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the study examined the performance of mounting retractable covers around the exhausts
on minimizing the dispersion of the particles. A coupled Eulerian-Lagrangian approach is
adopted by using a discrete random walk model. The effect of Brownian force, drag force
with Cunningham slip correction factor, turbulence dispersion, Rosin-Rammler, and the
breakup is considered in the respiratory airborne coughed particles simulation. The
model has a good agreement with the experimental data. The results show that overhead
air distribution (case 1) disperses the particles faster to the occupied zone due to the
strong mixing between downward inlet airflow and indoor air accompanied by infectious
particles. The usage of retractable covers (case 2) significantly minimized the diffusion of
the particles inside the ward and their residence time. The particles quantity drops by 53,
98.62, and 99.94 % at 2.0, 10.0, and 120.0 s, respectively, compared to case 1. Case 2
shows the best efficient protection and inhaled air quality for the HCW in all the walking
areas inside the room. The upward inlet air in underfloor air distribution (case 3) keeps
particles floating for a while at a higher level near the ceiling exhausts, enhancing removal
efficiency. Also, it has a slower lateral dispersion of the particles than in case 1.

Keywords: Underfloor air distribution minimized the number of particles by 30.0 % at 120.0 s,
COVID-19; isolation room; UFAD; compared to overhead air distribution. Inlet air location significantly affects the diffusion
particles; air quality; cough of infectious particles in the indoor environment.

1. Introduction

COVID-19 is a very fast-spreading respiratory airborne disease worldwide [1,2]. The spread of the
virus caused a very large number of deaths, so countries were forced to apply unprecedented
precautionary measures to confront it, such as partial and total closure and sanitary isolation of
patients and suspects, in addition to stressing the commitment to social distancing [3,4]. Cough is a
respiratory activity that produces a large influx of pathogens with a high initial velocity and causes
large diffusion of covid-19 infection. [5].
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The indoor airflow and ventilation standards significantly affect the dispersion of particles inside
the room [6,7]. The risk of infection inside indoor spaces was effectively reduced with increasing
ventilation rate and air cleaning capacity [8]. The underfloor air distribution system provides
acceptable thermal comfort sensation, energy-saving, and air quality compared with the overhead
air distribution system [9—11]. Underfloor air distribution and displacement ventilation are effective
in minimizing the dispersion of particles inside the room [12]. In UFAD, the risk of infection increases
for the occupants located under the exhausts in the classroom [13]. Abdolzadeh et al., [14] studied
the underfloor air distribution in an office room and revealed that seated people close to air supplies
were subjected to a high concentration of contaminants. The large droplets pose a great danger to
the susceptible person, while the fine droplets are deposited on the walls, floor, and ceiling [15]. The
distribution of respiratory particles is effectively controlled by the location of air extraction and
ventilation rate [16]. The source of infection and immune patients should be located near the air
exhausts and air supplies, respectively [17]. Ventilation effectiveness and particles dispersion are
influenced by ventilation rate [18]. Otherwise, the location of air exhausts on the right and left sides
of the bed at the lower level provides a reduction in the concentration of the particles in the
breathing zone. The exposure to infection for a healthy person can be reduced when using a personal
ventilation system of 9 L/s [19]. The work of Zhang et al., [20] revealed that in displacement
ventilation, the indoor air distribution and ventilation rate significantly affect the extraction of
respiratory droplets compared to inlet air temperature and relative humidity.

