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In recent years, a large number of respiratory infectious diseases (especially COVID-19) have broken out
worldwide. Respiratory infectious viruses may be released in the air, resulting in cross-infection between patients
and medical workers. Indoor ventilation systems can be adjusted to affect fine particles containing viruses. This
study was aimed at performing a series of experiments to evaluate the ventilation performance and assess the
exposure of healthcare workers (HW) to virus-laden particles released by patients in a confined experimental
chamber. In a typical ward setting, four categories (top supply and exhaust, side supply and exhaust) were
evaluated, encompassing 16 different air distribution patterns. The maximum reduction in the cumulative
exposure level for HW was 70.8% in ventilation strategy D (upper diffusers on the sidewall supply and lower
diffusers on the same sidewall return). The minimum value of the cumulative exposure level for a patient close to
the source of the contamination pertained to Strategy E (upper diffusers on the sidewall supply and lower dif-
fusers on the opposite sidewall return). Lateral ventilation strategies can provide significant guidance for ward
operation to minimizing the airborne virus contamination. This study can provide a reference for sustainable

buildings to construct a healthy indoor environment.

1. Introduction

Since December 2019, the COVID-19 outbreak has occurred in many
countries worldwide. The COVID-19 pandemic has considerably
affected the sustainable development of cities and societies and raised
concerns regarding the influence of regulated indoor environments on
human health. Many infected patients have been hospitalized to seek
medical care. Through testing, most of these patients were found to be
carriers of the infectious virus through testing and were thus sent to the
hospitals for quarantine treatment. However, certain infected patients
who did not exhibit any notable symptoms likely engaged in social ac-
tivities in public places. Therefore, ensuring social distancing in public
places is particularly important to control the spread of the virus (Su
et al., 2021; Sun, & Zhai, 2020). To alleviate the problem of insufficient
hospital beds caused by an excessive number of patients being sent to
hospitals for treatment, Wuhan, as one of the cities severely affected by
the pandemic, established 16 square cabin hospitals for treating patients
with mild symptoms (Fang et al., 2020; Wang et al., 2020; Zhang et al.,
2020). Wuhan’s temporary hospitals, which resemble a centralized
clinic with diagnostic functions, can accommodate thousands of beds.
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However, in this scenario, those thousands of patients may be in the
same room, viruses may be transmitted from patients to medical staff
and among patients (Bukhari et al., 1993; Ge et al., 2020; Liu et al.,
2020).

Larger droplets (> 5 pm) and smaller aerosols (< 5 pm) that contain
viruses are released into the indoor air through patients’ breathing,
talking and coughing (Dhand & Li, 2020; Gralton, Tovey, McLaws &
Rawlinson, 2011). If these particles are directly inhaled or fall on mu-
cous membranes, droplet or aerosol infections may occur (Atkinson &
Wein, 2008; Wong K. et al., 2010). It has been experimentally shown
that the ventilation system impacts the air flow pattern in a room and
thus influences the effective removal of water droplets and bacteria
(Chen & Zhao, 2010; Guo et al., 2021; Wan & Chao H., 2007).

Many researchers have focused on the effective removal of fine
particles from the air (Feng & Cao, 2019; Feng, Yang & Zhang, 2020),
prediction of indoor pollutants and indoor intelligent ventilation sys-
tems (Ren & Cao, 2020; Ren & Cao, 2019). By combining the research
mechanism of fine particulate matter removal with the mechanism of
influence of ventilation systems on the indoor airflow, many experi-
ments have been conducted to examine the control effect of airflow
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Fig. 1. (a) Front view of the chamber. The white and blue mannequin simulate a healthcare worker (HW) and patient (P) as the source of pollution, respectively. (b)
Right side view of the chamber. The figures on the left and right represent a schematic and actual image, respectively.

patterns on fine particulate matter in isolation wards.

Many existing articles have highlighted different ventilation forms
(Cao et al., 2014; Melikov, 2016; Yang et al., 2019), such as displace-
ment ventilation (DV), mixed ventilation (MV), underfloor air distri-
bution (UFAD), wall air ventilation (WAV), protective occupancy
ventilation (POV), laminar air flow (LAF), and personalized ventilation
(PV). The following ventilation systems have been recommended for
hospital wards: DV, downward ventilation and MV (Qian, Li, Nielsen, &
Hyldgaard, 2008; Yau, Chandrasegaran, & Badarudin, 2011). Qian and
colleagues (Qian et al., 2006; Qian & Li, 2010) studied three different
ventilation systems, including MV, downward ventilation and DV, to
control the exhaled droplet nuclei of patients. The spatial distribution of
the corresponding concentration was measured. The authors experi-
mentally and computationally investigated the fate of breathing parti-
cles in a full-size, six-bed isolation chamber with vents at various
locations. The results showed that the existing ventilation design of
isolation chambers is not completely effective in removing fine and large
breathing particles. Studies have suggested that increasing the ventila-
tion rates to reduce the possibility of infection transmission may incur
higher energy and financial costs. Therefore, this study suggests an
intelligent and low-cost risk control strategy that combines infection
prevention with energy conservation (Wang, Huang, Feng, Cao &
Haghighat, 2021).

