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Abstract: With frequent outbreaks of COVID-19, the rapid and effective construction of large-space
buildings into Fangcang shelter hospitals has gradually become one of the effective means to control
the epidemic. Reasonable design of the ventilation system of the Fangcang shelter hospital can
optimize the indoor airflow organization, so that the internal environment can meet the comfort of
patients and at the same time can effectively discharge pollutants, which is particularly important
for the establishment of the Fangcang shelter hospital. In this paper, through the reconstruction of
a large-space gymnasium, CFD software is used to simulate the living environment and pollutant
emission efficiency of the reconstructed Fangcang shelter hospital in summer under different air
supply temperatures, air supply heights and exhaust air volume parameters. The results show that
when the air supply parameters are set to an air supply height of 4.5 m, an air supply temperature of
18 ◦C, and an exhaust air volume of a single bed of 150 m3/h, the thermal comfort can reach level I,
and the ventilation efficiency for pollutants can reach 69.6%. In addition, the ventilation efficiency
is 70.1% and 70.3% when the exhaust air volume of a single bed is continuously increased to 200
and 250 m3/h, which can no longer effectively improve the pollutant emission and will cause an
uncomfortable blowing feeling to patients.

Keywords: CFD simulation; ventilation system; Fangcang shelter hospital; airflow organization;
thermal comfort; pollutant emission

1. Introduction

The outbreak of COVID-19 has had a direct and devastating impact on the global
economy [1] and has posed an unprecedented challenge to the medical system around the
world [2]. At the beginning of 2022, COVID-19 broke out repeatedly in various places, and
Shanghai became the city with the largest population infection scale. In order to effectively
control the epidemic, the Shanghai Epidemic Prevention and Control Headquarters dis-
patched the national emergency medical rescue team and medical teams from all over the
country to Shanghai and organized the establishment of a shelter hospital [3]. The purpose
of establishing the Fangcang shelter hospital was to centralize the management of patients
and prevent the spread of disease [4]. Secondly, it is necessary to avoid some patients with
basic diseases being isolated at home alone, lacking medication and professional medi-
cal facilities, thereby increasing the severity of virus infection [5]. The Fangcang shelter
hospital is a new type of public health project, which provides medical treatment, disease
monitoring, food and social activities for patients with infectious diseases. It was first
proposed and implemented by China in February 2020 [6]. Due to the long-term existence
and multiple variations of COVID-19, its infectivity has been greatly enhanced, the number
of infected people has grown extremely fast, and the demand for Fangcang shelter hospitals
has risen significantly, which has also led to the improvement and updating of the design
guidelines of shelter hospitals, so as to achieve the standardization and rationalization of
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the design of shelter hospitals [7]. Therefore, in order to meet the growing isolation needs
of infected people, the exhibition hall, gymnasium and other large spaces have become the
reconstruction objects of the Fangcang shelter hospital. COVID-19 is mainly transmitted
through the respiratory tract, so it is necessary to focus on the control of infectious sources
and maintain high indoor air quality. Therefore, the transformation of the ventilation
system in the Fangcang shelter hospital is an extremely important part of the construction
of the Fangcang shelter hospital [8].

Shanghai is located in the eastern coastal area of China and has a subtropical monsoon
climate. The precipitation in Shanghai from May to September is about 60% of the whole
year, especially from July to August: it is a summer drought. The climate is humid and hot,
so the requirements for the ventilation system are particularly strict. As the outbreak of the
epidemic in Shanghai occurred in March, when the weather is relatively cool, so it is only
necessary to meet the indoor environment requirements through mechanical ventilation
and natural air supplement temporarily. However, with the increase in time, the arrival of
the plum rain season and summer drought weather, the air-conditioning fresh air system
must be used to ensure the comfort of indoor personnel. As for the design of the ventilation
system, the Fangcang shelter of the Shanghai World Expo Hall was rebuilt in the form of
a cloth bag air duct, and the temperature in the lower area is almost not stratified, and
the distribution is relatively uniform [9,10]. The tuyere of the Beijing Capital Gymnasium
combines slot tuyere and shutter tuyere, and uses valves to switch tuyeres, so as to meet
various wind speed requirements [11]. In the Tokyo Metropolitan Gymnasium, Japan, the
air conditioning is divided into three areas to refine the air conditioning, which can meet
the needs of the spectators and the competition site at the same time. At the same time, the
side-air supply mode is used to supply air to the auditorium area, so that the temperature
distribution of the auditorium is uniform [11].