The side ceiling ventilation mode provides stratified and lowers the concentration level of
particles thus reducing the risk of infection compared with the ceiling ventilation mode [21].
Otherwise, increasing the supply velocity leads to an increase in the mixing process in both modes.
The wind speed has a significant effect on locating the risky area [22]. The swirl diffuser of 45° and
60° rotation angles, reduces quickly the amount of inhaled particles in the breathing zone compared
with 30° and 90° rotation angles [23]. During coughing, the respiratory airborne infection can travel
more than 3.0 m from the infectious person [24]. The evaporation effect can be neglected for
particles in the size range of 0.5 to 20 um [25,26]. For the size of the droplets from 0.1 - 200 um, the
effect of relative humidity on the spread of the droplets can be ignored [27]. The heat of the human
body affects the expelled particle’s mass and air distribution, and its effect can be neglected on the
evaporation rate [28]. Males have a higher initial exhalation velocity than females, so the
transmission distance of the respiratory particles is higher for males [29]. The droplets of large
diameter dropped to the floor, while the small droplets are suspended in high positions [30]. The fine
droplets of a diameter lower than 20 um disperse with indoor air, while those of a diameter larger
than 45 um are deposited on the surfaces [31]. The initial velocity of coughed droplets varies from
10 to 25 m/s and transmits further than 2.0 m [32]. The transmission distance of the droplets is lower
than 2.0 m at a wind speed of 0.0 m/s and can be 6.0 m when the wind speed varies from 4 to 15
km/h. Full-body isopod significantly protects the HCW from the covid-19 virus’s infection [33].
Wearing the negative pressure hood for infectious people is effective in preventing the transmission
of respiratory airborne droplets [34]. The closer social distance between the infectious person and
the healthy one can reduce the spreading of coughed particles in displacement ventilation compared
to mixing ventilation [35].

This research concerns the effectiveness of different air distribution strategies on the dispersion
of respiratory airborne infection in a COVID-19 densely occupied isolation ward. The laden virus can
be transmitted through coughing, so it has been studied as a pathogen. Most of the previous studies
focused on one standing or lying patient coughing. Studying the effect of mounting a retractable
cover around the exhausts on minimizing the dispersion of infection inside the ward has not been
performed elsewhere. Also, no previous studies investigated the effect of underfloor air distribution
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on the dispersion of coughed particles from two lying patients inside an isolation ward. The effect of
turbulence dispersion, drag force with Cunningham slip correction factor, Brownian force, and the
breakup was considered in the respiratory airborne coughed particles simulation. A coupled Eulerian-
Lagrangian approach is adopted by using a discrete random walk model for the discrete phase to
resolve the effect of turbulent dispersion on particles, and the RANS model for the continuous phase.

2. Mathematical Modelling
2.1 The Eulerian-Lagrangian Approach

A coupled Eulerian-Lagrangian approach is adopted for simulating the distribution of the expelled
particles from cough. Where the Eulerian method and Lagrangian discrete phase model are set up
for the continuous phase and the dispersion of particles, respectively [36].

2.2 Eulerian-Continuous Phase Equations

The turbulent indoor airflow is modeled using Reynolds-averaged Navier—Stokes equations
(RANS), with the standard k — & model. The governing equations of mass, momentum, energy,
turbulent kinetic energy (k), and turbulence dissipation rate (&) are solved simultaneously. The
standard k — &€ model is preferred due to its suitability for wide ranges of turbulent flows, acceptable
accuracy, and computational time efficiency [3,37-43]. Those transport equations are expressed in
their general form as follows [44]

2 4 7.(pdV) = 7. (T VD) + S, (1)

where p is the air density, V is the velocity vector, @ is the transported scalar quantity, 'y is the
effective diffusion coefficient, and Sy is the source term.

2.3 Lagrangian Discrete Phase Equations

The particles expelled by cough or sneeze are tracked and simulated using the Lagrangian discrete
trajectory model and by solving the force balance equations for droplet motion. The effect of
temperature and relative humidity can be ignored on the spread of the particles that have sizes from
0.1 to 200 um [25-27]. In this study, the size range of the coughed particles is 0.62 - 15.9 um, with
an average diameter of 8.35 um [45]. Therefore, the evaporation effect was not considered [25,26].
The effect of turbulence dispersion, drag force with Cunningham slip correction factor, Brownian
force, and the breakup was considered in the calculation. The stochastic tracking discrete random
walk (DRW) model is applied to resolve the influence of turbulence dispersion on particles by
integrating the trajectory equations for individual particles [46]. Rosin—-Rammler distribution is
adopted for the distribution of the coughed particles [1,3,30,47]. The particles start to break up when
expelling from the mouth and interact with the indoor air. The breakup model that was used in the
simulation is based on Taylor Analogy Breakup (TAB) model [30]. For particles, the lagrangian
equations of the motion can be written as follows