To examine the contamination level pertaining to different ventila-
tion systems with exposure to the human body, significant research has
been performed considering different distances and heights, humidity

and breathing cases, to formulate an exposure index correlating the
location and distance pertaining to the infected individuals; moreover,
several studies have attempted to examine the effect of tracer gas con-
centration changes on the exposure risk. In these articles (Ai et al., 2019;
Berlanga, Olmedo, et al., 2018; Berlanga, de Adana, et al., 2018; Cao
et al., 2015; Liu, Li, Nielsen, Wei & Jensen, 2017; Manuel Villafruela,
Castro, Francisco San Jose & Saint-Martin, 2013; Olmedo et al., 2012;
Qian et al., 2006), the influence of different ventilation and filtration
systems on the pollutant control was reported. The studies were pri-
marily aimed at examining different air distribution patterns (DV, MV,
and protected area ventilation), ventilation frequencies (ACH), and
different relative positions between patients and infected persons that
corresponded to a high risk of infection transmission. However, these
studies did not examine the effects of exposure to infection when the
return vent was near the source of the contamination. To the best of our
knowledge, extremely few experimental studies have focused on the
relative location of the return air outlet and the patient’s respiratory
area.

Under the stratified ventilation mode, the supply and return air inlets
are located on the sidewalls of the room. Therefore, in this mode, the
return air inlets are closer to the patients’ respiratory area than in other
ventilation modes. Fong et al. conducted experimental studies on the
thermal sensation in MV, DV and stratified ventilation rooms. Compared
with MV and DV, floor ventilation consumed less energy (Fong, Lin,
Fong, Chow & Yao, 2011). Lin et al. studied the particle dispersion in
classrooms under DV and stratified ventilation under three typical
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Table 1
The supply and return air locations of the 16 ventilation systems considered in
this study.

Strategy No. Air supply Air return
1-(A) 1#
2 3# 2#
3 1# and 2#
4-(B) S8-S14
5 3# S11
6 S1-s7
7 S4
8-(0) §5-S10
9 S1-s7 1# and 2#
10 S8-S14
11-(D) S1-S7 $8-S14
12-(E) S1-s7 §22-528
13-(F) $15-S21 S8-S14
14-(G) S$8-S14 S$15-S21
15 S1-s7 $15-S21
16 S8-S14 $22-528

scenarios through a numerical simulation. The results of the study
showed that the concentration of particulate matter in the respiratory
zone was significantly lower than that in DV. These findings indicated
that the risk of pathogenic bacteria inhalation in ground ventilation was
lower than that in DV (Lin, Wang, Yao & Chow, 2012). Moreover,
several studies (Cheng & Lin, 2015; Tian, Lin & Wang, 2010) were
conducted on stratified ventilation, including the examination of the
thermal comfort assessment, indoor stratified ventilation airflow char-
acteristics, and transmission and infection performance in the class-
room. The results showed that compared with MV and DV, stratified
ventilation corresponded to a smaller blowing sensation, higher thermal
comfort and more energy savings. Notable, the existing research on
layered ventilation has mainly focused on the thermal comfort and en-
ergy consumption among other aspects, and extensive and targeted
experimental research has not been conducted on its impact on the
pollutant removal, especially in terms of the exposure of medical staff.

To obtain the appropriate ventilation strategy to reduce particulate
matter exposure in hospital wards, we conducted experimental research,
obtained a considerable amount of experimental data, and established a
database. This paper experimentally compared the fine particle control
effect of the following four categories of air distribution forms: (1) top
air supply and top air exhaust adopted in general wards; (2) top air
supply and side air return (close to the floor), while the wards adopt top
air supply and side air exhaust (close to the patients’ breathing area); (3)
side return air and top exhaust air; and (4) side exhaust and side supply
air. The experimental data can be used to assess the risk due to inhala-
tion exposure of healthcare workers (HWs) and patients (Ps) to viral
particles released by a P in the same ward. Moreover, the experimental
results can provide a reference for the sustainable buildings in terms of
establishing a healthy indoor environment.

2. Experimental Methods
2.1. Test chamber description

The experiment was conducted in a laboratory at Hebei University of
Technology. The laboratory chamber was arranged in accordance with
the requirements for intensive care units and infection units, specified in
China’s national standard (GB 50849-2014, GB 51039-2014). The lab-
oratory chamber was 5.92 m long, 6.0 m wide and 2.8 m high. Five
diffusers (#1-5, size: 0.5 x 0.5 m) were placed on the top ceiling of the
chamber and 28 diffusers (#S1-S28; size: 0.2 x 0.2 m) were placed on
the sidewall of the chamber. The locations of the diffusers are shown in
Fig. 1.