CFD technology is currently widely used in mechanical engineering, energy, and
environmental fields. In the field of mechanical engineering, CFD technology can be
used to simulate the flow of fluids through blades, pumps, fans, and other mechanical
components, improving their performance and efficiency. Nan Wang et al. [12] applied
effective artificial intelligence algorithms to centrifugal pumps, and analyzed and optimized
them through CFD to improve their performance. In the field of energy, CFD technology
can be used to simulate the flow of fluids and energy conversion processes in gas turbines,
turbines, generators, and other energy conversion devices. Yeop Kim et al. [13] designed
a transcritical cycle radial inflow turbine for geothermal power generation systems and
evaluated the performance of the designed turbine using CFD to obtain design parameters
to improve turbine efficiency. In the environmental field, CFD technology can be used
to simulate the motion and distribution of fluids and pollutants in air, water, soil, and
ocean environments. Bay Ezgi et al. [14] used CFD technology to evaluate the natural
ventilation strategy of historical buildings in hot and humid climates. GonKim et al. [15]
and Fathollahzadeh MH et al. [16] used CFD technology to study the airflow organization
under the floor air supply of large-space buildings, and obtained the optimal parameter
scheme through the analysis of the temperature field and velocity field. Ascione Fabrizio
et al. [17] used CFD to simulate the campus of the University of Camposo in Italy, and
studied the operation mode of the air-conditioning system in the safety classroom of the
teaching building for disease infection and transmission. Zhao et al. [18] used CFD to
simulate the diffusion of oral droplets carrying respiratory infectious viruses under different
ventilation times, and obtained that most of the droplets can be discharged under sufficient
indoor ventilation, thus effectively maintaining a relatively healthy indoor air environment.
It is pointed out that fresh air should be used as much as possible and the air exchange
rate should be increased if conditions permit. Li et al. [19] took a gymnasium project in
Harbin as an example, and simulated the environment through CFD. The results showed
that the project feasibility of transforming the existing gymnasium into a Fangcang shelter
hospital provided a certain degree of theoretical support for the Fangcang shelter hospital
transformation project.
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The research on airflow organization in Fangcang shelter hospitals is targeted, and
personnel comfort and pollutant control should be considered at the same time. At present,
some scholars have designed and studied the ventilation system of the Fangcang shelter
hospital, including the research on the comfortable environment of personnel, as well
as the research on pollutant emission. Pradip Aryal et al. [20] analyzed the impact of
a partition wall on thermal comfort during air-conditioning operations in large-space
buildings through CFD simulation. Xia et al. [21] concluded by comparing the ventilation
forms and airflow organization of different gyms that setting an exhaust under the hospital
bed while supplying fresh air at the upper part can effectively avoid the intrusion and
threat of viruses. Wang et al. [22,23] conducted a simulation study in the sickbed area of the
Wuhan Dahuashan Fangcang Shelter Hospital. The phenomenon of thermal stratification
and poor ventilation increased the risk of infection due to the accumulation of pollutants
exhaled by patients, and baffles were used to solve the air seepage velocity near the make-
up air inlet. Following China’s successful experience in building Fangcang shelter hospitals,
other countries began to establish Fangcang shelter hospitals and carry out research. For
example, the 627th field hospital in the United States transformed from the activity center,
the Garvitz field hospital transformed from the conference center, and the Spanish Madrid
shelter hospital transformed from the convention center [24–26]. Machida et al. [27] found
in the simulation test that the diffusion of tuberculosis bacteria after using the radiation air-
conditioning system will be much less than that of the convection air-conditioning system.
In addition, increasing the distance between beds and heightening the isolation wall can
effectively prevent cross-infection [28]. Liu et al. [29] found that the indoor temperature
and humidity will affect the indoor propagation of droplets with different particle sizes,
and the droplets are greatly affected by turbulence, and the unstable airflow will accelerate
the virus transmission.

According to the existing studies, reasonable renovation of makeshift hospitals can
cope with the spread of the novel coronavirus in a timely manner, but the application
of CFD simulation of different ventilation design schemes on the comfort of personnel
in the internal environment of makeshift hospitals and the common impact of air flow
organization and pollutant transmission are still insufficient. The original ventilation design
mainly aims to maintain good thermal comfort and indoor air quality for the occupants, or
only consider reasonable air distribution and pollutant emission. Advanced ventilation
strategies should be further developed to reduce the risk of infection, combined with
thermal comfort considerations [30,31]. As the COVID-19 epidemic is urgent and spreading
rapidly, medical resources are in short supply, and patients with mild illnesses are in the
majority. Most of the Fangcang shelter hospitals have abandoned the traditional “three
areas and two channels” [32], namely: clean area, semi-polluted area, polluted area, patient
channel and medical channel. The interior of the reconstructed Fangcang shelter hospital
is planned as a pollution area as a whole, so it is only necessary to consider the overall
negative pressure formed in the Fangcang shelter to avoid the internal airflow overflow.

Based on the above background, this paper simulated the living environment quality
and pollutant emission in the Fangcang shelter hospital under different ventilation parame-
ter schemes under hot summer conditions through CFD software, and obtains appropriate
parameters to allow the Fangcang shelter hospital interior to reach a comfortable living
condition. Taking the gymnasium of a university in Shanghai as an example, the second
floor of the gymnasium was transformed into a temporary Fangcang shelter hospital, and
the air-conditioning system used the method of bag air supply. In order to better deal with
the epidemic situation that may occur in the future, combined with the case of small- and
medium-sized venues rebuilding Fangcang shelter hospitals, how to better design and plan
the ventilation system in consideration of the local climate was studied, and the impact of
air supply parameters on the distribution of pollutants and viruses through simulation was
analyzed. Finally, the appropriate ventilation system design and air supply parameters
were presented. The method used in this paper has an important reference significance for
the future actual construction design.
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The second chapter of this article introduces the research object of the renovation, the
third chapter establishes a simulation model, the fourth chapter focuses on analyzing the
numerical simulation results, and finally conclusions are drawn in the fifth chapter. The
flowchart of the study is shown in Figure 1.
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The main contributions of this article are as follows:
(1) In emergency situations, the traditional three-zone and two-channel renovation of

the gymnasium into a shelter hospital is not considered.
(2) Comprehensively consider the impact of different parameters on airflow organiza-

tion and pollutant emissions.
(3) In the case of reasonable airflow organization, it is also necessary to meet the

comfort level of personnel.

2. Research Object Description
2.1. Ventilation System and Hospital Bed Layout

Under the objective condition of an extremely short construction period, what kind of
fast, effective and reliable ventilation scheme should be adopted to dilute the polluted air
in the area where the personnel are located and meet the requirements for the comfort of
the personnel.

According to the requirements of functional departments, users and relevant specifica-
tions, the reconstruction of Fangcang shelter hospitals should achieve the following objec-
tives:

(1) The transformed Fangcang shelter hospital can ensure the health of medical staff,
staff and patients, and prevent the spread of viruses in the contaminated area to the sur-
rounding environment; (2) as the time for transformation is very short, the transformation
of ventilation and air conditioning should be based on the current situation, and the equip-
ment and materials to be transformed should be existing; (3) the Fangcang shelter hospital
can quickly and simply restore its original functions after use [3].
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Before the transformation of the university gymnasium in Shanghai, natural ventila-
tion was used, with smoke exhaust windows on both sides, and a central air-conditioning
top-air supply was used in several small rooms on the west side. As the school is located
in a coastal city, the wind is strong all year round and the ventilation effect is good. In
the design specifications of the ventilation system in infectious disease wards, it is usually
recommended to use a fresh air system with an upper supply and lower return air [33].
The original ventilation system failed to create an effective negative pressure in the gym-
nasium, and the airflow organization was unreasonable in the discharge of pollutants,
which may cause cross-infection among personnel. Additionally, due to the high temper-
ature in summer, the comfort of personnel is poor, so a new ventilation system needs to
be established.

