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Abstract: The coastal regions of Fujian, characterized by a subtropical maritime monsoon climate,
experience a high frequency of windy days throughout the year, which significantly impacts resi-
dents’ lives. Local traditional villages, through long-term practical exploration, have developed a
unique “maze-like” spatial layout adapted to withstand harsh wind conditions. This study aims
to quantitatively analyze the climatic adaptability advantages of this traditional layout, providing
theoretical support for the protection of historical cultural heritage and guidance for modern village
construction. The methodology includes field wind measurement for data acquisition, construction of
current and regularized divergent models, and comparative numerical simulations under scenarios of
strong winter winds and typhoons. The results indicate that wind speeds within traditional villages
are generally lower. The layout’s nonlinear roads and clusters of buildings form multiple buffer zones
that effectively reduce wind speeds. In contrast, areas in the divergent model experience excessively
high wind speeds, impacting outdoor activity safety and comfort. The traditional “maze-like” layout
encapsulates the climate adaptation wisdom of ancestors, enhancing wind environment regulation,
thermal comfort, and disaster resilience. This layout concept merits promotion and innovative
application in the new era to construct livable, green, and sustainable human environments.

Keywords: ‘Maze’-like layout; traditional village; wind environment; CFD

1. Introduction

Understanding wind environments is crucial in building and urban design, as wind
patterns significantly influence the comfort, safety, and sustainability of built environments.
In coastal and wind-prone areas, the management of wind flow is particularly important to
prevent structural damage, reduce heat loss or gain, and ensure human comfort. Traditional
village layouts have been noted for their potential to enhance wind environments by
influencing airflow patterns around buildings and public spaces. This study focuses on
analyzing the impact of such traditional village layouts on wind environments through
numerical simulations, aiming to validate their effectiveness in modern contexts.

Wind affects urban and rural settlements in multiple ways, influencing not only
the microclimate and air quality but also the energy efficiency and structural stability of
buildings. The effects of wind can be both beneficial and detrimental, depending on the
design and orientation of the structures. For instance, strategic urban planning can leverage
wind to improve ventilation and reduce pollution in dense cities, while poor planning can
exacerbate wind-related issues, such as drafts, wind tunnels, and cold air pooling [1].

Historically, various strategies have been employed to mitigate wind effects, such
as the use of windbreaks, strategic building placement, and specific architectural forms
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adapted to local wind conditions [2]. In coastal regions, where strong winds are more
frequent, traditional settlements often feature narrow alleys and irregular layouts to reduce
wind speed at ground level and protect structures from wind damage [3].

Building orientation and layout are key factors in wind mitigation, influencing how
wind interacts with structures and open spaces. Several studies have highlighted the im-
portance of aligning buildings and arranging them in a way that minimizes wind exposure
and promotes ventilation [4]. For example, north–south orientations are often preferred in
many regions to take advantage of prevailing winds for cooling while minimizing exposure
to cold winds [5].

The relationship between architectural design and wind comfort has been extensively
studied, showing that both the macro-scale layout of urban areas and the micro-scale design
of individual buildings play a crucial role [6]. Urban morphology, building height, street
width, and the orientation of buildings significantly affect wind flow and its impact on
pedestrian comfort and building energy use [7].

Research on traditional layouts, particularly in coastal or wind-prone areas, has shown
that specific patterns can be highly effective in managing wind flow [8,9]. Computational
fluid dynamics (CFD) has been used to analyze the impacts of different layouts on wind
environments. Multiple studies conducted in places like Lianjiang County in Fuzhou,
China; southern Shaanxi, China; and Tsushima Island, Japan have found that residential
layouts significantly influence wind environments. Staggered and dispersed layouts create
a wind reduction effect, enhancing thermal comfort [10–12]. Studies have documented that
traditional structures, characterized by irregular pathways and varied building heights, can
reduce wind speed and turbulence, enhancing thermal comfort in both outdoor and indoor
environments [13]. For example, the compact and complex street networks of Mediter-
ranean villages have been found to moderate strong winds, providing more comfortable
conditions for inhabitants [14].

Such studies suggest that traditional “maze-like” layouts might offer valuable insights
for contemporary urban design, especially in regions facing similar climatic challenges.
However, there is still a need for empirical data to confirm these findings and understand
the underlying mechanisms through which these layouts affect wind flow [15].