According to the configuration of the experimental cabin, we studied
four kinds of air supply and exhaust modes, namely, top air supply, top
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air supply side, side air supply, and side air supply side. The first type,
that is, top supply air top exhaust air, can be subdivided into 3 types
(Strategies 1, 2 and 3). The case with the exhaust at the top supply side
can be subdivided into 4 types (Strategies 4, 5, 6 and 7). The case with
the exhaust at the top of the side supply air can be subdivided into 3
types (Strategies 8, 9 and 10). The case with the side supply air side
exhaust air can be subdivided into 6 cases (Strategies 11, 12, 13, 14, 15
and 16). Detailed schemes of the 16 different ventilation systems are
presented shown in Table 1, and the corresponding system diagrams are
shown in Fig. 2 and Table 1.

2.2. Experiment setup

The following experimental measurements were conducted in this
study. First, we measured the indoor temperature and air velocity dis-
tributions under different ventilation modes. The blowing sense and
ventilation performance of the Ps and the HWs were calculated and
compared. Second, the exposure of the HWs to pollutants exhaled by Ps
in a single room under different airflow patterns was analyzed. Effects of
the P-exhaled contaminants on different exposures to infection among
Ps in multiple wards were examined. Third, based on the results of the
study, the optimal ventilation mode that could rapidly discharge pol-
lutants from the P’s breathing zone in the event of an infectious disease
and to reduce the risk of cross-infection during the implementation of
isolation in the space was determined. The experimental database
including the temperature, air velocity and fine particle distribution
under different ventilation systems provided in this study can be used to
verify the numerical simulation results in further studies. To quantify
the transport of particles generated by Ps, two experimental scenarios
were considered. The first scenario was aimed at assessing the effect of
particles generated by Ps on HWs. The second scenario was designed to
study the transport of particles generated by a P to other Ps in the same
hospital ward. In the two experimental scenarios, different numbers of
dummy mannequins were used to simulate the human body. The
dummies had the same size and shape and were not heated in these two
experimental scenarios.

In the first scenario, the laboratory was simulated as a single-P in-
fectious monitoring ward, to which a specific P was assigned; a certain
HW was assigned to perform medical examinations and nursing activ-
ities for P. The locations of the HW and P are shown in Fig. 1. Two
mannequins, with a height of 1.80 m and surface area of approximately
1.7 m2, were used. Since the height of the dummy experimental model
was 1.8 m, the height of the respiratory area was approximately 1.6 m.

In the second scenario, three mannequins were placed in the
experimental chamber to simulate a ward with three Ps. The distance
between the beds satisfied the requirements for multibed wards in
hospitals in China. The locations of the three mannequins in this
experiment are shown in Fig. 3. In both scenarios, incense was set near
the mouth of the Ps to represent the particle source. This research
involved the following three steps. First, the temperature and wind ve-
locity flow fields of the 16 different ventilation systems were measured
and recorded. Second, the processes of pollutant removal and exposure
to medical personnel were simulated in a single ward. Third, the expo-
sure among the Ps was simulated in a three-person ward.

Temperatures at 11 heights were recorded at nine locations, as
shown in Fig. 4. By controlling the temperature of the ventilation and air
conditioning system in the experimental chamber, the indoor tempera-
ture was maintained at 24+1°C, and the average indoor temperature
was approximately 24°C. The indoor wind speeds of the different
ventilation systems were measured using a hot-wire anemometer, and
the four height planes corresponded to 0.4 m, 0.7 m, 1.2 m, and 1.6 m.
Each plane had 24 measurement points. The measurement points for the
indoor air velocity are shown in Fig. 5. The specific coordinates of the
measurement points are summarized in Tables S1 and S3.
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Fig. 2. Sixteen ventilation systems (White and blue dummies simulate HW and P as the source of the pollution, respectively.) (The green and red arrows indicate the

air input and output, respectively.)
2.3. Ventilation system and configurations

Experiments were conducted for different ventilation configurations
that provided clean air and exhaust through the celling or sidewall
diffusers. A ventilation rate of 10 ACH was set in these strategies. The
same air flow rate was maintained in all experiments to ensure repeat-
ability of the trials and comparability of the environmental conditions
with those in a real ward. For different tuyere shapes, different wind
speed measurement methods were used. For rectangular and circular

tuyeres, 16 and 5 points were selected to measure the wind speed,
respectively. After the stable operation of the fan, measure multiple
groups of data were measured, and the average value was considered.

