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A B S T R A C T   

The use of natural ventilation in buildings to reduce the energy consumption and CO2 emission has been widely 
investigated and practiced, but few existing studies have considered the exploration and assessment of natural 
ventilation in different location patterns of rural residential buildings in the mountainous terrain of China. In this 
paper, the representative rural residential buildings are firstly selected in Huarong, Pingjiang and Liuyang re-
gions of northern Hunan Province to carry out on-site survey works to determine building types, physical pa-
rameters and layout forms. Then, the wind tunnel experiments are carried out to investigate the effectiveness of 
natural ventilation under different location patterns, and the monitored results are compared with simulated 
data. The results show that the experiments and simulations are in satisfactory agreement. The experimental data 
also indicate that when the modelled distance of 120 mm (i.e. 12 m between the building and hilly terrain in 
practical application) is the best option for building natural ventilation. Based on the investigation and statistical 
data, the natural ventilation effectiveness under different location patterns and operational conditions is simu-
lated using CFD methods, and it is obtained the most favourable location pattern for natural ventilation. The 
results show that the winter ventilation of buildings in the existing location pattern is significantly obstructed in 
the hilly terrain, which is favourable to the indoor thermal environment, however, the natural ventilation is 
compromised to a certain extent in summer. Furthermore, the findings also show that, regardless of the hilly 
terrain’s height at 50 m or 150 m, the buildings are able to avoid natural ventilation in winter to the maximum 
extent when the distance between the buildings and the frontier of the hilly terrain is double that of the building 
height (i.e. 12 m). This study could contribute to theoretical instructions for optimum design of natural venti-
lation of rural residential buildings in the mountainous terrain of central China.   

1. Introduction 

Energy consumption in buildings accounts for a large proportion of 
the total energy consumption in all countries, with the proportion being 
at over 30% (Huo et al., 2018). In particular, this proportion has reached 
40% in developed countries like the EU and USA (Liu et al., 2018). In 
China, rural residential buildings account for a large proportion of the 
total buildings, and thus the energy consumption of rural residential 
buildings is an issue that requires significant attention (Ma et al., 2020). 
Due to the economic constraints, the emphasis of energy conservation of 
rural buildings lies in more appropriate utilization of low-cost passive 
technologies that can effectively improve indoor thermal environment. 
In order to create an indoor thermal environment that is harmonious for 

human habitation without increasing energy consumption (Li et al., 
2020; Zhang et al., 2020). The utilization of passive technologies can 
minimize or eliminate the use of refrigeration and heating equipment, as 
well as creating a comparatively high-quality indoor and outdoor 
environment. As a representative of hot summer and cold winter regions 
in China, the critical aspect of building conservation in Hunan Province 
is to lower the energy consumption caused by improving indoor thermal 
environment in summer and winter. Natural ventilation, as the most 
common passive energy-saving technology, has been widely used and 
promoted in practical engineering due to its advantages of low-energy 
consumption, low-cost, low-maintenance and high air quality (Chen 
et al., 2020; Miri and Babakhani, 2021). 

The rationalization of natural ventilation in different regions and 
building types has been one of passionate research topics in the field of 
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building energy efficiency and indoor thermal environment improve-
ment (Lyu et al., 2021; Meng et al., 2020; Wu et al., 2021). The funda-
mental driving forces of natural ventilation include wind pressure and 
thermal pressure driving. Wind pressure refers to the pressure difference 
between the windward and leeward sides when the outdoor atmospheric 
movement impinges on the buildings, thereby generating the power to 
drive indoor airstream movement. Thermal pressure is the force that 
drives airflow movement due to the gravitational difference generated 
by the temperature difference between the internal and external atmo-
sphere. In buildings, wind pressure driving forces generally form natural 
ventilation in the horizontal direction, while thermal pressure forms 
natural ventilation in the vertical direction (Sakiyama et al., 2021; 
Zhang et al., 2021). Many academics have conducted numerous studies 
on natural ventilation by thermal pressure in different types of buildings 
and natural ventilation by the combined effect of thermal pressure and 
wind pressure. Their specific research areas mainly involve the 
following respects: i) design and optimization of natural ventilation in 
office buildings (Nomura and Hiyama, 2017); ii) performance evalua-
tion of natural ventilation design integrated into the entire design pro-
cess of multi-story buildings (Omrani et al., 2017); iii) effects of balcony 
geometry on natural ventilation performance and occupant perception 
in mid-and high-rise residential buildings (Izadyar et al., 2020); iv) 
factors influencing natural ventilation performance of building wind 
catchers (including internal geometry, external architectural charac-
teristics, and surrounding environment) (Jomehzadeh et al., 2020); v) 
assessment of indoor air quality and thermal comfort by passive cooling 
of building natural ventilation wind catchers (Jomehzadeh et al., 2017). 

The research methods for natural ventilation of buildings are mainly 
divided into two categories: computational methods and wind tunnel 
experimental methods. The computational method has become the 
mainstream analytical evaluation method, because it is more straight-
forward than the wind tunnel experiment. And the design solution can 
be optimized more easily, as well as being more economical. Compu-
tational methods for natural ventilation mainly include analytical so-
lution models, empirical models, multi-zone models, regional models, 
and CFD models (Larsen et al., 2018; Ledo Gomis et al., 2021). With the 
international energy organization’s project Annex 35, computational 
methods are increasingly being applied to natural ventilation design 
(Heiselberg, 2002). Among them, CFD numerical simulation and 
multi-area network models are the most widely used, and many studies 
have also verified the accuracy and effectiveness of this method (Shafiei 
Fini and Moosavi, 2016). 

In terms of natural ventilation evaluation, researchers generally start 
from the actual ventilation effect of buildings, based on the following 
two aspects: air quality and thermal comfort. Air quality is mainly 
related to the indoor air exchange rate, while thermal comfort has a 

broader range of influencing factors. Regarding indoor air quality under 
natural ventilation conditions, Vassella et al. (2021) and Schulze et al. 
(2018) respectively studied the influence of natural ventilation in school 
buildings and office buildings. They proposed control strategies and 
application measures to improve indoor air quality. Regarding indoor 
thermal comfort under natural ventilation conditions, Han et al. (2009) 
investigated and analyzed the thermal environment of naturally venti-
lated houses and thermal comfort states of residents in China’s hot 
summer and cold winter regions. They established a quantitative ther-
mal comfort model and comfort zone for naturally ventilated environ-
ments using statistical and artificial neural network methods, and 
proposed a thermal comfort equation under natural ventilation condi-
tions in hot summer and cold winter regions of China. In addition, the 
researchers also carried out the investigations on natural ventilation 
airflow testing methods and conducted in-depth analyses on the appli-
cability and reliability of different tracer gas methods (Remion et al., 
2019). 

At a more macro perspective, some researchers have also considered 
climatic regions as an access point to study natural ventilation. They 
primarily investigate the effectiveness of natural ventilation and venti-
lation design strategies under different urban planning and building 
layout scenarios. For example, Yang et al. (2021) investigated the 
contribution of natural ventilation to the urban thermal environment 
and energy demand under different climatic circumstances. Results 
showed that the improved ventilation could contribute directly or 
indirectly to reducing urban energy consumption, with up to a 6.704% 
reduction of energy demand in well-ventilated areas. He et al. (2015) 
studied the influences of urban planning and urban construction on 
natural ventilation, and evaluated the comprehensive influence of nat-
ural environment and typical urban morphological characteristics on 
urban heat load and ventilation potential. Based on the research results, 
the useable urban heat island mitigation measures and climate space 
planning guidelines were proposed to improve urban climate conditions. 

