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' Mechanical Power Engineering 19) spreads when an infected person breathes out droplets and very small particles
Department, faculty that contain the virus. These droplets and particles can be breathed in by other

of Engineering, Cairo University, ) ‘ : ot ‘

Giza 12613, Egypt people or land on their eyes, noses, or mouths. In this paper, the airflow distribution

and the movement of coronavirus particles during normal breathing and sneezing

in classrooms have been studied using a CFD model developed in ANSYS® 2022R2. The
objective is to find ways to control the spread of the virus that enable us to practice
academic activity and deal normally with the pandemic and the spread of the dis-
ease. Experiments were done with more than one turbulence model to know which
was closest to the experiments as well as to determine the best number of meshes

in the classroom. The effect of turbulent dispersion on particles is resolved using

a discrete random walk model for the discrete phase and the RANS model for the con-
tinuous phase in a coupled Eulerian-Lagrangian method. Furthermore, that is done

in two scenarios: the first is to find the best ventilation configuration by investigating
the following parameters: the effect of air change per hour, the height of the air inlets
and outlets, and the infected student’s position. The second is to control the spread

of the coronavirus in the classroom in the event of sneezing from an infected stu-
dent by placing cabins and an air filter with optimal design installed at the top

around each student. It was found that optimal ventilation is achieved when fresh

air enters from the side walls of the classroom at a distance of 1 m from the floor

and the air exits from the ceiling in the form of two rows, and the rate change of air
per hour (ACH) is 4, which leads to energy savings. In addition, a novel transparent
cabin is designed for the student to sit in while in the classroom, consisting of a high-
efficiency particulate air filter (HEPA) that collects any contamination and recirculates
it from the top of the cabin back into the classroom with different fan speeds. Through
this study, this cabin with a filter was successfully able to prevent any sneeze particles
inside from reaching the rest of the students in the classroom.
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Highlights
1. More than 12 different air conditioning systems were examined in the classroom
for thermal comfort and energy efficiency, with the best one being selected first.

2.In the classroom, saliva droplets are studied using CFD simulations using the
Euler-Lagrange technique.

3. Experiments were done with more than one turbulence model to know which
was closest to the experiments, as well as to determine the best number of meshes
in the classroom.

4.The reduction of infection in the case of breathing or sneezing has been studied.
5. A novel cabin with a HEPA filter was developed, and its impact on decreasing infec-
tion was investigated.

Keywords: CFD, Infection control, Educational buildings, IAQ, COVID-19

Introduction

The coronavirus pandemic that has engulfed the globe for the first five months of 2020
has transformed the pace, manner, and character of our lives. The coronavirus family
is a large category that includes several viruses. Some of these can cause the common
cold. The coronaviruses that cause MERS, or Middle Eastern respiratory syndrome, and
SARS got their start in this way. In 2019, a brand-new coronavirus was connected to an
epidemic of illness that started in China. In March 2020, the World Health Organization
(WHO) declared the COVID-19 outbreak a pandemic. The economics, psychology, and
educational systems were just a few of the sectors that the coronavirus pandemic had a
significant influence on. COVID-19 spreads when an infected individual exhales drop-
lets and very small particles harboring the virus. These droplets and particles might be
inhaled by other people, or they could contact their lips, noses, or eyes. They may occa-
sionally infect the surfaces they come into contact with [1]. The COVID-19 pandemic
has led to the conduct of many studies to analyze the risks resulting from the spread of
the virus and to work to limit the spread of the virus in many applications. Kong et al. [2]
analyzed four categories of air distribution patterns, including top supply and exhaust,
side supply and exhaust, and bottom supply and exhaust. They considered two experi-
mental scenarios to calculate the movement of particles produced by patients. The study
found that the optimal ventilation layout had the top diffusers on the sidewall serving as
a supply and the lower diffusers acting as a return. The study also used computational
fluid dynamics (CFD) simulations to characterize the dispersion of contaminated drop-
lets in the ward. Kumar et al. [3] modeled various HVAC settings. According to a study,
in order to prevent the transmission of airborne infections, high ventilation rate require-
ments might be altered in both new and existing hospital designs. Chillon et al. [4] used
computational fluid dynamics (CFD) modeling to simulate a high-risk scenario, such as a
lift in a hospital. A rack for air renewal and an extraction fan were provided for the bar-
rier. A cough, a sneeze, and a continuous speech were all studied. The fan was assessed
as having a strong performance in distributing particles while also being able to expel
60% of tiny droplets. Dbouk et al. [5] examined three flow scenarios, including inlet and
outlet placement in lifts and air purifier operations. The location of inlets and outputs
significantly impacts flow circulation and droplet dispersion. Air filters do not totally

