S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Building and Environment 219 (2022) 109247

Building and
Environment

Contents lists available at ScienceDirect

Building and Environment

journal homepage: www.elsevier.com/locate/buildenv

ELSEVIER

Check for

Droplet aerosols transportation and deposition for three respiratory ol
behaviors in a typical negative pressure isolation ward

Yongxin Wang®, Zhijian Liu®", Haiyang Liu“, Minnan Wu®, Junzhou He ?, Guoqing Cao "

2 Department of Power Engineering, North China Electric Power University, Baoding, Hebei, 071003, PR China
Y Institute of Building Environment and Energy, China Academy of Building Research, Beijing, 100013, PR China

ARTICLE INFO ABSTRACT

Keywords:

Droplet aerosols

Negative pressure isolation ward
Full-scale experiment

Airflow

Negative pressure isolation wards could provide safety for health care workers (HCWs) and patients infected with
SARS-CoV-2. However, respiratory behavior releases aerosols containing pathogens, resulting in a potential risk
of infection for HCWs. In this study, the spatiotemporal distribution of droplet aerosols in a typical negative
pressure isolation ward was investigated using a full-scale experiment. In this experiment, artificial saliva was
used to simulate the breathing behavior, which can reflect the effect of evaporation on droplet aerosols.
Moreover, numerical simulations were used to compare the transport of droplet aerosols released by the three
respiratory behaviors (breathing, speaking, and coughing). The results showed that droplet aerosols generated by
coughing and speaking can be removed and deposited more quickly. Because reduction in the suspension pro-
portion per unit time was much higher than that in the case of breathing. Under the air supply inlets, there was
significant aerosol deposition on the floor, while the breathing area possessed higher aerosol concentrations. The
risk of aerosol resuspension and potential infection increased significantly when HCWs moved frequently to these
areas. Finally, more than 20% of the droplet aerosols escaped from the ward when the number of suspended

aerosols in the aerosol space was 1%.

1. Introduction

Since 2019, the SARS-CoV-2 virus has spread globally. As of March
2022, the cumulative number of cases reported globally was over 457
million, and the cumulative number of deaths was over 6 million.
Vaccination has been widespread in many countries to curb the spread
of epidemics. However, because of Omicron’s high transmissibility and
low severity, vaccines are far less effective than expected [1]. Therefore,
the most effective way to control the epidemic is isolation and treat-
ment. As early as the SARS outbreak, the importance of isolation treat-
ment has become a major concern [2]. As the most important
infrastructure for the treatment of patients infected with SARS-CoV-2, a
negative pressure isolation ward guarantees safety for health care
workers (HCWs) [3,4]. From SARS (2003) to COVID-19 (2019), multiple
studies have demonstrated that aerosol transportation is an important
method of virus diffusion [5-7]. Therefore, it is necessary to study the
transportation and deposition of droplet aerosols in the negative pres-
sure isolation ward, which can provide suggestions for ensuring the
safety of HCWs.

In recent years, the foci of aerosols transmission were sustained in
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the negative pressure isolation ward. Jurelionis et al. compared the ef-
fects of displacement ventilation and mixed ventilation in a full-scale
experiment [8]. The results showed that mixed ventilation could
reduce the air age in the ventilation room and increase the pollutant
removal efficiency. Yin et al. also compared the effects of displacement
ventilation and mixed ventilation on aerosol escape [9]. These findings
suggest that displacement ventilation may lead to pollutant accumula-
tion in the upper part of the room. Zhao et al. showed that the average
particle concentration in displacement-ventilated rooms was higher
than that in mixed-ventilation rooms [10]. In addition, Olmedo et al.
reported a higher concentration of contaminants in the case of
displacement ventilation [11]. Consequently, mixed ventilation is more
efficient for removing aerosols. Therefore, in this study, the trans-
portation and deposition of aerosol droplets were studied by considering
only the mixed ventilation mode. However, in the above studies, the
differences in the diameter distribution and initial velocity of droplet
aerosols released with different respiratory behaviors were ignored. In
fact, different breathing behaviours of patients (breathing, speaking,
and coughing) have different airflow rates [12-14] and aerosol particle
size distributions [13,15-17]. Hence, the transportation and deposition
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of droplet aerosols released by three different respiratory behaviours in
a negative-pressure isolation ward were compared.