Under the special circumstances of demanding time and materials, the cloth bag air
duct system that is easy to install and disassemble is adopted. This refers to a flexible
air distribution system that is mainly woven by special fiber materials. It mainly adopts
the air outlet mode of fiber penetration and an orifice jet, which can provide a uniform
linear air supply. The cloth bag air duct air supply system has the following advantages:
(1) Reduce the load on the roof. (2) Simple installation and short construction period.
(3) High comfort. (4) Easy to clean. (5) Anti condensation. (6) The system has low-cost and
high-cost performance.

To sum up, it is proposed to use the cloth bag air duct system in the reconstruction.
The west air supply system will be modified and extended into 5 longitudinal metal air
ducts passing through the top center of the second floor of the gymnasium. The strips on
both sides of the air ducts will supply air at a downward angle of 45◦, which will be used
as the fresh air inlet. Exhaust outlets will be set at the bottom of both sides, and mechanical
fans will be used for auxiliary ventilation. According to the design guidelines in China for
emergency medical buildings, the air outlet in the pollution area should be set as close to
the pollution source as possible. Except that the patient receiving area uses the original
system in a large space for ventilation, the height of the lower edge of the indoor air outlet
of the new air exhaust system from the ground should not be higher than 2 m. The air
exhaust volume in the patient receiving area is calculated as 150 m3/h per bed, and the air
outlet is installed with an efficient filter. As the gymnasium is a lightly polluted area, the
restricted area and clean area are designed outside the Fangcang shelter hospital. It is only
necessary to maintain negative pressure in the shelter as a whole, to prevent polluted air in
the Fangcang shelter hospital from leaking into the restricted area and clean area. Therefore,
the interior layout of the entire gymnasium reconstruction shelter does not consider the
traditional three-zone and two-channel renovation.

The second floor space of the gymnasium with a size of 70.1 m × 40.8 m × 10 m
is divided into a hospital bed area, a nurse station and a passage area. Referring to the
Fangcang shelter hospital recently renovated by the Shanghai New International Expo
Center, the hospital beds are divided into 3 sections, each corresponding to 1 nurse station,
each bed area has 12 × 8 beds, and a passageway of 2.5 m is left between the bed areas.
Each ward is separated by a partition, and the height of the outer partition is 2 m. The site
is 2860.08 m2 in total, with 288 beds and a per capita living area of 9.5 m2. The size of the
single bed adopts the size of a temporary single bed of 1.95 m × 0.9 m × 0.6 m, and the
nurse station occupies an area of 10 m × 2 m.

2.2. Physical Model

Using Space Claim software, a model based on the 1:1 scale of the proposed Fangcang
shelter hospital on the second floor of the sports hall was established, as shown in Figure 2.
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Figure 2. Physical model of Fangcang shelter hospital.

The bag air duct is installed by lifting, and a row of air inlets is arranged on both sides
of the duct in a 45◦ downward direction, equivalent to two 15 mm wide slits. The bag air
duct supply system model is shown in Figure 3.
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Figure 3. The air supply system model of the cloth bag air duct.

The dimensions of each part of the model are shown in Table 1.

Table 1. Model parameters.

Model Model Size (m)

Hospital bed area 70.1 (L) × 40.8 (W) × 10 (H)
Hospital bed 1.95 (L) × 0.9 (W) × 0.6 (H)
Outer baffle 2 (H) × 0.1 (W)

Nurse station 10 (L) × 2 (W) × 1 (H)
Cloth bag air duct 0.8 (D) × 19.2 (L)

Inlet 0.015 (W) × 19.2 (L)
Outlet 1.5 (L) × 0.6 (W) × 1 (H)

Door gap 0.05 (W)
(L: length; W: width; H: height).

Because the simulated gymnasium has a large geometric space, many air supplies and
exhaust outlets, and the sizes of the air supply and exhaust outlets are smaller than that
of the entire gymnasium, the difference between the maximum and minimum geometric
dimensions is huge, which would inevitably lead to the establishment of too-dense mesh
during simulation. Too-dense mesh often leads to difficulty in fast implementation of the
calculation, and even difficulty in the convergence of results. Therefore, in combination with
the structural symmetry of the exhibition hall, the east–west center is the axis of symmetry,
and half of the space is taken as the simulation object. This can not only ensure the accuracy
and reliability of the simulation experiment, but also allow the whole simulation process to
become efficient and fast.
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2.3. Meshing

Importing the physical model into Meshing for mesh generation, the Poly Hexcore
volume mesh-generation method was used. The Poly Hexcore volume mesh-generation
method based on mosaic technology can ensure the hexahedron mesh and the polyhedron
mesh realize the common node connection, and compared with the traditional hexahedron
mesh generation, it does not need any additional manual mesh settings. It can not only
ensure the complete automation of the work, but also increase the number of hexahedrons
in the mesh, thus improving the efficiency and accuracy of the solution. The air inlet, air
outlet, door seam and bed are partially densified, and the rest are thinned. Finally, the
mesh was obtained as shown in Figure 4.
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In order to exclude the influence of the number of meshes on the calculation results, it
is necessary to perform independence verification on the meshes. The average temperature
of the horizontal plane at heights of 1.65 m (Plane 1) and 0.65 m (Plane 2) above the
ground under the same scheme was calculated. Table 2 shows the calculation results for
different meshes.

Table 2. Mesh independence verification table.