prevent airborne transmission, although employing input and exit pairs reduces droplet
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dispersal. The placement and design of ventilation systems and air purifiers significantly
impact droplet dispersion and airborne virus transmission. Therefore, flow dynamics in
limited space must be considered in engineering designs for such systems. Yamakawa
et al. [6] examined the prolonged dispersion of fresh coronavirus-laden droplets in the
classroom’s air as a result of the instructor’s coughing. According to the study’s findings,
there was a significant danger of sustained airborne transmission of virus-containing
droplets when the classroom ventilation outlet flow was low (between 4.3 and 8.6 cm/s).
The findings showed that pupils can prevent contact with the virus-carrying droplets by
maintaining a significant distance from the instructor (5.5 m), which is more than twice
as far as the generally advised social distancing guidelines. Ascione et al. [7] examined
the air diffusion capabilities of four layouts. To make indoor university classrooms safe
and sustainable, they provided useful advice and directions for remodeling educational
structures. The results showed that while all air terminal designs offer adequate ther-
mal comfort, the configuration with linear slot diffusers offers better results in terms
of the regularity of the air distribution and its purity, as well as the creation of the most
comfortable surroundings. Arpino et al. [8] investigate the dispersion of airborne drop-
lets released in line with the instructor’s position inside a lecture room over time as a
function of variable ACH from the HVAC system using 3D CFD numerical simulations
based on an Eulerian—Lagrangian approach. The findings show that raising the air sup-
ply rate is not always effective at reducing aerosol concentration to match the postures
used by the students taking part in the class.

Adwibowo et al. [9] conducted a computational fluid dynamic study to determine the
interactions between seat layout, social distance, airflow, and droplet dispersion in the
indoor public area. The results suggest that increasing the distance between chairs and
providing more room in public areas may reduce the danger of droplet dispersions. On
the other hand, protecting while simultaneously creating a shield is far more effective at
reducing dispersion and improving air quality. A facial shield is not a safe device, accord-
ing to Akagi et al’s [10] simulation of a sneeze against one. This is because the vortexes can
get between the face and the shield and introduce 4.4% of the expelled droplets. To avoid
viral infection, Kadir et al. [11] created a custom-made mask design. The spread of viruses
was simulated using simulation programs on computers while the infected person was
wearing masks, and the effectiveness of the wearing of different masks (i.e., traditional and
custom-made masks) by someone infected with COVID-19 and other infectious diseases
was compared. The simulations revealed that the customized mask design is more efficient
than traditional masks since it poses a significantly lower risk of viral infection. Bahramian
et al’s [12] research and CFD modeling show that indoor temperature significantly impacts
airflow dynamics, velocity fields, size distribution, and airborne transmission of sneeze
droplets in confined environments. Time and distance from the source affect droplet num-
ber, concentration, and size distribution. The size, beginning velocity, and ambient temper-
ature also affect the distance droplets can spread. Increased indoor temperature marginally
reduces mean droplet velocity but significantly influences the number of medium and
large droplets in dilute-dispersed droplets. Ying et al. [13] formulate an agent-based model
of customer movement in a supermarket with a simple virus transmission model based
on the amount of time a customer spends close to infectious customers. They have imple-
mented a variety of policies, but the best one is to limit the number of customers or the
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arrival rate of customers while also requiring that everyone wear a face mask. By doing
this, the number of infections and the likelihood of contracting an infection in a supermar-
ket can be greatly reduced. Li et al. [14] evaluated the possibility of airborne transmission
in a restaurant in Guangzhou, China, affecting three families. They predicted the disper-
sion of droplets and airflow patterns using tracer gas measurements and CFD simulations.
The results suggest that long-range airborne transmission of SARS-CoV-2 may occur in
crowded and poorly ventilated spaces rather than in any indoor space. Srivastava et al.
[15] conducted computational fluid dynamics numerical simulations to study the impact
of using an ultraviolet-C (UV-C) air disinfection device (RM3 UV-C units) on COVID-19
infection risk in office buildings. The study found that the optimal method for cleaning air
carrying SARS-CoV-2 is a combination of 100% outdoor air and UV-C in HVAC ducts.
This reduces the risk of contamination and saves energy, making it a viable solution for
reducing COVID-19 infection risk in office buildings. Ren et al. [16] used a CFD program
(ANSYS Fluent) to compare several ventilation strategies in the office, including mixing
ventilation (MV), zone ventilation (ZV), stratum ventilation (SV), and displacement ven-
tilation (DV), by analyzing ventilation performance and infection risk for the optimal one.
Li et al. [17] studied the impact of parallel jet spacing (PJS) on multi-jet stratum ventilation
effectiveness in an office. They used the computational fluid dynamics model to evaluate
thermal comfort and energy efficiency. The study found that PJS significantly influences
thermal comfort in heating situations, while in cooling situations, it mostly affects energy
use efficiency. The economic comfort coefficient was developed to identify the best PJSs
for cooling and heating intervals under various ventilation strategies, examining indoor
thermal comfort and energy consumption efficiency. Compared to the MV, ZV, and DV,
the SV performed better in reducing the spread of infection and illness.