As can be seen from the above studies, natural ventilation has been 
extensively investigated as one of the most promising passive technol-
ogies for energy saving applications in buildings (Aflaki et al., 2015; 
Calama-González et al., 2022). However, existing studies have mainly 
focused on the application of natural ventilation in urban buildings and 
urban planning, especially for medium and high-rise residential build-
ings in cities and wind environments within residential communities in 
different localities. In recent years, although some researchers have 
carried out studies on the potential of natural ventilation and design 
strategies for buildings in rural regions (Stavrakakis et al., 2010). 
However, few researchers have carried out in-depth investigations 
related to natural ventilation in rural residential buildings of hilly ter-
rains. It is important to note that rural residential buildings in hilly 

Abbreviations 

Cμ Coefficients in approximated turbulent transport equations 
L0 Qualitative length 
K Turbulent kinetic energy after dimensionless 
Re Reynolds number 
U0 Average wind speed in a horizontal direction at any height 
Ui Dimensionless velocity component in the i direction 
UZ Average wind speed in horizontal direction under standard 

reference height 
uj Velocity component in j direction 
vt Turbulent kinetic energy viscosity coefficient 
xj Cartesian co-ordinates in j direction 
Z0 Any height 
ρ Air density 
CFD Computational fluid dynamics 

E Turbulent energy viscous dissipation rate after 
dimensionless 

k Turbulent kinetic energy 
P Average shear stress after dimensionless 
t Flow time 
ε Turbulent energy viscous dissipation rate 
Uj Dimensionless velocity component in the j direction 
ui Velocity component in i direction 
v Kinetic energy viscosity 
xi Cartesian co-ordinates in i direction 
Z Standard reference height 
α Ground roughness index 
Γseff Effective diffusion coefficient for turbulent energy 

dissipation rate 
TFI Turbulent flow instrumentation  
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terrains are different from urban buildings and rural buildings in the 
plains for building surroundings, building layout, and wind environment 
formation mechanisms. However, literatures show that the ineffective-
ness of natural ventilation causes health hazards in rural residential 
buildings of hilly terrains that should not be ignored. For example, rural 
energy facilities and utilization methods in Hunan Province, China are 
generally backward. The conventional biomass energy is not used effi-
ciently, and the emission of large amounts of soot and ash is deterio-
rating the indoor air environment (Shan et al., 2015). Based on this, this 
paper carries out a measurement and simulation study of the natural 
ventilation performance of rural residential buildings in hilly terrains of 
China under different location patterns, with the improvement of nat-
ural ventilation performance as the overarching objective. 

The innovation and contribution of this paper mainly include: 1) The 
research content of this study, as a new exploration theme, focuses on 
the natural ventilation investigation and analysis of rural residential 
buildings under different locations in the hilly terrains of Hunan Prov-
ince. And the rationalization and improvement suggestions for the 
location selection of rural residential buildings are proposed based on 
the investigative results. 2) Based on the field investigation work, the 
design characteristics and location forms of rural residential buildings in 
the hilly terrains of Hunan Province are summarized. This work provides 
a specific reference for the physical model setup, and also enables to use 
the simulation results to provide more referential value for the location 
design of rural buildings in these regions. 3) The research methodology 
in this study is based on a combination of both wind tunnel experiments 
with multi-case physical scales and CFD numerical simulations. The 
wind tunnel experiments not only validate the accuracy and effective-
ness of the developed model, but also provide further reference for the 
optimization of the simulation results by obtaining the relative optimal 
distance between the residential buildings and hills. The findings of this 
paper will also provide theoretical guidance for the optimal design of 
natural ventilation for residential buildings in hilly terrains of China. 

2. Methodology 

2.1. Building information and model simplification 

Hunan Province, in the central China, has a humid subtropical 
monsoon climate. The monsoon characteristics are mainly manifested in 
the opposite wind directions in winter and summer, with the southerly 
monsoon in summer and northerly monsoon in winter (Han et al., 2009). 
From the perspective of improving indoor thermal environment, the 
buildings should be located in a way that promotes natural ventilation in 
summer while minimizing natural ventilation in winter to obtain 
reasonable natural ventilation. Through the field investigation, it is 
found that the planned location selection of rural modern buildings in 
northern Hunan Province are generally single-family buildings with 
scattered distribution and relatively random site selection, as shown in 
Fig. 1. 

Table 1 shows the basic situations of some rural single-family 
buildings in Huarong, Pingjiang, and Liuyang countrysides in northern 

Hunan Province. From Table 1, it can be seen that the single-family 
buildings in rural areas are basically 3 bays, and a few are 2 bays or 4 
bays. The width of each bay is about 4 m, and its average depth is 9.275 
m. The building with 3 floors is the main building type, and a few 
building are 2 floors. The average height of the building is 10.37 m. The 
height of the windowsill is basically uniform at 0.9 m, and the height of 
the windows is basically 1.8 m. 

Considering that the residential buildings in rural areas of northern 
Hunan Province are mainly north-south orientation that is the main 
window opening direction. Therefore, in CFD simulation, the north- 
south wall pressure difference of building model is used as the main 
basis for judging the pros and cons of the location selection model. While 
pursuing the maximization of the north-south wall pressure difference in 
summer, it also considers the requirement to minimize the north-south 
wall pressure difference in winter. The existing location pattern of 
rural buildings needs to be simplified in the computer numerical simu-
lation. The simplification of location pattern mainly includes two as-
pects: one is the simplification of the building body; the other is the 
simplification of the surrounding environment that affects natural 
ventilation. This study comprehensively considers the actual situation of 
rural buildings and the requirements of building dimension modulari-
zation for the location selection mode, as well as common settings in 
ventilation simulation. The rural single-family building can be simpli-
fied into a cube with a face width of 12 m (three bays), a depth of 9 m, a 
building height of 12 m, and a 3-story building. The specific dimensions 
and styles are shown in Fig. 2. 

The hilly terrain of Hunan Province is low hills with continuous 
undulations and gentle slopes. The altitude is generally below 500 m, 
and the relative height does not exceed 200 m (Ying et al., 2007). This 
hilly terrain has no obvious veins, with a gentle slope and a rounded top, 
and its slope is often between 20 and 25◦ in Hunan Province. In 
geographical terms, 25◦ is also considered as the critical slope to 
distinguish between gentle hills and steep hills (Tan et al., 2021; Zhao 
et al., 2002). Therefore, the slope of the hills can be considered as 25◦ in 
this study. As shown in Fig. 3, the hills are simplified as a stack of layers 
of columns with each layer of 5 m high, and the uppermost layer has a 
fixed radius of 10 m (considering the roundness of the top of the hills), 
forming a slope of about 25◦. Therefore, the floor area of the lowest layer 
of the hills will change accordingly with the height. Based on the survey 
data, two scenarios of 50 m and 150 m will be considered in the model of 
the location relationship between modern houses and hills in the 
following section. This is because when the relative height of the hills is 
within 200 m, the median value of the two heights can be better 
representative. 

