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Abstract: Natural disasters, such as earthquakes, windstorms, and tsunamis, can occur all over the
world, and disasters caused by human factors, such as civil wars, are also a source of major disturbance.
The temporary rehousing of the population is a major problem when disasters occur. The installation
of the combination house is time consuming, and tents cannot be used in the event of strong rain
and wind; therefore, the container house is the most effective way of solving the rehousing problem.
Natural ventilation is the main factor affecting the indoor air quality, thermal comfort, and health inside
a container house, and solar radiation heat can also affect temperature changes inside. The air flow field
inside a dwelling is very complex, and its flow mode is affected by inlet wind speed, inlet temperature,
solar radiation heat, and the size of doors and windows, etc. In this paper, the influence of natural
ventilation on the ventilation inside container houses is analyzed. Assuming that there is complex
fluid motion in the activity space of the container house, it is not easy to use conventional methods to
predict the flow rate. Based on the correlation analysis motion between the corresponding internal
flow rates, the calculation and application method of flow is simplified from the results of the wind
speed coefficient obtained previously. In addition, an analysis of flow characteristics in the container
house is made; simulation analysis in the container house is made by carrying out the numerical
analysis of several factors, including velocity field and temperature field. The variation state of
the temperature of the environment and a numerical variation of the three-dimensional space are
obtained by numerical calculation; the standard k-ε turbulence model is adopted to describe the
turbulence phenomena of the fluid, and the mathematical model matched by B-spline surface is
used for data analysis through the surface algorithm in order to deal with complex simulation data.
The research results show that, regarding the influence of natural ventilation on container houses,
the ideal relative position of openings includes the combination of asymmetric windows, followed by
the central positioning of the door. The four-opening configurations, where better natural ventilation
performance can be achieved, are located at different diagonal positions. The average flow velocity
vector form, velocity amplitude, radiation temperature distribution, and the effect of the air volume
coefficient of temperature change are analyzed. The research results show that the design of container
houses can meet the requirements of air flow, such as the energy consumed by the thermal comfort
space. Measurements taken over time and algorithms can also check the residents’ indoor natural
ventilation and provide health care by the use of various sensors.
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1. Introduction

Natural disasters, such as the recent earthquake in Japan, often occur due to environmental
changes. When a disaster occurs, one important consideration is the rehousing of survivors. In recent
years, due to many major natural disasters, such as earthquakes, wind disasters, tsunamis, and so
on, a large amount of temporary accommodation has been required. Container houses (as shown in
Figure 1) can be used for temporary rehousing.
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In the indoor environment, natural ventilation is often used as a low-energy environmental
solution to improve indoor thermal comfort. In hot and humid tropical climates, natural ventilation is
particularly effective because it maintains a balanced indoor relative temperature and prevents indoor
stuffiness. Natural ventilation can be used as an effective way to significantly reduce the energy use of
air cooling systems in container houses by ventilation through open doors and windows. This also
provides natural ventilation and fresh air. Natural ventilation and heat dissipation design elements are
mostly ignored in modern planning and architectural design. Doors and windows can conveniently
provide the function of natural ventilation for heat dissipation, and ventilation is a natural mechanism
in the process of air exchange between indoor and outdoor spaces. In this article, many aspects
of ventilation, including turbulence effect, is analyzed, and simulation values are used to simulate
technology applications. According to the comparison in flow between numerical simulation and
measurement, the validity of the simplified estimation method is also verified.

1.1. Natural Ventilation, CFD (Computational Fluid Dynamics)

An average value was used to measure the result of the wind tunnel test LES (large eddy
simulation) based on internal velocity [1], the surrounding building model, and pressure distribution.
Three ventilation cases of the model were verified; namely, single and double-sided ventilation and
windward wall openings, leeward walls of openings for single-sided ventilation, and cross ventilation.
Research was conducted regarding these aspects. The CFD model is very sensitive to how boundary
conditions are set, and a simulated indoor and outdoor environment is needed to construct the model.
With efforts being made in this regard, the error value in the calculation of ventilation rate and
simulation analysis is less than 10%. The difference survey shows that the effect of natural ventilation
may be strengthened or interacted, and the wind speed analysis method, through a series of spatial
velocity patterns, is verified [2].

The linear regression analysis method is also verified. The ideal mixed ventilation, with an average
level of 56% being saved, is selected using the experiment method and through a case explanation [3].
Based on the related characteristics between corresponding internal pressure and flow velocity,
the estimation method of flow is simplified [4]. Based on the analysis of empirical data, a ventilation
tower with a domed roof is able to generate ACH (air change per hour, ACH) with extraction air
flow of 10,000 cubic m/r at an external wind speed of 0.1 m/s. If the experimental house has no wind
speed or natural ventilation tower, only cross-ventilation can be relied on, and the change of air is
only 7 ACH [5]. In terms of mass flow linearity of the speed change between window and indoor
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air, if the wind speed changes linearly, the distribution of the pressure coefficient indicates that the
ventilation inlet is of an appropriate type [6]. It is verified that energy saving has the same performance
to provide sufficient airflow velocity and acceptable thermal comfort, cross-reference is needed, so that
the performance of each ventilation strategy can become another solution, that is, ventilation aspects
can be selected or arranged in the design [7]. It is found from the result that the comfort time in summer
is expanded from 37.5% indoors to 56.3% in the laboratory. For a typical 5-kilowatt wall-mounted split
air conditioner, this extension can save about 2700 kilowatt-hours of electricity per residential unit per
hour over four months in summer [8].

The following conclusions are drawn from the research: (1) The ventilation rate is adjusted
according to the pressure difference along the opening height above the experimental confirmation
model and through the mean value and fluctuation calculated by opening. The pulsating flow of
ventilation rate fluctuation and vortex penetration are a combination. This survey adopts full spectrum
analysis to find vortex penetration effect, which is proven to be a major factor when the wind is parallel
and full open [9]. (2) The CFD simulation of single-sided natural ventilation confirms that the differences
between model prediction and CFD and experimental data all are less than 25%. (3) It is found from
this study that wind incidence angle is 0◦ when vortex penetration rate is zero because of zero parallel
velocity, the angle of low penetration rate is about 70◦, due to the lower absolute pressure coefficient.
The ventilation rate can make the increase of the opening with non-linear opening size being raised to
the ground decrease. It is found that the natural ventilation performance of two different parameters
(window position and building facing different directions) can have a positive effect, but does not
change the yield improvement of all input parameters, because the effect of backpressure changes in the
position of the door [10]. It is found that further experiments and numerical analyses in the study show
that the essential characteristics of air flow in the passage between buildings connecting the basement
can provide a function of sustainable development in ventilation design of the adjacent basement,
therefore, healthy environment is suitable for living. Solar chimneys are a good passive ventilation
strategy used to enhance natural ventilation and thermal comfort for occupants [11]. While some
studies have focused primarily on understanding heat transfer processes and fluid mechanics inside
ventilation chimneys, others have focused on flow performance and thermal conditions within the
auxiliary building [12]. In order to calculate the distribution ratio in thermal flux and heat, and for air
velocity and heat transfer rate in the design of such natural ventilation system [13]. CFD and standard
k−ε turbulence model are adopted. The model validation calculus shows the calculated results and
experimental measurements in the existing literature [14]. Heat distribution, proportion and increase of
two air flow rates and heat transfer coefficients are in a wide range, while cavity size and total heat
input, in general, are more evenly heat-distributed at the vertical inlet and outlet of the two space walls,
with larger flow rate, but smaller heat transfer coefficient [15]. Replacement of mechanical ventilation
and natural ventilation can reduce energy consumption by nearly 60% in summer. More energy can
be saved, which is achieved by automatic correlation and automatic control method between intake
and exhaust openings from one side and natural and mechanical ventilation systems from the other
side [16]. Through theoretical analysis and experimental research. Mixed ventilation with vertical
temperature distribution is predicted according to the theory of block model and the theory of natural
ventilation [17]. This generalized vertical temperature distribution is drawn from the theoretical model
of ventilation prediction of mixed atrium buildings. Suggested fresh air is provided under relatively
low external wind speed. These results indicate that the ventilation equipment system is a viable
alternative ventilation even in urbanized and shaded applications [18]. The main purpose of the study
is to establish a guide line to improve natural ventilation in the daytime [19]. A double-skin curtain wall
is built in the office, which determines the size of the necessary opening of the double windows to be
opened. The experiment confirms the rate of ventilation 4 ACH in each office and various wind speed
conditions. The study results show that natural ventilation increases the window-wall ratio by 0.24,
which greatly improves the indoor thermal conditions and the four horizontal sunshade devices needed
to further improve the indoor thermal comfort [20]. The study results show that in passive and potential
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use of the natural ventilation cooling system, the direction of air flow in the building in summer can
significantly improve the way of natural ventilation. According to the size ratios of 1:11:1.44 and 1:1.7
of three different geometric simulated buildings and the wind speed of 1–1.5 m/s, both the square and
the two rectangular buildings meet the requirements of indoor thermal comfort [21].