Number of
Meshes

(Million)

Average
Temperature of

Plane 1 (◦C)
Relative Error

Average
Temperature of

Plane 2 (◦C)
Relative Error

2.84 25.55 - 26.04 -
3.04 25.64 0.35% 26.12 0.31%
3.26 25.66 0.08% 26.13 0.04%

From the table, it can be seen that there is a certain gap in the data results when
the number of meshes is 2.84 million and 3.03 million, respectively; when the number of
meshes is 3.04 million and 3.26 million, the data results are similar. Therefore, 3.04 million
meshes were selected for numerical simulation.

3. Simulation Model
3.1. Turbulence Model

Three methods are mostly used to solve turbulence problems by numerical simulation:
direct numerical simulation (DNS), large eddy simulation (LES) and Reynolds time average
equation method (RANS) [34]. For fully developed turbulence, there are many turbulence
models. The standard k-ε Model (hereinafter referred to as the k-ε model) is based on
the Reynolds time average method. It is the most widely used turbulent flow calculation
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mathematical model in the double-equation mathematical model, and it is also a model
that has been proved successful in practice [35,36]. Since 1974, many people have applied
the k-ε model to simulate indoor airflow [37–39], and existing research has also proved
that the k-ε turbulence model is more suitable for solving the indoor ventilation airflow
organization problem [40–42]. The k-ε turbulence model includes the standard k-ε model,
the RNG k-ε models and the Realizable k-ε model [34].

The standard k-ε model is an empirical model that can be used to predict the propaga-
tion velocity of free shear flow, wake flow calculation, mixing layer calculation and wall
bound flow. Because a low Reynolds number, compressibility and shear flow propagation
are considered, the model has greater accuracy and reliability in simulating free shear
flow [43].

Considering the airflow characteristics in such a large space as a gymnasium, the
standard k-ε as the model of numerical simulation, the continuity equation, energy and
momentum equation, the k-ε equation and eddy viscosity coefficient are the control equa-
tions, which simulate and analyze the temperature field and velocity field in the proposed
temporary Fangcang shelter hospital [44].

3.2. Mathematical Model

Steady flow, ideal gas, establish mathematical model [40]:
(1) Mass conservation equation
The mass conservation equation, also known as the continuity equation, refers to that

the increase in fluid mass in the micro element is equal to the net mass flowing into the
micro element. The differential form of the mass conservation equation in the rectangular
coordinate system is as follows:

∂ρ

∂t
+

∂(ρu)
∂x

+
∂(ρv)

∂y
+

∂(ρw)

∂z
= 0 (1)

where, ρ—fluid density (kg/m3); u, v, w—velocity components of velocity vector U in the
x, y, z directions of the three coordinates (m/s); t—time (s).

(2) Momentum conservation equation
The momentum conservation equation refers to that the increase in fluid momentum

in the micro element is equal to the sum of various forces acting on the micro element. The
momentum conservation equation in the steady-state process is generally expressed in the
rectangular coordinate system as follows:

ρFx − ∂ρ
∂x + ∂

∂x

(
µ ∂u

∂x

)
+ ∂

∂y

(
µ ∂u

∂y

)
+ ∂

∂z

(
µ ∂u

∂z

)
+ ∂

∂x

[
µ
3

(
∂u
∂x + ∂v

∂y + ∂w
∂z

)]
= 0

ρFy − ∂ρ
∂y + ∂

∂x

(
µ ∂v

∂x

)
+ ∂

∂y

(
µ ∂v

∂y

)
+ ∂

∂z

(
µ ∂v

∂z

)
+ ∂

∂y

[
µ
3

(
∂u
∂x + ∂v

∂y + ∂w
∂z

)]
= 0

ρFz − ∂ρ
∂z +

∂
∂x

(
µ ∂w

∂x

)
+ ∂

∂y

(
µ ∂w

∂y

)
+ ∂

∂z

(
µ ∂w

∂z

)
+ ∂

∂x

[
µ
3

(
∂u
∂x + ∂v

∂y + ∂w
∂z

)]
= 0

(2)

where, µ—hydrodynamic viscosity coefficient (Pa·s); F—force acting on fluid element on
control surface (kg·m/s).

(3) Energy conservation equation
The energy conservation equation refers to that the increase in thermodynamic energy

in the micro element is equal to the net heat flow entering the micro element plus the work
done by the volume force and surface force on the micro element. The steady-state energy
conservation equation is expressed as follows in the rectangular coordinate system:

∂

∂x

(
λ

∂t
∂x

)
+

∂

∂y

(
λ

∂t
∂y

)
+

∂

∂z

(
λ

∂t
∂z

)
+ sT = 0 (3)

where, λ—thermal conductivity (W/(m·◦C)); t—temperature (◦C); sT—heat generated by
internal heat source (W/m3).

(4) Turbulence equation
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According to the previous analysis, the subject adopts the standard k-ε double-equation
model:

∂

∂t
(ρk) +

∂

∂xi
[ρkui] =

∂

∂xi

[(
µ +

ut

σk

)
∂k
∂xj

]
+ Gk + Gb + ρ (4)

∂

∂t
(ρε) +

∂

∂xi
[ρεui] =

∂

∂xj

[(
µ +

ut

σε

) ∂ε

∂xj

]
+ G1ε

ε

k
(Gk + G3εGb) + G2ερ

ε2

k
(5)

where, k—turbulent pulsation kinetic energy (J); ε—Turbulence fluctuation kinetic energy
dissipation rate (%); ut—turbulence velocity (m/s); σk, σε¯k equation and ε Turbulence
coefficient of the equation, taken as 1.0 and 1.3 respectively; Gk, Gb—turbulent kinetic
energy generation term caused by average velocity gradient and buoyancy (J); G1ε, G2ε, G3ε—
The empirical coefficients are 1.44, 1.92 and 1.44 respectively.

(5) Component transport equation
In order to meet the conditions for simulating pollutant diffusion, it is necessary to

introduce the component transport equation:

∂(ρuCs)
∂x + ∂(ρvCs)

∂y + ∂(ρwCs)
∂z

= ∂
∂x

(
Ds∂(ρCs)

∂x

)
+ ∂

∂y

(
Ds∂(ρCs)

∂y

)
+ ∂

∂z

(
Ds∂(ρCs)

∂z

) (6)

where, Cs—volume concentration of component s (ppm); Ds—diffusion coefficient of
component s.