2.4. Measurement instruments

The temperature, wind speed, and fine particulate concentration
were recorded at different heights at three different measurement
points. During the experiment, the temperature field and air flow field
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FD

(a) (b)

Fig. 3. Equidistant view of a simulated multi-P room in the test room, showing the distance between beds and the measurement points for P’s respiratory area at a
location close to (CD) and far from (FD) the source of the pollution. (a) Schematic (The pink and blue dummies mimic the P as the source of the pollution and an
infected P.) (b) Real image.

(b)

Fig. 4. The location of the temperature measurement points. (a) Schematic of the right side view; (b) Real image, showing only a few measurement points.
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were measured (as shown in Figs. 4 and 5). The heights of the particulate
matter concentrations in the laboratory were 0.7 m and 1.6 m, respec-
tively. The net height of the hospital bed was 0.53 m. In the actual use, a
mattress and bed sheet with a height of approximately 0.1 m were ex-
pected to be added. Therefore, the height of the bed used by a P was 0.63
m, and the height of the breathing area when the P lay on the bed was
approximately 0.7 m. The height of the sidewall tuyere in the laboratory
was 0.7 m. In addition, according to previous articles, the height of the
breathing area for a sitting human was approximately 1.2 m.

The ambient temperature probe included a T-type thermocouple
with an accuracy of £0.1°C in the range of -200°C to 260°C. Wind speed
was measured using a hot wire anemometer measurement (TESTO440
MODE TYPE 06280152 SERIAL No. 61183753) with a range of 0.02 to
3.0 m/s and accuracy of +£0.07 m/s. The concentration of fine particu-
late matter was measured using a handheld airborne particle counter
(TSI AEROTRAK MODEL 9306-V2) with a size range of 0.3 pm to 10.0
pm; the computation efficiency was 50% and 100% for 0.3 ym and >
0.45 pm, respectively. The particle counters used in this study could
measure the number concentration of particles in the size ranges of 0.3-
0.5 pm, 0.5-1.0 pm, 1.0-2.5 pm, 2.5-5.0 pm, 5.0-10.0 pm, and >10.0 pm.
By comparing the PM; 5 mass concentration value with the previously
reported values, a more convincing conclusion could be obtained. The
PM, 5 mass concentration was be calculated using the following equa-
tion (Ren, Wade, CorsiL. & Novoselac, 2020):

1
Mpyps = 6”[) (d?Nl +diN, +d§N3) x 107° 6

where Mpys 5 is the PMs 5 mass concentration (ug/ms); p is the density of
test dust used in this study, 1000 kg/m3; N;, N,, and N3 are the number
concentrations of particles in the size ranges of 0.3-0.5 pm, 0.5-1.0 pm,
and 1.0-2.5 pm, respectively (particles/m3); and d;, d,, and d3 are the
median mass concentration sizes of the three size bins (pm).

2.5. Thermal comfort indices

The steps listed in ISO EN 7730-2005 were adopted to determine the
thermal comfort index at different HW and P measurement points. The
operating temperatures of the Ps and HWs were obtained to evaluate the
thermal comfort. The values corresponded to HWs for the people
standing and Ps for the people sitting after the steady-state conditions
were achieved in the lab. Because the current standard does not provide
a way to capture these indicators for a person lying down, the closest
body position was selected. The HW was standing near the hospital bed
in which P was lying. Due to the geometry of the bed, the flow pattern
and thermal conditions at the P position could be different. However, the
range of variations in the draft was required to not violate the wider
thermal comfort range. Thus, the gust discomfort was assessed as the
local gust discomfort.

In general, discomfort due to draught may be expressed as the per-

(b)

Fig. 5. Location of the air velocity measurement point. (a) Schematic of the front view; (b) Real image, showing only a few measurement points.

centage of people predicted to be affected by the draught. The draught
rate (DR) was calculated using the following equation (model of
draught):

0.62
DR = (34—1,) (v,z_, - oos) <0.37~va_,~Tu + 3‘14) @

For v,; < 0.05m/s: use v,; = 0.05m/s;

For DR > 100%: use DR = 100% where t,;is the local air tempera-
ture in degrees Celsius; here, 20°C to 26°C. V;is the local mean air ve-
locity in meters per second;here, <0.5 m/s; and T,is the local turbulence
intensity in percent points; here, 10% to 60% (if unknown, 40% may be
used).

The model can be applied to people with low (mainly sedentary)
activity levels, with the thermal sensation for the whole body being close
to neutral, to predict the draught at the neck. At the level of the arms and
feet, the model can overestimate the predicted DR. The value range of
DR is based on the DR value specified in the ISO 7730-2005 thermal
environment classification. ISO7730-2005 has different DR value ranges
for different categories (A, B and C), among which the minimum DR
range is <10.

