accurate and efficient 3D representation widely regarded
as its fundamental core. Zhou et al. integrated multi-source historical images
and employed shape grammar analysis in combination with parametric
design algorithms, significantly improving the efficiency of modeling Song
Dynasty architecture'’. To address the challenge of replicating repetitive
textures and structural patterns in historic buildings, Yao et al. proposed a
self-attention-guided unsupervised single image-based depth estimation
method, offering a novel approach to high-precision 3D representation'".
Valenti et al. conducted a comprehensive digital reconstruction of the Saint
Lucia di Mendola site by combining archive research, geometric analysis,
high-resolution 3D scanning and photogrammetry, digital recomposition of
architectural fragments, and virtual modeling techniques'. The application
of digital technologies in architectural heritage has expanded beyond tra-
ditional documentation and conservation. It now encompasses risk
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detection and mitigation, facility management, immersive educational
experiences, and public engagement'*'. For example, De Fino et al. intro-
duced a 360° thematic virtual tour system that integrates various digital
resources to support cultural dissemination, performance evaluation, and
risk management of historic buildings". Nguyen et al., using the Temple of
Hung Kings in Vietnam as a case study, applied Scan-to-HBIM technologies
for digital reconstruction and incorporated tools such as VR and AR for
building management and tourism promotion'®. Milic et al., through a real-
world architectural heritage project, explored new pedagogical strategies for
architectural history education, integrating field surveys, data processing,
and BIM model development”’. Among these, the educational value of
digital heritage is increasingly recognized as a key dimension that transcends
technological innovation. As a bridge between heritage and societal value,
the accurate digital representation of architectural heritage holds significant
potential for revealing cultural meaning and enhancing educational impact.
This is an area that deserves further exploration.

Traditional architecture around the world has gradually developed
climate-adaptive features in response to local environmental conditions'*™".
Among various passive design strategies, natural ventilation has been widely
researched due to its effectiveness in enhancing indoor comfort. Previous
studies have explored not only the influence of spatial layout and archi-
tectural form in traditional villages on airflow patterns, but also the role of
specific building components in regulating indoor ventilation* . For
example, Aydin and Mirzaei examined the function of “Cumba” in tradi-
tional Turkish architecture and found that it could significantly improve
indoor ventilation. When combining it with flexible window-opening
strategies, both the average wind speed and ventilation rate could be
adjusted towards a wide range™. Similarly, Suleiman and Himmo analyzed
the “Malqaf” in Arab traditional architecture and explored its ability to
channel wind into buildings to create a comfortable wind environment™.
Climate-adaptive building components can be flexibly adjusted to respond
to varying climatic conditions. However, limited attention has been paid to
such components of traditional Chinese architecture.

To summarize, substantial progress has been achieved in the
digital representation of architectural heritage, particularly in 3D
modeling technologies, information management, and practical
applications, which have strongly supported heritage conservation and
dissemination. In the field of natural ventilation and climate-
responsive design, previous research has examined how various
design strategies, such as building layouts, spatial organization, and
building components, affect indoor wind environments, thereby
confirming the value of traditional climate-adaptive design strategies.
However, in-depth studies focusing specifically on the climate
adaptability of Song Dynasty architecture remain limited. Moreover,
research on multi-sensory digital representation of architectural
heritage seldom explores the relationship between climate-adaptive
building components and human indoor perception, which constrains
the effective transmission of design wisdom embedded in traditional
architecture. This study looks into Chinese traditional architecture
from the Song Dynasty. By integrating historical paintings, literature,
and preserved architectural heritages, we build the digital mock-up of
buildings from the Song Dynasty and employ numerical simulations
to assess the impact of the building component “Yinyan” on indoor
ventilation. It aims to provide scientific evidence for the accurate
digital representation of “Yinyan” and provide insights for both the
conservation and restoration of Song architectural heritage, as well as
the climate-responsive design of contemporary architecture.

Methods

The overall research design is shown in Fig. 1. Based on paintings and
historical archives from the Song Dynasty, a digital model of a traditional
building from the Song Dynasty was constructed. The Computational Fluid
Dynamics (CFD) numerical simulations were then conducted to investigate
the impact of the building component “Yinyan” on the indoor wind
environment.

The digital mock-up of traditional architecture based on Song
Dynasty paintings

Research on the digital representation of architectural heritage based on
iconographic evidence has gained increasing attention in recent years'*.
“Wumu” painting, one of the ten prevailing painting genres of Song Dynasty
in China, employed scientific tools such as scale bars to illustrate cityscapes,
buildings, and their surrounding natural environments with exceptionally
high precision. Artists were required to maintain precise proportions and
details in paintings, making the paintings function equally to modern
architectural blueprints”. Chiu et al. rebuilt the scenes portrayed in Life
along the Bian River at the Qing Ming Festival (Qing Ming Shang He Tu in
Pinyin), a famous painting by Zhang Zeduan of the Northern Song Dynasty,
and analyzed the seasonal context depicted in the painting”**’. Dong utilized
the wooden pavilions from paintings of the Song Dynasty as a reference,
along with Yingzao Fashi, an official building construction guide in the Song
Dynasty, to rebuild the mock-up pavilions of the Song Dynasty’**". These
studies demonstrate that, by integrating “Wumu” paintings with historical
archives and preserved architectural heritages from the Song Dynasty, it is
feasible to replicate the traditional buildings in the Song Dynasty as well as
their architectural components.