2.2. Basic turbulence model theory 

2.2.1. Turbulence model - k-ε model 
The k-ε model is currently the most widely used turbulence model in 

engineering problems. It was proposed by Launder and Spalding, and 
had been proved to be superior to various other models except for the 
Reynolds stress model by scholars and engineers’ research and appli-
cation (Zhang et al., 2020). Its turbulent energy k transport equation is 
given by: 

∂k
∂t

+
∂
(
ujk

)

∂xj
=

∂
∂xj

((

v+
vt

σk

)
∂k
∂xj

)

+ υi

(
∂ui

∂xj
+

∂uj

∂xi

)
∂ui

∂xj
− ε − 2C5v

(
∂

̅̅̅
k

√

∂xi

)2

(1) 

The turbulent energy viscous dissipation rate ε transport equation is: 

∂ε
∂t

+
∂
(
ujε

)

∂xj
=

∂
∂xj

(

Γseff
∂ε
∂xj

)

+C1f1
ε
k
vt

∂ui

∂xj

(
∂ui

∂xj
+

∂uj

∂xi

)
∂ui

∂xj
− C2f2

ε2

k 

+2C4vvt

(
∂2ui

∂xi∂xj

)2

(2)  

Fig. 1. Rural single-family buildings in northern Hunan Province.  
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Where k represents the turbulent energy; ε represents the turbulent 
energy viscous dissipation rate; ui and uj represent the velocity compo-
nent in i and j direction. v represents the kinetic energy viscosity; vt 
represents the turbulent kinetic energy viscosity coefficient; t represents 
the flow time; xi and xj represent Cartesian co-ordinates in i and j 

direction; Γseff represents the effective diffusion coefficient for turbulent 
energy dissipation rate. C1, C2, C4, C5, f1, f2, and σk are the constants in 
the standard k-ε model, the corresponding values can be seen in Table 2. 
The standard k-ε model (high Re number turbulence model) is applied to 
the fully developed turbulent region at a certain distance away from the 
solid wall surface. In the high Re region, v can be ignored relative to vt. 
The solid wall boundary conditions for turbulent kinetic energy and 
turbulent dissipation rate are taken as the first type (ks = 0.0) and the 

second type ∂ε
∂n

⃒
⃒
⃒
⃒
s
= 0, respectively. 

2.2.2. Dimensionless of governing equations 
For the convenience of calculation, the equations need to be 

dimensionless first before discretizing the differential equations with the 
selected qualitative velocity U0 and qualitative length L0. In order to 
facilitate the study, only the steady incompressible fluid motion is dis-
cussed. The equations after dimensionless are: 

Conservation of quality: 

∂Ui

∂Xi
= 0 (3) 

Conservation of momentum: 

∂
(
UiUj

)

∂Xi
= −

∂P
∂Xi

+
∂

∂Xi

[(
1
Re

+ vt

)
∂Ui

∂Xi
−

2
3

K
]

(4) 

Where Ui and Uj represent the dimensionless velocity component in 
the i and j direction; Xi represents the Cartesian coordinates of the i-di-
rection after dimensionless; P represents the average shear stress after 
dimensionless; Re represents the Reynolds number after dimensionless; 
K represents the turbulent kinetic energy after dimensionless. 

Turbulent kinetic energy transport equation: 

Table 1 
Basic situations of rural single-family buildings in northern Hunan Province.  

S/N Location Number of floors Floor height (m) Total height (m) Sill height (m) Window height (m) Width (m) Depth (m) Bay 

1 Huarong 3 3.9/3.6/3.6 11.1 0.9 1.8 12 9 3 
2 Huarong 3 3.9/3.8/3.8 11.5 0.9 1.8 17 9.6 4 
3 Huarong 2 3.9/3.6 7.5 0.9 1.8 16 9 4 
4 Huarong 3 3.8/3.6/3.6 11 0.9 1.8 11.7 8 3 
5 Huarong 3 3.6/3.3/3.3 10.2 0.9 1.8 11.6 9 3 
6 Huarong 3 3.9/3.6/3.6 11.1 0.9 1.8 12.1 11 3 
7 Pingjiang 3 3.6/3.3/3.3 10.2 0.9 1.8 8.5 9.8 2 
8 Pingjiang 2 3.6/3.3 6.9 0.9 1.8 12 8.4 3 
9 Pingjiang 3 3.6/3.3 10.2 0.9 1.8 11.7 9 3 
10 Pingjiang 3 3.9/3.3/3.3 10.5 0.9 1.8 11.8 9.2 3 
11 Pingjiaing 3 3.9/3.7/3.7 11.3 0.9 1.8 12 9 3 
12 Liuyang 3 3.6/3.6/3.6 10.8 0.9 1.8 16 12 4 
13 Liuyang 3 3.9/3.5/3.5 10.9 0.9 1.8 12.3 8.9 3 
14 Liuyang 3 3.9/3.6/3.6 11.1 0.9 1.8 12.9 8.9 3 
15 Liuyang 3 3.9/3.3/3.3 10.5 0.9 1.8 12 8.6 3 
16 Liuyang 3 3.9/3.6/3.6 11.1 0.9 1.8 11.6 9 3 
Average 2.875 3.4/3.1/3.5 10.37 0.9 1.8 12.6 9.275 3.125  

Fig. 2. Physical model of the simplified form of rural building.  

Fig. 3. Physical model of the simplified form of the hills.  
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∂(UiK)

∂Xi
=

∂
∂Xi

((
1
Re

+
vt

σk

)
∂K
∂Xi

)

+P − E (5) 

Turbulent energy dissipation transport equation: 

∂(UiE)
∂Xi

=
∂

∂Xi

((
1
Re

+
vt

σs

)
∂E
∂Xi

)

+C1f1
E
K

P − C2f2
E2

K
(6) 

Average shear stress generation term in equation (4): P = vt
∂Ui
∂Xj

(
∂Ui
∂Xj

+

∂Uj
∂Xi

)

, 

The turbulent kinetic energy viscosity coefficient vt is calculated by 
equation (7): 

vt =Cμfμ
K2

E
(7)  

Where E represents turbulent energy viscous dissipation rate after 
dimensionless; Cμ represents the coefficients in approximated turbulent 
transport equations. 

The dimensionless quantity in equations (3)–(6) is defined according 
to equation (8): 

Xi =
xi

L0
Ui =

ui

U0
P =

p
ρU2

0
K =

k
U2

0
E =

εL0

U3
0

(8) 

The dimensionless control parameters of the corresponding equa-
tions are defined by equation (9): 

Re =U0L0/v (9) 

Some related coefficients (e.g. σε, f1, fμ, C1 and C2) are selected ac-
cording to Table 2. 

2.3. Boundary conditions and solution methods 

2.3.1. Boundary conditions  

(1) Incoming flow boundary conditions 

The incoming flow boundary conditions are mainly to determine the 
distribution curve of incoming flow wind speed that is also known as the 
average wind speed gradient, which is the variation law of the average 
wind speed along the height. The wind profiles under different sites can 
be sorted out based on multiple observations, and proposed that the law 
of the average wind speed changing along the height, which can be 
described by an exponential function: 

UZ

U0
=

(
Z
Z0

)a

(10) 

UZ represents the average wind speed in horizontal direction under 
standard reference height; Z represents the standard reference height; Z0 
represents the any height; U0 represents the average wind speed in the 
horizontal direction at any height; α represents the ground roughness 
index. 

In many literatures, the ground roughness index of rural areas is 
recommended to be 0.125–0.167 or 0.16 in China (Huang et al., 2008; 
Zhang et al., 2020). The Chinese standard also divides the ground 
roughness into four categories: A, B, C, and D. The category B is for 
fields, villages, jungles, hills, and towns and suburban areas where 
houses are relatively sparse, and the suggested index is 0.16 (Zhang and 
Zhang, 2001). Therefore, in the numerical simulation, the ground 

roughness index is set as 0.16. For the determination of wind speed in 
meteorological parameters, the wind speed at 10–12 m above the 
ground is taken, and the annual average wind speed in the vast majority 
of Hunan Province is 2–3 m/s (Han et al., 2009). Therefore, the standard 
reference height and average wind speed in equation (10) can be defined 
as the average wind speed of 3 m/s at a height of 10 m, and used as the 
calculation basis for numerical simulation in this study.  