1.2. Solar Radiation

Calculated out surface solar radiation throughout Myanmar, and monthly average daily solar
radiation. Then the results are shown as solar resource mapping. Myanmar’s solar radiation is
mainly affected by topography and tropical monsoon climate [22]. With long-term annual average
solar radiation, it is found that it is 18.3 MJ/m on average throughout the regions of Myanmar.
The amount of radiation from the direct beam at the adjacent station is collected from the main
monitoring station, global level measurements and adjacent solar radiation station between 12:00 to
14:59 on 1 September 2010 [23]. The calculated value of the direct radiation is then compared with
the actually observed value.The radiation correlation coefficient (r), maximum correlation coefficient
(r) (0.96–0.99) and determination coefficient (R2) (0.92–0.98) of the global solar radiation per hour at
different locations and global solar radiation value per hour are predicted through the calculation
for quantitative evaluation [24]. The research of solar ultraviolet radiation time and spectra depends
on changes in a solar activity cycle [25]. Solar radiation was estimated in northern Malaysia in 2006.
The relationship between the average air temperature and the average sun radiation is linear, and the
value of R2 is 0.5593, which is quite good, and the change in the average temperature shows the average
solar radiation [26]. In terms of solar radiation data collected in Belgium, two surface incoming global
short-wave radiation products from different satellite application equipment (LSA-SAF and retrieval
CM-SAF) are assessed in accuracy for the first time [27]. put forward the collection and processing
of solar radiation and other meteorological data in the process of the actual measurement of solar
direct radiation in Abu Dhabi (24.43 N, 54.45 E) under the existing meteorological conditions [28].
The research results show that: (1) The radiation differences based on solar energy and based on direct
solar radiation have no statistical significance [29], and there is a strong linear correlation based on
total solar radiation; (2) The difference of average daily solar radiation of 12 in the growing season
varies from 0.08 to 13.28 MJ m2. (Adel) [30] The results obtained indicate a very high potential for
solar radiation, and an analysis of the slope in all Oman throughout the year is made. (Hüsamettin
Bulut 2004) [31] In the study, year-round daily solar radiation in seven provinces in southeastern
Anatolia Turkey is referred to in the tests by using at least 14 years of measurement data [32–34].
Different situations can be reviewed by adjusting the fan speed in the simulation model, and the
airflow characteristics can be determined by rotating the simulation model to evaluate thermal comfort
characteristics. When the ceiling fan circulates in the area, the thermal comfort is significantly enhanced.
By maintaining a reasonable level of thermal comfort, higher room temperature or higher thermal load
can be allowed, so that a sustainable environment can be maintained without affecting indoor thermal
comfort or energy efficiency [35–37].

2. Research Model

Natural ventilation is the simulation method for the verification of the container house, and the
model for establishing the actual simulation shown in Figure 2 [1,5] is the research model. And the
interior design of the container house is the design modeling of square windows and doors.
The container house is equipped with air inlet and outlet with eight different models, which requires
very long calculation time to simulate the authenticity. Therefore, there is a challenge, namely
minimizing computation time while maximizing accuracy [6]. The establishment of the model is based
on the natural ventilation of the container house. In order to simulate the flow field behavior close to
the actual space, the sizes of the simulated actual model established are 12.19 m × 2.44 m × 2.59 m
(length ×width × height), including the wall thickness of 0.1 m, as shown in Figure 2. As for the
thickness on the surface (wall) and under the ground, it does not need to be considered, because it does
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not have any influence on the flow field. The interior of the container house is designed with a square
window with the size of 67 cm × 67 cm (length × height), and the size of the door is 120 cm × 210 cm
(length × height), as shown in Table 1. In this study, the effect of natural ventilation openings on the
indoor wind field and radiation heat of the container house, and the air outlet and inlet taking the
window and the door of the container house as ventilation parts are taken as the setting of the openings.
Therefore, five parts are selected for the combination configuration of opening positions, including two
inlet windows, two outlet windows and the door as the ventilation opening which draws the wind into
the house. Through the combination of various opening positions, the simulation is made to compare
the changes of different opening positions to the internal temperature of the container house and to
evaluate the advantages and disadvantages of natural ventilation convection. The selected analysis
space has eight different changes. The opening positions of the container house are as shown in Figure 3
and Table 2. A total of 8 ventilation opening modules are designed for numerical simulation [21].
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Table 2. Size table of relative positions of window and door.

cm Window 1 Window 2 Window 3 Window 4 Door

Model-1 X80/Y0/Z95.5 X1060/Y0/Z95.5 X330/Y235/Z95.5 X810/Y235/Z95.5 X550/Y0/Z20
Model-2 X330/Y0/Z95.5 X810/Y0/Z95.5 X330/Y235/Z95.5 X810/Y235/Z95.5 X550/Y0/Z20
Model-3 X330/Y0/Z95.5 X810/Y0/Z95.5 X80/Y235/Z95.5 X1060/Y235/Z95.5 X550/Y0/Z20
Model-4 X80/Y0/Z95.5 X1060/Y0/Z95.5 X80/Y235/Z95.5 X1060/Y235/Z95. X550/Y0/Z20
Model-5 X80/Y0/Z95.5 X610/Y0/Z95.5 X80/Y235/Z95.5 X610/Y235/Z95.5 X940/Y0/Z20
Model-6 X80/Y0/Z95.5 X360/Y0/Z95.5 X80/Y235/Z95.5 X360/Y235/Z95.5 X940/Y0/Z20
Model-7 X80/Y0/Z95.5 X760/Y0/Z95.5 X80/Y235/Z95.5 X760/Y235/Z95.5 X940/Y0/Z20
Model-8 X430/Y0/Z95.5 X760/Y0/Z95.5 X430/Y235/Z95.5 X760/Y235/Z95.5 X940/Y0/Z20
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3. Research Methods

The air flow in the container room is a case of turbulence. The development of fluid mechanics
is still unable to master the phenomenon of turbulent flow completely. It must be simulated by
mathematical model. In this paper, one of the widely accepted modes—standard mode of turbulent
flow is used to correlate the flow and turbulent conditions. Apart from velocity and temperature, it
must first be emphasized that turbulent flow is the most common but also the most complex way of
fluid flow.

Assume that the calculated flow: The flow is stable, three-dimensional, viscous, turbulent,
incompressible, and with appropriate boundary conditions. The standard k-ε model is considered
to be an acceptable accurate simulation of the flow characteristics established by turbulent flow,
the numerical value has passed the systemic solution, the steps corresponding to the CFD system are
described below.