dxyi
bt __
T Wi @
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where u is air velocity, u, is the velocity of droplets, fj, is the Stoke’s drag modification function for
large particle Reynolds number Rep, F,; is the gravitational force, T is droplet’s characteristic
response time [48], p is the air density, p,, is droplet’s density, C is Cunningham slip correction factor,
A is the molecular mean free path and F,; is the additional forces including Brownian force.

3. Model Verification and Validation
3.1 Validation of the Eulerian Model

The Eulerian model has been validated against the experimental work of Yin et al., [49] and the
numerical results of Hang et al., [50]. The isolation room geometry as shown in Figure 1 was 4.90 m
x4.32 mx2.72 m, with a displacement diffuser of 55.0 cm x 70.0 cm x 11.0 cm. The air was exhausted
by main and auxiliary grilles with a dimension of 0.254 m x 0.254 m and 0.305 m x 0.254 m, and
extracting 36.0 CFM and 78.0 CFM, respectively. The air was supplied at a velocity of 0.14 m/s and a
temperature of 19.5 °C. The measurements were conducted on the air velocity (u/ug) and
temperature (8), where 8 = (T —Ts)/(T, — Ty), T, is the main outlet temperature and u is the air
supply velocity. More details can be found in Yin et al., [49]. As revealed in Figure 2, the present
model has a high agreement with the experimental data of Yin et al., [49] and shows a high accuracy
compared to the numerical results of Hang et al., [50].

Main Exhaust ¢ 120 >
[———] e
0
k—ﬂi 45
Bed

i® ® Auxiliary

P7 P3
\xhaust

Patient

125

Medical HCW
Device

O P2@® Ps@®

105

][@2 I

E JOK
¥ @z

™v

Displacement
Diffuser

Fig. 1. Configurations of the isolation room (All dimensions are in cm)
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Fig. 2. Comparison between the results of the present model and the numerical results in [50] and the
experimental data in [49], z is the vertical distance, and H is the gross room height

3.2 Validation of Particles Dispersion - Lagrangian Discrete Phase

The Lagrangian discrete model has been validated against the experimental data of Lu et al., [51].
The room of the experimental work has dimensions of 5.0 m x 2.4 m x 3.0 m. The room was divided
into zones 1 and 2 with an opening of (0.95 m x 0.7 m) in the middle and center of the room as seen
in Figure 3(a). The air was supplied with an inlet velocity of 0.09216 m/s in zone 1 and extracted from
zone 2 with dimensions (1.0 m x 0.5 m) for both the supply and the exhaust. The particles are
uniformly distributed in the room having an initial velocity of zero m/s and then disperse with indoor
airflow. The particles have different diameters of 1,2,3,4 and 5 um. The particles have a density of
865 kg/m3 and each one has a mass of 147.35 pg. The comparison between the present model and
the experimental work of Lu et al., [51] shows a good agreement as seen in Figure 3(b).
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Fig. 3. (a) Room configuration and initial position of the particles, (b) Comparison between
results of the present model and experimental data in [51] at zones 1 and 2