Droplet aerosols produced by respiratory behavior (including
breathing, speaking, and coughing) can carry various pathogens and are
transmitted by airflow. Airborne transmission may be the dominant
route for many respiratory infections [18]. In addition, the deposition of
the droplet aerosols on surface causes a significantly risk on the fomite
transmission [19,20]. In previous studies, many tracer gases, such as SF;
[9], CO; [21], smoke [22], have been used to experimentally study the
diffusion of aerosols in rooms. However, experiments using tracer gases
have ignored the evaporation of droplet aerosols. Therefore, volatile and
non-volatile substances were used to prepare artificial saliva for exper-
iments; for example, diisooctyl sebacate was mixed with isopropanol
(C3H0) [23], and 75% distilled water was mixed with 25% pure glyc-
erine [24] to prepare artificial saliva. In fact, mixtures similar to human
exhaled droplet aerosols can better simulate droplet aerosol evaporation
and transport in real situations. Therefore, in our droplet aerosol ex-
periments, artificial saliva was used as the aerosol-generating material,
and its evaporation ratio was close to that of real saliva [25].

Here, the spatial distribution of droplet aerosols and the character-
istic of surface deposition were studied in a typical negative pressure
isolation ward. In droplet aerosol experiments, artificial saliva with a
mass concentration of 8% non-volatile components was used as the
aerosol generating material. Breathing, talking, and coughing were the
main respiratory behaviors of patients infected with SARS-CoV-2 [26,
27]. According to a recent study, 49.8% of Omicron patients suffered
from persistent cough [28]. Therefore, we compared the effects of these
three respiratory behaviors on the droplet aerosol transport and depo-
sition. In addition, a numerical model was established based on the
actual ward to further analyze the transport and deposition of aerosols.
The research results would provide suggestions and references for the
design and daily operation of negative-pressure isolation wards.

2. Methodology
2.1. Model description and numerical case design

In the negative-pressure isolation ward, the transport and distribu-
tion characteristics of droplet aerosols were studied. The pressure
gradient was set according to Requirements of environmental control for
the hospital negative pressure isolation ward (GB/T 35428-2017), with
—15 Pa in the ward, —10 Pa in the buffer room, and —20 Pa in the
bathroom. A physical model was constructed using Space Claim 2021R1
software, and a part of the physical model in the room was simplified.
The detailed dimensions are listed in Table 1. As shown in Fig. 1(a), two

Table 1
Indoor related parameters.

Name Number  Size(m) X x Temperature Boundary
YXxZ X) condition

Isolation ward 1 4.22 x 2.8 - -
X 2.66

Model of human 1 0.3 x 0.4 x 307.1 Trap
1.7

Supply inlet 2 0.135 x 299.1 Reflect
0.24

Exhaust vent 1 0.27 x 0.27 - Escape

Door gap-1 1 1.14 x 0.02 - Reflect

( buffer room )
Door gap-2 1 0.9 x 0.02 - Escape
( toilet )

Bed 1 0.9 x 0.5 x - Trap
1.94

Wall - - - Trap

Equipment belt - 2.34 x 0.06 - Trap
x 0.02

Table 1 0.45 x 0.75 - Trap
x 0.42

Building and Environment 219 (2022) 109247

air supply inlets located on the ceiling were used to supply clean air. An
exhaust vent was installed at the bottom of the air shaft on the wall side.
Door-1 of the room was connected to the buffer room, and Door-2 was
connected to the toilet. Two door gaps were installed at the bottom,
considering air leakage under actual working conditions. After
measuring the velocity, the average airflow velocity at door gap-1 was 2
m/s, while the average airflow velocity at door gap-2 was 2.3 m/s.
According to the design principle of the negative-pressure isolation
ward, the airflow to the ward exists in the door gap connected to the
buffer room. However, the door gap connected to the toilet had airflow
outside the ward, as shown in Fig. 1(b).