Architectural component “Yinyan” in Song Dynasty paintings
During the Northern Song Dynasty, Bianjing (current Kaifeng City located
in Henan Province) experienced low rainfall and frequent sandstorms™. To
cope with these climatic conditions, a transitional space has often been
added between indoor and outdoor spaces. The “Yinyan”, a typical climate-
responsive building component, was widely adopted for this purpose due to
its ease of installation and replacement™. It typically consisted of a wooden
frame inlaid with wooden panels or bamboo strips and was affixed to
exterior walls. This component was frequently noted in the paintings of
Song Dynasty, including Life along the Bian River at the Qing Ming Festival
by Zhang Zeduan, Reading the Book of Change in a Cottage (Qiu Chuang Du
Yi Tu in Pinyin) by Liu Songnian, and other notable works such as Nine
Elders Enjoying a Gathering in the Huichang Period (Hui Chang Jiu Lao Tu
in Pinyin), Autumn Trees and Mountains (Qiu Shan Hong Shu Tu in
Pinyin), Conversation in Snowy Hall (Xue Tang Ke Hua Tu in Pinyin) and
Boating on a Lotus Pond (Lian Tang Fan Ting Tu in Pinyin) (Fig. 2)***.
Based on the analysis of these paintings, it was found that “Yinyan” was
typically installed by attaching one long edge to the eaves or the upper frame
of a window located beneath the eaves. The opposite long edge was either left
unsupported (Fig. 2a, d)) or reinforced with diagonal braces (Fig. 2b, e, f).

Architectural components depicted in the painting of “Life along
the Bian River at the Qing Ming Festival” and the mock-up
building designs

This research selects a two-story tavern, with two standard rooms, located
next to the Rainbow Bridge in the Life along the Bian River at the Qing Ming
Festival (Fig. 2a), for further study. Using the digital mock-up of this
building, this research investigates the impacts of the position and lengths of
“Yinyan” on the indoor wind environment of traditional buildings in the
Song Dynasty.

“Zhang”, “chi”, and “cun” are traditional Chinese length units, where 1
“zhang” is equal to 10 “chi”, and 1 “chi” is equal to 10 “cun”. During the Song
Dynasty, the length of 1 “chi” was not unified across regions. In the book
History of Ancient Chinese Architecture, Liu reported that the length of 1 chi
ranged from 0.309 to 0.329 meters across different regions™. This study
adopts a standardized mean value of 0.32m for 1 chi, corresponding to
3.2m for 1 zhang and 0.032 m for 1 cun.

“Wumu” paintings employed a drawing method similar to
modern oblique axonometric projections™. In the selected painting,
parallel lines were drawn along the ridge, eaves, and railings of the
tavern’s main facade (Fig. 3). Since the extensions of these lines do not
intersect, it can be inferred that the facade is depicted in a nearly
parallel projection. Measurements of the height of columns and the
width of rooms in the painting reveal a column height-to-room width
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Fig. 1 | Flowchart of the research process adopted in this study.

ratio of approximately 0.72 (Fig. 3). Wang’s survey and analysis of
architectural heritages from the Tang and Song Dynasties (e.g., the
Main Hall of Baoguo Temple, the Shanmen of Dule Temple, and the
Xiandian of Jinci Temple) found that, in small-scale Tang and Song
buildings (2-3 standard rooms), the column height-to-room width
ratio typically ranged from 0.70 to 0.74”. Since the ratio of 0.72
derived from the painting fits into this range, it becomes reasonable to
build the digital mock-ups of Song buildings referring to the “Wumu”
paintings.

Historical records and preserved buildings from the Song
Dynasty indicate that the width of a standard room was normally in a
range of 1.8-1.2 zhang (e.g., 1.8 zhang, 1.5 zhang, 1.3 zhang, or 1.2
zhang)™. Assuming the room width of this tavern is 1.3 zhang (equal
to 4.16 m) and applying the column height-to-room width ratio of

0.72, the estimated column height is 2.88 m. For small-scale buildings
in the Song Dynasty, the roof height (a.k.a. the vertical distance
between the ridge of the roof and the eaves) is typically approxi-
mately two-thirds of the column height, so the estimated roof height
is 1.92 m?. Additionally, based on this scale, the measured height of a
seated figure in the painting is approximately 1.26 m (Fig. 3), which
aligns with the typical height of a seated person. This further vali-
dates the inferred room width. Based on the surveying results of
preserved buildings from the Song Dynasty and the relevant studies,
the width-to-depth ratio of a single-span structure is approximately
1:17, indicating that the depth of the tavern is also 4.16 m. Further
referring to Yingzao Fashi, the first-floor height and other structural
details were speculated, forming the mock-up of the tavern®. Fig. 4
presents the digital mock-up of the building with key components.
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Fig. 2 | Yinyan in partial views of Song Dynasty paintings. a Life along the Bian River at the Qing Ming Festival; b Autumn Trees and Mountains; ¢ Nine Elders Enjoying a
Gathering in the Huichang Period; d Reading the Book of Change in a Cottage; e) Conversation in Snowy Hall; f Boating on a Lotus Pond.