Furthermore, because the coronavirus spreads by contact with extremely tiny droplets
or spray residues that stay in the air for several minutes or hours, this is what is called the
transmission of infection through the air. A high-efficiency particulate air filter (HEPA)
was used to purify the air from the virus. Filters that adhere to the HEPA standard have to
perform at a specified degree of effectiveness. According to common standards, a HEPA
air filter must remove at least 99.95% or 99.97% of particles having a diameter of 0.3 um
from the air, with filtering efficiency rising for particles with dimensions both less than
and larger than 0.3 pm [18], as shown in Fig. 1. Pollen, filth, dust, moisture, bacteria (0.2—
2.0 um), viruses (0.02—0.3 um), and submicron liquid aerosol (0.02—0.5 pm) are all cap-
tured by HEPA filters [19]. Particles of every size are removed by all filters. Every filtering
mechanism is active at all times (i.e., straining, impaction (impingement), interception, dif-
fusion, and electric charge). In all size ranges, filters’ efficacy varies greatly. Even the tini-
est of particles can be partially removed by a window screen. The biggest particles will all
be eliminated by a HEPA filter. The WHO further advises that the noise level in an occu-
pied classroom should not exceed 40 dBA and that in an empty classroom, the noise level
should not exceed 35 dBA [20]. All HEPA air purifiers produce white noise, which does
not negatively affect humans but rather helps improve work performance.

Many research studies have examined the spread of infection within the classroom, but
they fell short in terms of energy savings and the impact of the different places where the
source of infection was within the classroom. Furthermore, there is no research that specifi-
cally identifies the best conditioning regimen for efficient infection management, according
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Fig. 1 HEPA filter efficiency by particle size [21]

to references [22, 23]. The idea of the research is to return to the normal situation of class-
room capacity in the event of any occurrence by designing a transparent cabin separating
the students inside the classroom. No one has ever studied such a cabin with a filter in the
classroom to control infection among students. In this study, a novel cabin made of highly
transparent acrylic was designed to control the spread of the virus and keep saliva particles
resulting from sneezing inside it in the event that there were any infected students. Then the
saliva particles are withdrawn through the filter fan installed at the top of the cabin, which
works by filtering the air and allowing it to return to the classroom after being cleaned so
that the virus does not reach another student. In the case of student movement, students
must wear masks while entering or leaving the classroom, and the movement of entry and

exit must be in an organized, non-random manner to limit the spread of infection.

Methods

Geometry and computational domain

The CFD program has been used to create a CFD model for a real classroom, which has
the main dimensions of length, width, and height of 11.76 m (L) x 5.18 m (W) x 2.78 m
(H) and is set up with desks and seats, as is customary in classrooms, as shown in Fig. 2.
The volume was meshed with 4,305,638 cells using a gambit program with tetrahedral
elements, as shown in Fig. 3.