Fabian et al. used an optical particle counter as well as qPCR tech-
niques to analyze the particle size of the pollutants exhaled by the breath
of influenza patients, and approximately 70% of the particles had a
diameter of 0.3-0.5 pm, and 20% of the particles had a diameter of
0.5-1 pm [13]. According to our study, considering the effect of evap-
oration, the diameter of the particles was set to 1 pm, and the average
exhalation velocity while breathing was 0.5 m/s. According to the re-
sults of a study, the average velocity of the airflow while speaking was
set to 3.9 m/s, with a diameter of 13.5 pm, and the average exhalation
velocity while coughing was 11.7 m/s, with a diameter of 16.0 pm [15].
According to the experimental conditions, the temperature of the air
supply airflow was set to 299.1 K, and the relative humidity was 60%.
The relative humidity of the expiratory airflow was 90%, and the tem-
perature was 309.1 K [29]. Chao et al. showed that coughing produces
approximately twice as many droplets as speaking does [15]. At the
same time, multiple measurements by Morawska et al. indicated that the
concentration ratio of droplet aerosols produced by breathing, speaking,
and coughing was 1:3:6 [29]. Thus, the aerosol release rates while
breathing, speaking, and coughing were set to be 214/s, 642/s, and
1284/s respectively. According to our experimental results, Aerosol
concentrations remain relatively stable and the aerosol concentration of
the four measuring points did not change significantly with time after
the aerosol was released for 600s. Therefore, the droplet aerosol can be
designed as 600s in the numerical calculation. Droplet aerosols from a
single coughing or speaking were not sufficient to obtain statistical re-
sults. Hence, multiple and consecutive coughing and speaking were
studied, which was also used in similar studies [23,31]. According to
related research [23,30], inhalation has little effect on the spatial dis-
tribution of droplet aerosol, so the process of inhalation was ignored.

2.2. Droplet aerosols experiment

To study the transport and spatial distribution of the droplet aerosols
generated by respiratory behaviors, aerosol emission experiments were
conducted in a typical negative-pressure isolation ward. The layout of
the ward environment is shown in Fig. 1(a). The isolation ward consisted
of an aerosol generation system, a heating dummy model, four sampling
racks, and an optical particle sizer (TSI 3330, particle size resolution of
less than 5% at 0.5 pm, and a sampling flow is 1 L/min) with a range of
0.3-10 pm. The heating dummy was formed by winding Cr,yNig resis-
tance wire (wire diameter 0.9 mm, resistivity 1.13 ©/m) around the
mannequin with a direct-current power source. Temperature sensors
(negative temperature coefficient thermistor with a resistance value of
10 K, thermal coefficient of 3950, and sensitivity of 0.1 K) were installed
on the upper body, legs, and arms of the mannequin, and the surface
temperature of the dummy modal was maintained at 34 + 1 °C. The
configuration of artificial saliva was based on previous studies [25,32].
Phosphate Buffer saline (PBS) was used as the solvent, and pure pro-
panetriol was used to emit aerosols from the human mouth (the ratio of
PBS to propanetriol in the solution was 23:2). In this experiment, a
six-hole collision aerosol generator (ZR-C04) with an air pump was used
to form the aerosol launching system. The air pump stably supplied
clean air to the aerosol generator to ensure that the aerosol release rate,
particle-size distribution, temperature, and humidity remained rela-
tively stable.
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Fig. 1. A typical negative pressure isolation ward. (a) Aerosol experiment environment layout; (b) Numerical model layout.

One hour before the experiment, the air conditioning system of the
ward was turned on to ensure that the environment in the room reached
a relatively stable state. The airflow velocity was measured using an air
velocity meter (TSI, model 9565, which has a measuring range of 0-30
m/s with an accuracy of +3%). Eight air velocity measurement points
were set up in the ward, and their respective positions are shown in
Fig. 2(a). The aerosol sampling points used in the droplet aerosol ex-
periments are shown in Fig. 2(b). Before releasing the aerosol, the
background value of aerosol concentration at the four points was
measured. The aerosol droplet is then released by the aerosol-generating
system. After the aerosol was released for 600s, its concentration at each
sampling point did not change significantly with time. Thus, the mea-
surements for the concentration of droplet aerosols at the sampling point
started 600s after the aerosol was released. Three parallel experiments
were conducted to avoid errors. Three sets of data were obtained for
each measurement point obtained from each experiment. The sampling
flow was maintained at 1 L/min, and the data was collected for a total of
180s. Moreover, according to the recommendation of the Requirements
of environmental control for the hospital negative pressure isolation ward, a
constant air change rate (12 air changes per hour) was set in the ward.
During the experiment, the ward had a relative humidity of 60% and
temperature of 299.1 K.