2.6. Ventilation performance indices

Because the droplets produced by a patient’s cough carry the virus
and these droplets are of the order of nano- and micrometers, the
droplets can be replaced by tiny particles. Under the given laboratory
conditions, we conducted two kinds of experiments, namely, static and
dynamic experiments. The static experiment was conducted to test the
attenuation effect of different ventilation systems on the fine particulate
matter with different particle sizes. In this experiment, the measurement
points were arranged in the respiratory areas of the P and HW, the in-
door central point (IC) and the location of the return air outlet, and the
process monitoring and recording were conducted for these measure-
ment points. The test steps were as follows: First, fine particulate matter
was generated indoors. A certain amount of sandalwood dust was used
to simulate the release of fine particulate matter indoors. In the static
test, the particles were produced by the burning of sandalwood. The
burning process was strictly timed to ensure that the same number of
equisized particles were produced. The dominate aerodynamic diameter
of the particles produced by sandalwood combustion was between 0.3
and 10.0 pm. In the static experiment, the particles were released
through combustion at the center of the indoor ground. Second, four
stirring fans were operated to ensure a uniform particle distribution. In
different locations of the room, the number of particles was continuously
monitored by operating the fans for different durations, and the distri-
bution of the particles was confirmed to be uniform through analysis.
Each process of the experiment was subjected to strict time control.
Third, the fine particles in the room were allowed to decay naturally and
under different ventilation conditions. In addition, the experiment was



X. Kong et al.

Sustainable Cities and Society 73 (2021) 103102

Table 2
Experimental temperature under different ventilation conditions.
Strategy No. 1 2 3 4 5 6 7 8
Average Temperature (°C) 23.4 23.4 25.3 24.2 24.7 24.0 23.9 24.3
Strategy No. 9 10 11 12 13 14 15 16
Average Temperature (°C) 24.3 25.3 23.6 23.8 24.2 24.6 23.8 23.9
repeated multiple times. The complete process lasted at least two hours. .
The following equation can be used to calculate the attenuation ef- CEL = / N,dt @
fect of the number of fine particles (Ren & Liu, 2019): fo

C = Cy x exp(—kt) 3
k=ke—ky @

where C is the real-time number of fine particles, #/m3; Cy is the initial
number of fine particles, #/m3; t is the decay time, h; k is the particle
number decay rate constant, h—1; k. and k, represent the total and
natural decay rate constants of the number of particles, h—1,
respectively.

The dynamic experiment was divided into a single-P ward and multi-
P ward simulation experiments. In the dynamic test, the particles were
produced by sandalwood combustion. Each combustion process was
time-controlled to ensure that the same size and number of equalized
particles were produced. The sandalwood material adopted in the dy-
namic experiment was the same as that used in the static experiment;
however, the shape, height and burn time of the sandalwood were
different due to the consideration of the distance between the P’s res-
piratory area and its surrounding location. The particles were burned
and released at the position of P’s mouth. The pollution source (P’s
mouth) released pollutants (fine particles) into the room. In the single-
room simulation experiment, a P (blue dummy) and an HW (white
dummy) were considered, as shown in Fig. 4. The relative positions of
and distance between the entities as well as other information are also
shown in Fig. 4. During the experiment, the concentration of fine par-
ticles at the inhalation point (nose) of the HW was monitored and
recorded. The multi-P bed simulation experiment, as shown in Fig. 5,
involved three Ps, one of whom was a pollutant source (pink dummy),
and the other two were pollutant receivers (blue dummies). During the
experiment, the concentration of fine particles at the inspiratory point
(nose) of the infected Ps was monitored and recorded.

The average concentration in the inhaled airway of the HW indicated
the average human expiratory concentration of source P and was
defined as the inhalation fraction (IF) index, which could be calculated
as follows:

f O inhCinndt

IF =F—"——
f Op ext Cexndl

(5)

where Qp in and Qp v, (1/min) are the breathing rates of the HW (target)
and P (source) mannequins, respectively, similar to the considerations in
this study, Cypis the average contaminant concentration inside the
inhalation airway of the HW mannequin, and C,y is the average
contaminant concentration emitted through P exhalation.

The exposure rate (ER) was determined by the IF and could be
calculated as follows:

ER = (1 —IF) x 100% (6)

Based on the background experiment, the particle count changes in
the background and nonbackground experiments were integrated over a
certain period, and the reduced exposure rate (RER) was obtained by
comparing the reductions in the nonbackground and background
experiments.

The cumulative exposure level (CEL) was determined by N, and
could be calculated as follows:

where N,(#/s) is the number of particle concentrations measured over
time at a measurement point. The CEL was obtained by integrating the
exposure time of the particle. The obtained experimental data (data of
particle changes with time) were plotted and integrated, corresponding
to the integration of the particle concentration changes over time.