While there is substantial literature on urban wind environments and traditional
layouts, there is a notable gap in detailed studies on the effectiveness of traditional village
layouts in modern contexts. Existing research primarily focuses on either historical anal-
yses [16] or contemporary urban environments [17], with limited attention paid to how
these layouts could be adapted or implemented in today’s urban planning [18]. This paper
aims to fill these gaps by using numerical simulations to provide empirical data on the
impact of “maze-like” village layouts on wind environments.

The primary objective of this study is to evaluate whether traditional “maze-like”
layouts can be effectively applied in contemporary urban design to manage wind environ-
ments. This research hypothesizes that such layouts can reduce wind speeds at pedestrian
levels and enhance thermal comfort, similar to their historical use in traditional coastal
villages. Through numerical simulations and data analysis, the study seeks to validate
these hypotheses and provide a framework for future urban planning practices.

The findings of this study could have significant implications for urban planning and
architectural design, particularly in coastal and wind-prone regions. By understanding
how traditional layouts can influence wind environments, urban planners and architects
could develop more effective strategies to improve thermal comfort and reduce energy
consumption in cities. Furthermore, this research could inform policy decisions and
practical implementations in urban development, promoting sustainable and resilient
design practices.
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2. Materials and Methods
2.1. Objects of Study

Fujian Province, located in the eastern coastal region of China, is characterized by its
numerous islands and plains, with a relatively flat terrain and low surface roughness, result-
ing in generally higher wind speeds by 2–4 m/s, compared to inland areas. Meteorological
statistics indicate that Fujian is affected by 3–7 typhoons annually, with the typhoon season
concentrated between July and September. The increasing frequency of severe typhoons
poses significant threats to residential and architectural safety in the region. The traditional
villages of Fujian are renowned for their unique spatial layouts and architectural features,
reflecting the area’s rich cultural heritage and historical value. These village layouts often
demonstrate a respect for nature and ecology, emphasizing the belief that humans are an
inseparable part of nature [19]. The spatial distribution of traditional Fujian villages is
cohesive, with a clear emphasis on aggregation [20].

In this study, Tukeng Village, located in the middle of Houlong Town, Quangang
District, Quanzhou City, Fujian Province, was selected as the research object, and it is
situated on the south coast of Meizhou Bay in the subtropical monsoon climate zone
along the coast of Fujian Province, with four distinct seasons and abundant rainfall. Its
history dates back to around the year 1404. In 2003, Tukeng Village was designated as a
Fujian Provincial Historic and Cultural Village due to its well-preserved ancient residential
buildings from the Ming and Qing dynasties, and it was listed as one of China’s Historic
and Cultural Villages in the sixth batch in February 2014.

The traditional village of Tukeng is built with a compact architectural layout. Most
residential buildings face southeast, with the predominant form being the southern Fujian-
style courtyard houses constructed of wood, featuring two-entry three-bay and five-bay
two-entry layouts, and built using red brick and granite materials. The spatial organization
is clearly ordered, centered around ancestral halls and clan buildings, creating a hierarchical
progression from the core to the periphery (Figure 1).
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Figure 1. Location and building forms of Tukeng Village. (The red area marked in the figure indicates
the location of the study subject).

Due to the monsoon climate, significant wind-related environmental issues exist locally,
with strong winds disrupting normal daily activities. The persistent windy conditions
adversely affect residents’ mental health, directly impacting the ventilation and comfort
of outdoor spaces [21–24], and are closely related to the spread of diseases and health
issues [25–27]. Research has shown that differences in architectural layout and spatial
arrangements can result in substantial variations in simulated and measured comfort
assessments [28–30].
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In response to these challenges, many traditional villages in the area have undertaken
beneficial explorations and innovations in site selection and architectural layout, resulting
in unique settlement forms. Through thousands of years of historical evolution, the residen-
tial settlements along the Fujian coast have developed architectural forms adapted to the
climate, characterized by smaller openings in individual buildings and compact courtyard
spaces. In terms of architectural layout, unlike the traditional Chinese settlements, which
pursue a “regular and orderly” grid layout [31], most adopt a staggered, clustered grouping
model. The streets are winding and feature “T”-shaped and “Y”-shaped intersections,
presenting an “irregular” maze-like layout. This seemingly “disorderly” arrangement sci-
entifically utilizes the arrangement of building clusters to mitigate wind effects, enhancing
thermal comfort. It is an adaptation to the unique coastal wind conditions.