2.3. Numerical simulation continuity phase and discrete phase

The indoor airflow was generally turbulent and could be simulated
by two turbulence models: large eddy simulation (LES) and RANS
(Reynolds Averaged Navier-Stokes) models. However, the computa-
tional cost required to apply the LES model for indoor flow-field simu-
lations is too high [33]. Zhang et al. verified the stability of the RANS
turbulence model in terms of accuracy, computational efficiency, and
indoor environment modelling [34,35]. Therefore, the RNG k-¢ turbu-
lence model was used in this study to simulate the flow field environ-
ment inside the negative-pressure isolation ward. A standard wall
function was used near the wall. The COUPLE algorithm was adopted to
decouple pressure and velocity. The second-order upwind scheme was
used to discretize the convection and diffusion convection terms in the
governing equation. Simultaneously, the Boussinesq model is used to
consider the buoyancy effect [10,36].

The primary governing equation for the continuous phase is
expressed as follows [37]:

Energy equation,

J i} T
o (ui(pe +p)) = o (ie/fafxiJr u; (Tij)eﬁc> + Sk (@)

where x; is the space coordinate component, u; is the velocity in the

[ T
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Fig. 2. The location of sampling points for (a) air velocity and (b) aerosol concentration.
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idirection (mes™'), p is the air density, e is the effective thermal con-
ductivity, p is the pressure (Pa), A, is the effective thermal conductivity
(Wem 2 eK'), Tis the temperature (K), u; is the velocity in i direction
(mes™), 7of is the effective dynamic viscosity, and Sy, is the heat source
(Nes2).

Mass equation,

o(pus)

6x,» =0 (2)

where p is the air density, y; is the velocity in the idirection (m e s~/), and
X; is the space coordinate component.
Momentum equation is

6(pu,~uj) 0 Ou; . Ou; 2 Ouy dap
Ty oy [”ff <axj a;) - ?ﬂ?} Tay PETS
(i,j,k=1,2,3 and i #})) 3)

where p is the air density, u; is the velocity in the idirection (m  s/), x; is
the space coordinate component, 4, is the effective dynamic viscosity
(Pa e s), p is the air density, e is the effective thermal conductivity, p is
pressure (Pa), g is the gravitation acceleration in the idirection (m e s2),
S; is the momentum sink (N e s72), and i,j, k are the component values,
which are equal to 1, 2 and 3, respectively.

The Lagrangian particle tracking model with a discrete random
wander model was used to represent the vortex interaction of the
discrete phase. To simplify the calculations, the following assumptions
were made: the condensation of droplets was neglected, droplets were
treated as spheres, and the effect of droplets on the airflow was not
considered. The tracking of individual droplet trajectories followed
Newton’s second law, using the following control equation:

d;‘l"’ =Y Fi = Firagi + Foi + Fus @
where uy; is the droplet velocity in the i direction (m s, t is time (),
XF; is the sum of all external forces exerted on the droplet in the i di-
rection (m e s~2), Firag is the drag force (N), Fy; is gravity (N), and F; is
the additional force (N).

According to the results obtained from several studies [10,38,39],
the additional forces on the droplet include the pressure gradient force,
virtual mass force, Bassett force, Brownian force, and Saffman force. In
our study, only Saffman and Brownian forces were considered. This is
because these two forces played an important role in the droplet motion
near the wall surface, whereas the other forces had a sufficiently small
effect on the droplet motion [10,30].

Droplet aerosols consist of volatile and non-volatile components. The
effect of non-volatile substances on droplet evaporation was ignored,
and the droplet was viewed as a single-component substance. When a
droplet evaporates in air, it reaches an equilibrium state and forms a
droplet nucleus [40]. According to a study by Nicas, the evaporation
ratio of a droplet was set to 92% [25]. The evaporation rate of the
droplet depended mainly on the water vapor concentration gradient
between the droplet surface and air environment. The droplet was
controlled using the default evaporation control model of Fluent, and
the controlling equation for the evaporation rate of the droplet is
expressed as follows:

N; =k (Cis — Ci) %)

where N; is the molar flux of the vapor (kg e molm=2 e s~/), k. is the mass
transfer coefficient (mes~'), C;s is the vapor concentration at the
droplet surface (kg e molm~—7), and C;; is the vapor concentrations in the
surrounding air (kg e molm™?).
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3. Results and discussion
3.1. Validation of the numerical model

3.1.1. Grid independence validation

Fluent meshing was used to geometrically discretize the computa-
tional region and generate a tetrahedral unstructured mesh. The density
and structure of the mesh are important and directly affect the accuracy
of the subsequent flow field calculations [41,42]. Four different grids
were used to ensure the accuracy of the continuous phase calculation.
Two sample lines spanning the entire room at a horizontal height of 1.5
m are shown in Fig. 2(a). The velocity values of the two straight lines are
extracted. The velocity distribution curves are shown in Fig. 3. As the
number of grids increased, the four curves gradually approached each
other. Among them, grids 2135231 had a large error, and the velocity
fields were approximated in the remaining three grids. Considering the
accuracy and calculation workload, a grid size of 2930761 was chosen
for subsequent calculations. During this grid generation, finer meshes
were used in locations with large velocity gradients, such as the mouth,
supply inlets, exhaust vents, and door gaps. The mesh size of the mouth
and the two-door gaps was 4 mm, which was smaller than the mesh
around the human body by 20 mm. Simultaneously, the grid sizes of the
supply inlets and exhaust vent were both set to 10 mm. Finally, the total
number of grid elements was 2930761.

3.1.2. Validation of continuity phase

The flow field in the experimental environment was verified to
ensure accuracy of the numerical calculation results. An air velocity
meter (TSI, model 9565) was used to measure the velocity at eight
measurement points, as shown in Fig. 2(a). Simultaneously, eight sam-
pling points were numbered for easy statistical analysis. The sampling
points were set on two lines (Line 1 and Line 2) across the room with a
height of 1.5 m and a spacing of 0.6 m. A comparison of the simulated
and experimentally measured values is shown in Fig. 3(a), (b). The
discrepancy between the simulation and experimental results was small,
which indicates that the grid setting, continuous phase model, and
boundary condition setting in the numerical simulation were in line with
the actual environment.

3.1.3. Validation of discrete phase

As shown in Fig. 4(a), in the droplet aerosol experiment, the droplet
aerosol particle size distribution at the release source (histogram) and at
four measuring points (point plot) were measured. After the aerosol was
ejected from the mouth of the dummy model, it evaporated quickly to
form a droplet nucleus. The evaporation ratio of droplet aerosols was
close to 92% of our expectations. The droplet aerosol dimensionless
concentrations measured in the artificial saliva experiment were
compared with the results of the numerical calculations. Dimensionless
concentration was defined as the ratio of the aerosol concentration at the
sampling point to the mean value of the aerosol concentration at the four
sampling points. The experimental measurements and simulation results
of breathing are shown in Fig. 4(b). Considering the complexity of the
sampling process, a certain degree of deviation is acceptable. Conse-
quently, the concentration validation showed that the results of the
discrete phase model were consistent with the experimental results,
which ensured the accuracy of the subsequent numerical simulation.

3.2. Droplet diffusion under different respiratory behaviors

After droplet aerosols are released from the patient’s mouth, they
evaporate rapidly to form droplet nuclei. Thus, under the influence of
gravity and buoyancy, the droplet aerosol was carried by the airflow of
the air conditioning system to the ward. Few parts of the droplet aerosol
were deposited on various surfaces, or they escaped from the exhaust
vent and door gap, or the particles were still suspended in the ward.
When the amount of suspended droplet aerosols in the space reached 1%
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Fig. 3. The verification of grid independence and continuity phase. (a) Air velocity in Line 1 (b) Air velocity in Line 2.
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Fig. 4. The comparison of experimental and numerical results. (a) Particle size distribution of source and four measuring points; (b) Simulated and experimental
values of droplet aerosols dimensionless concentrations.

of the total amount, the numerical calculation was stopped.