4. Numerical Simulation of the Dispersion of Respiratory Aerosols and Coughed Particles
4.1 Isolation Ward Descriptions

The isolation ward has the same geometry as that was in the University of Hong Kong [52]. The
ward has dimensions of 6.7 m x 2.7 m x 6.0 m. The ward involves six patients lying in six beds and a
standing health care worker. In many kinds of literature, the occupant’s body was simulated as a
cubical shape of head, chest, arms, and legs to save computational time [17,31,44]. The occupants
have a length of 1.70 m. The standing health care worker is located 0.26 m away from the wall behind
and in the middle distance between two beds. The six beds are with dimensions (2.0 m x 0.8 m x 0.8
m) and have 1.0 m space in between as shown in Figure 4. The gap between each bed and the wall
behind the head is 0.1 m. The head of each patient is 0.2 m away from the wall. For each patient, the
mouth is located at 0.98 m from the floor and 0.324 m from the wall behind the bed.

Two air distribution strategies are implemented in the present study as shown in Figure 4.
Overhead air distribution is presented in cases 1 and 2, while the underfloor air distribution is
presented in case 3. In overhead air distribution (case 1), there are nine downward inlets at the ceiling
with a square area (0.6 m x 0.6 m), and six outlets mounted at the walls behind the patients (directly
above the patients and 0.15 below the ceiling). Six of the inlets are above the beds and the others
are in the middle of the ward. In overhead air distribution (case 2), the air inlets are the same as in
case 1. While the six air outlets are mounted above the patient’s head on the behind wallsata 1.7 m
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distance from the floor. Also, the outlets are surrounded by retractable covers of 0.7 m x 0.5 m x 0.5
(width x height x depth). Each cover has a thickness of 2.0 cm and is centered around the
corresponding air exhausts. In underfloor air distribution (case 3), eight inlets are located on the
floors with the same dimensions (0.3 m x 0.3 m). The inlets are distributed as four inlets are located
in the middle of the ward, while another four inlets are positioned at the sides corners of the ward
as seen in Figure 4. Six outlets are located at the ceiling directly above each patient’s head. In all
cases, exhausts have the same dimensions of 0.3 m x 0.15 m.

In section 5.1, cases 1, 2, and 3 investigate the dispersion of respiratory airborne particles
expelled from the cough of two infected patients (patients 2 and 5). Error! Reference source not
found. summarizes the simulated cases.

Casel

Fig. 4. Simulated isolation ward configurations

Table 1
A list of the simulated cases
Case ACH Inlets position Exhausts position

1 12.9 Ceiling walls
2 12.9 Ceiling walls with covers
3 12.9 Floor ceiling

4.2 Boundary Conditions of the Continuous Phase

The air was supplied into the ward with a ventilation rate of 12.9 which fulfills the requirements
for the COVID-19 patient’s isolation room [53]. The inlet air has a temperature of 293.0 K. The inlet
velocity is 0.12 m/s in overhead air distribution and 0.54 m/s in underfloor air distribution. The mouth
has an area of 4.0 cm? [54]. The exhaled air from the mouth has a temperature of 308.0 K [3,20,55].
The occupant’s surface temperature is kept at 305.5 K. The heat dissipation rate from the ceiling and
floor are 16.0 and 5.1 W/m?, respectively [50], and the walls of the ward are approximated to be

23



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 95, Issue 1 (2022) 17-35

adiabatic walls (adjacent to other spaces at the same interior thermal conditions). A pressure outlet
boundary condition is adopted for the exhausts.

4.3 Boundary Conditions of the Dispersion of the Particles

Patients 2 and 5 expelled particles due to cough at the same instant. The single cough has an
initial velocity of 10 m/s [12,56] and lasts for 0.5 s [28,44]. The expelled particles have a temperature
of 308.0 K [3,20,55]. The coughed particles’ size varies from 0.62 to 15.9 um, with an average
diameter of 8.35 um [45] having a total mass of 6.7 mg [56] and a density of 998.2 kg/m?3[3]. In the
Lagrangian model, air supply and exhaust ports are adopted as an escape boundary condition, and a
trap condition is set to the walls, beds, and human body [44]. In addition, The patient’s mouth is set
up as an escape boundary condition [57]. The transient simulation was solved based on a time step
of 0.05 s. Table 2 summarizes the boundary conditions that are set up in the current study.