3.3. Boundary Conditions

First, the inlet and exhaust volume should be determined. The area of the air outlet is 6
m2, and the area of the air inlet is 5.76 m2. According to the air exhaust volume of 150 m3/h
for each bed in the patient admission area, 288 beds and 3 nurse stations are equivalent
to 300 beds, and the air exhaust volume can be 45,000 m3/h. Due to the use of all fresh
air systems and the requirement of stable negative pressure in the indoor environment,
ref. [45] shows that the negative pressure can be formed when the inlet air volume of the
better-sealed large-space building is 60~90% of the exhaust air volume. Therefore, the inlet
air volume is 80% of the exhaust air volume, and the inlet air volume is 36,000 m3/h. The
air velocity at the exhaust air outlet is 2.1 m/s and the air velocity at the inlet air outlet is
1.74 m/s calculated by Equation (7).

Air supply velocity formula:

v =
V

3600 × A
(7)

where, v—air supply velocity (m/s); V—air supply volume (m3/h); A—air supply area
(m2).

According to the above equations, the air velocity at the exhaust outlet is 2.1 m/s
and the air velocity at the air inlet is 1.74 m/s under 150 m3/h exhaust air volume of a
single bed; the air velocity at the air outlet and the air inlet of a single bed is 2.8 m/s and
2.3 m/s, respectively, under 200 m3/h of exhaust air volume; the air velocity at the air
outlet is 3.5 m/s and the air velocity at the air inlet is 2.9 m/s under the 250 m3/h air
exhaust volume of a single bed. Next, the boundary condition setting was carried out, with
the 75 W heat dissipation of adult men at 25 ◦C as the standard, the heat dissipation of
personnel is equivalent to the constant heat flow boundary condition of 7.8 W/m2 of the
hospital bed and the outdoor air temperature is 35 ◦C, as shown in Table 3.
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Table 3. Boundary condition parameters.

Boundary Type Parameters

Enclosure wall Wall Convection Heat Transfer, t = 35 ◦C
Door gap Pressure inlet t = 35 ◦C

Door Wall Convection Heat Transfer, t = 35 ◦C
Baffle Wall Heat insulation

Floor, ceiling Wall Convection Heat Transfer, t = 35 ◦C
Bed Wall Constant heat flux, q = 7.8 W/m2

Exhaust air outlet Velocity inlet v = −2.1 m/s
Supply air inlet Velocity inlet v = 1.74 m/s

The main influencing factors of indoor airflow organization are air supply speed,
air supply height, air supply angle, air supply temperature and other factors. The study
in [46] shows that air supply speed and air supply temperature difference have strong
influence, while air supply height, air supply angle and air supply outlet specifications
have weak influence.

In this paper, considering the air flow organization and pollutant emission, single bed
exhaust air volume (air supply speed) and air supply temperature difference are selected
as the main influencing factors. Considering the influence of thermal stratification on
pollutant emission, air supply height is selected as the secondary influencing factor. Finally,
the variable parameters are set as follows: the hoisting height is 4, 4.5, and 5 m, the air
supply temperature is 16, 18, and 20 ◦C, and the exhaust air volume of a single bed is 150,
200, and 250 m3/h. The optimal parameters are discussed and optimized by the control
variable method.

4. Results and Discussion
4.1. Analysis of the Influence of the Lifting Height of the Air Inlet

In this part, the control variable method is adopted to compare the influence of
different parameters. Firstly, the influence of the air supply temperature and air supply
volume of single bed were analyzed. The air supply temperature was set as 18 ◦C and the
air supply volume of single bed as 150 m3/h (that is, the exhaust speed is 2.1 m/s, and the
air inlet speed is 1.74 m/s). These two parameters remain unchanged. The three schemes
for lifting heights of 4, 4.5 and 5 m are simulated as shown in Table 4.

Table 4. Air supply plan under different lifting heights.

Schemes Lifting Height h (m) Supply Air
Temperature t (◦C)

Air Supply Volume
of Single Bed (m3/h)

1 4
18 1502 4.5

3 5

Figures 5–7 show the simulation diagram of velocity distribution at the section of
1.65 m at the personnel activity height of Schemes 1 to 3.

It can be seen from the above figures that the wind speed inside the whole Fangcang
shelter hospital is mostly between 0.07 and 0.4 in Scheme 1, 2 and 3 at the height of 1.65 m.
As the indoor wind speed reaches 0.3 m/s in summer, it will affect people’s comfort and
give people a sense of blowing. For Scheme 1, the wind speed in several places in the
patient’s area reaches more than 0.3 m/s, causing the patient an uncomfortable feeling of
blowing. For Scheme 3, the wind speed in many areas of the patient area is too low, and
the fresh air cannot reach the patient area effectively, which makes the air circulation worse
and is harmful to the patient’s health. Therefore, the speed distribution of Scheme 2 is the
most uniform and reasonable according to the data analysis.
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Figure 10. Temperature distribution at the height of 0.65 m section in Scheme 3.

Since the air supply outlet of the bag air supply duct is 45◦ from the openings on both
sides, when the air supply height of Scheme 1 is 4 m, the fresh air distribution is uneven,
and the temperature directly below the whole air supply inlet is significantly higher than
that of other places. In addition, due to the existence of baffles, cold air accumulation occurs
at the 45◦ angle on both sides of the air inlet, and the uneven temperature distribution
environment is adverse to the health of patients. In Scheme 3, the minimum temperature of
the patient area is 25.4 ◦C, the maximum temperature is 29.1 ◦C and the average temperature
is 27.4 ◦C. The local maximum temperature is mostly found in the corner of the aisle wall,



Buildings 2023, 13, 1269 14 of 26

which affects the daily work of medical staff and the local high temperature is easy to cause
the accumulation of pollutants. In Scheme 2, the minimum temperature in the patient area
is 25.1 ◦C, the maximum temperature is 27.7 ◦C, and the average temperature is 26.1 ◦C.
The overall indoor temperature distribution is uniform.