Fig. 5 depicts the proportion of droplets which were deposited,
escaped, and suspended over time. The number of aerosol droplets
released by the three respiratory behaviors differed. Therefore, the
proportion, that is, the ratio of the number to the total number of droplet
aerosols, was used to show the variation tendency of the droplet aero-
sols. Over 70% of the droplet aerosols were deposited on various

surfaces of the ward. In the case of breathing, droplet aerosol injection
was stopped at 600 s. After 160 s, the space suspension ratio decreased to
10%. It took longer to reduce the amount of space suspension for both
speaking and coughing cases. However, the reduction in the suspension
proportion per unit time was much higher than that in the case of
breathing. This is because droplet aerosols generated by speaking and
coughing have a faster diffusion rate.
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Fig. 5. The variation tendency of droplet aerosols proportion for three respiratory behaviors in the ward.
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3.3. Spatial distribution of droplet aerosols in breathing zones of HCWs

HCWs exposed to high concentrations of aerosol droplets have a
higher risk of infection. Tao et al. [43], used a sphere to count the
number of aerosols in the breathing zone. The height of the center of this
sphere was 1.6 m, and the diameter was 0.6 m. When treating patients,
HCWs are more likely to stand on both sides of the bed. Meanwhile, the
aerosol concentration under the air supply inlets was studied consid-
ering the dilution effect of fresh air on aerosols. Therefore, the locations
of the four points shown in Fig. 2 (b) were used to determine aerosol
concentrations at the respiratory height.

The statistics of the droplet aerosol concentration over time at the
four points are shown in Fig. 6. With respect to the breathing and
coughing cases, the aerosol concentration at point-3 was higher than
that at the other points, whereas points 1 and 2 possessed lower aerosol
concentrations. However, with respect to speaking, point-2 showed
higher aerosol concentrations, while point-1 still possessed the lowest
droplet aerosol concentration. As shown in Fig. 7, after the droplet
aerosols left the mouth of the patient, they spread along the ceiling to
supply inlet-2 and then flowed to supply inlet-1. The high concentration
of aerosols was entrained by the supply air flow, resulting in a high
concentration of aerosols below supply inlet-2. As shown in the enlarged
view in Fig. 6, the airflow velocity produced by speaking and coughing
was higher; therefore, droplet aerosols spread more quickly in the ward.
In a short period of time, the droplet aerosols covered the entire ceiling
and then spread in the ward following the supply airflow.

Although the air supplied by the system was clean, high aerosol
concentrations were present around the supply inlets. These aerosols
were carried by clean air, resulting in higher concentrations of droplet
aerosols in the area around the main supply airflow. HCWs should avoid
standing at point-2 when they spoke with the patient. HCWs at point-3
had a higher risk of infection when patients coughed frequently. In
general, point-1 was located upwind of the droplet aerosol release
source, and the droplet aerosol concentration was relatively low.

3.4. Deposition of droplet aerosols on various surfaces

Determining the main deposition locations of droplet aerosols is
important for disinfection and sterilization inside wards. The distribu-
tion of droplet aerosol deposition inside the ward was obtained by
simulating three exhalation methods. The deposition ratio is defined as
the ratio of the total number of droplet aerosols deposited on each
surface to the total number of droplet aerosols released. As shown in
Fig. 8, the deposition ratio of the droplet aerosols on each wall of the
room was compared when the number of aerosols in the space was
approximately 1% of the total number of releases. It could be seen that
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the main deposition locations of droplet aerosols were on the ceiling
(30.8%-37.6%), followed by the Z+ walls (12.7%-18.4%) and floor
(9.1%-14.6%). However, the Z-walls and bed surfaces were deposited
with relatively small amounts of aerosols, which was approximately
5.6%—-6.8%.

On the ceiling, the rate of breathing deposition was 30.8%. After
changing the exhalation mode, the deposition proportion of speaking
increased to 35.0%, while the proportion of coughing increased to
37.6%. As shown in Fig. 9(al-3), the number of particles in both the X-
and Z-directions was distributed in a single peak. For the three working
conditions, the deposition location was mainly concentrated directly
above the aerosol release source, accounting for approximately 1/4 of
the ceiling area. The main reasons were as follows: droplet aerosols were
driven to the upper part of the space by the thermal plume formed to
account for the heat dissipation of the human body, which has been
demonstrated in existing studies [44,45], and part of the supply inlet-2
air supply blows along the human body towards the Z+ wall. This
resulted in a large similarity in the main deposition locations in the three
cases. To fully demonstrate the influence of these two factors on droplet
aerosol transport, the flow field and temperature field contours at the
human-mouth section are shown in Fig. 10. For breathing with a low air
velocity, the droplet aerosols diffused to the Z+ wall side by the thermal
plume and supply airflow. However, owing to the higher exhalation flow
velocity generated by coughing and speaking, the diffusion of droplet
aerosols was dominated by exhalation airflow. Therefore, the distribu-
tion of droplet aerosols from coughing and speaking on the ceiling is
different from that of breathing.