Table 2
The boundary conditions employed in the present study
Computational domain 6.7 m (x) x 2.7 m (y) x 6.0 m (z)

Air supply ports Vin=0.12 m/s (overhead air distribution); Vin= 0.54 m/s (UFAD);
Tin=293.0 K; escape

Air exhausts Six exhausts; pressure outlet; escape

Patients Temperature of 305.5 K; no-slip wall boundary; trap

Walls and beds Adiabatic; no-slip wall boundary; trap

Ceiling and floor Heat release rates of 16 W/m? and 5.1 W/m?, respectively, trap

Patient’s mouth Mouth area is 4.0 cm?, escape

Cough Expelled velocity of 10 m/s; expelled period of 0.5 s

Particles particles size range 0.62 - 15.9 um, average diameter of 8.35 um;

total mass of 6.7 mg; density of 998.2 kg/m3; temperature of 308.0 K

4.4 Mesh and Time Independence Test

The model was developed in ANSYS FLUENT® R2020R1. The SIMPLE algorithm was used as a
solver to couple the local pressure and velocity [58,59]. The second-order scheme was used for the
spatial discretization of the equations. The simulation of all cases started with a steady RANS
simulation until reaching to quasi-steady result. Then, the simulation changed to transient simulation
for 120.0 s to simulate the dispersion of the coughed particles. The solution convergence criteria in
the steady simulation were taken as 10 for the energy conservation equation, and 10 for mass,
momentum, k, and € equations. The mesh is generated using ANSYS Design Modeler® 2020R1 with
7733158 tetrahedral elements. Increasing the number of mesh nodes increases the solution
accuracy, as well as the computational costs. So, the numerical solution has been tested using
different mesh sizes, as shown in Figure 5, to choose the smallest mesh size at which the solution is
independent. The differences between different mesh sizes results show that using the size of 40 mm
makes the solution independent of the mesh size with acceptable computational time. A similar test
has been performed to choose the time step in transient simulations. three-time step values of 0.1,
0.05, and 0.025 s have been tested where the coughed particles' penetration distance (Y-direction)
in case 1 has been monitored at 1.0 and 2.0 s. As shown in Figure 5, there is a clear difference
between the time steps of 0.1 and 0.05 s, but the differences between 0.05 and 0.025 s time steps
are minimal. Therefore, a 0.05 s time step is adopted for the present transient simulations.
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5. Results and Discussion
5.1 The Dispersion of Coughed Particles

The coughed particles disintegrate and break up into a wide range of particles size when they are
expelled from the mouth and interact with the indoor airflow. Where the large size of the particles
was 14.2 um. Figure 6 shows the evolution of coughed particles dispersion, represented by particles
diameter, for 120.0 s from the initiation of cough inside the ward for case 1. The diffusion of the
particles is shown at ten different time instants during the time domain. The initial velocity of
coughed particles is 10 m/s and the coughing process lasts for 0.5 s. Figure 6(a) shows the coughed
particles when reaching the ceiling at 2.0 s. The particles travel upward toward the ceiling and the
exhausts form a conical jet under the influence of their momentum. The conical jets slightly bend
toward the exhausts due to the draft. The dispersion of the cough by the second patient (on the left)
is the same as that of the fifth patient (on the right). At 3.0 s, the low-level particles continue on their
way to the ceiling and still maintain their conical shape as in Figure 6(b). The particles start to lose
their momentum after accumulation on the ceiling. The particles spread with the ceiling, forming two
thick layers adjacent to the ceiling and the wall corner (covering the exhausts) as depicted in Figure
6(c) at 5.0 s. A cluster of the particles is in the vicinity of the edge inlet supplies above the coughing
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patients. For the period 2 — 5 s, many particles escaped from the exhausts. Also, another group of
particles was deposited on the ceiling and the wall corner.