Virtual modeling for numerical simulation

Based on paintings of the Song Dynasty, “Yinyan” could be installed either at
the eaves or in between the window frames and the eaves, with variations in
size. Preliminary CFD simulations indicated that variations in the angle of
the “Yinyan” had a rather limited impact on indoor ventilation. Therefore,
this study focuses on the influence of Yinyan’s overhang length and position
on indoor wind environments. In the digital model, the overhang length is
estimated at approximately 0.96 m based on proportional analysis of the
painting. According to the Yingzao Fashi, the overhang length of Yinyan
ranged from 3 to 5 chi (equal to 0.96-1.6 m)™. Given that the depth of the
traditional building in this study is relatively small (4.16 m), four overhang

lengths of the “Yinyan” were selected for comparative studies: 3 chi (equal to
0.96 m), 3.5 chi (1.12m), 4 chi (1.28 m), and 4.5 chi (1.44 m). As sum-
marized in Table 1, the impact of “Yinyan” on indoor ventilation was
analyzed across eight scenarios, taking into account two installation posi-
tions and four overhang length settings. Case 1 represents the mock-up
based on the painting and will be used for preliminary numerical simulation
and model calibration.

To facilitate numerical simulations and comparative analyses, the
tavern was simplified in the digital model, with building components such as
windows and “Yinyan” being replaced by flat panels. The simplified model
for Case 1 is illustrated in Fig. 5.
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Fig. 3 | Tavern’s main facade and inferred room
width, column height, and roof height.

Fig. 4 | Mock-up design of the tavern. a 3D model;
b Front elevation; ¢ Side elevation (unit: mm).
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Parameter settings for numerical simulation

In terms of the computational domain, the building footprint occupies less
than 3% of the total computational domain. The target building was posi-
tioned at a distance of 3H (where H represents the maximum height of the
target building) from the inlet boundary, 5H from the side boundaries, 10H
from the outlet boundary, and 5H from the top boundary”. In this
numerical simulation, the maximum height of the target building was

approximately 8.3 meters. In return, the distances to the inlet boundary,
outlet boundary, side boundaries, and top boundary were set to 24.9 m,
83 m, 41.5 m, and 41.5 m, respectively (Fig. 6).

In this study, a polyhedral unstructured mesh was employed for
simulation. First, a base mesh size was defined for the computational
domain, with finer meshes applied to the building and its surrounding areas,
and even finer meshes assigned to building components to ensure that each
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complete boundary of the building contained at least 10 meshes. Addi-
tionally, boundary layer meshes were generated on the ground surface. A
mesh sensitivity analysis was conducted (see Section Mesh Sensitivity
Analysis). Based on the results, the base mesh size was set to 4 m. The relative
mesh sizes for the building components and surrounding ground are
summarized in Table 2. To improve the simulation accuracy, the mesh
within the second-floor interior of the tavern was further refined, with a
refined mesh size set to 3% of the base mesh size. The volumetric growth rate

Table 1 | Summary of Yinyan case study scenarios used in
numerical simulation

Installation Position Overhang length

3 chi 3.5 chi 4 chi 4.5 chi
0.96 m 1.12m 1.28m 1.44m
Installed at the eaves Casel Case2 Case3 Cased
Installed above the window frame Caseb Case6 Case7 Case8

between adjacent mesh cells was set to 1.2. The mesh configuration for Case
1 is illustrated in Fig. 7, with approximately 1.06 million meshes generated
for the entire computational domain.

For the physical model, the computational domain was modeled as
a space full of steady-state, constant-density gas. The Realizable k-¢
model was chosen for the simulation. The accuracy of this model in
simulating wind environments around clustered buildings has been
validated in previous studies, with an identified error within an
acceptable range**™"’.

The inlet boundary was defined as a velocity inlet, and the turbulence
model was set to the Realizable k—¢ model. Chiu et al. compiled wind speed
data of Kaifeng City from the past 50 years to simulate the scenario illu-
strated in Life along the Bian River at the Qing Ming Festival, and found that
prevailing winds blew from the south to the north in spring and from the
northeast to the southwest in autumn, with an average wind speed of
approximately 3.0 m/s”. In Kaifeng, natural ventilation was often used
during spring and early summer to provide better indoor air quality and
thermal comfort. Therefore, this study adopts a south wind direction with a
wind speed of 3.0 m/s for the simulation. The vertical velocity profile U(z),

Fig. 5 | Simplified model.

Inlet

Fig. 6 | Computational domain and position of the traditional building.
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turbulent kinetic energy (k), and turbulent energy dissipation rate (¢) were
calculated by Eqgs. (1)-(4)**.

U(z) = U, (zi) (1)
B O'M(Z) B z (—a—0.05)
I(z) = U = 0.1 (E) (2)
k) = Z@t “352) 9O L ) = () +UEE O
a—1
€)= cj/zk(z)%a(zi) @

In these equations, Uj is the wind speed at the reference height, set to
3.0 m/s, and z; is the reference height, set at 10 meters. z is the actual height,
and U(z) is the wind speed at height z. The surface roughness index « is set to
0.15", 0,(z) is the root mean square value of the velocity in the flow
direction. The boundary layer height z;, corresponding to the terrain
category, is set to 350 m. Cy is a constant, with a value of 0.09.

The outlet boundary was defined as a pressure outlet, with the initial
values of pressure, turbulent kinetic energy, and turbulent dissipation rate all

Table 2| Relative mesh sizes for the architectural components
and the surrounding ground

Region and component Mesh size/base mesh size

Buildings and the surrounding ground area 10%
Walls 3%
Roofs 3%
Windows 3%
Handrail and railings 1%
Yinyan 1%

set to 0. All other parameters were kept at their default settings in the
numerical simulations.