The research scope includes the village’s core area and its surrounding traditional
architecture, particularly focusing on its typical “maze-like” structure. The objective is to
explore the differences in the effects of traditional and regularized architectural layouts on
the wind environment through CFD numerical simulation methods.

2.2. Research Methodology
2.2.1. CFD Simulation

Computational fluid dynamics (CFD) is a technique that employs numerical methods
to solve the kinematic and physical equations of fluids, facilitating the simulation of
systems involving fluid flow, heat transfer, and related phenomena. The fundamental
principle of CFD software involves numerically approximating and solving a set of partial
differential equations—such as the continuity equation, Navier–Stokes equations, and
energy equation—on a discretized grid within the computational domain. This process
includes steps such as preprocessing, iterative solving, and postprocessing to achieve
numerical simulation and analysis of fluid issues [32].

Popular CFD softwares include ANSYS Fluent, PHOENICS, OpenFOAM, COMSOL
Multiphysics, and Simcenter STAR-CCM+, each with distinctive features and extensively
applied in fields such as aerospace, automotive, energy, and environmental engineering [33–40].
In the realm of building environments, CFD is utilized to simulate airflows both inside and
outside buildings and to analyze indoor thermal comfort, providing optimization solutions
for architectural design [40–42]. Overall, the CFD software provides a powerful simulation
tool for architectural environment research, with its reliability extensively validated by
numerous studies, making it fully suitable for research in building environments.

2.2.2. Field Measurements and Alienation Modeling

This study employed a combined approach of field monitoring and software simula-
tion to investigate the impact of architectural layouts on site wind environments.

Multiple points at the target site were monitored using the Kestrel NK5500 handheld
weather station, a device manufactured in the USA known for its precision in environmental
monitoring. The NK5500 boasts an accuracy of ±0.3 m/s for wind speed measurements,
ensuring high reliability in data collection. Data collection occurred daily from 09:00
to 17:00.

Due to the limited number of instruments, the mobile measurement mode was used.
First, the instrument was left to stand for 5 min to ensure that it was in a stable condition.
After that, six readings were taken at one-minute intervals at each measurement point,
and the average value was taken as the measurement result of that point. One round of
data collection was completed every hour, and nine rounds of sampling were repeated
throughout the day in total. The instrument was operated in strict accordance with the
relevant technical specifications and was placed at a height of 1.5 m from the ground, away
from objects that might obscure the data to avoid affecting the data collection. All raw
data were recorded on the spot and photographed for subsequent processing and analysis
(Figure 2). The monitoring points were strategically arranged along two main roads that
ran perpendicular and parallel to the primary orientation of the village buildings. The
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vertical points were numbered from 1 to 7, and the horizontal points were lettered from a
to g. This arrangement was designed to comprehensively capture variations in wind speed
caused by the distribution of buildings, thereby providing empirical support for evaluating
the wind environment regulation effects of the “maze-like” architectural layout. The layout
of the monitoring points considered the ventilation paths within the village and the gaps
between buildings to ensure accurate recording of wind conditions.
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Figure 2. On-site measurement photos.

In addition, the study utilized a DJI RTK350 drone for oblique aerial photography to
generate a triangular mesh model for use as a reference in modeling. Based on the spatial
data obtained, the site’s three-dimensional model was simplified and reconstructed using
the SketchUp 2019 software (Figure 3). The model was then imported into PHOENICS for
numerical simulation, and the results were compared with those from field monitoring to
validate the reliability of the model and software settings.