3. Results
3.1. Air temperature distribution under different ventilation systems

During the experiment, the indoor temperature was monitored and
recorded, and the average value of the experimental results was
considered to calculate the DR. As 1 and 2 in Table 2 were tested on the
same day, the temperature was the same. The temperature pertaining to
various working conditions in the Table 2 was considered to calculate
DR. The temperature data in the table were averaged. The temperature
differences between the experimental groups could be attributed to the
differences in the outdoor temperature, even though the unit was set to
be at the same temperature to minimize the deviation. The detailed
temperature data are provided in Table S4.

3.2. Air flow field under different ventilation system conditions

During the experiment, we conducted a continuous measurement for
5 min after the operation of the unit (wind speed of tuyere) was stabi-
lized, with a set of data obtained per second, leading to 300 sets of data.
A total of 24 corresponding measurement points were considered, which
were located in 4 height planes. Next, the average value and variance of
the data were calculated. Finally, Origin 2018 softwere was used to plot
the measured data to obtain the speed cloud map. Fig. 6 shows seven
(Strategies A-G) velocity clouds at a height of 0.7 m and a set of
superimposed clouds (H) at heights of 0.4 m, 0.7 m, 1.2 m, and 1.6 m.
Strategy 1(A) was selected, and the wind speed results for the four
considered heights are shown in Fig. 6.

3.3. DR

The experimental data obtained by measuring the temperature field
and flow field of the air speed were processed and analyzed. A height of
0.7 m represented the height of the P lying on the hospital bed, and the
DR at this height could fully explain the P’s DR. The results show that the
DR at the positions of 0.7 m and 1.6 m are different under different
working conditions.

As shown in Fig. 7, most of the DR values are no more than 10,
indicating that the occupants (HW and P) have a slight feeling of
blowing air under the 16 ventilation systems. In the case of the side
return air system (Strategy 4-7,11-16), although DR is slightly higher in
certain cases, the blowing sensation is relatively weak. The experimental
conditions can thus satisfy the requirements of the human body for
thermal sensation.

The comparison between Fig. 7(a) and (b) shows that the air blowing
sensation, which is considered to be significant at a height of 0.7 m, is
slightly larger than that at a height of 1.6 m, mainly because when the
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Fig. 6. A-G and H velocity clouds. In A-G, the black dotted line frame represents the hospital bed, indicating the location of the hospital bed; the black solid line
frame represents the sidewall air outlet, indicating the location of the air outlet. H is a two-dimensional figure, which shows the length, width and height of H after
simplifying the experimental chamber.

side air supply is at the sidewall, the exhaust outlet under the sidewall is blowing on the head and neck of the HW. Basically, the DR value is less
at a height of 0.7 m, and the air supply distance is relatively small. The than 10, indicating that the HW has only a slight sense of hair blowing.
height of 1.6 m represents the height of the respiratory area of an HW After comparison, seven experimental schemes (Strategies A-G) with
standing beside P’s bed. The DR value can represent the sense of hair notable effects and extreme representation were selected.
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Fig. 7. (a) The draught rate (DR) under the operation of 16 ventilation systems in a plane with a height of 0.7 m; (b) DR under operating conditions of 16 ventilation
systems in a plane with a height of 1.6 m. The figure shows the median line, mean value, general average of all the data at this height, and outliers.
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Fig. 8. The k values under seven ventilation system conditions (Strategies A-G). Measurement points: respiratory areas of P and HW and the indoor center point (IC).

Since this paper tested only the air blowing sensation without the
experimental measurement of the predicted mean vote (PMV) and pre-
dicted percentage dissatisfied (PPD), we obtained the corresponding
results by comparison with the data reported in other papers. According
to the existing articles (Khodakarami & Nasrollahi, 2012; Verheyen,
Theys, Allonsius & Descamps, 2011) and ASHRAE on the thermal
comfort of the ward, the PPD% value was 8.8, and PMV value was
0.440.2. A study (Tian, Lin, Liu & Wang, 2008) on the ventilation room
thermal comfort found that the subjects exhibited PPD% values of 50
and a PMV value of approximately 0. According to these results, the
value range of category B (DR<20) corresponds to ISO 7730-2005.
Moreover, in this study, the DR value during the whole experimental
process was no more than 20, except for certain outliers. Therefore, this
experimental condition could satisfy the required thermal sensation.

3.4. Ventilation rate

Using the measured data and according to Eq. (4) presented in Sec-
tion 2.6, the k value was obtained. The calculation results are shown in
Fig. 8. Fig. 8 shows the calculation results of particles with aerodynamic
diameters greater than 0.3 pm (sum of particle counts for all channels of
the instrument).