The side and top boundaries, as well as the building surfaces, were
defined as smooth walls.

The ground boundary was defined as a rough surface, with a roughness
height set to 1.8x10™m.

Indoor wind environment evaluation

The second floor of the tavern was designated as the evaluation area. Two
sections, Section 1 and Section 2, as shown in Fig. 8, were defined within this
area to analyze the vertical distribution of indoor airflow under Case 1, Case
5, and the scenario without the “Yinyan” installed. Following the studies of
Yang & Zhang, based on evaluation methods for indoor environments
outlined in ASHRAE Standard 55 and GB-50785"", two horizontal eva-
luation planes were defined: one at 1.1 m above the 2™ floor, representing

= . . . |
. . . . . . [

o —

Section 1~ Section 2

5

o Test point

Fig. 8 | The 2nd floor plan of the tavern, the locations of two sections, and the 24 test
points.

Fig. 7 | Mesh configuration for Case 1. a Mesh
within the computational domain; b Mesh near the
building.
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Fig. 9| Wind speed values at the 24 test points under 2
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head and shoulder height when seated, and another at 1.7 m, representing
head and shoulder height when standing.

In naturally ventilated indoor environments, wind speed has a critical
impact on human thermal comfort**". Previous studies indicated that most
individuals perceived wind speeds ranging from 0.25 to 1.0 m/s as com-
fortable. In warmer climatic conditions, some occupants might tolerate
wind speeds between 1.0 and 1.5 m/s. However, wind speeds exceeding
1.5 m/s would often cause discomfort as the wind might shift lightweight
indoor objects, while speeds below 0.25m/s would hinder the effect of
removing indoor air pollutants™”.

For this study, the indoor wind environment was categorized into
three zones: the comfortable wind zone (wind speed: 0.25-1.0 m/s), the
stagnant wind zone (wind speed <0.25 m/s), and the excessive wind zone
(wind speed >1.5m/s). Wind speeds between 1.0 and 1.5m/s would
result in varied subjective responses - some individuals perceive them as
uncomfortable, while others consider them acceptables'"’. Therefore, this
range is excluded from the present analysis. To facilitate the comparative
studies, the stagnant and excessive wind zones were collectively defined
as uncomfortable wind zones. Computational modules were developed
within the simulation software to explore the comfortable wind zone
ratio (i.e., the proportion of the evaluation area within the comfortable
range) and the uncomfortable wind zone ratio (i.e., the proportion of the
evaluation area within the uncomfortable range). These modules were
used to evaluate the effects of Yinyan on the indoor wind environments
according to its different lengths and locations.

Mesh sensitivity analysis
According to the computational settings outlined in Section Parameter
Settings for Numerical Simulation, a mesh sensitivity analysis was

conducted for Case 1 using different base mesh sizes. The base mesh sizes
were set to 5m, 4.5m, 4m, and 3.5m. The relative mesh sizes for the
building components and surrounding ground are summarized in Table 2.
To evaluate the impact of mesh sizes on wind speed predictions, 24 test
points were selected at a height of 1.1 m above the 2nd floor of the tavern
(Fig. 8). Figure 9 presents the comparison of wind speed values at the 24 test
points under the four mesh sizes. The overall wind speed trends remain
consistent across all conditions. However, under the 5 m mesh configura-
tion, some test points exhibited slightly higher deviations. To further analyze
the simulated wind speed differences at the 24 test points under different
mesh configurations, the differences were calculated between the 5 m and
4.5 m meshes (denoted as A1), the 4.5 m and 4 m meshes (denoted as A2),
and the 4 m and 3.5 m meshes (denoted as A3). A comparison of these
differences is shown in Fig. 10. The values of A1 and A2 are relatively larger,
while A3 is smaller and remains below 0.05 m/s. This indicates that the wind
speed predictions at the 24 test points are relatively consistent when the
mesh configurations fall into 3.5-4 m, with no significant discrepancies.
Considering that the 3.5 m mesh would require higher computational costs,
the 4 m mesh was ultimately selected as the base mesh for the numerical
simulations in this study.

Results

Influence of Yinyan on the vertical distribution of indoor airflow
Figure 11 illustrates the vertical airflow distributions for Case 1, Case 5, and
the scenario without the “Yinyan”. Section 1 represents a vertical plane with
a single-sided opening. Without “Yinyan” (Fig. 11a), the incoming airflow
enters at a downward angle and gradually loses velocity. Upon reaching the
rear wall, it rises, forming a stagnant zone near the rear wall and a relatively
large vortex in the upper rear region. In Case 1 (Fig. 11b), where the
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Fig. 11| Vertical airflow distributions. a Scenario without the “Yinyan”, Section 1; b Case 1, Section 1; ¢ Case 5, Section 1; d Scenario without the “Yinyan”, Section 2; e Case

1, Section 2; f Case 5, Section 2; g Locations of Sections 1 and 2.

“Yinyan” is installed at the eaves, the airflow follows a similar downward
path but with slower velocity attenuation due to the guiding effect of the
“Yinyan”. And the upper vortex shifts closer to the rear wall. In Case 5 (Fig.
11c), where the “Yinyan” is installed above the window frame, the airflow
diffuses more broadly into the room, reducing the stagnant zone and
shifting the upper vortex towards the central upper area, where it becomes
smaller in size.