Over time, the particles lose their velocity and are dominated by indoor air movement, buoyancy,
drag, and Brownian motion. The particles that reach the inlet ports are pushed down with the inlet
air flow stream to the breathing level above beds as in Figure 6(d) at 10.0 s. Also, particles at the
lower level of the layers diffused due to the Brownian and indoor air movement. So far, the area in
the middle of the ward between beds is free from the infected particles. At 20.0 s, there are two
vertical columns of particles under the inlets and above the infected patients as seen in Figure 6(e).
The particles fall on the bed, part of them deposited on the beds and patients’ bodies and the others
dropped to the floor. It can be noticed that the middle of the ward is a clean area up to 20.0 s. The
mixing between the inlet air stream and the indoor air carrying infectious particles causes a great
diffusion of the particles. As presented in Figure 6(f) at 30.0 s, the two layers of the particles approach
each other near the ceiling at the middle inlets of the ward. Also, the breathing level in the middle
region is free from infection. A vertical column of the particles was formed under the middle inlet as
cleared in Figure 6(g). There are two circular regions in the middle of the room free from infectious
particles at 40.0 s. These zones are located between the rows of the inlet ports. Therefore, the inlet
air has a primary role in the spread of the particles. The area of these two regions decreases with the
strong mixing between the inlet and indoor air as depicted in Figure 6(h) and (i) at 60.0 s and 80.0 s,
respectively. At 120.0 s, these areas are disappeared. The small particles floated at a high level near
the ceiling due to buoyancy. Nevertheless, part of the small particles spread in the ward due to the
external influence of both inlet airflow stream and indoor air motion. On the contrary, the larger
particles are suspended at a level lower than the small particles and deposited on the surfaces. In
addition, it was dominated by gravity and the mixing between the inlet and indoor air. Also, it forms
a dense cloud in the middle of the ward. The strong mixing between both inlet and indoor air in the
occupied area enhances the dispersion of the particles inside the space. Thus, the risk of infection
increases as well.

Figure 7 shows the dynamics of coughed particles, represented by particle diameter, inside the
ward at a time domain of 120.0 s for case 2. Eight different time shots are displayed to investigate
the spread of the particles inside the ward. The location of the inlets is similar to case 1 but the six
exhausts are centered at 1.7 m from the floor (on the walls) directly above the patients and
surrounded by retractable covers. As shown in Figure 7(a) at 2.0 s, half of the coughed jets are
confined inside the covers. The particles still move under their momentum with a complete capture
inside the covers as seen in Figure 7(b) at 3.0 s. The covers perform as a trap for the particles. A large
number of particles adhered to the inside surfaces of the covers. In addition, many particles are
escaped through the exhausts. At 5.0 s, Figure 7(c) shows that a very little amount of particles seeped
out from the cover due to gravity for the large particles and Brownian movement for the small
particles. The seeped particles lose their momentum inside the cover due to drag. As depicted in
Figure 7(d), the particles dropped on the area between the head of patients and the back wall. Their
concentration at 10.0 s was lower than in 5.0 s as many of the seeped particles were deposited on
the back wall, patients’ heads, and beds. Also, a part of these particles is extracted through the
exhausts. At 10.0 s, the number of the particles has a great reduction. At 20.0 s as seen in Figure 7(e),
a few particles are suspended in the region between the covers and beds, and at the level of the
covers. The suspended particles at the breathing level are small particles influenced by buoyancy,
whereas the rest between the covers and beds are a cluster of small particles affected by indoor air
movement and Brownian motion, and large particles influenced by gravity. The suspended particles
between the covers and beds are deposited on the beds and the rest are extracted through the
exhausts. Figure 7(f) shows that most of the little suspended particles are light particles at 30.0 s. At
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60.0 and 120.0 s, the number of suspended particles is very low approximately twelve particles as
seen in Figure 7(g) and (h). The ward at the entire time domain is a clean space from infection.
Therefore, the walking spaces for the HCW are free from infection. The risk of infection is excluded.
This ensures great protection to the HCW during his motion inside the ward at all instants.