(2) Outflow surface boundary conditions 

It is assumed that the flow on the outflow surface has been fully 
developed, i.e., the normal gradient of each variable is zero. This 
assumption can be adopted only when there is a straight section in the 
outflow region, and it is far away from the recirculation area. And it 
makes the coefficient of the corresponding direction in the discrete 
equation of the control volume adjacent to the boundary zero (or the 
downwind direction of the calculation area is large enough). For higher 
cases such as mountains, the assumption of local unidirectional is not 
strictly valid, but only an approximate treatment. The reason is that the 
air will generate vortices after passing through high-rise buildings or 
mountains, which will cause false phenomena of diffusion in a large 
area. Therefore, the Neumann boundary conditions are desirable. 
However, if the actual calculation area is large enough, the outflow wind 
speed can also be determined according to the conservation of mass, i.e., 
the Dirichlet boundary condition is adopted.  

(3) Upper air surface boundary conditions 

The upper air surface, like the incoming and outgoing flow surface, 
has no actual physical boundary and needs to make assumptions about 
the boundary conditions. If the computational control area is too big, the 
upper air surface is far from the wall of the building (or natural land-
form), and the incoming flow is in the horizontal wind direction. The 
gradient of velocity along the tangential direction can be considered as 
zero, and the value along the normal direction is zero. Other scalars 
quantities such as turbulent kinetic energy is taken as the gradient of the 
normal direction is zero. Upper air surface: V = 0, φ {U, K, ε} is the free 
slip condition, and the corresponding control coefficient of the pressure 
correction equation is zero.  

(4) Near-surface boundary conditions 

Near the solid wall surface, the k-ε model must be modified due to 
the intensified influence of laminar flow viscosity. Therefore, the solid 
wall boundary conditions of turbulent kinetic energy and turbulent 
dissipation rate are taken as the first type (ks = 0.0) and the second type 

(∂ε
∂n

⃒
⃒
⃒
⃒
s
= 0), respectively (Peng et al., 2017). The momentum on the solid 

wall is taken to be zero, i.e., φ{U, V} = 0, and the corresponding control 
coefficients of the pressure correction equation are zero.  

(5) Treatment of the solid part of the calculation area (buildings and 
surrounding natural land-forms) 

In the field of CFD, it is common to use methods such as the porosity 
method, the isolated volume method (controlling the viscosity coeffi-
cient method, using a large source term) (Tominaga and Stathopoulos, 
2013). This calculation example is chosen to increase the large source 
term method to implement the calculation for the solid buildings and 

Table 2 
Model constants for the standard k-ε model.  

Model σμ  σk  σε  σT  σC  f1  f2  fμ  C4  C5  C1  C2  

Standard k-ε model 0.09 1.00 1.30 0.90 1.00 1.00 1.00 1.00 0.00 0.00 1.44 1.92  
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natural features in the region, i.e., the buildings and natural features in 
the flow region are regarded as the overall solution algorithm of the 
flow. 

2.3.2. Solution method 
In this paper, the fluid mechanics software Fluent is used for calcu-

lation, and the finite volume method is used for the solution. The 
pressure-velocity correction algorithm (simple algorithm) is used, and 
the equations are solved iteratively. The total cycle is controlled by the 
mass equation residual indicator and the difference between the two 
iterations before and after each discrete equation. 
⃒
⃒
⃒
⃒
⃒

(
∂u
∂x

+
∂v
∂y

)

i,j

⃒
⃒
⃒
⃒
⃒

max

< ε1 (11)  

⃒
⃒
⃒
⃒

φn+1
i,j − φn

i,j

φi,j

⃒
⃒
⃒
⃒ < ε2 (12) 

When ε1 and ε2 are less than 10− 5 and 10− 4 respectively, the 
convergent solution will be obtained. 

3. Experimental testing and model validation 

To verify the correctness of the simulation, a series of wind tunnel 
experiments are conducted in this study with a representative rural 
buildings siting model in hilly terrains. The wind tunnel simulation 
experiments are not restricted by weather conditions, the experimental 
conditions (scenarios) are controllable, and it has the characteristics of 
short experimental period and direct observation through simulation. 
The experimental results are contrasted against the field observations 
and numerical simulations, which can provide a basis for further sci-
entific decision-making. 

3.1. Experimental instruments and equipment 

3.1.1. Boundary layer wind tunnel 
The wind tunnel tests were conducted in a large boundary layer of 

wind tunnel at Hunan University, which is one of the advanced multi- 
functional boundary layer wind tunnels in China (Hui et al., 2019; Li 
and Li, 2016; Yang et al., 2020). The aerodynamic profile of the wind 
tunnel is 53 m long and 18 m wide. It is a boundary layer wind tunnel 
with low speed, single reflow, and parallel double test sections. The first 
test section (high-speed test section) is 17 m long, with a model test area 
of 3 m wide and 2.5 m high in cross-section. The second test section 
(low-speed test section) is 15 m long, with a cross-sectional width of 5.5 
m and a height of 4.4 m. The wind tunnel air speed control, data 
acquisition, and test monitoring are all concentrated in the main control 
room to realize fully automated computer system control, as shown in 
Fig. 4 and Fig. 5. The situation of the model in the wind tunnel can be 
monitored in real-time through the display in the control room during 
the wind tunnel test. The system has the function of automatic alarm for 
abnormal conditions, which provides an effective guarantee for the 
completion of high-quality wind tunnel test. The main performance of 
this system includes: i) steady wind control system with motor power of 
619 kW, maximum wind speed of 58 m/s (Note that 58 m/s is only the 
maximum theoretical wind speed that this device can reach, not the 
actual wind speed), wind speed control accuracy of 0.3%, and wind 
pressure control accuracy of 0.2%; ii) turntable control system with 
rotational speed of 0.2 rev/min, rotational angle range of ±180◦, control 
accuracy of ±0.1◦; iii) temperature and pressure measurement system 
with a temperature measurement range of 0–100 ◦C and the accuracy 
±0.5 ◦C; iv) the pressure measurement range in the wind tunnel with 0 
～2000 Pa and the accuracy of ±0.5%. 

3.1.2. Wind speed and pressure measurement instrument 
The anemometer used in this experiment is a Cobra pulsation wind 

speed tester with the type of TFI (Turbulent flow instrumentation) Series 

Fig. 4. Large-scale boundary layer wind tunnel and its structural layout.  
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100 Cobra Probe. The Cobra anemometer contains a 4-hole pressure 
probe that provides dynamic, real-time, three-vector velocity and pres-
sure measurements. The anemometer provides a linear response fre-
quency from 0 HZ (average flow) to 2000 HZ, and is accompanied by the 
TFI unit control software, which can run the anemometer and perform 
data acquisition. The anemometer has a range of 2–100 m/s, a deviation 
angle of 0–45◦ during measurement, and a wind speed accuracy of ±0.3 
m/s. The Cobra pulsation anemometer is shown in Fig. 6 (a). 

The pressure measurement instrument used in this experiment is the 
DTCnet electromagnetic pressure scanning valve, as shown in Fig. 6 (b). 
The main features of this instrument are: i) high accuracy of 0.06% for 
each pressure measurement channel; ii) high degree of integration with 
512 channels free combination selection (64 channels/blocks × 8 
blocks); iii) small size with the volume of a single 64-channel valve body 
of 10.7 × 4.9 × 4.3 cm; iv) multi-channel synchronous high-speed 
acquisition, 512-channel pressure data up to 500 HZ or more synchro-
nous acquisition. All pressure data in this experiment are obtained by 
this instrument with a scanning frequency of 330 HZ and more than 18 s 
of continuous scanning, and a total of 6000 pressure scanning data are 
obtained per channel each time. 