To sum up, Scheme 1 will give patients a greater sense of blowing when the personnel’s
activity height is 1.65 m, and will cause uneven temperature distribution in the patient’s
area as a whole when the personnel’s rest height is 0.65 m, and cold air will gather in the
area where the air outlet blows directly. For Scheme 3, the wind speed in many parts of
the patient’s area is too low when the height of personnel activity is 1.65 m, which is not
conducive to air circulation. In addition, when the patient’s rest height is 0.65 m, local
high temperature is generated in the corner of the aisle wall, which is not conducive to
the health of patients and medical staff. Therefore, Scheme 2 is obtained, which is more
appropriate when the hoisting height is 4.5 m.

4.2. Analysis of the Influence of Air Supply Temperature on Airflow Organization
4.2.1. Evaluation Index of Thermal Comfort

(1) Predicted mean thermal comfort (PMV)
Professor Fanger of Denmark and his colleagues obtained the PMV thermal comfort

model on the basis of experimental research data and conclusions [47]. The model integrates
six factors that affect human thermal comfort, namely human metabolic rate, clothing
thermal resistance, air-dry bulb humidity, average ambient radiation temperature, wind
speed and air humidity. The PMV index is the most comprehensive thermal environment
evaluation index at present. The specific calculation method is shown in Formula (8).

PMV =
(
0.303e−0.036M + 0.028

){
(M − W)− 3.05 × 10−3[5733 − 6.99(M − W)− Pa]

− 0.42[(M − W)− 58.15]− 1.7 × 10−5M(5867 − Pa)
− 0.0014M(34 − ta)− 3.9610−8[

(tcl + 273)4 −
(
tr + 273

)4
]
− fclhc(tcl − ta)

(8)

where, M—human energy metabolic rate, W/m2; W—mechanical work done by human
body, W/m2; ta—air temperature around human body, ◦C; Pa—partial pressure of water
vapor in the air around the human body, Pa; fcl—dressing area coefficient; tcl—clothing
surface temperature, ◦C; tr—average radiation temperature, ◦C.

The PMV values corresponding to the seven thermal sensations are shown in Table 5
below:

Table 5. PMV indexing table.

Hot Feeling Hot Warm Slightly Warm Moderate Slightly Cool Cool Cold

PMV +3 +2 +1 0 −1 −2 −3

(2) Predicted percent dissatisfaction (PPD)
Predicted percent dissatisfaction is an evaluation indicator of dissatisfaction with the

indoor environment, which refers to the ratio between the percentage of people dissatisfied
with the thermal environment and the predicted average voting. The calculation formula is
as follows:

PPD = 100 − 95 exp
{
−
[
0.03353(PMV)4 + 0.2179(PMV)2

]}
(9)

In the international standard ISO7730: 2005 [48], the regulations of indoor thermal
environment standard on PMV-PPD index are proposed:

−0.5 ≤ PMV ≤ 0.5, PPD ≤ 10% (10)
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Due to the economic factors of developing countries, the specified value can be
expanded to:

−0.75 ≤ PMV ≤ 0.75, PPD ≤ 20% (11)

The thermal comfort levels are classified [48,49] and the classification results are shown
in Table 6.

Table 6. Indoor comfort level classification.

Level PPD PMV

Grade I ≤10% −0.5 ≤ PMV ≤ +0.5
Grade II 10% < PPD ≤ 27% 0.5 < |PMV| ≤ 1
Grade III >27% |PMV| > 1

4.2.2. Simulation under Different Air Supply Temperature Parameters

After the lifting height is determined to be 4.5 m, the air supply volume of single
bed continues to be set at 150 m3/h, and the air distribution of three plans is simulated as
shown in Table 7 when the air supply temperature is 16, 18 and 20 ◦C.

Table 7. Air supply plan under different air supply temperature.

Scheme Supply Air
Temperature (◦C)

Air Supply Volume
of Single Bed (m3/h) Lifting Height h (m)

4 16
150 4.55 18

6 20

Figures 11–13 show the simulation diagram of temperature distribution at the section
of 1.65 m at the personnel activity height of Schemes 4–6.
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The temperature distributions at the height of 1.65 m are presented directly in the
above figures. As we can see in Figure 11, when the air supply temperature is set at 16 ◦C
in Scheme 4, the minimum ambient temperature in the hospital bed area is 23.7 ◦C, the
maximum temperature is 27 ◦C and the average temperature is 25.1 ◦C. When the air supply
temperature is set as 18 ◦C in Scheme 5 as displayed in Figure 12, the minimum ambient
temperature in the hospital bed area is 24.4 ◦C, the maximum temperature is 27.4 ◦C and the
average temperature is 25.6 ◦C. In Scheme 6, when the air supply temperature is set at 20 ◦C,
the minimum temperature of the hospital bed area is 25.3 ◦C, the maximum temperature
is 28.1 ◦C, and the average temperature is 26.3 ◦C. The average temperatures of the three
Schemes are obtained through simulation, and the optimal temperature parameters are
determined through thermal comfort calculation and analysis.
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4.2.3. Calculation and Analysis of Thermal Comfort under Proposed Air Supply Conditions

According to the temperature under each working condition simulated above, when
the air supply speed is 1.74 m/s, the wind speed at the section of 1.65 m at the activity
height is 0.25 m/s, and the air humidity is 50%. The average metabolic rate is taken as
75 W/m2 when walking and sitting. The typical thermal resistance of clothing is taken as
0.6 clo in summer, the standard atmospheric pressure is taken, and the wall temperature
and human body temperature have little difference. The thermal comfort index at each air
supply temperature was analyzed and compared, as shown in Table 8.

Table 8. Calculation of thermal comfort index at each air supply temperature.