Section 2 represents a vertical plane with openings on both sides,
enabling cross-ventilation. Without the “Yinyan” (Fig. 11d)), the airflow
enters at a downward angle with gradually decreasing velocity, then inclines
upward near the rear of the room before exiting. A relatively large vortex
forms in the upper rear region. In Case 1 (Fig. 11e)), with the “Yinyan”
installed at the eaves, the airflow travels more horizontally across the room,
resulting in smoother and more uniform flow. The upper vortex shifts
towards the rear corner. In Case 5 (Fig. 11f)), with the “Yinyan” installed
above the window frame, the guiding effect causes the incoming airflow to
diffuse slightly, expanding the affected area. The upper vortex moves
towards the central upper region and becomes more dispersed.

Overall, the “Yinyan” exerts a significant impact on indoor airflow.
When installed at the eaves, it increases airflow penetration and average

indoor wind speed, thereby improving the indoor wind environment. When
installed above the window frame, it alters airflow direction, promotes
diffusion, and expands the effective flow area.

Influence of Yinyan’s overhang length on the indoor wind envir-
onment when installed at the eaves

When the “Yinyan” was installed at the eaves, the indoor wind speed
contour plots for Cases 1 to 4 are shown in Fig. 12. The results indicate that
the overall indoor airflow patterns are consistent across all cases. Higher
wind speed areas are primarily located along the airflow paths aligned with
the two door-window openings, while lower wind speed stagnant zones are
situated between these airflow paths.

As the Yinyan’s overhang length increases, the stagnant wind zone
area on the 1.1 m evaluation plane remains relatively unchanged
(Fig. 12). However, the area of the comfortable wind zone (especially
those with wind speed: 0.25-0.5m/s) gradually expands, while the
uncomfortable wind zone (especially those with wind speed >1.75 m/s)
progressively shrinks and eventually disappears. On the 1.7 m evaluation
plane, the increase of Yinyan’s overhang length leads to a gradual
decrease in the uncomfortable wind zone (especially those with wind
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Table 3 | Indoor wind conditions with Yinyan installed at the eaves

1.1 m evaluation plane

1.7 m evaluation plane

Wind speed (m/s) Wind zone ratios Wind speed (m/s) Wind zone ratios
Max Min Avg. Comfortable Uncomfortable Max Min Avg. Comfortable Uncomfortable
Case 1 2.33 0.030 0.89 55.74% 21.82% 2.24 0.031 0.92 59.36% 21.75%
Case 2 2.32 0.026 0.88 55.95% 21.63% 2.23 0.039 0.92 59.31% 22.03%
Case 3 2.34 0.018 0.88 55.93% 21.41% 224 0.046 0.91 59.10% 22.44%
Case 4 2.34 0.026 0.86 55.59% 21.65% 2.23 0.053 0.90 58.63% 22.93%

speed >2 m/s) and a significant increase of the comfortable wind zone
(especially those with wind speed: 0.25-0.5 m/s).

The simulated indoor wind environment for Cases 1-4 are summar-
ized in Table 3. As the Yinyan’s overhang length varied, the maximum wind
speed on the 1.1 m evaluation plane ranged from 2.32 to 2.34 m/s, while the
minimum wind speed ranged from 0.018 to 0.030 m/s. On the 1.7 m eva-
luation plane, the maximum wind speed ranged from 2.23 to 2.24 m/s, and
the minimum wind speed ranged from 0.031 to 0.053 m/s. The relatively
small variations in both maximum and minimum wind speeds indicate a
weak correlation between Yinyan’s overhang length and indoor wind
speeds.

The average wind speed on the 1.1 m evaluation plane ranged from
0.86 to 0.89 m/s, while on the 1.7 m evaluation plane, it ranged from 0.90 to
0.92 m/s. With the increase of Yinyan’s overhang length, the indoor average
wind speed showed a slightly decreasing trend, though the difference
was small.

Changes in Yinyan’s overhang length had little impact on the com-
fortable and uncomfortable wind zone ratios on the 1.1 m evaluation plane.
On the 1.7 m evaluation plane, slight variations were observed: the com-
fortable wind zone ratio gradually decreased, while the uncomfortable wind
zone ratio increased.

To summarize, when the “Yinyan” is installed at the eaves, variations in
its overhang length have a limited impact on the maximum and minimum
indoor wind speeds. However, the average indoor wind speed gradually
decreases as Yinyan’s overhang length increases. On the 1.7 m evaluation
plane, the comfortable wind zone ratio gradually decreases, while the
uncomfortable wind zone ratio increases, though the changes remain
relatively small. The worst conditions are observed in Case 4, where Yin-
yan’s overhang length is 1.44 m.

Influence of Yinyan’s overhang length on the indoor wind envir-

onment when installed above the window frame

The indoor wind speed contour plots for Cases 5 to 8 are shown in Fig. 13,
illustrating that the overall indoor airflow patterns remain consistent across
all cases. Higher wind speed areas are primarily located along the airflow
paths aligned with the door-window openings, while stagnant zones with
lower wind speeds are situated between these airflow paths.