In this study, we developed a “divergent model” by maintaining the original structures
of individual buildings but reorganizing them into a more standardized order. Alienation
modeling, a method used here, involves crafting a modified version of the existing spa-
tial arrangement to evaluate the theoretical effects of changes in structure and layout.
Specifically, this study reconfigured the traditional, irregular layout of a village into a
more systematic pattern, enabling a comparative computational fluid dynamics (CFD)
simulation of wind dynamics under both conventional and modified conditions. This
approach provided valuable insights into how various architectural layouts influence the
management of environmental forces, such as wind. The divergent model was created
by transforming the traditional village’s nonlinear roads and layout into a regularized
format. This was achieved by straightening the two main roads while keeping the original
building positions intact, thereby enhancing wind circulation. This model served to assess
the potential impacts on the overall wind environment resulting from modifications in road
layouts without altering the building structures.
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The data points in the divergent model corresponded to those of the field measure-
ments, ensuring consistency and comparability in the data when comparing traditional
and divergent models. This setup allowed for a direct comparison of wind environment
differences between the two layouts under the same external wind conditions, thereby
quantifying the specific impacts of architectural layout adjustments on wind speed and
direction distribution within the village (Figure 4).
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Subsequently, numerical simulations were carried out by importing the two models
into the PHOENICS 2016 software and setting the same environmental boundary conditions.
The results of the two simulations were compared to analyze the effects of the changes in
building layout on the wind speed distribution and wind flow field at the site (Figure 5).
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3. Simulation
3.1. Software Settings

In this study, the outdoor wind environments of different building layouts were
analyzed by numerical simulation using the PHOENICS software. Using the RNGk-
εturbulence model in the PHOENICS software, the simulation using Equations (1) and (2)
are shown below:

∂(ρk)
∂t

+
∂(ρkui)

∂xi
=

∂

∂xj

(
αkηeff

∂k
∂xj

)
+ Gk + ρε (1)

∂(ρε)

∂t
+

∂(ρενi)

∂xi
=

∂

∂xj

(
αεη∆ f

∂ε

∂xj

)
+

C∗
1sε

k
Gk − C2sρ

ε2

k
(2)

where the turbulent kinetic energy is denoted by k, and the turbulent dissipation rate is
denoted by ε.

This study employed the PRESTO discretization scheme and the built-in PARSOL
function to establish models for simulating velocity–pressure coupling. To enhance com-
putational accuracy, a fine-scale mesh was used. The PHOENICS’ automatic convergence
detection feature ensured a reasonable convergence of simulation results, with a conver-
gence precision set at 10−5 [43].

After converting the existing village layout model and the regularized divergent model
into the STL format, they were imported into PHOENICS. The simulation parameters were
set based on the actual dimensions of the study area, with the height of the computational
domain being three times that of the tallest building and the width being five times the
planar dimensions (Figure 6).

Then, setting uniform environmental boundary conditions, numerical simulations
were performed on the two layout models under two different operational conditions:
winter and typhoon. For the winter condition, meteorological data from the Quanzhou area
was used, drawing on the “Design Standard for Heating, Ventilation and Air Conditioning
of Civil Buildings” (GB50736-2012, China), “China Weather Network”, “China Meteoro-
logical Network”, and “China Meteorological Data Network”. The average winter wind
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speed in Quanzhou was 6.13 m/s, with a prevailing wind direction from the northeast. The
typhoon condition was based on data from the National Solar Radiation Database (NSRDB)
recorded during Typhoon Meranti from 14–15 September 2016, using an east–northeast
(ENE) wind direction with an initial wind speed set at 16.2 m/s, reflecting the average wind
speed near the typhoon center. The iteration number for the inflow boundary conditions
was set at 2000, with a ground roughness value of 0.2.
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3.2. Reliability Verification of Simulation Results

An analysis of the field-measured data and simulation results revealed a high cor-
relation between the two, as indicated by an R2 value of 0.8045. This indicates that the
simulated wind speeds can explain 80.45% of the variance in observed wind speeds. Such
a high R2 value indicates a strong linear relationship between the simulated and measured
data, suggesting that the wind speeds simulated by PHOENICS closely match the actual
field measurements. The linear regression equation was given by Y = 0.1422506X + 0.4078
(Table 1).

Table 1. Model summary b.

Model R R2 Adjusted R2 Std. Error of
the Estimate

Durbin–
Watson

1 0.895 a 0.801 0.761 0.096 1.437
a. Predictors (constant): simulated wind speed. b. Dependent variable: measured wind speed.

Furthermore, the p-value was less than 0.006, confirming that the linear regression
analysis was statistically significant (Table 2). Additionally, the normal distribution of
residuals, as shown in the histogram (as depicted in Figure 7b), indicated a good fit of
the model. These results support the use of the PHOENICS model to simulate the wind
environment in outdoor spaces and further validate the effectiveness of CFD simulation
data in analyzing the spatial dynamics of traditional village squares.