3.2. Model and measurement point distribution 

The model scaling ratio in this study is 1:100, and the model includes 
the hilly model and building model. The hills model used in this 
experiment is made of expanded polystyrene board, which simulates the 
hills with a height of 50 m. It is formed by cutting and combining the 
polystyrene board as a whole. Adhesive glue is used to bond the joints, 
and the bonding place is smooth and flat without gaps. The specific 
dimensions of the hill model are shown in Fig. 7. The building model 
used in this experiment is assembled from plexiglass panels with pres-
sure holes drilled on the model with a diameter of 1.2 mm. The pressure 
holes are distributed on the central axis of the front and back elevations 
of the model, arranged along the Z-axis with an axial spacing of 10 mm, 

and the coaxial pressure holes are equally spaced. The specific data and 
three-dimensional axonometric diagram of the building model are 
shown in Fig. 8. 

The building model is fixed with bolts, and the hill model is fixed on a 
wooden base plate with a thickness of 10 mm with an adhesive. The base 
plate is then fixed on the rotating platform of the wind tunnel base plate 
with bolts and adhesives. The assembled model is shown in Fig. 9 (a) and 
(b). 

In the combined model, the hills are calculated using the hills 
windward area due to their larger size. The projected area of the hills on 
the windward side is 0.55 m2, and the size of the high-speed section of 
the wind tunnel is 3 × 2.5 m with an area of 7.5 m2 as described above. 
Therefore, the maximum blockage ratio of this combined model is about 
7.3%, which is less than the limit value of 10%, so the blockage effect is 
not considered in this experiment. 

3.3. Boundary conditions in the experiment 

3.3.1. Simulation of wind velocity distribution curves 
This experiment simulates the roughness of the ground in rural areas, 

so that the wind tunnel airflow meets the requirements for the expo-
nential rate of the incoming wind speed distribution curve in the above 
simulation, which is 0.16 as described above. To simulate the wind 
speed distribution curve in a wind tunnel, wedges and rough elements 
are required. According to the design experiences and actual in-
vestigations, the arrangement of the wedges and roughness elements in 
the wind tunnel is shown in Fig. 10. Before the experiment, several 
experimental measurements were conducted using the anemometer at 
different heights to validate that this arrangement could meet the re-
quirements of gradient winds for wind tunnel tests. The vertical and 
horizontal spacing of the roughness elements are both 60 cm. There are 
14 rows of rough elements, the first 9 rows are ordinary rough elements, 
and the last 5 rows are heightened rough elements. There are 3 wedges 
with the bottom side of 20 cm and the height of 2.5 m, and the center 

Fig. 5. Wind tunnel wind speed control system.  

Fig. 6. (a) Cobra pulsation wind speed tester; (b) DTCnet electromagnetic pressure scan valve.  
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distance between the wedges and the turntable is 10 m. The form and 
arrangement of the wedges and roughness elements are shown in 
Fig. 11. 

The wind speed measurement point is selected as the center point of 
the wind tunnel rotating platform, which is also the location of the 
building model in the combined model, and the anemometer is used to 
test it. The measurement points are unevenly distributed along with the 
height: one measurement point is set every 0.02 m below 0.12 m (i.e. 
below the height of the building model); three measurement points are 
unevenly distributed between 0.12 and 0.15 m; and one measurement 

point is set every 0.1 m between 0.3 and 1.5 m, a total of 22 measure-
ment points. Since the wind speed at 10 m/s is used as the benchmark in 
the above simulation, the actual wind speed measured at 0.1 m is also 
used as the benchmark in this experiment. Table 3 shows the actual wind 
speed, theoretical wind speed, and proportional error at each mea-
surement point. From Table 3, it can be seen that the actual wind speed 
distribution curve is very consistent below 1 m, except for one mea-
surement point, the proportional error between the remaining 17 mea-
surement points and the theoretical value is below 3%. Considering that 
the building model is only 0.12 m and the hilly model is only 0.5 m, this 
actual wind speed distribution curve can fully meet the requirements of 
the experiment. 

3.3.2. Determination of experimental control wind speed 
This experiment tested the variation of wind pressure coefficients at 

each measurement point on the windward and leeward sides of the 
building model at different wind speeds. Conditions with wind speeds of 
2 m/s, 4 m/s, 6 m/s, 8 m/s, 10 m/s, 12 m/s and 15 m/s were considered 
respectively. Figs. 12 and 13 show the results of the testing experiments. 
It can be seen from the figures that the wind pressure coefficients on the 
surface of the building model are basically the same or coincide when 
the control wind speed reaches or exceeds 6 m/s, and the individual 
measurement points are slightly different, which can be considered to be 
caused by experimental errors. Considering the wind tunnel operation 
characteristics, it takes a longer time to control the wind speed stable 
below 10 m/s, so the experimental control wind speed can be selected as 
12 m/s. According to the Reynolds number formula of Re =

ul
v at this 

time, the Reynolds number can be calculated as 7 × 104 (greater than 
the critical Reynolds number 104). It can be seen that, whether from the 
experimental results or the existing literature results, choosing the 
control wind speed of 12 m/s is reasonable to meet the experimental 
requirements, and also facilitate the operation control of the wind 
tunnel. 

Fig. 7. Experimental model of hills.  

Fig. 8. Axonometric drawing of the experimental model of the building and 
distribution of measurement points (unit: mm). 

Fig. 9. Combined experimental model: (a) Side view of the combined experimental model (unit: mm); (b) Picture of Combined experimental model.  
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3.4. Experimental results and analysis 

The main purpose of this wind tunnel experiment is to test the sur-
face wind pressure coefficient of the building model, and compare it 
with the simulation results of the building combined with the hilly site 
selection model below to verify the correctness of the model results and 
the effectiveness of the simulation method. The scaling ratio between 
the model and the real model is 1:100. When the building model is at the 
upwind, the incoming flow angle of θ is 0, which corresponds to the 
summer condition in the simulation below. When the building model is 
at the downwind, the incoming flow angle of θ is 90◦, which corresponds 
to the winter condition in the simulation below. In addition, the spacing 
between the building model and the hills model was considered, and the 
distances were also tested as 30 mm, 60 mm, 120 mm, 180 mm, and 240 
mm, which corresponded to the distances of 3 m, 6 m, 12 m, 18 m and 
24 m between the building and the hills in the simulation below. The 
schematic diagram of the wind tunnel experiment is shown in Fig. 14. 
The control wind velocity of the incoming wind tunnel is 12 m/s, which 
is a uniform incoming flow at this time, and the gradient wind is formed 

at 0.1 m (corresponding to the height of 10 m in the simulation below) 
with a wind velocity of 9.16 m/s after the wedges and roughness 
element. 

Figs. 15–19 show the comparison between the experimental and 
simulated results of wind pressure coefficient on the building surface at 
different intervals. Tables 4–8 show the proportional error between 
them. It can be seen from the figure that the trends and values of the 
simulation results and the experimental results are basically consistent, 
and the experimental results are in good agreement with the simulation 
results. Especially in the summer conditions (θ = 0◦), the degree of 
agreement is more consistent than in winter conditions (θ = 90◦). It can 
also be seen from the table that the average error of all measurement 
points on the same surface remains mostly within 10%, and in some 
cases it exceeds 10%, but the maximum is only 15.9% and the minimum 
is 1.20%. The proportional error of a single measurement point is mostly 
kept within 10%, a small part is between 10% and 20%, very few exceed 
20%. From the perspective of practical engineering and design appli-
cation, such simulation accuracy could meet with the requirements of 
design and evaluation process according to the previous literatures of 

Fig. 10. Schematic diagram of wind tunnel wedges and roughness element arrangement.  