Average Wind
Speed (m/s)

Supply Air
Temperature (◦C)

Average
Temperature (◦C) PMV PPD (%)

0.25
16 25.1 0.387 8.12
18 25.6 0.485 9.83
20 26.3 0.623 12.98

According to the analysis, when the air supply temperature is 16 or 18 ◦C, the comfort
index of Class I is reached. Since the air supply temperature of the refrigeration air
conditioner under full-load operation is 16 ◦C, 18 ◦C is selected on the premise of meeting
thermal comfort to avoid increasing energy consumption when the air conditioner has been
operating under full load. Therefore, it can be concluded that Scheme 5 is selected as the
optimal air supply scheme.

4.3. Influence of Exhaust Air Volume on Pollutant Emission and Airflow Organization
4.3.1. Discharge Efficiency

The discharge efficiency is a steady index, which represents the ability of air supply to
remove pollutants. The main factors affecting the pollutants’ discharge efficiency are the
air distribution form, the location of pollution sources and emission characteristics. The
calculation formula of pollutants’ discharge efficiency is as follows:

ε =
Ce − Cs

C − Cs
(12)

where, ε—effluent discharge efficiency; Ce—pollutant concentration at exhaust outlet (ppm);
Cs—pollutant concentration of air supply (ppm); C—indoor average pollutant concentra-
tion (ppm).

4.3.2. Influence of Exhaust Air Volume on Pollutant Concentration

The normal respiratory rate of the human body is about 0.2~0.3 m/s. In combination
with the probability of the patient coughing (1.5~28.8 m/s) and sneezing (25~40 m/s) [50],
the average respiratory rate of the patient is set to 1.5 m/s, and the emission source of
human exhaled pollution is simplified to 50 mm × 50 mm equivalent velocity air vent.
Radiation heat transfer is not considered in the simulation process, and the influence of
infiltration wind is ignored. The human-exhaled pollutants are simplified as a CO2 model,
and the volume fraction is set as 1. The physical parameters of CO2 at 25 ◦C are shown in
Table 9 below.

Table 9. Physical parameters of CO2.

Material Name Attribute Unit Value

CO2

Density kg/m3 1.764
Specific heat at constant pressure J/(kg·◦C) 852

Thermal conductivity W/(m·◦C) 0.01642
Kinematic viscosity kg/(m·s) 8.5062 × 10−6
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According to the design guideline of a large-space building reconstruction Fangcang
shelter hospital of China, the exhaust air volume of a single bed is 150 m3/h. There are
300 beds, so the total exhaust air volume is 45,000 m3/h with the exhaust air volume of
2.1 m/s. In order to ensure the principle of negative pressure, the intake air volume is 80%
of the exhaust air volume, which is 36,000 m3/h and the intake air volume is 1.74 m/s.

Based on the single bed exhaust volume of 150 m3/h according to the design guideline,
in order to study the impact of larger design exhaust volume on pollutant emission and
airflow organization, the single bed exhaust volume was increased to 200 and 250 m3/h
for simulation, and the influence of three different exhaust volume parameter schemes on
pollutant concentration and air flow organization were analyzed, as shown in Table 10.

Table 10. Air supply plan under different exhaust air volume.

Scheme Air Supply Volume
of Single Bed (m3/h)

Supply Air
Temperature t (◦C) Lifting Height h (m)

7 150
18 4.58 200

9 300

Figures 14–19 show the simulation diagrams of pollutant distribution at the section
with a personnel activity height of 1.65 m for Schemes 7–9 and the simulation diagram
of pollutant distribution at the exhaust outlet. Because medical staff and patients are in
a non-resting state most of the time, only the pollutant concentration distribution at the
1.65 m section of the personnel activity is studied.

It can be seen from Figure 14 that the average pollutant concentration in the indoor area
of Scheme 7 is 1.24 × 10−3, and when the pollutant volume fraction is 1, it is equivalent to
an 806-time dilution of the pollutant. It can be seen from Figures 16 and 18 that the average
pollutant concentration in the indoor area is 1.18 under Scheme 8 × 10−3, equivalent to an
847-time dilution of the pollutants. In Scheme 9, the average pollutant concentration in the
sickbed area is 1.11 × 10−3, equivalent to a 901-time dilution of pollutants. The discharge
ventilation efficiency can be calculated by combining the data obtained from Figures 14–19
with Formula (12), and the results are shown in Table 11.
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Table 11. Discharge efficiency.

Scheme Air Exhaust Volume
of Single Bed (m3/h) Dilution Multiple

Discharge
Ventilation
Efficiency

7 150 806 69.6%
8 200 847 70.1%
9 300 901 70.3%

Figure 20 shows the discharge ventilation efficiency changing with exhaust air volume.



Buildings 2023, 13, 1269 21 of 26

Buildings 2023, 13, x FOR PEER REVIEW 21 of 26 
 

Figure 20 shows the discharge ventilation efficiency changing with exhaust air vol-
ume. 

 
Figure 20. Diagram of discharge ventilation efficiency of three schemes changing with air exhaust 
volume of single bed. 

It can be seen that when the exhaust air volume is 150 m3/h, the air environment in 
the whole area of the Fangcang shelter hospital has been significantly improved, the av-
erage pollutant concentration has been diluted about 806 times, and the ventilation effi-
ciency is 69.9%. When the exhaust air volume increases from 150 m3/h to 200 m3/h, the 
ventilation efficiency increases by 0.5%. From 200 m3/h to 300 m3/h, the ventilation effi-
ciency has been improved by 0.2%, but the ventilation efficiency has not been effectively 
improved, so it is concluded that there is no need to continue to increase the design of 
exhaust air volume under the original design standard. 

4.3.3. Impact of Exhaust Air Volume on Indoor Velocity 
The above simulation results show that increasing the exhaust air volume on the ba-

sis of 150 m3/h of single bed exhaust air volume has little impact on pollutant concentra-
tion dilution and ventilation efficiency. After studying the emission of pollutants, it is also 
necessary to consider the impact of airflow organization on the comfort of personnel, con-
tinue to simulate the velocity fields under the parameters of the above three schemes, and 
obtain the velocity distribution Figures 21–23 of the three plans at the height of 1.65 m 
section. 