The Z+ wall was second to the ceiling in terms of the droplet aerosol
deposition. The distribution of the deposition locations is shown in Fig. 9
(b1-3), and a weak double-peak distribution of the particle number is
displayed. Therefore, there should be two locations where deposition is
relatively concentrated. One was on the wall above the release source,
and the other was located in the lower left corner of the wall with
relatively few deposits. When the respiratory speed is low, more droplet
aerosols are transported to the Z+ wall by the supply airflow. In general,
for all the three exhalation methods, a large amount of deposition
occurred in the upper 1/3 of the Z+ wall. The deposition in the lower-
left corner of the Z+ wall was caused by the airflow of supply inlet-1.
The airflow from the top of the room reached the floor and spread
downwards in all directions. At the same time, the air leakage from door
gap-1 between the buffer room and the ward drives the droplet aerosols
to migrate to the lower-left corner of the Z+ wall, as shown in Fig. 10(c).

Droplet aerosol deposition on the floor is shown in Fig. 9(c1-3). Two
peaks of different sizes are observed in the deposition count statistics.
Two densely deposited areas are observed on the floor. Deposition was
evident under both air supply inlets; however, deposition under Supply
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Fig. 6. The variation of droplet aerosols concentration for three respiratory behaviors at the four points.
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Fig. 8. Distribution of droplet aerosols deposition in the ward.

inlet-2 was denser. There was only a small amount of deposition in the
1.0-2.0 m region of the X-axis (Door gap-1). The reason for this was the
air leakage from the buffer room. However, large quantity of air leaked
to the bathroom through the 3.0-4.0 m region of the X-axis (Door gap-
2), and a large amount of deposition occurred there. As the HCWs
walked in these areas, the droplet aerosols that had been deposited were
carried off the ground. Some studies have shown that sediment resus-
pension is an important source of airborne microorganisms [46]. Tao
et al. used dynamic grid numerical calculations to verify that walking
triggers the resuspension of massive droplet aerosols [43]. The resus-
pended aerosols were repeatedly transported by airflow [47]. Therefore,
the ground below the air supply inlet was disinfected. Moreover, the
frequency of HCWs activity during routine operations in these areas
should be reduced.

3.5. Limitations and future research

In this study, all the patient was assumed be stationary. The relevant
personnel movement makes the droplet distribution and spread more
complicated. In future studies, droplet aerosol resuspension causing by
personnel movement could be explored in detail. In addition, the design
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method of efficient ventilation for droplet aerosol exclusion could be
investigated in depth.

4. Conclusion

In the negative-pressure isolation ward, HCWs are exposed to a high
aerosol concentration environment, with potential risks of infection. The
aim of our study was to improve the security of HCWs and reduce the
risk of infection. Therefore, the distribution pattern of droplet aerosols
was studied using both droplet aerosol experiments and numerical
simulations. The deposition distribution of droplet aerosols generated by
three respiratory behaviors (breathing, speaking, and coughing) in the
ward was analyzed. Suggestions have also been proposed for the oper-
ation of negative-pressure isolation wards.

Some meaningful findings are addressed:

(1) Speaking and coughing could produce a higher velocity of expi-
ratory airflow. Therefore, droplet aerosols spread faster than
those produced by breathing. Droplet aerosols generated by
coughing and speaking can be removed and deposited more
rapidly.

(2) Approximately 10% of the droplet aerosols were deposited on the
floor, with the majority deposited under the supply inlets.
Frequent movement of personnel in this area could cause resus-
pension of deposited aerosols. Simultaneously, more droplet
aerosols might be deposited on the surfaces of HCWs when they
are under the supply inlets.

In our study, this airflow organization could control the lower
aerosol concentrations in the right half of the ward. However, the
concentration of droplet aerosols in the area below the air supply
inlets might be higher, leading to a higher risk of infection for
HCWs.
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