3.1. Governing Equation

Under the 3D Cartesian Coordinate, the governing equation has the form:

1. Continuity Equation:

∂u
∂x

+
∂v
∂y

+
∂w
∂z

= 0 (1)

2. Momentum Equation:

X direction:

∂u
∂t

+
∂(u2)

∂x
+
∂(uv)
∂y

+
∂(uw)

∂z
= −

1
ρ
∂P
∂x

+ v
[
∂2u
∂x2 +

∂2u
∂y2 +

∂2u
∂z2

]
(2)

Y direction:

∂v
∂t

+
∂(uv)
∂x

+
∂(v2)

∂y
+
∂(vw)

∂z
= −

1
ρ
∂P
∂y

+ v
[
∂2u
∂x2 +

∂2u
∂y2 +

∂2u
∂z2

]
(3)

Z direction:

∂w
∂t

+
∂(uw)

∂x
+
∂(vw)

∂y
+
∂(w2)

∂z
= −

1
ρ
∂P
∂z

+ v
[
∂2w
∂x2 +

∂2w
∂y2 +

∂2w
∂z2

]
(4)

3. Energy Equation:

∂T
∂t

+
∂(uT)
∂x

+
∂(vT)
∂y

+
∂(wT)
∂z

= α(
∂2T
∂x2 +

∂2T
∂y2 +

∂2T
∂z2 ) +

q
pCP

(5)

∂(ρφ)

∂t
+
∂(ρφu)
∂x

+
∂(ρφv)
∂y

+
∂(ρφw)

∂z
=

∂
∂x

(
Γ
∂φ

∂x

)
+

∂
∂y

(
Γ
∂φ

∂y

)
+
∂
∂z

(
Γ
∂φ

∂z

)
+ s (6)

Diffusive term, S Source term, ∂(ρφ)∂t unsteady term, when assuming steady state, this term is
not considered. Symbol φ with then u, v, w, k, ε dependent variables. Please refer to Table 3; Γ is
the diffusion system corresponding to the change, u, v, w Respectively x, y, z Velocity component
in direction.



Sustainability 2020, 12, 9845 7 of 28

According to the basic principle of the finite volume method, the required calculation space is
divided into many small control volumes. After the volume is divided, the equations of the mass,
energy, and dynamics of the carcass can be converted into the substitutional equations as follows:

∂
∂t

∫
v
(ρϕ)dV +

∫
A

⇀
n ·

(
ρϕ

⇀
V
)
dA =

∮
A

⇀
n ·

(
Γϕ∇ϕ

)
dA +

∫
V

Sϕ · dV (7)

Among them,
∮

A
⇀
n · (ρϕ

⇀
V)dA Convective term,

∮
A
⇀
n · (Γϕ∇ϕ)dA, Diffusive term,

∮
V Sϕ · dV

generation term.

Table 3. Comparison table.

Equation ψ
Continuity 1

X-momentum u
Y-momentum v
Z-momentum w

Energy I or T

3.2. Turbulent Mode

Turbulent flow causes mutual exchanges of momentum, energy and concentration change between
fluid media, and causes a lot of fluctuations, which are of small scale and high frequency. Therefore,
when turbulent flow is simulated, the control equation is first processed to filter out turbulent
components of very high frequency or very small scale. However, the modified equation may contain
variables unknown to us, and the turbulent flow model needs to use known variables to determine
these variables. In this study, when turbulent flow is simulated, the standard k−ε turbulent flow model
is selected to calculate the flow field.

3.3. Standard k−ε Disturbance Mode

The standard k−ε turbulent flow model adopted has become a major tool in turbulent flow
field calculation, because of its wide range of application and reasonable accuracy. The standard k−ε
turbulent flow model is a semi-empirical turbulent flow model. The transmission equations of turbulent
kinetic energy (k) determining turbulent flow transmission and dissipation rate (ε) are derived in the
following form mainly based on the basic physical control equation:

Turbulent kinetic energy equation (k)

∂
∂t
(ρk) +

∂
∂xi

(ρkui) =
∂
∂x j

[(
µ+

µt

σk

)
∂k
∂x j

]
+ Gk + Gb − ρε−YM (8)

Dissipating martingale equation (ε)

∂
∂t
(ρε) +

∂
∂xi

(ρεui) =
∂
∂x j

[(
µ+

µt

σε

)
∂ε
∂x j

]
+ C1s

ε
k
(Gk + C3εGb) −C2gρ

ε2

k
(9)

Dysentery (µt)

µt = ρCµ
k2

ε
(10)

In the equation Gk Represents the turbulent kinetic energy generated by the layer speed,
Gb Turbulent kinetic energy, YM Fluctuations due to excessive diffusion in compressible turbulence, σk
C1ε, C2ε and C3ε They are all experiences, and their recommended values are shown in Table 4.
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The k−ε model is an equation assuming that the field is completely turbulent and the molecular
viscosity can be ignored. Therefore, the standard k−εmodel has better results for the complete turbulent
field calculation.

Table 4. Normal system of standard k−ε turbulence model.

C1ε C2ε Cµ Ck Cε
1.44 1.92 0.09 1.0 1.3

3.4. Boundary Conditions

In this paper, the influence of solar radiation on the container house is discussed under the
environmental setting of the boundary conditions. Its main purpose is also to consider the environment
around the physical model and the physical phenomenon of the object. The most important thing is to
conform to the real physical phenomenon, otherwise the results of the overall simulation calculation
will be affected. The boundary of this case study includes: inlet boundary condition, outlet boundary
condition and wall boundary condition. As for simulating the thermal environment produced by the
actual sun on the container house, the influence of thermal radiation caused by solar rays entering the
computational domain is directly considered by using the conditions of longitude, latitude, time zone,
date, time and sunshine factor, etc. in the region of the literature, the sunshine factor of which is
the main factor to control the amount of solar radiation. [23–25]. Compared with the method of
directly giving constant temperature or constant heat flux on the boundary condition setting of the
building wall, the solar load model is closer to the actual thermal environment condition. The items
are described in Table 5 below:

Table 5. Details of simulated boundary conditions and calculation parameters.

ventilation Inlet boundary condition Input = opening width (m), air temperature: 25 ◦C/30 ◦C/35 ◦C/40◦C (◦C),
and inflow velocity:10 m/s

Outlet boundary condition No sliding condition

Outlet Outlet static pressure is 0

Wall, radiant surface speed Generalized record file method, no sliding condition

Solar axis radiation heat

In the literature, the maximum instantaneous radiant energy falling on
the surface during the summer heat can be estimated by 1041 W/m2

[22,23,31]. The surface temperature is determined on the solid surface,
and thermal equilibrium is simulated through radiation and conduction.
The convective heat transfer coefficient is fixed on the radiation surface:
1000.0 [W/(m2 ◦C)]

Humidity

Radiation surface: AH (absolute humidity) gives the corresponding
saturated vapor pressure, the surface temperature of the radiation cooling
surface is lower than the dew point temperature of air, water vapor
condensation occurs, in other cases, AH = 0. Humidity heat transfer
coefficient is calculated.

Surface emissivity Wall: 0.9, symmetric plane: 0.0

Grid system Grid: 560,000 control volumes with minimum control quantity of 1

4. Model Validation

In this study, for the comparison between the simulation result of the validation method and
the experimental result, available application program of reliable data for the ability to perform
validation calculus and for CFD accurate prediction of the form of indoor environment, Jiang et al.
conducted similar comparative experiments of numerical simulation results [1]. The cubic model
of wind tunnel experiment and the natural ventilation of the surrounding flow field are carried out.
The wind tunnel has a cross-section of 2 m and a height of 1 m wide. The maximum wind speed
in the tunnel is 12.0 m/s, and the time of its change measurement process is within 2%. The cube
model is a model with a central part of the vertical line 250 mm × 250 mm × 250 mm where each line
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has 18 measurement points to be measured. In this paper, it is revised that the actual model size is
12.19 m long × 2.44 m wide × 2.59 m high, the building in Figure 4 is simulated and compared with
the experimental results of Jiang [1] et al. It is found that the simulation results are consistent with the
experimental results in the wind speed measurement points in the symmetric part of the model in
the building, as shown in Figure 5. Figure 6 Status in the numerical range model of the central part,
the central part where the grid distribution lies and construction carried out on the grid plane where
the velocity is measured. The velocity is measured along the vertical line 10, and the measurement
range from the floor in the simulated pipeline is from 0 to the height of 2H. Figure 5 shows the positions
of these measurement lines. Figure 6 Status in the numerical range model of the central part and
grid distribution, and Figure 7 shows the experimental velocity components between the simulated
velocity components. The value analysis of the velocity components can include the upper central part
of the model from the vertical line. The experimental results and detailed numerical simulation are
compared. External and internal models of average velocity distribution are analyzed, including the
flow mode of wind speed on the model. Figure 6 shows the average velocity U/Uref, and compares the
distribution models of 9 upper central vertical lines V/Uref (U and V are average velocity respectively).
With the same air intake wind profile at Y-axis 3H, it is obvious that it can be known from simulated
results that the standard k−ε model generates matching.