 
Figure 21. Velocity distribution at the height of 1.65 m section in Scheme 7. 

Figure 20. Diagram of discharge ventilation efficiency of three schemes changing with air exhaust
volume of single bed.

It can be seen that when the exhaust air volume is 150 m3/h, the air environment in the
whole area of the Fangcang shelter hospital has been significantly improved, the average
pollutant concentration has been diluted about 806 times, and the ventilation efficiency is
69.9%. When the exhaust air volume increases from 150 m3/h to 200 m3/h, the ventilation
efficiency increases by 0.5%. From 200 m3/h to 300 m3/h, the ventilation efficiency has
been improved by 0.2%, but the ventilation efficiency has not been effectively improved,
so it is concluded that there is no need to continue to increase the design of exhaust air
volume under the original design standard.

4.3.3. Impact of Exhaust Air Volume on Indoor Velocity

The above simulation results show that increasing the exhaust air volume on the basis
of 150 m3/h of single bed exhaust air volume has little impact on pollutant concentration
dilution and ventilation efficiency. After studying the emission of pollutants, it is also
necessary to consider the impact of airflow organization on the comfort of personnel,
continue to simulate the velocity fields under the parameters of the above three schemes,
and obtain the velocity distribution Figures 21–23 of the three plans at the height of
1.65 m section.
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speed in several places in the room reaches above 0.3 m/s, which gives people an uncom-
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perature field and ventilation efficiency, when the emission is 150 m3/h, the comfort level 
I index has been met and the ventilation efficiency reaches 69%. Continuing to increase 
the exhaust air volume cannot effectively improve the ventilation efficiency, but it also 
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Figure 21 shows the velocity distribution at the height of the 1.65 m section when
the exhaust air volume is 150 m3/h in Scheme 7, and the indoor wind speed is mostly
0.07~0.3 m/s. For the long-term activity area of personnel, the human body has no obvious
sense of blowing, and the comfort is high. From Figures 22 and 23, we can see that when
the exhaust air volume of Scheme 8 is 200 m3/h and that of Scheme 9 is 250 m3/h, the
wind speed in several places in the room reaches above 0.3 m/s, which gives people an
uncomfortable feeling of blowing. At the same time, combined with the previous analysis
of temperature field and ventilation efficiency, when the emission is 150 m3/h, the comfort
level I index has been met and the ventilation efficiency reaches 69%. Continuing to
increase the exhaust air volume cannot effectively improve the ventilation efficiency, but it
also causes an uncomfortable blowing feeling for patients, and increases the load of the



Buildings 2023, 13, 1269 23 of 26

mechanical exhaust fan, resulting in resource waste. Therefore, it is more reasonable to
select 150 m3/h as the exhaust air volume of a single bed in Scheme 7.

Figure 23 is a vector diagram of the vertical plane of the Fangcang shelter hospital in
Scheme 7.

From Figure 24a, it can be seen that the airflow direction meets the requirements of the
upper air supply and lower air exhaust, and the airflow organization is reasonable. From
Figure 24b, it can be seen that pollutants can be effectively discharged through mechanical
exhaust vents under reasonable airflow organization
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5. Conclusions

In this paper, Spaceclaim software is used to establish the model of the Fangcang
shelter hospital and CFD software is used to simulate the internal airflow organization
with different parameters. In order to improve the rationality of airflow organization in the
Fangcang shelter hospital and ensure its internal environment meets human comfort while
effectively discharging pollutants, the effects of different air supply heights, air supply
temperatures and exhaust air volumes on the internal environment were studied. Through
the above discussion, the following conclusions were obtained:

(1) When studying the air supply mode of the Fangcang shelter hospital, the control
variables were used to simulate and analyze the parameter plan set considering environ-
mental factors to determine the appropriate air supply parameters. The simulation results
showed that when the air supply height is 4.5 m, the air supply temperature is 18 ◦C, the
exhaust air volume of a single bed is 150 m3/h and the equivalent air supply speed is 1.74
m/s. The air temperature distribution in the space was relatively uniform and the airflow
maintained directional flow. At the same time, the comfort level reached Level I at the
personnel activity height of 1.65 m. The average wind speed of 0.25 m/s would not cause
an uncomfortable blowing feeling to the human body and ensures the comfort of patients
in the Fangcang shelter hospital.

(2) The exhaust efficiency represents the efficiency index of pollutants discharged. This
paper simulated the problem of pollutant emission efficiency by increasing the exhaust
air volume. Through the analysis of simulation results, it was concluded that the dilution
degree of pollutants grew with the increase in exhaust air volume, but the growth rate was
slowed down with the increase in exhaust air volume. When the exhaust air volume is
increased from 150 m3/h to 200 m3/h, the ventilation efficiency is increased by 0.5%. The
ventilation efficiency increased by 0.2% from 200 m3/h to 250 m3/h, which means that
with the increase in exhaust air volume, the discharge of pollutants cannot be effectively
increased. In addition, the increase in exhaust air volume would produce a strong sense
of blowing when the wind speed was greater than 0.3 m/s for the height of personnel
activities. In the case of comprehensive consideration of pollutants’ discharge efficiency
and airflow organization, the single bed exhaust air volume of 150 m3/h is optimal, which
can effectively avoid the impact of a blowing feeling on patient comfort and ensure the
ventilation efficiency reaches 69.6%.

In summary, the bag air duct system with the layout height of 4.5 m, exhaust air
volume of 150 m3/h, and the air supply temperature of 18 ◦C is optimal for adoption in the
Fangcang shelter hospital, and which can meet the special environmental requirements of
the reconstructed Fangcang shelter hospital to jointly meet patient comfort and pollutant
emissions. The simulation method and analysis provide a reasonable parameter scheme
design of airflow organization and pollutant control in the Fangcang shelter hospital, a
special building.
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