On the 1.1 m evaluation plane, the stagnant wind zone is mainly dis-
tributed on the southern side between the two airflow paths. As the Yinyan’s
overhang length increases, the stagnant zone initially decreases and then
increases. The excessive wind zone shrinks with increased Yinyan’s over-
hang length. On the 1.7 m evaluation plane, as the Yinyan’s overhang length
increases, the stagnant wind zone remains relatively stable, while the
uncomfortable wind zone (especially those with wind speed > 1.75 m/s)
gradually decreases.

The simulated indoor wind environment for Cases 5 to 8 is sum-
marized in Table 4. As the Yinyan’s overhang length varies, the maximum
wind speed on the 1.1 m evaluation plane ranges from 2.25 to 2.28 m/s,
while the minimum wind speed ranges from 0.024 to 0.035 m/s. The dif-
ferences in both maximum and minimum values are relatively small. On the
1.7 m evaluation plane, the maximum wind speed ranges from 2.17 to
221 m/s, and the minimum wind speed ranges from 0.007 to 0.024 m/s.
There is a slight variation in the maximum and minimum wind speed from

Case 5 to Case 8. This indicates a weak correlation between the changes in
Yinyan’s overhang length and the indoor wind speeds.

For Cases 5-8, the average wind speed on the 1.1 m evaluation plane
ranges from 0.69 to 0.74 m/s, while on the 1.7 m evaluation plane, it ranges
from 0.74 to 0.75 m/s. As the Yinyan’s overhang length increases, the indoor
average wind speed on the 1.1 m evaluation plane gradually decreases.
While the average wind speed on the 1.7 m evaluation plane remains rela-
tively unchanged.

As the Yinyan’s overhang length varies, the ratios of comfortable and
uncomfortable wind zones for both evaluation planes in Cases 5-8 show
noticeable changes. As shown in Table 4, when Yinyan’s overhang length is
0.96 m (Case 5), the comfortable wind zone ratio on the 1.1 m evaluation
plane is 59.99%, and the uncomfortable wind zone ratio is 20.45%. As the
Yinyan’s overhang length increases, compared to Case 5, the comfortable
wind zone ratio for Cases 6, 7, and 8 increases by approximately 1.94%,
4.28%, and 2.1%, respectively, while the uncomfortable wind zone ratio
decreases by about 2.22%, 4.84% and 3.48%. Among these, Case 7 shows the
largest increase in the comfortable speed zone ratio and the largest decrease
in the uncomfortable wind zone ratio.

On the 1.7m evaluation plane, as the Yinyan’s overhang length
increases, the comfortable wind zone ratio decreases by approximately
1.77% in Case 6 and 0.10% in Case 8 compared to Case 5, while Case 7 shows
aslightincrease of 0.41%. Additionally, the uncomfortable wind zone ratio is
significantly reduced in Case 6 by about 4.46%, while smaller reductions are
also observed in Case 7 (1.81%) and Case 8 (1.65%).

To summarize, when the “Yinyan” is installed above the window
frame, variations in its overhang length have little effect on the maximum
and minimum indoor wind speeds. However, as the overhang length
increases, the comfortable wind zone ratio increases on both evaluation
planes, while the uncomfortable wind zone ratio decreases. The best indoor
wind environment can be achieved when the Yinyan’s overhang length is
1.28 m (Case 7). The quality of the indoor wind environment is relatively
poor when the Yinyan’s overhang length is 0.96 m (Case 5).

Influence of Yinyan’s position on the indoor wind environment
under the same overhang length

Figure 14 compares indoor wind speeds when Yinyan is installed at the eaves
and those when Yinyan is installed above the window frame, with an
identical overhang length. The difference in maximum wind speed values is
small and positive, indicating that the maximum wind speed is slightly
higher when the “Yinyan” is installed at the eaves. The difference in mini-
mum wind speed values is also small, with both positive and negative values,
suggesting that Yinyan’s position has a minimal and irregular effect on the
minimum wind speeds. Regarding the comparison of average wind speeds,
the difference in indoor average wind speed is positive, ranging from 0.15 to
0.18 m/s, indicating that the average indoor wind speed is higher when the
“Yinyan” is installed at the eaves.

Figure 15 compares comfortable and uncomfortable wind zone ratios
for Yinyan, with identical overhang lengths, being installed at the eaves and
above the window frame. As shown in Fig. 15a), the difference in the
uncomfortable wind zone ratio on the 1.1 m evaluation plane is positive,
while the difference in the comfortable wind zone ratio is negative. Never-
theless, as shown in Fig. 15b), the statistical results for the 1.7 m evaluation
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Table 4 | Indoor wind conditions with Yinyan installed above the window frame

1.1 m evaluation plane

1.7 m evaluation plane

Wind speed (m/s) Wind zone ratios Wind speed (m/s) Wind zone ratios
Max Min Avg. Comfortable Uncomfortable Max Min Avg. Comfortable Uncomfortable
Case 5 2.27 0.025 0.74 59.99% 20.45% 2.21 0.018 0.75 54.82% 28.74%
Case 6 2.28 0.030 0.71 61.93% 18.23% 2.20 0.007 0.74 53.05% 24.28%
Case 7 2.26 0.035 0.71 64.27% 15.61% 2.18 0.024 0.75 55.23% 26.93%
Case 8 2.25 0.024 0.69 62.09% 16.97% 217 0.021 0.74 54.72% 27.09%
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Fig. 14 | Comparison of indoor wind speeds for Yinyan, with identical overhang lengths, being installed at the eaves and above the window frame. a Yinyan width =
0.96 m (Case 1 and Case 5); b) Yinyan width = 1.12 m (Case 2 and Case 6); ¢ Yinyan width = 1.28 m (Case 3 and Case 7); d) Yinyan width = 1.44 m (Case 4 and Case 8).

plane are the opposite, with the difference in the uncomfortable wind zone
ratio being negative and the difference in the comfortable wind zone ratio
being positive, which complicates the comparative analysis. The compar-
ison of the mean values is shown in Fig. 15¢).