Sustainability 2020, 12, x FOR PEER REVIEW 10 of 30 

`
X0

Z0
Y0

 
Figure 4. Simulation model for validation. 

H=235CM

-3H -H/2 H

H

0 H/2
H/4 3/4H

-H/25 H+H/25

2H

H+H/2 2H Y

Z

 
Figure 5. Wind velocity measurement points in the symmetric part of the model. 

 
Figure 6. Status in the numerical range model of the central part and grid distribution. 

U/Uref at Y = 3H U/Uref at Y = 2H U/Uref at Y = H/25 

   

  

Figure 4. Simulation model for validation.

Sustainability 2020, 12, x FOR PEER REVIEW 10 of 30 

`

X0

Z0
Y0

 
Figure 4. Simulation model for validation. 

H=235CM

-3H -H/2 H

H

0 H/2
H/4 3/4H

-H/25 H+H/25

2H

H+H/2 2H Y

Z

 
Figure 5. Wind velocity measurement points in the symmetric part of the model. 

 
Figure 6. Status in the numerical range model of the central part and grid distribution. 

U/Uref at Y = 3H U/Uref at Y = 2H U/Uref at Y = H/25 

   

  

Figure 5. Wind velocity measurement points in the symmetric part of the model.

Sustainability 2020, 12, x FOR PEER REVIEW 10 of 30 

`

X0

Z0
Y0

 
Figure 4. Simulation model for validation. 

H=235CM

-3H -H/2 H

H

0 H/2
H/4 3/4H

-H/25 H+H/25

2H

H+H/2 2H Y

Z

 
Figure 5. Wind velocity measurement points in the symmetric part of the model. 

 
Figure 6. Status in the numerical range model of the central part and grid distribution. 

U/Uref at Y = 3H U/Uref at Y = 2H U/Uref at Y = H/25 

   

  

Figure 6. Status in the numerical range model of the central part and grid distribution.



Sustainability 2020, 12, 9845 10 of 28

Sustainability 2020, 12, x FOR PEER REVIEW 10 of 30 

`

X0

Z0
Y0

 
Figure 4. Simulation model for validation. 

H=235CM

-3H -H/2 H

H

0 H/2
H/4 3/4H

-H/25 H+H/25

2H

H+H/2 2H Y

Z

 
Figure 5. Wind velocity measurement points in the symmetric part of the model. 

 
Figure 6. Status in the numerical range model of the central part and grid distribution. 

U/Uref at Y = 3H U/Uref at Y = 2H U/Uref at Y = H/25 

   

  

Sustainability 2020, 12, x FOR PEER REVIEW 11 of 30 

U/Uref at Y = H/4 U/Uref at Y = H/2 U/Uref at Y = 3/4H 

   

U/Uref ax Y = H + H/25 U/Uref ax Y = H + H/2 U/Uref ax Y = H + H 

  
 

V/Uref at Y = 3H V/Uref at Y = 2H V/Uref at Y = H/25 

 
 

 

  Figure 7. Cont.



Sustainability 2020, 12, 9845 11 of 28

Sustainability 2020, 12, x FOR PEER REVIEW 12 of 30 

V/Uref at Y = H/4 V/Uref at Y = 2H V/Uref at Y = H/25 

   

V/Uref at Y = H + H/25 V/Uref at Y = H + H/2 V/Uref at Y = H/H 

   

Figure 7. Average velocity U/Uref and V/Uref on 9 vertical boundary lines in the center of the model. 

5. Results and Discussion 

This study mainly discusses the indoor effects of natural ventilation on container houses and 
solar radiation on container houses to ensure the physical comfort of occupants of container houses. 
In terms of natural ventilation, four windows and one door are set up in eight models to study the 
ventilation effect, and the influence of natural ventilation flow field on solar radiation container house 
is analyzed. The flow field ventilation environment under the condition of natural ventilation needs 
to be predicted for the container house, and the natural ventilation wind speed is set to be 10 m/s. 
Then, indoor air flow field is analyzed, and solar radiant heat is discussed. In order to make 3D 
analysis as surface fitting, B-spline is used in this study as surface result analysis of fitting function. 

5.1. Container House Natural Ventilation Analysis 

Figure 8 shows the 3D surface analysis diagram of the flow distribution inside the container 
house. Under the condition of natural ventilation, air flows out from two windows, and the average 
velocity distribution along the XY plane is shown in Figure 8 (Velocity, flow and 3D distribution 
diagram). Obviously, the velocity in the container house is under the condition of high convective 
ventilation. It is anticipated that in case of outlet ventilation at the stable velocity state of the container 
house and under natural ventilation, the outlet ventilation is slightly higher than that at the inlet of 
the container house, wind velocity is too concentrated at air outlets of Model-5 and 8, thus high air 
volume is generated. While for Model-5–8, the surrounding part at the position of 1100 cm faces the 

Figure 7. Average velocity U/Uref and V/Uref on 9 vertical boundary lines in the center of the model.

5. Results and Discussion

This study mainly discusses the indoor effects of natural ventilation on container houses and solar
radiation on container houses to ensure the physical comfort of occupants of container houses. In terms
of natural ventilation, four windows and one door are set up in eight models to study the ventilation
effect, and the influence of natural ventilation flow field on solar radiation container house is analyzed.
The flow field ventilation environment under the condition of natural ventilation needs to be predicted
for the container house, and the natural ventilation wind speed is set to be 10 m/s. Then, indoor air
flow field is analyzed, and solar radiant heat is discussed. In order to make 3D analysis as surface
fitting, B-spline is used in this study as surface result analysis of fitting function.

5.1. Container House Natural Ventilation Analysis

Figure 8 shows the 3D surface analysis diagram of the flow distribution inside the container house.
Under the condition of natural ventilation, air flows out from two windows, and the average velocity
distribution along the XY plane is shown in Figure 8 (Velocity, flow and 3D distribution diagram).
Obviously, the velocity in the container house is under the condition of high convective ventilation.
It is anticipated that in case of outlet ventilation at the stable velocity state of the container house
and under natural ventilation, the outlet ventilation is slightly higher than that at the inlet of the
container house, wind velocity is too concentrated at air outlets of Model-5 and 8, thus high air volume
is generated. While for Model-5–8, the surrounding part at the position of 1100 cm faces the air vortex
from the wall. While the windows are under natural ventilation, simultaneous natural ventilation
inflow and outflow situations are allowed, therefore, due to the fact that each window is the same,
in the steady state, the inflow through windows 1 and 2 and the door should be exactly the same under
natural ventilation. However, the small difference in inflow is attributable to the discrete calculation,
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which leads to asymmetric truncation error in the computational domain. In terms of flow distribution
through the interior of the central container house along the YZ plane, it is observed by observing the
relatively high wind velocity zone that in the vertical surface of the upper wind, the velocity difference
in the container house is very large, and the flow quantity near the wall of the container house of
Model-4 (Figure 8d) is higher than that in the center.