(b) 3 sec

(i) 80 sec

Particle Diameter [m]
8.26e-06  1.02e-05  1.21e05  1.4e05 1.59¢-05

6.2e-07 2.53e-06 4.44e-06 6.35e-06
Fig. 6. Evolution of the dispersion of coughed particlesin case 1at (a) 2s, (b) 3 s, (c) 55, (d) 105, (e) 20 s, (f)
30s,(g)40s, (h)60s, (i) 80s, (j) 120 s
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Figure 8 shows the diffusion of cough inside the ward during 120.0 s for case 3. The dispersion of
coughed particles is seen at ten instants. As Figure 8(a) at 2.0 s, the expelled particles reached the
ceiling under their momentum forming a conical jet. The conical jet in case 3 (see Figure 8(a)) is not
bent to the wall corner as in case 1 (see Figure 6(a)) depending on the exhausts’ location. The particles
are withdrawn through the exhausts and still maintain their conical shape as seen in Figure 8(b) at
3.0 s. The strong draft due to exhausts locations dampens the particles’ lateral dispersion with the
ceiling. The particles are concentrated at the high left and right corners of the wall as shown in Figure
8(c) and (d) at 5.0 and 10.0 s, respectively. The strong draft and weak mixing at the upper zones limit
the particles ‘dispersion with the ceiling compared to case 1. At 20.0 s as seen in Figure 8(e), the
lateral dispersion of the particles is weak. This dispersion is due to the external influence of indoor
air movement, buoyancy, gravity, and Brownian force. As depicted in Figure 8(f), the expelled
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particles from the second and fifth patients move slowly to the right and left, respectively, compared
to case 1. The large particles dropped due to gravity and indoor air motion, accompanied by light
ones as seen in Figure 8(g). Also, the particles from the two patients approach each other at 40.0 s.
The occupied zone in the middle of the ward is a clean area free from infection. The light particles
float near the ceiling exhausts as they are mainly affected by buoyancy and Brownian force, and the
large particles fall due to gravity with clear separation, as shown in Figure 8(h) at 60.0 s. The heavy
particles dropped and deposited on the beds and the ground by the effect of gravity as seen at 60.0
and 80.0s. They are accompanied by a little number of lighter ones. The concentration of the particles
in the middle of the ward increases due to the dispersion of indoor air accompanied by infectious
particles by inlet airflow as shown in Figure 8(j) at 120.0 s. the upward airflow from the ground
dampens the downward motion of the particles. In addition to decreasing the mixing in the upper
zone except for overhead air distribution.

Figure 9 represents the number of particles during 120.0 s inside the ward for cases 1, 2, and 3. At
0.5 s (end of cough), the number of particles is the largest. The particles quantity in cases 1 and 3 are
identical up to 2.0 s and after that, they differed as seen in Figure 9(a). This is due to that the particles
are still on their path to the ceiling and have not yet reached the location of the exhaust. Also, they
are far from the surfaces to deposit on. It varied after 2.0 s with a sharp reduction from 2.0-3.0 s, due
to the extraction of the particles through the exhausts and deposition on the ceiling. The slope of the
reduction in particles quantity in case 3 is larger than in case 1 in the range 2.0-6.0 s and then
approximately is the same with monotonically decreasing up to 10.0 s. The largest variation of the
number of particles between cases 1 and 3 occurs in the period from 2.0 to 6.0 s. This is due to the
strong draft of the exhausts as in case 3, they are located at the ceiling in the direction of the particle’s
trajectory. Also in these two cases, the slope of particles quantity decreases with time due to the
dispersion of the particles inside the ward. Due to a large number of suspended particles in case 1,
this slope is slightly larger than in case 3 from 10.0 to 120.0 s as shown in Figure 9(b). The particles
quantity in case 3 is lower than in case 1 with a reduction ratio of 32.0 and 30.0 % at 10.0 and 120.0
s, respectively. On the contrary, in case 2 as seen in Figure 9(a), the quantity of the particles has a
steeper drop after 1.0 s until 10.0 s due to both the strong extraction through exhausts and the
deposition of the particles on the inner surfaces of the covers. At 2.0 s in this case, the quantity of
the particles drops 53 %. Case 2 reached the steady-state faster at 10.0 s as depicted in Figure 9(b).
The number of particles in case 2 is 713 particles and 12 particles at 20.0 s and 120.0 s respectively.
Case 2 has a reduction ratio of 98.62 and 99.94 % at 10.0 and 120.0 s, respectively, compared to case
1.