Fig. 8 shows the ventilation effect of the ventilation systems. Stra-
tegies A, B, D, and E exhibit a high ventilation performance, while
Strategies C, F, and G exhibit a low ventilation performance. As far as P
is concerned, Strategy A corresponds the highest ventilation efficiency,
followed by Strategy D. The result for Strategy A may be attributed to
the rapid air exchange rate in P’s respiratory area when the air returns at
the top of the top supply air, and thus, the ventilation effect in the res-
piratory area is high. The result of Strategy D can be attributed to the
side supply air and side return air. The duration of such airflows is small,
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Table 3
Comparison of different aerodynamic diameters (pm) in different ventilation
systems.
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and the airflow distance is small. In terms of the location of the HW,
Strategy E exhibits the highest ventilation efficiency, followed by
Strategy B, likely because the distance between the return air outlet and
HW is small and the airflow distance is small. The reason for the higher k
value in Strategies D and E may be thatin these strategies, clean air is
sent to the room through upper diffusers on the sidewall (diffusers close
to the breathing area), owing to which the air near the breathing area is
promptly refreshed.

The clean air delivery rate (CADR) has been examined in many pa-
pers, and different values of CADR have been reported. In COVID-19-
related studies (Christopherson, Yao, Lu, Vijayakumar & Sedaghat,
2020; Zhao, Liu & Chen, 2020), the values of CADR (m3/h) were 300
and 361. In another study, the test result of CADR (m>/h) was approx-
imately 300-700. In this study, (Ren & Liu, 2019), CADR of the same
significance could be obtained by using the k value. Since the volume of
the experimental chamber was 5.92 m x 6.0 m x 2.8 m=99.5 m?, the
value of CADR could be calculated to be 500-1600 m®/h. After com-
parison, the overall k value in this study was noted to be larger, which
corresponds to a higher air purification effect.

3.5. Exposure to contaminants

The dynamic experiment simulated private rooms and multiple
wards. The following table compares the exposure of the respiratory
zones of HW, IC, and 2 Ps (CD and FD) with different aerodynamic di-
ameters under 7 ventilation system conditions (Strategies A-G).

In Table 3, the presence of two symbols (e.g., v/v/) indicates the
minimum value of the total particle count for the cumulative settlement
that occurred after the fan and particle release of the air conditioner
stabilized. The presence of a single symbol (e.g., v/) indicates the value
within 5% of the minimum value. The symbol (\/) represents the cu-
mulative count of the particles near the respiratory area of the HW.
Similarly, the symbol (/\) corresponds to the IC, the symbols ([(]) and (o)
correspond to the respiratory area for CD and FD, respectively; and the
symbol (3¢) represents the sum (S) of the values of the respiratory areas
for CD and FD.

Through the comparison of the different particle sizes under the
same strategy, it was noted that the cumulative counts of particles in
different particle sizes are different. In general, the channel value
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(aerodynamic particle size >0.3 pm) has a clear representation, and
thus, certain graphs are plotted and presented with the channel value
data (aerodynamic particle size >0.3 pm). The table indicates that in
terms of the cumulative count of particles near the HW respiratory zone,
the minimum value corresponds to Strategy D, followed by Strategy E;
For the cumulative count of particles near the IC, the minimum value
corresponds Strategies D and B In terms of the cumulative count of
particles near the respiratory zone of CD, the minimum value appeared
in Strategy B, followed by Strategy D For the cumulative count of par-
ticles near the FD respiratory zone, the minimum value appeared in
Strategy E. The comparison of different ventilation systems, indicated
that Strategies B, D, and E correspond to a low exposure risk.

The data were monitored and recorded throughout the experiment.
We chose several sets of data to be presented. Fig. 9 shows the variation
of the pollutant particle number concentration in the HW respiratory
zone and CD and FD respiratory zones in the single ward in the simu-
lated dynamic experiment. The particle count in the figure was the total
value of the instrument channel (>0.3 pm). BE denotes the background
experiment; Strategies A-D represent the different ventilation systems
listed in Table 1.

The particle counts data in Fig. 9 changed all the times, and several
outliers were present in the data owing to uncertain and uncontrollable
factors during the experiment. Nevertheless, the overall trend of the data
is clear: pollutants are released from the source location (P’s breathing
area; after a certain duration, the ventilation system is operated under
different conditions to remove the indoor pollutants. Over time, pol-
lutants in the HW respiratory zone increase in BE but decrease in Stra-
tegies A-D, and the rate of decrease is different.

Using Egs. (6) and (7) presented in Section 2.6, the experimental data
were calculated and processed to obtain the corresponding results,
which plotted as graphs of the RER and CEL.

In Fig. 10, HW represents the respiratory area of HW, CD represents
the respiratory area of patients close to the pollution source, FD repre-
sents the respiratory area of patients far from the pollution source, and
AT represents the average values of HW, CD, and FD. In Fig. 11, BE
represents the background experiment, and HW, CD and FD have the
same meanings as those in Fig. 10.