Fig. 11. Form and arrangement of roughness element and wedges: (a) Normal roughness elements; (b) Heightening roughness elements; (c) Wedges arrangement.  

Table 3 
Actual and theoretical values of wind speed distribution curves of wind tunnel tests.  

Height 
(m) 

Theoretical wind speed 
(m/s) 

Actual wind speed 
(m/s) 

Proportional 
error 

Height 
(m) 

Theoretical wind speed 
(m/s) 

Actual wind speed 
(m/s) 

Proportional 
error 

0.02 5.25 5.62 6.61% 0.3 8.09 7.98 − 1.44% 
0.04 5.86 5.88 0.27% 0.4 8.48 8.51 0.40% 
0.06 6.26 6.24 − 0.27% 0.5 8.78 8.69 − 1.08% 
0.08 6.55 6.5 − 0.80% 0.6 9.04 8.98 − 0.72% 
0.1 6.79 6.79 0.00% 0.7 9.27 9.32 0.54% 
0.12 6.99 6.97 − 0.30% 0.8 9.47 9.39 − 0.86% 
0.15 7.25 7.25 0.07% 0.9 9.65 9.68 0.31% 
0.2 7.59 7.71 1.60% 1 9.81 10.1 2.83% 
0.25 7.86 7.79 − 0.93%      
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natural ventilation simulation’s studies (Hu et al., 2022; Kosutova et al., 
2019). In addition, it can also be seen from the figures that, judging from 
the difference of wind pressure coefficients on the surface of both sides 
of the wall, the model spacing of 120 mm (i.e. the spacing between the 
building and the mound is 12 m in practical application) is also the best 
choice when winter and summer conditions are taken into account. 

4. Results and discussions 

4.1. Influence of residential siting pattern on natural ventilation under the 
hilly height of 50 m 

4.1.1. Simulation object and physical model 
This section mainly considers the effect on the natural ventilation of 

the building for a hilly height of 50 m. Based on the field research re-
sults, the building model can be chosen in the form of single-family 
houses. The siting model of the residential buildings can be repre-
sented in Fig. 20. As can be seen from the previous section, the distance 
between the buildings and hills is the key point that affects natural 
ventilation, combined with the policy requirement of the Chinese gov-
ernment to save land for rural residential buildings. Therefore, the range 
of variation of S in the figure with the simulation is determined by the 
height of the building, considering five cases of 0.25H, 0.5H, 1H, 1.5H, 
and 2H building heights. 

4.1.2. Simulation results and analysis 
Fig. 21 and Fig. 22 show the simulation results for the siting selection 

model of modern rural residential buildings using hills (3 m spacing), 
respectively. The pressure distribution diagram, the flow line diagram, 
the velocity vector distribution diagram, and the pressure distribution 
along with the height of the north and south side walls are represented in 
the figures, respectively. It can be seen from Fig. 21, in summer, the 
south wall of the building is the windward side and shows positive 
pressure. And the north wall is the leeward side and shows obvious 
negative pressure. The maximum dimensionless pressure between the 
north and south walls can reach up to about 0.55. The windward side of 
the hills has an obvious blocking effect on the airflow and forms a 
vortex, but it has little effect on the pressure of the north wall and has a 
limited effect on the natural ventilation of the building in summer. In 
winter, the building is located on the leeward side of the hills and is 
obliterated by the negative pressure, because the height of the hills is 
much larger than that of the building. And the dimensionless pressure 
between the north and south side of the wall is drastically reduced to a 
maximum of 0.28. The natural ventilation effect caused by the wind 
pressure is significantly weaker than that in summer. As can be seen 
from Fig. 22, the most appropriate basis for judging the natural venti-
lation potential of the building in winter and summer is the pressure 

Fig. 12. Wind pressure coefficient distribution on the surface of the windward 
surface of the building model under different wind speeds. 

Fig. 13. Wind pressure coefficient distribution on the surface of the leeward 
side of the building model under different wind speeds. 

Fig. 14. Schematic diagram of wind tunnel testing.  
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distribution along with the height of the north and south side walls of the 
building, which can be effectively judged by the dimensionless pressure, 
given the significant shading effect of the hills in winter. Therefore, in 
the rest of the following cases, only the pressure distribution map along 
the height of the north and south side walls at different distances will be 
used as the basis for judgment and optimization. 

Considering that between 1 and 11 m at north-south side wall is 
mainly the position of a window opening. Therefore, the analysis of the 
pressure difference between the north and south side walls of the 
dwelling should also focus on the position of height 1–11 m. It can be 
seen from Figs. 23–26 that the pressure difference between the north and 

south side of the building increases slightly in summer with the change 
of the distances. The minimum pressure difference is 0.54 when S is 3 m, 
and it increases gradually to a maximum of 0.6 when S becomes 24 m. 
The reason for this situation is that the distances between the buildings 
and the hills gradually expand, and the influence of the hills on the 
buildings in the flow field gradually decreases. The vortex formed on the 
windward side of the hills has an impact on the north side of the 
building. The influence of the vortex on the pressure change of the north 
wall of the building is gradually decreasing. However, it should be noted 
that this change is not significant and the magnitude is small, and the 
effect on the natural ventilation effect in summer should be limited. In 

Fig. 15. Comparison of experimental results of wind pressure coefficient on building surface and simulation results (model spacing is 30 mm).  

Fig. 16. Comparison between experimental results and simulation results of wind pressure coefficient on building surface (model space is 60 mm).  

Fig. 17. Comparison between experimental results and simulation results of wind pressure coefficient on building surface (model spacing is 120 mm).  

M. Xie et al.                                                                                                                                                                                                                                      



Journal of Cleaner Production 340 (2022) 130837

12

winter, the maximum pressure difference between north and south is 
0.26 for S = 3 m and is 0.34 for S = 6 m. Starting from S = 12 m, the 
maximum pressure difference between north and south side has a sig-
nificant decrease, which is 0.15, 0.14, and 0.16 in order. In addition, 
starting from S = 12 m, the pressure difference between the north and 
south side between 4 m and 6 m in height is the lowest in the same 
condition. And between 4 m and 6 m is exactly where the windows open 
on the second floor of the residence, and the second floor is the floor 
where the bedrooms are located in the rural residence, which has the 
greatest impact on improving the natural ventilation of the main living 

rooms. 
From the above analysis, it can be seen that as the distance between 

the building and the hills increases within a certain range, the natural 
ventilation potential of the building increases slightly in summer, while 
the potential is gradually reduced in winter. Therefore, from the 
perspective of simply enhancing the summer ventilation of the building 
and reducing the winter ventilation, when S = 2H (or 24 m) is the most 
worthy choice and can even be further increased, but it is not studied 
because it is limited to the value of the calculation range in this simu-
lation. The farther away from the hills, the flatter the terrain, in rural 

Fig. 18. Comparison between experimental results and simulation results of wind pressure coefficient on building surface (model spacing is 180 mm).  

Fig. 19. Comparison between experimental results and simulation results of wind pressure coefficient on building surface (model spacing is 240 mm).  

Table 4 
The relative error between experimental results and simulation results of 
building surface wind pressure coefficient (model spacing is 30 mm).  