Figure 8a shows that when the uniform distribution of the inflow velocity is 1.92 m/s and when
the maximum value of inflow average velocity is 5.12 m/s, the maximum wind velocity value of
the surface velocity distribution diagram is at the place of 610 cm, Figure 8b shows that when the
uniform distribution of the inflow velocity is 2.05 m/s and when the inflow average velocity is 4.52 m/s,
the maximum wind velocity value of the surface velocity distribution diagram is at the place of
610 cm, Figure 8c shows that when the uniform distribution of the inflow velocity is 1.49 m/s and
when the inflow average velocity is 4.75 m/s, the maximum wind velocity value of the surface velocity
distribution diagram is at the place of 610 cm, Figure 8d shows that when the uniform distribution of
the inflow velocity is 1.51 m/s and when the inflow average velocity is 5.275 m/s, the maximum wind
velocity value of the surface velocity distribution diagram is at the place of 610 cm, Figure 8e shows that
when the uniform distribution of the inflow velocity is 1.63 m/s and when the inflow average velocity is
4.46 m/s, the maximum wind velocity value of the surface velocity distribution diagram is at the place
of 824 cm, Figure 8f shows that when the uniform distribution of the inflow velocity is 1.75 m/s and
when the inflow average velocity is 4.84 m/s, the maximum wind velocity value of the surface velocity
distribution diagram is at the place of 392 cm, Figure 8g shows that when the uniform distribution of
the inflow velocity is 1.64 m/s and when the inflow average velocity is 4.95 m/s, the maximum wind
velocity value of the surface velocity distribution diagram is at the place of 808 cm, Figure 8h shows
that when the uniform distribution of the inflow velocity is 1.58 m/s and when the inflow average
velocity is 4.57 m/s, the maximum wind velocity value of the surface velocity distribution diagram
is at the place of 824 cm. It can be seen from Figure 8 that even if the inflow velocity distribution is
not uniform, there will be a uniform phenomenon in the flow distribution of each chamber, and the
peak value of the outlet side of the curved surface with high flow velocity will be on the high side,
which is a common phenomenon. When the inflow velocity distribution is uniform, with the velocity
surface distribution in Figure 8, the flow distribution in each chamber is more uneven compared with
the time when the inflow velocity distribution is uniform, this is because the uneven phenomenon
directly affected by the uneven distribution of air velocity leads to the uneven changes of wind velocity
backflow and pressure, that is, uneven changes of backflow pressure cause the nonuniformity of flow,
and the occurrence of the phenomenon of the flow with wind velocity pressure drop indicates that
the uneven distribution of the inflow velocity causes the uneven distribution of wind velocity and
flow in each chamber, and this uneven wind velocity phenomenon is more serious in the different air
inlet configuration, which will also cause the difference in the heat taken away at each velocity outlet,
this is consistent with the conclusion of Adamu [7]. Figure 8e, H shows the highest outlet velocity peak
value, while the inflow air velocity surface peak value is in low distribution, it will change the average
velocity of air inflow, and there will be a change in the reduction of heat exchange amount. When the
average velocity is less than 1.6 m/s in the figure, the decrease of heat exchange amount increases with
the increase of the average velocity, and the magnitude of increase is very big, this is because of the
average velocity distribution, and when the average value of the inflow velocity distributed is bigger
and bigger, the slope of the velocity surface distribution expression is bigger, namely, the bigger the
average velocity is, the more uneven the head-on wind velocity distribution is, and the amplitude of
attenuation is more and more gentle, this is because with the increase of the average velocity, the air
wind resistance becomes smaller and smaller.
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5.2. Analysis of Natural Ventilation Contour Plot of the Container House

Figure 9 shows the air velocity as the profile of the result. Eddy behavior can be seen by operating
the part of the inlet wind velocity distribution and from around the contour plot of the model of the
indoor air velocity distribution with the reference wind velocity of 10 m/s, because the air layer is
under natural ventilation, air viscosity and molecular attraction transfer to the air, the dense area in
Figure 9c Model 3 is at the place of the contour plot with the maximum velocity. But this velocity
increases the airflow in the direction of the air belt. Figure 9d as the opening and outlet of the container
house, the distance configuration between the two is increased, but the opening of one more door is
added between them, which significantly increases the wind velocity. Therefore, the potential wind
velocity realized by the entrance of the more concentrated container house as shown in Figure 9 is air
ventilation, and the indoor air velocity decreases with the increase of the window distance. Figure 9a
shows the possibility of maximum natural ventilation in the middle of the air velocity distribution
along the X-axis of the container house. To study the impact on the air, the indoor partition is here,
with only the simulation results of the container house, as shown in Figure 9. The more uniform
requirement for flow distribution of indoor air in both cases seems to be satisfied in part of most
container houses. The establishment of the air velocity distribution along the Z-axis in the middle
is compared in Figure 9. Figure 9 shows the case of the symmetrical parts of the eight models of the
airflow pattern. The airflow patterns of all models have different velocity directions, and there is the
shape of a large vortex at the place of 400 cm of the contour plot in Model-1 (Figure 9a), its position is
in the center of the house, although not always the same. Similar phenomenon is found in Model-12
and Model-3, but the flow patterns between completely different cases are obtained.

The result of the high air exchange rate between the container house and the supplied air, and the
mixed convection formed by the asymmetric open window from the configuration position of the
windows and door in Figure 9c Mode 3 affect the accelerated air supply, which extends all over the
entire indoor ventilation ultimately because of the action of inlet air pressure, therefore, the positions of
opening air supply and exhaust outlet are relatively important. In addition, the effect of recirculating
flow occurs due to the deceleration development on the right side near the door. Figure 9e,f,h show
that the natural wind on the left has a relatively low flow rate on the area on the right side of the air
supply and on the right side of the exhaust outlet. Therefore, because of the influence of the flow rate
of the air supply, the contour plot shows that the rest are almost the same.
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5.3. Analysis of Solar Radiation Thermal Field in the Container House

Four different temperature fields are mainly analyzed, namely 25◦, 30◦, 35◦ and 40◦, as mentioned
earlier, for the purposes of CFD simulating and predicting the air flow patterns in the container house.
The main concern is the air flow in the container house to explore the dynamic state of wind flow
under natural ventilation in order to obtain more information for the analysis of wind velocity affecting
the thermal field. Because of the complexity of the flow field of the container house, the position of
the entrance seems to affect the appropriate approach. Fresh air is provided to the container house,
and is located in the front through three openings. The radiant heat is received from the surface of the
container house, CFD boundary conditions are especially sensitive wind velocity flow, when the air
flow and unreasonable pressure distribution combination model are found, zero pressure boundary
conditions are defined as the computational domain of the side boundary and the upper boundary.

The optimal convective heat flux is the maximum value that the temperature difference between
the air supplied and the air change rate reaches in the middle position 600 cm, and the air supply
and discharge position is very important, meanwhile it affects the determination of radiation heat
distribution. In this case, at the center line air supply position, the optimal placement position for
exhaust is in Model 3 and Model 4. The reduction of convective heat flux makes the discharge be close
to 0–200 cm. Air temperature reduces, it may changes in a curved-surface manner as the surrounding
air temperature may increase, the surrounding surface temperature change is not conducive to natural
ventilation, so as to reduce the temperature of the indoor air, which will be a negative impact on
the temperature of the indoor air in ventilation. The following is a comparative difference diagram
between eight models at different temperatures.