29



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 95, Issue 1 (2022) 17-35
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Fig. 8. Evolution of the dispersion of coughed particlesin case 3 at (a) 2 s, (b) 3s,(c)5s, (d) 10s, (e) 20 s, (f)
30s,(g)40s, (h) 60, (i) 80s, (j) 120 s
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Fig. 9. The number of coughed particles inside the ward for cases 1,2, and 3 versus time (a) 0.5 - 10.0 s
range, (b) 0.5 -120.0 s range

6. Conclusions

This study was conducted in a densely occupied isolation room with six patients, infected with
COVID-19, and a standing healthcare worker. The objective was to evaluate the performance of the
air distribution systems on the dispersion of the infection inside the ward. In addition to their
effectiveness in minimizing the risk of infection for the HCW. The overhead air distribution and
underfloor air distribution were studied in the research. The source of infection is two lying patients
expelled particles due to cough at the same moment. A coupled Eulerian-Lagrangian approach is
adopted by using a discrete random walk model for the discrete phase to resolve the effect of
turbulent dispersion on particles, and the RANS model for the continuous phase. Rosin-Rammler
distribution was adopted to simulate particles of different sizes. The study took into consideration
the influence of turbulence dispersion, breakup, drag force, and Brownian movement. The main
findings of the study according to the obtained results were as follow

i. In overhead air distribution (case 1), the strong mixing between the inlet air stream and
infectious particles after 5.0 s provides a great diffusion of the coughed particles. Thus,
the risk of infection increases. The inlet airflow stream has a primary role in the diffusion
of the particles inside the ward.

ii.  The location of inlets in overhead air distribution significantly affects the dispersion of
infectious particles inside the ward.

iii. In using the retractable covers (case 2), most of the expelled particles were captured by
the covers and deposited on their inner surfaces. In addition, a great extraction through
the exhausts. All of this causes a steeper drop in the quantity of the suspended particles
inside the ward early. It has a 53 % reduction in the quantity of the particles at 2.0 s. Also,
the number of particles was minimized by 98.62 and 99.94 % at 10.0 and 120.0 s,
respectively, compared to case 1. Therefore, particles have a very low residence time
inside the ward.
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iv.  Developing the overhead air distribution with retractable covers improves the inhaled air
quality and minimized the risk of infection to the HCW ensuring great protection.

v.  For underfloor air distribution, case 3 has a weak mixing in the upper level, so a large
amount of the fine particles was suspended on the upper level except in case 1. In
addition, the particles are suspended at a high level for a while before being dropped into
the occupied zone in contrast to case 1. The lateral dispersion of the particles in case 3 is
slower than in case 2. The middle of the ward was a clean area for 20.0 and 40.0 s in cases
1 and 3, respectively.

vi.  The particles are diffused more near the inlet airports in case 3 (UFAD). So it is essential
to keep the inlets at a distance from the HCW.

vii.  Exhausts located at the ceiling directly above the patient improve removal efficiency.
viii.  Case 3 (UFAD) minimized the number of particles by 30.0 % at 120.0 s, compared to case
1.
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