Height of 
model 
measuring 
point (m) 

Proportional 
south wall in 
summer 

Proportional 
north wall in 
summer 

Proportional 
south wall in 
winter 

Proportional 
north wall in 
winter 

0.02 13.33% 14.36% 8.87% 2.45% 
0.03 21.38% 22.24% 2.22% 1.55% 
0.04 15.30% 15.72% 6.92% 0.12% 
0.05 17.04% 12.69% − 1.71% − 0.79% 
0.06 6.91% 13.15% 1.99% 0.46% 
0.07 8.85% 20.40% − 2.40% 0.71% 
0.08 − 15.04% 16.14% − 1.03% 0.74% 
0.09 − 5.26% 12.09% − 7.90% − 1.03% 
0.10 − 22.38% 12.34% − 3.63% − 1.32% 
0.11 − 22.09% 13.38% − 5.78% − 1.16% 
Root-mean- 

square 
average 

15.90% 15.61% 5.04% 1.20%  

Table 5 
The relative error between experimental results and simulation results of wind 
pressure coefficient on building surface (model spacing is 60 mm).  

Height of 
model 
measuring 
point (m) 

Proportional 
error of south 
wall in 
summer 

Proportional 
error of north 
wall in 
summer 

Proportional 
error of south 
wall in winter 

Proportional 
error of north 
wall in winter 

0.02 7.58% 16.26% − 3.77% 13.97% 
0.03 18.87% 19.22% − 9.00% 11.90% 
0.04 6.62% 16.76% − 6.56% 9.63% 
0.05 17.14% 11.56% − 12.95% 7.23% 
0.06 − 3.10% 12.74% − 8.95% 8.25% 
0.07 − 2.23% 17.05% − 11.02% 8.54% 
0.08 − 20.84% 12.58% − 8.33% 8.69% 
0.09 − 14.01% 9.58% − 11.99% 5.54% 
0.10 − 21.46% 8.20% − 6.52% 5.02% 
0.11 − 22.71% 8.50% − 6.00% 5.98% 
Root-mean- 

square 
average 

15.40% 13.75% 8.94% 8.89%  
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areas are often farmland. Whether the Ministry of Construction’s 
requirement of “energy-saving and land-saving” greenhouses or the 
Ministry of Land and Resources’ requirement of “protecting basic 
farmland” restricts the siting of rural buildings from encroaching too 
much on farmland, and it would be more appropriate to use slopes and 
hills. Therefore, combined with the simulation results above, it can be 
considered that the distance between the building and the hills is the 

best value of S = 1H = 12 m, which not only takes into account the 
different requirements for natural ventilation of rural buildings in 
winter and summer but also conforms to the scientific experience 
extracted from traditional residential buildings and meets the national 
call for land-saving rural regions. 

4.2. Influence of residential siting selection pattern on natural ventilation 
at a hilly height of 150 m 

4.2.1. Physical model 
Based on the above method, in the case that the height of the hills is 

150 m, the building and hills can be simplified as shown in Fig. 27, and 
their profiles are used as the basis of computer numerical simulation. 
However, due to the large hills, when the distance between the buildings 
and the hills is too small, the change of the result is also very small, 
which is not conducive to analysis and selection optimization. There-
fore, in the calculation example of hills with a height of 150 m, the 
distance between buildings and hills considered in this study varies 
among 0.5H, 1H, 5H, and 10H (H is the building height). 

4.2.2. Simulation results and analysis 
In this section, the distribution of surface pressure along the wall 

height on the north and south side of the building is still used for analysis 
and optimization. At the same time, due to the expansion of the distance 
between the building and hills, the change and interaction of the flow 
field between the hills and building gradually increase its influence on 
the building, which is also a factor that need to be considered. Therefore, 
the flow field vector diagrams under different conditions are also put 
into the simulation results in order to facilitate the discussion. 

As can be seen from Figs. 28–31, in summer, the pressure on the 
north wall starts to increase when the height of the hills increases to 150 
m, compared to the case when the height of the hills is 50 m, which is 
basically a positive value. It is only when the distance is enlarged to 120 
m, it will be displayed as a negative value. This indicates that when the 
height of the hills increases, the obstructive effect of the windward face 
of the hills on the flow field increases. And the vortex formed by the 
deflected airflow has an obvious influence on the pressure distribution 
on the north wall. As the distance between the hills and the buildings 
increases, this effect starts to decrease gradually. The dimensionless 
pressure on the north wall gradually decreases from 0.14 at S = 6 m to 
− 0.02 at S = 120 m. The obstructive effect of hills in summer is also 
reflected in the pressure difference between the north and south walls. 
Since the south wall is the windward side, the dimensionless pressure is 
basically unchanged. With the gradual decrease of the dimensionless 
pressure on the north wall caused by the expansion of the distance, the 
dimensionless pressure difference between the north and the south walls 
increases from 0.18 at S = 3 m to 0.34 at S = 120 m. It can be seen that 
the difference of the dimensionless pressure on the north and south walls 
is much smaller than 0.54 at a distance of 12 m between the building and 
the hills at a height of 150 m, even if the distance between the building 
and the hills reaches 120 m. It can be concluded that the height of the 
hills has a proportional effect on the summer ventilation of the building, 
and the hills selected for the building site should be carefully considered. 
In winter, it can be seen from the flow field vector diagram that the 
airflow is relatively more complex and variable on the leeward side of 
the hills after being blocked by the hills, and the negative pressure on the 
south wall is even greater than that on the north wall at S = 12 m. In 
terms of ventilation potential alone, it is possible to analyze the 
dimensionless pressure on both sides. It can be seen that the dimen-
sionless pressure is 0.19 at S = 6 m, 0.1 at S = 12 m, maximum 1.06 at S 
= 60 m, and 0.06 at S = 120 m. In terms of the seasonal requirements for 
natural ventilation, the distance between the building and the hills is 
optimal at S = 120 m in this case. However, considering the land-saving 
requirement of building site selection, the second-best choice of S = 12 
m is more suitable for the actual situation in rural areas of Hunan 
Province. Although this will lose some natural ventilation potential in 

Table 6 
The relative error between experimental results and simulation results of wind 
pressure coefficient on building surface (model spacing is 120 mm).  

Height of 
model 
measuring 
point (m) 

Proportional 
error of south 
wall in 
summer 

Proportional 
error of north 
wall in 
summer 

Proportional 
error of south 
wall in winter 

Proportional 
error of north 
wall in winter 

0.02 10.97% 16.20% 19.12% 10.39% 
0.03 16.13% 8.30% 12.56% 9.02% 
0.04 12.05% 7.69% 16.55% 6.84% 
0.05 16.11% 2.55% 9.06% 6.82% 
0.06 0.01% 2.58% 13.71% 8.04% 
0.07 3.49% 4.53% 10.42% 7.63% 
0.08 − 18.79% 0.65% 12.58% 6.81% 
0.09 − 7.85% − 2.86% 5.81% 4.21% 
0.10 − 25.70% − 4.11% 9.43% 3.50% 
0.11 − 19.57% − 4.18% 5.15% 3.80% 
Root-mean- 

square 
average 

15.02% 6.83% 12.18% 7.04%  

Table 7 
The relative error between experimental results and simulation results of 
building surface wind pressure coefficient (model spacing is 180 mm).  

Height of 
model 
measuring 
point (m) 

Proportional 
error of south 
wall in 
summer 

Proportional 
error of north 
wall in 
summer 

Proportional 
error of south 
wall in winter 

Proportional 
error of north 
wall in winter 

0.02 4.96% 18.07% 3.71% 1.05% 
0.03 5.59% 16.09% 4.25% − 0.26% 
0.04 − 4.82% 10.72% 7.31% − 2.18% 
0.05 5.99% 5.25% 1.52% − 2.27% 
0.06 − 10.64% 6.70% 4.56% − 1.29% 
0.07 − 4.44% 7.89% 2.76% − 1.53% 
0.08 − 14.54% 6.39% 3.99% − 1.99% 
0.09 − 6.87% − 0.15% − 1.60% − 3.76% 
0.10 − 17.76% 1.24% 0.98% − 3.90% 
0.11 − 17.54% 1.31% − 1.97% − 3.12% 
Root-mean- 

square 
average 

10.63% 9.38% 3.73% 2.41%  

Table 8 
The relative error between experimental results and simulation results of wind 
pressure coefficient on building surface (model spacing is 240 mm).  