The container house Model-1 Figure 10 shows that the maximum indoor temperature is 50.7 ◦C
due to the effect of solar radiation and ambient temperature 25 ◦C, while the temperature at the
middle position 600 cm is 36 ◦C. The effect of natural ventilation can be clearly seen, the convection
phenomenon in the container house can reduce the maximum temperature of the container house
under the solar radiation effect by about 15 ◦C, while the lowest indoor temperature can be maintained
at about 27 ◦C. The indoor ambient temperature rising to 30 ◦C will keep heat the surface of the
container house due to solar radiation, plus the surrounding ambient temperature factor, so that the
indoor temperature maintains at a stable state Figure 10b. However, when the ambient temperature
reaches 35 ◦C, the temperature field change will increase and be more intense in the central part,
therefore, the mass flow rate of the air outlet is more closely related, the temperature gradient change is
smaller, thus forming a three-dimensional curved surface distribution diagram of uneven temperature
field distribution direction (Figure 10c,d). Because the air outlet is located in the middle of the space
and the inlet is at the asymmetric position, it increases the chance that the cold air in this area will take
away the hot air from the inlet velocity. However, because of the configuration of the air inlet, the cold
air at the air outlet in the central area can have full cyclic action in the space, therefore, when the effect
of thermal energy (1000 w/m2) emitted by the solar radiation of the container house exerts an influence,
it is located in the central area, therefore, the mass flow rate of the air outlet is more closely related,
the temperature gradient change is smaller, thus forming an uneven temperature field distribution.

Figure 11a of the container house Model-2 shows that the maximum indoor temperature is 44.9 ◦C
due to the effect of solar radiation and ambient temperature of 25 ◦C. The temperature at the low
temperature position of 613cm is 27 ◦C, so that the maximum temperature of the container house
under the solar radiation effect can be reduced by about 18 ◦C. When the indoor ambient temperature
rises to 30 ◦C, the solar radiation continues to heat the surface of the container house, plus the ambient
temperature factor, the maximum indoor temperature can reach 51 ◦C Figure 11b. However, when the
ambient temperature reaches 35 ◦C and 40 ◦C, the change of the temperature field is relatively stable,
while from 100 cm to the part located in the central area, there is a small temperature gradient change,
800–1000 cm forms an uneven temperature field distribution as shown in Figure 11c,d. Since the air
inlet and outlet configurations are both located in the middle of the space, the cold air in this area is too
concentrated so as to affect the flow rate to take away the hot air on both sides of the space, so the mass
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flow rate at the air outlet is more related, and there is a relatively small temperature gradient change,
which forms the condition to influence two lateral uneven temperature field distribution. When the
ambient temperature reaches 40 ◦C, the indoor ambient temperature rises to 63 ◦C.
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Figure 12 of the container house Model-3 shows that the maximum indoor temperature is 43.9 ◦C
due to the effect of solar radiation and ambient temperature of 25 ◦C; the low temperature is 26 ◦C at
the window position of 584 cm, the temperature difference is about 18 ◦C, when the indoor ambient
temperature rises to 30 ◦C, the solar radiation continues to heat the surface of the container house,
plus the ambient temperature factor, the maximum indoor temperature can reach 48.9 ◦C as shown in
Figure 12b. When the ambient temperature reaches 35 ◦C, the change of temperature field is similar to
that at 30 ◦C, but the maximum indoor temperature reaches 52.8 ◦C, the highest temperature is located
in the area of 900 cm, but when the environment temperature reaches 40 ◦C, uniform temperature field
distribution is as shown in Figure 12d, and indoor temperature falls below 60 ◦C, the temperature is
lower than other temperature field. The model is located in the middle of the space due to the air inlet
configuration, the asymmetric fluid flows on both sides of the container house at the outlet, so the cold
air can effectively take away the radiant heat in the space. The mass flow rate of some air inlet in the
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central area has bigger high pressure wind velocity relationship, which results in a relatively uniform
temperature field distribution.
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In Figure 13d of the container house Model-4, the model is located in the position between the two
sides of the space due to the air inlet configuration. The inlet and outlet run from opposite directions,
which leads to the wind velocity moving directly from the inlet to the outlet, so the cold air is unable
to effectively take away excess radiant heat, forming an uneven temperature field distribution in the
middle of the container house. The maximum indoor temperature is 58.6 ◦C due to the effect of solar
radiation and ambient temperature of 40 ◦C, the indoor temperature is lower than other models, but the
intermediate temperature is in the high environment, which affect the area where people often carry
out activities.

Figure 14 of the container house Model-5 shows that the change in the air inlet position of the
door results in that the maximum indoor temperature has reached 52 ◦C as shown in Figure 14a due to
the effect of solar radiation and ambient temperature of 25 ◦C, when compared with the positions of
the aforementioned four doors in the middle. However, when the ambient temperature reaches 40 ◦C,
the temperature of the temperature field changes to 67.47 ◦C, the temperature reaches the highest
in the area of 900 cm, and there is also a larger temperature gradient change, forming an uneven
temperature field distribution as shown in Figure 14d. Since the position of the most important door
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inlet configuration changes to the right side of the space, the cold air on the left side of the area can
not effectively take away solar radiation heat in the space. Therefore, when the ambient temperature
reaches 40 ◦C, the indoor ambient temperature will rise to 67.7 ◦C.
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Figure 15 of the container house Model-6 shows that the change in the air inlet position of
window 4 affects the change of the whole temperature field, which results in that the maximum indoor
temperature has reached 51.25 ◦C as shown in Figure 15a due to the effect of solar radiation and
ambient temperature of 25 ◦C. When the ambient temperature reaches 35 ◦C and the temperature
field changes, the temperature field discharges air by shifting from the left side to the right side along
window 4. Figure 15c clearly shows that the temperature gradient belt shifts from the position of
270 cm with temperature of 36 ◦C to the position of 870 cm with temperature of 37 ◦C.

Figure 16 of the container house Model-7 shows that the maximum indoor temperature is 53.4 ◦C
due to the effect of solar radiation and ambient temperature of 25 ◦C. With the change in the air inlet
position of window 2, asymmetry of the window and and effect of the wind on the cross-flow velocity,
the effect of natural ventilation can be clearly seen. The convective phenomenon in the container house
makes the maximum temperature reduce by 4 ◦C when the container house under the effect of solar
radiation and the ambient temperature of 40 ◦C in Figure 14d of Model-6 are compared. However,



Sustainability 2020, 12, 9845 20 of 28

the effect of the window opening size and Models 1–4 can not effectively take away radiant heat from
the indoor air flow in the central area, so the air outlet and mass flow rate are more related, and there
is a smaller temperature gradient change, forming more uniform temperature field distribution in
the middle.
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Figure 17 of the container house Model-8 shows that as the air outlet configuration is located on
the right side of the space, resulting in the problem of excessive concentration of cold air in the entry
area. When the ambient temperature is 40 ◦C, the highest indoor temperature in the eight models
reaches as high as 78.04 ◦C, so the air inlet configuration influence factor is very high, the cold air can
fully circulate in the space, the air inlet and outlet of natural ventilation are very important influence
factors, and the asymmetric opening produces cross air flow, which can form a uniform distribution of
temperature field. And the eddy current also has considerable effect on the entire indoor air flow of
the container house, so the effect of natural ventilation is obvious.
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5.4. Comparative Curve Analysis of Solar Radiant Heat in the Container House

These eight sets of CFD models seem to provide reasonable flow patterns and container house
temperature distribution characteristics. The values of velocity and temperature range are different
from each other. In order to fit the comparison in the airflow rate in the container house and the
combined model between the two speed and temperature modes. These conditions determine the
flow pattern and the temperature distribution in the space. The optimal thermal convection flux is the
maximum temperature difference between the solar radiant heat and the supply air and the rate of
air.change reaching its maximum value. On the other hand, as shown in Temperature Comparison
Curve Chart in Figure 18, in this case, natural ventilation takes away the heat in the middle, and air
exhaust can be anywhere. For this question, Figure 18 shows the results, so the temperature curves
close to 200 cm on the right and 1000 cm on the left are ignored.
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5.5. Analysis of Temperature Change and Wind Velocity Change in the Container House

To understand whether the wind velocity has an effect under the temperature change, the total
exhaust air volume of the air outlet is measured, and the measurement of the direction of the air flow
changes from the same wind velocity and temperature and from 25 to 40 ◦C. During the measurement,
the indoor air flow velocity is also relatively increased due to changes in temperature, Model 5 with
temperature of 40 ◦C increases wind velocity by 7.02 m/s as shown in Figure 19 The items are described
in Table 6 below:
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Table 6. Temperature change flow chart.