Table 2. ANOVA a.

Model Sum of
Squares df Mean

Squared F Sig.

1
Regression 0.184 1 0.184 20.147 0.006 b

Residual 0.046 5 0.009
Total 0.230 6

a. Dependent variable: measured wind speed. b. Predictors (constant): simulated wind speed.
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4. Results
4.1. Differences in the Impacts of Different Village Patterns on the Wind Environment under
Winter Conditions

In this study, climate statistics from the Quanzhou Meteorological Network were
used to select the most common wind direction and average wind speed during winter as
initial conditions for numerical simulations, given the village’s proximity to the sea and its
frequent exposure to strong winds in the winter. Proper architectural layout is crucial for
modulating wind speeds and enhancing the comfort of outdoor activities for residents.

When evaluating wind comfort, this study primarily adhered to the “Green Building
Evaluation Standard” (GB/T 50378-2019), which specifies that the wind speed at 1.5 m
above the ground in pedestrian areas around buildings should be less than 5 m per sec-
ond [44].

Wind speed contours indicate that in the current model, most areas within the village
experience low wind speeds, primarily ranging from 0.7 to 2.6 m/s, demonstrating that the
layout effectively reduces wind speeds, creating a more comfortable outdoor environment.
The nonlinear layout of buildings and roads plays a key role in naturally blocking and slow-
ing down wind, especially in densely built areas. In contrast, the wind speed contours of
the divergent model show significant increases in some open areas and along straightened
roads, reaching 3.6 to 5.8 m/s, reflecting that spaces designed to enhance wind circulation
under conditions of strong winter winds may instead reduce outdoor comfort and safety
due to excessively high wind speeds (Figure 8).

By comparing wind speeds at the same numbered monitoring points under different
layouts, further insights into the environmental differences between the two models were
revealed. Internal monitoring points (1, 3, and 7) experienced significantly higher wind
speeds in the divergent model, indicating that straightened roads enhanced air circulation
in these areas. However, for points located within building clusters (4, 5, and 6), wind
speeds actually decreased in the divergent model, likely due to the straightened road layout
creating new wind barriers formed by the surrounding buildings, which impeded airflow.
Additionally, significant increases in wind speeds at edge points (b and h) in the divergent
model reflect the effect of unobstructed straight roads on accelerating wind speeds, which
could lead to decreased comfort in the winter (Figure 9).
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These differences primarily stem from changes in road and building layouts. The
current model shows a greater advantage in maintaining winter wind comfort, highlighting
the wisdom of traditional village layouts in adapting to specific geographical and climatic
conditions. The nonlinear roads and irregular building arrangements effectively act as
natural wind barriers, enhancing residents’ comfort through a diversified wind environ-
ment. In contrast, the divergent model, with its regularized road layouts to enhance air
circulation, may result in excessively high wind speeds in the absence of sufficient natural
or artificial wind barriers, which is detrimental to winter residential comfort. Therefore,
the current model demonstrates a significant advantage in maintaining winter comfort,
underscoring the traditional village layout’s adaptation to specific geographic and climatic
conditions. Future village planning and design in the region should fully consider these
factors to ensure that the improved environment promotes ventilation while maintaining
necessary residential comfort.

4.2. Differences in the Impacts of Different Village Patterns on the Wind Environment under
Typhoon Conditions

By analyzing wind speed contours and data from various monitoring points, the
differences in typhoon resistance between the two layouts are revealed, and the reasons for
these differences are further explored. In the wind speed contour of the current model, the
village’s central area exhibits lower wind speeds, predominantly in shades of blue to green,
generally below 3 m/s. This indicates that the nonlinear roads and compact building layout
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effectively reduce wind speeds. In contrast, the divergent model’s wind speed contour in
the same central area shows higher wind speeds, transitioning from yellow to red, often
exceeding 5 m/s. This significant difference clearly demonstrates that the straightened road
layouts greatly accelerate wind flow. While this increases air circulation, it also raises risks
under typhoon conditions, as the faster wind speeds can be more hazardous (Figure 10).
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conditions.