As shown in Fig. 10, for the HW, Strategy D has the largest value of
70.8%, followed by Strategy E with a value of 69.4%, and the three
worst groups are Strategies A, B, and G. For CD, Strategy E has the
highest value, followed by Strategy C, and Strategies A, F and G are the
three worst groups. For FD, Strategy B has the largest value, followed by
Strategy C, and the three worst groups are Strategies A, F, and G.
Overall, the value of RER are larger for Strategies D and E, intermediate
for Strategies B and C, and small for Strategies A, F and G. A smaller RER
corresponds to a smaller exposure reduction rate.

The possible reasons for the phenomenon observes in Fig. 10 are as
follows. First, due to the different relative positions and heights of HW,
CD and FD in the experimental chamber, the experimental results are
slightly different. Second, the side air return method leads to a rapid
reduction in the pollutant levels in the area near the return air outlet,
thereby increasing the relative exposure reduction in the area.

As shown in Fig. 11, for the HW, Strategies D and E have small
values, while Strategies A, C and G have large values. For CD, Strategies
C, D, and E have small values, while Strategies A and F have large values.
For FD, Strategies B, D, and E have small values, while Strategies F and G
have large values. The minimum value of CEL (1. E +06#/m3), and the
removal efficiency for HW is 31.7 and 70.9% in Strategy D, respectively;
for CD, the corresponding values were 16.0 and 83.5% in Strategy E; and
for FD, the corresponding values were 11.0 and 89.2% in Strategy B. A
larger CEL corresponds to a greater the cumulative exposure and the
greater the risk of exposure.

The reasons for this phenomenon may be as follows: First, the posi-
tions and heights of the HW, CD and FD are different from those of the
tuyere, leading to different results in the experiment. Second, in Stra-
tegies A-G, with 7 different ventilation systems, the air velocity of the
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Fig. 9. Variation in the particle concentration in the (a) HW respiratory zone; (b) CD respiratory zone; (c) FD respiratory zone.

tuyere is different because the ventilation times are the same, but the
area of the tuyere is not the same. Finally, different ventilation systems
have different airflow paths.
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3.6. Contaminant distribution

Eq. (2) in Section 2.4 was used to calculate and process the obtained
data. As shown in Fig. 12 (a), Strategies D and E exhibit a higher removal
effect of PMy 5. In Fig. 12 (b), Strategies B and E exhibit superior effects.
A greater value of PM 5 mass concentration in Fig. 12 corresponds to a
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higher PM, 5 removal effect in the environment. The main reason for this
phenomenon may be that different ventilation systems have different
airflow paths, and pollution sources have different relative positions
with respect to the air supply outlet and the air return outlet. In
particular, for the side air return of Strategies B and D, the airflow path
in this form is considerably reduced.

4. Discussion

The removal effect of particulate matter in wards was experimentally
studied (Chao, Wan & To, 2008). In this paper, after revising the adopted
mode, the predicted deposition rate of 1.5 pm droplets was reduced by
25%. Due to the advantage of gravity deposition, more than 95% of the
>87.5 pm exhaled droplets were removed by deposition. The experi-
mental results indicated that different ventilation systems have different
effects on particulate emissions. When we processed the data, we used
the average value of the experimental data, which may have under-
estimated the exposure.

The innovations of this study are as follows: a variety of air distri-
bution forms and different forms of wards were compared; moreover,
the temperature field, velocity field, and concentration field under
different air distributions were accurately measured, and a large number
of databases were established, which could be used for CFD verification
of future studies focused on wards. The shortcomings of this study are as
follows: the experiments were not repeated, and the measurement of the
air flow field was conducted only a single ward; future studies can be
aimed at examining the traversal through multiple wards. In addition,
the mannequin was not heated in this study. The thermal plume
generated by the mannequin is expected to affect the transport and
removal of particles under different ventilation systems.

5. Conclusion

In a typical air configuration case study involving top and side supply
and return air systems, experimental tests were conducted to determine
the thermal comfort, ventilation performance, and pollutant exposure.
According to the results of the experiments and comparison among the
results, the following conclusions could be derived.

Most of the DR values are no more than 10, indicating that the oc-
cupants (HW and P) have a slight feeling of blowing air under the 16
ventilation systems. In the side return air system (Strategies 4-7,11-16),
although the value of DR is slightly higher in certain case, the blowing
sensation is relatively small. The experimental conditions can meet the
requirements of the human body for thermal sensation.

The results of the cumulative exposure to local pollutants show that
the adopted ventilation strategies adopted are effective. The maximum
value of RER (%) for HW was 70.8 in Strategy D. The minimum CEL
(1.0E+06 #/m>) value for HW was 31.7 in Strategy D, and the removal
efficiency was 70.9%.

Considering these results, it is considered that the side return air is a
feasible ventilation strategy to replace top return air. In this strategy,
indoor occupants can experience a high comfort and ventilation per-
formance. Moreover, this strategy can effectively reduce the exposure of
pollutants and enhance the filtration efficiency. However, according to
the results, the air distribution in the room must be focused on.
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