Model-1 Model-2 Model-3 Model-4 Model-5 Model-6 Model-7 Model-8

Air volume at 25 ◦C 6.79 6.34 6.82 6.78 6.33 6.54 6.64 6.33

Air volume at 40 ◦C 6.93 6.43 6.89 6.95 7.02 6.63 6.69 6.42

Natural ventilation in the Y direction with an indoor air velocity distribution of 10 m/s generally
meets the requirements of thermal comfort for all eight models, especially for model 3, which has a
relatively high average natural ventilation, air flows from the inlet to the indoor air. The requirements
of thermal comfort of all models in velocity distribution are met. The average value of air velocity can
be easily seen, assuming that the configured inlet may increase the indoor air velocity and extend the
thermal comfort time under the influence of solar radiant heat. Formulated air velocity and radiant
heat and validated CFD are the main tools of the container house. The indoor air velocity is used to
calculate the air flow effect of these velocities under 8 different model conditions so as to improve the
operating temperature change in the container house, while the relatively high indoor air velocity in
the container house can enhance the thermal comfort. However, this natural ventilation method can
not provide the thermal comfort of the container house under high ambient temperature. In real life,
more container houses will be connected to the parallel mode of concentration, so the air velocity in
the container house will almost certainly decrease. Under the future study on ventilation of container
houses, a centralized container house study will be conducted to conduct the optimal configuration and
take into account the optimal ambient temperature time. Finally, natural ventilation is the most efficient
ventilation system with 100% energy saving. If it can be applied, it has the most environment-friendly
effect on earth.

6. Conclusions

This study analyzes the natural ventilation of container houses. Container houses are temporary
homes in the event of disasters, which can provide people with a simple living environment in a
naturally ventilated environment. Further research is carried out to change the door and window
dimensions by adding some air inlet and outlet sections. The effects of air movement and solar radiant
heat in the container house at different air inlet configuration positions are discussed. The purpose of
this study is to investigate whether the position of the opening of the container house can improve
natural ventilation. The methods adopted are CFD simulation of eight basic models and solar radiation
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under four ambient temperatures, and are compared with relevant literature for verification. Parameter
studies include air change rate, wind velocity, wind distribution and its homogeneity. The results of
this study are shown below:

I. The experimental results, which are quite close to the CFD prediction, confirm that the eight models
form a good prediction of the simple configuration of the container house and indoor airflow.

II. In terms of the ventilation and indoor airflow patterns under different configurations of windows
and doors, the effect of model 3 is the best, and this effect is very significant. In terms of indoor
wind velocity, under the asymmetry of wind velocity of asymmetric windows, and under the
comparison with the thermal effects taken away by ventilation and airflow, the gaps of air quality
and thermal comfort are shown by the analysis model. When the volumes of the container houses
are the same and the velocity is consistent with the solar radiant heat, there is a 10% gap in the
maximum flow velocity between the models.

III. Temporary use of container houses plays an important role in this study. When the ambient
temperature increases, the airflow velocity of natural ventilation increases, and the effect of
the window configuration position is seen, indoor airflow depends on various parameters
and characteristics of the incoming air flow, therefore, when the indoor airflow is analyzed,
many design changes are also analyzed at the same time, such as the potential of natural ventilation
and cooling temperature field.

IV. It is found from the study that the wind velocity at the window outlet can also be increased by the
natural ventilation of the door at the entrance, which can increase the natural ventilation velocity
of the outlet window, and the airflow generated by the door ventilation opening in the house can
take away a large amount of radiant heat air movement.

V. The study results show that the configuration position of the inlet and outlet sections of the
container house can improve the efficiency of natural ventilation, so the results show that when
the temperature is 25 degrees, the indoor thermal environment temperature at the central position
of model 3 decreases the benefit by 35% that of model 8, which can illustrate that 300 cm–900 cm
is the optimal position for thermal comfort in the activity area of the container house.

VI. Among various types of container houses, model 3 can achieve the optimal effect, its sunshine
environment is 1041 W/m2, while the living environment temperature in container houses is
within 45 ◦C, which is acceptable to the human body.

This paper is about the study on the effects of solar radiation on different container house models,
and the solar radiant heat carried away by the airflow generated by natural wind in the house is
calculated. Based on fluid dynamics, the system characteristics with complexity and natural ventilation
are analyzed to establish a complete understanding of airflow through multiple windows. This study
has found that in various cases, the natural ventilation effect of the openings of the asymmetric window
with better performance in various aspects is the best. This study can help solve the housing problem
most effectively when disasters occur, and can also let relevant design units understand the prediction
effect of indoor airflow in container houses.

Sustainability is a design method that can be used to save energy, water resources, and building
materials to avoid pollution to the interior and exterior of the building. It is called green design to
create an ideal ecological environment.

Author Contributions: The author contributed to the paper. H.-H.L. Collects and organizes data and acts as
the corresponding author, J.-H.C. and the authors propose methods. All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the Ministry of Science and Technology of the Republic of China under
grant MOST 109-2511-H-992-001.

Conflicts of Interest: The authors declare no conflict of interest.



Sustainability 2020, 12, 9845 27 of 28

References

1. Yi, J.; Donald, A.; Huw, J.; Rob, A.; Chen, Q. Natural ventilation in buildings: Measurement in a wind tunnel
and numerical imulation with large-eddy simulation. J. Wind Eng. Ind. Aerodyn. 2003, 91, 331–353.

2. Allocca, C.; Chen, Q.; Leon, R. Glicksman Design analysis of single-sided natural ventilation. Energy Build.
2003, 35, 785–795. [CrossRef]

3. Menassa, C.C.; Taylor, N.; Nelson, J. Optimizing hybrid ventilation in public spaces of complex buildings e A
case study of the Wisconsin Institutes for Discovery. Build. Environ. 2013, 61, 57–68. [CrossRef]

4. Kobayashi, T.; Chikamoto, T.; Osada, K. Evaluation of ventilation performance of monitor roof in residential
area based on simplified estimation and CFD analysis. Build. Environ. 2013, 63, 20–30. [CrossRef]

5. Lim, C.H.; Omidreza, S.; Sulaiman, M.Y.; Kamaruzzaman, S.M. Empirical study of a wind-induced natural
ventilation tower under hot and humid climatic conditions Sopian. Energy Build. 2012, 52, 28–38.

6. Bangalee, M.Z.I.; Lin, S.Y.; Miau, J.J. Wind driven natural ventilation through multiple windows of a building:
A computational approach. Energy Build. 2012, 45, 317–325. [CrossRef]

7. Adamu, Z.A.; Price, A.D.F.; Cook, M.J. Performance evaluation of natural ventilation strategies for hospital
wards e A case study of Great Ormond Street Hospital. Build. Environ. 2012, 56, 211–222. [CrossRef]

8. Prajongsan, P.; Sharples, S. Enhancing natural ventilation, thermal comfort and energy savings in high-rise
residential buildings in Bangkok through the use of ventilation shafts. Build. Environ. 2012, 50, 104–113.
[CrossRef]

9. Wang, H.; Chen, Q. A new empirical model for predicting single-sided, wind-driven natural ventilation in
buildings. Energy Build. 2012, 54, 386–394. [CrossRef]

10. Gao, C.F.; Lee, W.L. Evaluating the influence of openings configuration on natural ventilation performance
of residential units in Hong Kong. Build. Environ. 2012, 46, 961–969. [CrossRef]

11. Bu, Z.; Kato, S.; Takahashi, T. Wind tunnel experiments on wind-induced natural ventilation rate in residential
basements with areaway space. Build. Environ. 2012, 45, 2263–2272. [CrossRef]

12. Khanal, R.; Lei, C. Solar chimney—A passive strategy for natural ventilation. Energy Build. 2011, 43, 1811–1819.
[CrossRef]

13. Gan, G. General expressions for the calculation of air flow and heat transfer rates in tall ventilation cavities.
Build. Environ. 2011, 46, 2069–2080. [CrossRef]

14. Cheung, J.O.P.; Liu, C.H. CFD simulations of natural ventilation behaviour in high-rise buildings in regular
and staggered arrangements at various spacings. Energy Build. 2011, 43, 1149–1158. [CrossRef]

15. Gan, G. Impact of computational domain on the prediction of buoyancy-driven ventilation cooling. Build. Environ.
2010, 45, 1173–1183. [CrossRef]

16. Olivera, E.D.; Topisirovic, G. Energy efficiency optimization of combined ventilation systems in livestock
buildings. Energy Build. 2010, 42, 1165–1171.