Specifically focusing on wind speeds at designated monitoring points, for example,
at monitoring point 7, the wind speed in the current model was recorded at 2.46 m/s,
whereas in the divergent model, it reached 6.33 m/s. This significant increase indicates that
in traditional layouts, numerous obstacles and non-linear roads effectively reduce wind
speed, enhancing risk prevention capabilities. Similarly, at monitoring point a, the wind
speed in the current model was 5.99 m/s, increasing to 6.34 m/s in the divergent model.
These data further confirm the impact of straightened roads on accelerating wind speeds
(Figure 11).
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The primary cause of these differences in wind speed is the contrasting road and
building layouts between the two models. The current model utilizes non-linear roads
and irregular building layouts to create multiple buffer zones, effectively dispersing wind
speeds and mitigating direct impacts on buildings and residents. Although the divergent
model simplifies the village’s spatial structure and increases wind speeds in certain areas,
excessively high wind speeds during typhoons may pose safety risks, particularly for areas
directly facing main roads.
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Comprehensive analysis shows that traditional non-linear architectural and road
layouts provide more effective wind protection measures in regions prone to typhoons.
Compared to the divergent model, the current model offers significant advantages in en-
hancing the safety of residents’ outdoor activities. This layout serves as a natural wind
barrier for the village, making it an ideal choice adapted to the region’s specific climatic con-
ditions. Therefore, the protection and planning of traditional villages should consider this
aspect to avoid overlooking the value of traditional wisdom during modernization efforts.

5. Discussion

This research has rigorously demonstrated how the “maze-like” village layouts, tradi-
tionally employed in coastal Fujian, significantly moderate wind speeds, thereby enhancing
the wind comfort and safety of these environments. The use of computational fluid dynam-
ics (CFD) simulations to compare the traditional layouts with the reorganized, “divergent
model” layouts provided a quantifiable insight into the effectiveness of non-linear and
complex spatial configurations in wind speed reduction and environmental control.

Practical implications: The results of this study have profound implications for urban
and rural planning disciplines, especially in areas frequently subjected to high winds or
adverse weather conditions. By adopting design principles derived from traditional layouts,
modern urban developments can potentially replicate the climatic adaptability observed in
Fujian villages. This suggests an opportunity for sustainable urban planning that integrates
traditional wisdom with contemporary design needs, promoting environments that are
both livable and resilient.

Policy and planning recommendations: Given the findings, there is a compelling
case for policymakers and urban planners to incorporate traditional design strategies
into contemporary planning guidelines. This integration can help in achieving lower
wind speeds and better thermal comfort in new developments, particularly in regions
vulnerable to climatic extremes. Additionally, this study underscores the need for planning
policies to consider local climatic conditions and historical data when approving new
construction projects, ensuring that new structures contribute positively to the existing
climatic adaptations.

Educational and research implications: These findings also suggest the need for
architectural and urban planning education to embrace a curriculum that includes the
study of traditional climatic adaptation strategies. Further research could extend these
findings by exploring how traditional architectural wisdom can be adapted for modern
applications, not just locally but globally, potentially influencing international standards in
sustainable development.

6. Conclusions

The findings from this study clearly establish that the superior performance of tradi-
tional “maze-like” layouts of Fujian villages hold distinct advantages under specific natural
conditions, particularly in coastal areas prone to strong winds and typhoons, compared to
more regularized urban configurations. These traditional designs, evolved over centuries,
not only fulfill aesthetic and cultural values but also demonstrate significant environmental
benefits by enhancing safety and comfort in harsh climatic conditions.

Summarizing the benefits: The traditional layouts of Fujian villages, with their intricate
road networks and strategically placed buildings, have been shown to provide natural
wind barriers that significantly reduce wind speeds within these settlements. This research
supports the preservation of such layouts as a crucial element of cultural heritage and as a
practical strategy for sustainable development.

Recommendations for future work: Future investigations should look to apply these
findings in a variety of geographical and climatic settings to assess their universality and
adaptability. Additionally, incorporating factors such as vegetation, seasonal variations,
and the integration of modern technologies like green infrastructure could provide a more
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comprehensive understanding of how traditional and contemporary design elements can
be fused to enhance urban resilience.

This study not only reaffirms the value of traditional architectural knowledge but also
paves the way for its integration into modern practices, potentially guiding the develop-
ment of more sustainable and resilient urban spaces worldwide.
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