Height of 
model 
measuring 
point (m) 

Proportional 
error of south 
wall in 
summer 

Proportional 
error of north 
wall in 
summer 

Proportional 
error of south 
wall in winter 

Proportional 
error of north 
wall in winter 

0.02 5.74% 10.86% 5.73% 2.84% 
0.03 3.66% 9.90% − 1.83% 0.95% 
0.04 − 7.96% 6.49% 2.10% − 2.72% 
0.05 4.71% 1.51% − 6.14% − 3.91% 
0.06 − 12.59% 2.77% − 2.04% − 2.71% 
0.07 − 7.81% 3.65% − 4.56% − 2.62% 
0.08 − 19.11% 1.86% − 2.23% − 2.66% 
0.09 − 11.79% − 3.80% − 8.95% − 6.82% 
0.10 − 23.84% − 3.63% − 3.01% − 6.53% 
0.11 − 22.15% − 4.46% − 4.37% − 4.18% 
Root-mean- 

square 
average 

13.84% 5.76% 4.65% 3.99%  
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Fig. 20. Physical model of single-family house combined with hilly site selection model (Hill height = 50 m).  

Fig. 21. Simulation results of natural ventilation for residential buildings in summer (S = 0.25H = 3 m; Hill height = 50 m).  

Fig. 22. Simulation results of natural ventilation for residential buildings in winter (S = 0.25H = 3 m; Hill height = 50 m).  
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summer, it is more beneficial for reducing natural ventilation and 
strengthening indoor heat preservation in winter. 

4.3. The optimal site selection mode of single-family residential buildings 
combined with hills 

There are many requirements for the site selection of residential 
buildings in rural hilly areas of Hunan Province. On the one hand, it is 
necessary to use hills to seek advantages and avoid disadvantages, with 
as much natural ventilation in summer as possible, while minimizing 
natural ventilation in winter. On the other hand, considering the current 
situation of large population and small land in the rural areas of Hunan 

Province, it is necessary to reduce the encroachment on farmland as 
much as possible, and to make use of the gently sloping land near the 
root of the hills. This is also consistent with the requirement of “energy- 
saving and land-saving green housing” proposed by the Chinese gov-
ernment. In this section, the CFD method is used to simulate the po-
tential of building ventilation in winter and summer under different 
hilly heights. The results show that the impact on the natural ventilation 
of building in summer increases as the height of the hills increases. 
Combining all requirements, a building distance of about 12 m from the 
hills is a more appropriate value under different hilly heights. It can also 
be seen that the results obtained from the wind tunnel experimental tests 
and numerical simulations are relatively consistent, which is also 

Fig. 23. Pressure distribution along the height of the wall on the north and south sides of the residence (S = 0.5H = 6 m; Hill height = 50 m).  

Fig. 24. Pressure distribution along the height of the wall on the north and south sides of the residence (S = 1H = 12 m; Hill height = 50 m).  

Fig. 25. Pressure distribution along the height of the wall on the north and south sides of the residence (S = 1.5H = 18 m; Hill height = 50 m).  
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confirms the correctness of the 12 m value on the other hand. In this 
regard, the optimal model for the site location of rural single-family 
residential buildings combined with hills in northern Hunan Province 
can be obtained, as shown in Fig. 32. 

5. Conclusions and future studies 

Natural ventilation is one of the passive technical measures that are 
worthy of priority consideration in rural areas of Hunan Province from 

Fig. 26. Pressure distribution along the height of the wall on the north and south sides of the residence (S = 2H = 24 m; Hill height = 50 m).  

Fig. 27. Physical model of single-family residence combined with hill site selection model (Hill height = 150 m).  

Fig. 28. Simulation results of residential natural ventilation (S = 0.5H = 6 m; Hill height = 150 m).  
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various perspectives such as energy-saving, thermal comfort, and health. 
This paper presents wind tunnel experiments and numerical simulations 
of natural ventilation in rural residential buildings in the hilly terrain of 
Hunan Province from the perspective of building site selection. The aim 
is to analyze the different site selection patterns from multiple angles 
thereby proposing rationalized improvement suggestions. The main 
conclusions of this paper can be summarized as follows. 

A large amount of data research was conducted for several typical 
rural areas in northern Hunan Province (Huarong, Pingjiang, and 
Liuyang counties) to obtain a comprehensive understanding of the local 
residential situation. The study shows that these rural areas are gener-
ally single-family residential buildings, which are scattered and located 
relatively close to the hills. Based on the investigation data, the design 
characteristics and site location patterns of rural residential buildings 

are summarized, thereby providing a reference for the physically-based 
modelling of the simulation. 

Wind tunnel experiments were carried out according to different 
rural residential buildings site selection patterns under hilly terrain, 
with a scaling ratio of 1:100 between the experimental model and the 
simulated real model. Five cases were tested for the distance between 
the building model and the hilly model of 30 mm, 60 mm, 120 mm, 180 
mm, and 240 mm, corresponding to the distance between the building 
and the hills in the simulation of 3 m, 6 m, 12 m, 18 m, and 24 m. The 
study shows that the experimental results are in good agreement with 
the simulation results, especially the summer conditions are better than 
the winter conditions. The average error is basically within 10%, and 
most of the errors of individual measurement points are within 20%. In 
addition, it can also be obtained from the wind tunnel experimental data 

Fig. 29. Simulation results of residential natural ventilation (S = 1H = 12 m; Hill height = 150 m).  

Fig. 30. Simulation results of residential natural ventilation (S = 5H = 60 m; Hill height = 150 m).  
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that, based on the difference of wind pressure coefficients on both sides 
of the wall surface, when the model spacing is 120 mm (the distance 
between the building and the hills is 12 m in practical application) is 
relatively the optimal selection considering the winter and summer 
conditions. 

Under hilly terrains, the building ventilation in the existing model is 
obviously blocked in winter, which is favourable to the indoor thermal 
environment in winter. However, the natural ventilation is affected to 
some extent in summer, and the optimal distance between the building 
and hills needs to be investigated and selected. The results show that, in 
hilly terrains, regardless of whether the height of the hills is 50 m or 150 
m, when the distance between the building and the heel edge of the hills 
is one time the building height (i.e. 12 m), the building is able to avoid 
natural ventilation in winter to the maximum extent while minimizing 
summer ventilation. 

In future studies, more rural residential buildings can also be 
investigated nationwide to summarize more rural building design pat-
terns, optimize and improve various patterns based on CFD simulation 
methods, and provide more references for the natural ventilation design 
of rural buildings in different regions. On the other hand, rural resi-
dential buildings are usually surrounded by green trees, which at a 
certain height also have a considerable influence on the natural 

ventilation of the buildings. Therefore, it is also essential to carry out the 
subsequent studies on the optimal pattern of single-family residential 
buildings combined with green arboriculture in selected rural regions of 
Hunan Province. In addition, it is also important to consider some 
studies on the combination design methodologies of other energy saving 
technologies with different typologies of rural residential buildings. 
These effective measures could strengthen their natural ventilation ef-
ficiency and further improve the indoor thermal comfort, e.g. tunnel 
ventilation, Trombe curtain wall technologies, etc. 
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