17. Wang, X.; Huang, C.; Cao, W. Mathematical modeling and experimental study on vertical temperature
distribution of hybrid ventilation in an atrium building. Energy Build. 2009, 41, 907–914. [CrossRef]

18. Hughes, B.R.; Abdul Ghani, S.A.A. Investigation of a windvent passive ventilation device against current
fresh air supply recommendations. Energy Build. 2008, 40, 1651–1659. [CrossRef]

19. Gratia, E.; Herde, A.D. Guidelines for improving natural daytime ventilation in an office building with a
double-skin facade. Sol. Energy 2007, 81, 435–448. [CrossRef]

20. Wang, L.; Wong, N.H. The impacts of ventilation strategies and facade on indoor thermal environment for
naturally ventilated residential buildings in Singapore. Build. Environ. 2007, 42, 4006–4015.

21. Tahir, A.; Osman, Y. Investigating the potential use of natural ventilation in new building designs in Turkey.
Energy Build. 2006, 38, 959–963.

22. Janjai, S.; Itsara, M.; Jarungsaeng, L. Satellite-derived solar resource maps for Myanmar. Renew. Energy 2013,
53, 132–140. [CrossRef]

23. Ramkumar, J.; Douglas, L.M. Temporal and Spatial Variations of the Solar Radiation Observed in Singapore.
Energy Procedia 2012, 25, 108–117.

24. Pramod, K.P.; Michelle, L.S. A new method to estimate average hourly global solar radiation on the horizontal
surface. Atmos. Res. 2012, 114, 83–90.

25. Matthew, T.D.; Richard, P.C. Solar UV variations during the decline of Cycle 23. J. Atmos. Sol. Terr. Phys.
2012, 77, 225–234.

http://dx.doi.org/10.1016/S0378-7788(02)00239-6
http://dx.doi.org/10.1016/j.buildenv.2012.12.009
http://dx.doi.org/10.1016/j.buildenv.2013.01.018
http://dx.doi.org/10.1016/j.enbuild.2011.11.025
http://dx.doi.org/10.1016/j.buildenv.2012.03.011
http://dx.doi.org/10.1016/j.buildenv.2011.10.020
http://dx.doi.org/10.1016/j.enbuild.2012.07.028
http://dx.doi.org/10.1016/j.buildenv.2010.10.029
http://dx.doi.org/10.1016/j.buildenv.2010.04.009
http://dx.doi.org/10.1016/j.enbuild.2011.03.035
http://dx.doi.org/10.1016/j.buildenv.2011.04.014
http://dx.doi.org/10.1016/j.enbuild.2010.11.024
http://dx.doi.org/10.1016/j.buildenv.2009.10.023
http://dx.doi.org/10.1016/j.enbuild.2009.03.002
http://dx.doi.org/10.1016/j.enbuild.2008.02.024
http://dx.doi.org/10.1016/j.solener.2006.08.006
http://dx.doi.org/10.1016/j.renene.2012.11.014


Sustainability 2020, 12, 9845 28 of 28

26. Ibrahim, S.; Daut, I.; Irwan, Y.M.; Irwant, M.; Gomesh, N.; Razliana, A.R.N. An Estimation of Solar Radiation
using Robust Linear Regression Method. Energy Procedia 2012, 18, 1413–1420. [CrossRef]

27. Journée, M.; Bertrand, C. Improving the spatio-temporal distribution of surface solar radiation data by
merging ground and satellite measurements. Remote Sens. Environ. 2010, 114, 2692–2704. [CrossRef]

28. Islam, M.D.; Alili, A.A.; Kubo, I.; Ohadi, M. Measurement of solar-energy (direct beam radiation) in Abu
Dhabi, UAE. Renew. Energy 2010, 35, 515–519. [CrossRef]

29. Hu, L.; Yan, B.; Wu, X.; Li, J. Calculation method for sunshine duration in canopy gaps and its application in
analyzing gap light regimes. For. Ecol. Manag. 2010, 259, 350–359. [CrossRef]

30. Gastli, A.; Charabi, Y. Solar electricity prospects in Oman using GIS-based solar radiation maps. Renew. Sustain.
Energy Rev. 2010, 14, 790–797. [CrossRef]

31. Bulut, H. Typical solar radiation year for southeastern Anatolia. Renew. Energy 2004, 29, 1477–1488. [CrossRef]
32. Zhou, P.; Qian, W.H. Adding draft angle to B-spline and NURBS surfaces. Comput. Aided Des. 2012, 44, 617–625.

[CrossRef]
33. Jala, A.; Kamal, S.; Kim, D. Depth Silhouettes Context: A new robust feature for human tracking and activity

recognition based on embedded HMMs. In Proceedings of the 12th International Conference on Ubiquitous
Robots and Ambient Intelligence (URAI), Goyang, Korea, 28–30 October 2015; pp. 294–299. [CrossRef]

34. Jalal, A.; Kim, J.T.; Kim, T.S. Development of a life logging system via depth imaging-based human activity
recognition for smart homes. Proc. Int. Symp. Sustain. Healthy Build. 2012, 19, 91–95.

35. Lu, H.P.; Lin, H.H. Exploring the Impact of Intuitive Thinking on Creativity with Gray Relational Analysis.
Sustainability 2020, 12, 2989. [CrossRef]

36. Lin, H.H. Improvement of Human Thermal Comfort by Optimizing the Airflow Induced by a Ceiling Fan.
Sustainability 2019, 11, 3370. [CrossRef]

37. Lin, H.H.; Cheng, J.H.; Chen, C.H. Application of Gray Relational Analysis and Computational Fluid
Dynamics to the Statistical Techniques of Product Designs. Symmetry 2020, 12, 227. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.egypro.2012.05.157
http://dx.doi.org/10.1016/j.rse.2010.06.010
http://dx.doi.org/10.1016/j.renene.2009.07.019
http://dx.doi.org/10.1016/j.foreco.2009.10.029
http://dx.doi.org/10.1016/j.rser.2009.08.018
http://dx.doi.org/10.1016/j.renene.2004.01.004
http://dx.doi.org/10.1016/j.cad.2012.02.010
http://dx.doi.org/10.1109/URAI.2015.7358957
http://dx.doi.org/10.3390/su12072989
http://dx.doi.org/10.3390/su11123370
http://dx.doi.org/10.3390/sym12020227
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Natural Ventilation, CFD (Computational Fluid Dynamics) 
	Solar Radiation 

	Research Model 
	Research Methods 
	Governing Equation 
	Turbulent Mode 
	Standard k- Disturbance Mode 
	Boundary Conditions 

	Model Validation 
	Results and Discussion 
	Container House Natural Ventilation Analysis 
	Analysis of Natural Ventilation Contour Plot of the Container House 
	Analysis of Solar Radiation Thermal Field in the Container House 
	Comparative Curve Analysis of Solar Radiant Heat in the Container House 
	Analysis of Temperature Change and Wind Velocity Change in the Container House 

	Conclusions 
	References