From the comparison of the averages, when the Yinyan’s overhang
length is 0.96 m, the difference in the comfortable wind zone ratio is
positive, though small (0.14%), while the difference in the uncomfor-
table wind zone ratio is negative, reaching —2.81%. This suggests that
with a Yinyan’s overhang length of 0.96 m installed at the eaves, the
quality of the indoor wind environment is slightly better. When the
overhang length of Yinyan is increased to 1.12 m, the difference in the
comfortable wind zone ratio remains slightly positive (0.14%), while
the difference in the uncomfortable wind zone ratio becomes positive
as well (0.57%). This indicates that a 1.12m long Yinyan installed
above the window frame would be able to offer a marginal improve-
ment on the indoor wind environment. When the Yinyan’s overhang
lengths are 1.28 m, and 1.44 m, the difference in the comfortable wind
zone ratios is negative (—2.23%, and -1.3%), and the difference in the
uncomfortable wind zone ratios is positive (0.66%, and 0.26%), indi-
cating that Yinyan with these overhang lengths, when installed above

the window frame, result in a relatively better indoor wind environ-
ment quality.

To summarize, the position of the “Yinyan” has a minimal impact on
both the maximum and minimum indoor wind speeds, though it does have
some effect on the average wind speeds. When the “Yinyan” is installed at
the eaves, the indoor average wind speed is higher. Considering both the
comfortable and uncomfortable wind zone ratios, when Yingyan is installed
at the eaves and its overhang length is 0.96 m, the indoor wind environment
quality is slightly better. When Yinyan is installed above the window frame
and its overhang lengths are 1.12m, 1.28 m, or 1.44 m, the indoor wind
environment quality is relatively better.

Discussion

The painters in the Song Dynasty demonstrated a systematic understanding
of architectural design and construction. As a result, buildings depicted in
“Wumu” paintings are precisely detailed, with standardized and accurate
proportions™”. By integrating “Wumu” paintings with the then building
construction guide, it is possible to rebuild mock-ups for buildings from the
Song Dynasty, consistent with the methodologies and conclusions proposed
by Chiu et al. and Dong™". In this study, the Life along the Bian River at the
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Qing Ming Festival and Yingzao Fashi have been used as key references for
developing a digital model of the two-story building. Integrating paintings of
the Song Dynasty into architectural research helps address the scarcity of
well-preserved building heritage from that period and provides essential
information for the digital represervation of Song architecture. Further-
more, this approach emphasizes not only the cultural and artistic values of
paintings from the Song Dynasty, but also their academic significance. The
elements depicted in these paintings (e.g., architecture and clothing) serve as
important visual documents for examining the social and historical devel-
opment of the Song Dynasty.

The building component “Yinyan” examined in this study features
flexible installation options. When installed at the eaves, it functions as an
extension of the roof. Previous studies have shown that roof geometry
significantly influences indoor natural ventilation, and the pitch of the roof
also plays a role*>””. Tominaga et al. found that a roof pitch of 15° caused no
significant change in pressure difference between the windward and leeward
sides of a building, while a 30° pitch led to an increased pressure difference™.
Peren et al. demonstrated that a 45° roof pitch significantly enhances indoor
airflow volume™. In their experiments on eaves, they further observed that
windward eaves improved ventilation more effectively than leeward ones.
The most favorable ventilation performance was achieved when the
windward eaves were set at 27° (aligned with the roof pitch) and the leeward
eaves at 90°". In the present study, the “Yinyan” forms an angle of
approximately 20° with the horizontal plane. Analysis of both vertical air-
flow and indoor wind speed distribution indicates that its impact on overall
ventilation is limited, consistent with previous findings. However, it does
influence the ratios of comfortable and uncomfortable wind zones. When
installed above the window frame, the “Yinyan” exerted a greater impact on

indoor airflow, leading to more notable changes in the comfortable and
uncomfortable wind zone ratios.

The statistical results of 8 cases are summarized in Table 5. When the
“Yinyan” is installed at the eaves (Cases 1-4), the comfortable wind zone
ratio on the 1.1 m evaluation plane initially increases and then decreases
following the increasing of its overhang length, with Case 2 showing the
highest ratio. Conversely, the uncomfortable wind zone ratio first decreases
and then increases, reaching its lowest value in Case 3. On the 1.7 m eva-
luation plane, the comfortable wind zone ratio gradually decreases, while the
uncomfortable wind zone ratio increases as the overhang length of Yinyan
increases. Based on the mean values from both evaluation planes, the indoor
wind environment quality is relatively better when the Yinyan’s overhang
length is 1.12m (Case 2), whereas it is slightly worse when the Yinyan’s
overhang length is 1.44 m (Case 4).

When the “Yinyan” is installed above the window frame (Cases
5-8), the comfortable wind zone ratio on the 1.1 m evaluation plane
initially increases and then decreases following the increasing of its
overhang length, reaching the highest value in Case 7. Conversely, the
uncomfortable wind zone ratio first decreases and then increases, with
Case 7 showing the lowest value. On the 1.7 m evaluation plane, Case 7
also exhibits the highest comfortable wind zone ratio, while Case 6 shows
the lowest uncomfortable wind zone ratio. Based on the mean values
from both evaluation planes, the indoor wind environment quality is
relatively better when the Yinyan’s overhang length is 1.28 m (Case 7),
whereas it is slightly worse when the Yinyan’s overhang length is 0.96 m
(Case 5). Out of the 8 cases, Case 7 demonstrates the best indoor wind
environment, while Case 5 shows the worst case scenario. This indicates
that, in Kaifeng City and other cities under similar climatic conditions,
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Table 5 | Comfortable and uncomfortable wind zone ratios for Yinyan with different overhang lengths and installation positions

Installation Position Case 1.1 m evaluation plane 1.7 m evaluation plane Mean value
comfortable wind uncomfortable comfortable wind uncomfortable comfortable wind uncomfortable
zone ratio wind zone ratio zone ratio wind zone ratio zone ratio wind zone ratio
Installed at the eaves Case1 55.74% 21.82% 59.36% 21.75% 57.55% 21.79%
Case2 55.95% 21.63% 59.31% 22.03% 57.63% 21.83%
Case3 55.93% 21.41% 59.10% 22.44% 57.52% 21.93%
Case4 55.59% 21.65% 58.63% 22.93% 57.11% 22.29%
Installed above the Case5 59.99% 20.45% 54.82% 28.74% 57.41% 24.60%
window frame Case6 61.93% 18.23% 53.05% 24.28% 57.49% 21.26%
Case7 64.27% 15.61% 55.23% 26.93% 59.75% 21.27%
Case8 62.09% 16.97% 54.72% 27.09% 58.41% 22.03%

Fig. 16 | Evolution of the Yinyan in partial views of
Song Dynasty paintings. a Enjoying the Cold Air in
Pavilion over water; b Four Seasons.

installing “Yinyan” above the window frame in traditional buildings
would significantly improve the indoor wind environment. An appro-
priate overhang length can enhance the indoor wind environment. For
small-scale traditional buildings with 2-3 standard rooms, installing a
Yinyan with an overhang length of 1.28 m (equal to 4 chi) above the
window frame would result in a relatively better indoor wind environ-
ment. These insights offer scientific and quantitative evidence for the
multisensory digital representation of historical architecture in Kaifeng
back to the Song Dynasty, as well as for the development of eco-design
educational practices rooted in traditional wisdom.

In Lin’an (current Hangzhou City) during the Southern Song
Dynasty, where rainfall was frequent, people desired more sheltered
exterior spaces for outdoor activities even in raining days. As a result, the
“Yinyan” gradually extended outward and was supported by additional
columns, eventually evolving into an exterior corridor or “Xuan” (a.k.a.
a covered exterior corridor with an arched roof). This evolution can be
seen in paintings of the Southern Song Dynasty, such as Enjoying the
Cold Air in Pavilion over water (Shui Ge Na Liang Tu in Pinyin) and
Four Seasons (Si Jing Shan Shui Tu-in Pinyin) (Fig. 16)”°". These
examples demonstrate how, in response to the regional microclimatic
conditions, the “craftsmen/architects” in the Song Dynasty adapted the
form and size of “Yinyan” (and other climate-responsive architectural
components) to create more comfortable built environments. The
wisdom of climate-sensitive environmental designs has been properly
recorded and inherited in Song Dynasty paintings. When digitally
reconstructing and representing the architectural heritage of the Song
Dynasty, such human-centered design wisdom from historical paint-
ings, as reflected in the adaptable and personalized building component
“Yinyan”, should be taken into account. Adjusting the form and sizes of

climate-responsive components in accordance with environmental and
climatic conditions not only enhances the accuracy of digital repre-
sentation but also ensures the faithful transmission of traditional design
thinking and the relevant architectural knowledge. This approach
provides a solid technical foundation for the conservation and
restoration of Song architecture. Furthermore, by integrating the
climate-adaptive design wisdom embedded in Song paintings with
modern technologies and materials, it is possible to apply these prin-
ciples to contemporary architecture. Such practices not only represent
an innovative approach to cultural heritage transmission but also offer
valuable contributions to the sustainable development of today’s human
settlements.

This study presents a preliminary analysis on how the position and
sizes of the “Yinyan” influence the indoor wind environment in the tradi-
tional architecture of the Kaifeng region, using a digital mock-up derived
from Life along the Bian River at the Qing Ming Festival. However, since the
digital representation is based on a historical painting, certain inaccuracies
may exist. Additionally, the simulation is conducted under contemporary
climate conditions, which differ from those in Song Dynasty. These result in
certain limitations of the study. Future research will incorporate more
preserved Song architectural heritages to enhance the reliability of digital
representation and will explore a wider range of climate scenarios and
external configurations to further develop the theoretical framework of
climate-responsive design in traditional architecture. Moreover, as the
“Yinyan” affects not only ventilation but also other aspects such as indoor
daylighting and solar gains, future research needs to explore the combined
effects of “Yinyan”, aiming to offer a more comprehensive theoretical
foundation for the multisensory digital representation of architectural
heritage.
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