Mesh independency check

In order to simultaneously optimize the model accuracy and computational costs, six dif-
ferent mesh sizes (3 851 352, 4 145 578, 4 150 158, 4 305 638, 4 524 467, and 4 728 343)
were investigated at the same boundary and inlet conditions. The test revealed a 5% dif-
ference in the velocities and a 3% difference in the temperatures of the coarsest and finest
meshes. As shown in Fig. 4, the mesh that was ultimately selected contains 4,305,638 tet-
rahedral cells, which results in a mean outlet temperature difference of 0.081% from the
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Fig. 2 Classroom under study a real, and b CFD model

finest mesh. A variation of less than 3% might be seen when comparing the model’s results
to those obtained through experimentation. The mouth size is 4 cm x 2 ¢cm, as shown in
Fig. 5a, and the mesh of the student and around the mouth is shown in Fig. 5b, c.

Mathematical modelling
Governing equations

Carrier (air) phase 'The CFD program is based on the finite volume approach, which
is the foundation of fluid solutions. The domain is discretized into a limited number of
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Fig. 3 Mesh of the CFD model
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control volumes, to which the fundamental conservation equations for mass, momen-
tum, and energy are applied [24].

ap =\ _

e (o)
3(gtv)+v.pj7:_vp+V-(r:)+p§ @
a(g’f) +V e (V(PE+P) =V e (pkeg VT — i + (aﬁ” ';)) ®



EIShimi et al. Journal of Engineering and Applied Science (2024) 71:19 Page 8 of 39

(a) (b)

Fig.5 a Dimensions of the mouth, b mesh of the student body, ¢ mesh around student’s mouth

E=h- P + V—Z (4)
0 2

where p denotes the air density (kg/m3), v denotes velocity (m/s), t denotes the time in
seconds, P is the local air pressure (Pa), T represents the stress tensor (Pa), kef f rep-
resents the effective thermal conductivity (W/m-K), h denotes the enthalpy (J/kg), E
denotes the total energy (J), T refers to the air temperature (K), and E represents the
gravitational acceleration (m/s2). The distribution of species concentrations for H,O was
additionally examined in Eq. 5.

ApvCi -

M:—Vo]i+55 (5)
Jt

- vT

Ji = —pD;imVY; —DT.iT (6)

where Y, denotes the mass fraction, ﬁ represents the diffusion flux, and D, , refers to the
mass diffusion coeflicient of the i,;, species. Dr ; refers to the Soret diffusion coefficient,
and S, refers to the source term.

The RNG-based k-¢ turbulence model is derived from the instantaneous Navier—
Stokes equations, using a mathematical technique called renormalization group” (RNG)
methods. The analytical derivation results in a model with constants different from
those in the standard k-e model, and additional terms and functions in the transport
equations for k and €. The turbulence effect is taken into consideration by using the two-
equation k-¢ model (i.e., Egs. 7 and 8), which estimates the turbulence viscosity based
on the turbulence’s kinetic energy and how it dissipates. The turbulent viscosity in this
model is connected to the dissipation rate (€) and the kinetic energy (k) of the turbu-
lence, as shown by Eq. 9 of the Prandtl-Kolmogorov equation [25]. The RNG k-&¢ model
has a similar form to the standard k-e model:
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ot ox; ox cMeff ax leg (Gk 3¢Gp 260 et o (8)
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K2
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Where Gy represents the generation of turbulence kinetic energy due to the mean
velocity gradients; Gy, is the generation of turbulence kinetic energy due to buoyancy;
Y represents the contribution of the fluctuating dilatation in compressible turbulence
to the overall dissipation rate; the quantities oy and «; are the inverse effective Prandtl
numbers for k and e, respectively; Syand S are user-defined source terms (W/m?s); , is
the turbulent (or eddy) viscosity; C, is a constant=0.09; C;,, and C,, are constants.

Discrete (droplet) phase The main assumptions are [8, 25]:

a) The geometry of the mouth opening was assumed to be a rectangle.

b) The droplets are considered to be spheres of pure water, and the density used for the
water droplet was 998 kg/m:°.

¢) Sneezing was simplified by assuming that the airflow was only coming from the
mouth and not the nose.

d) The injection angle was 0 ° relative to the horizontal direction.

e) The temperature of the respiratory system for sneezing was fixed at 34 °C.

f) Heat and mass transfer between the air and the droplet are neglected.

g) The particles rebound or suspend on solid surfaces (i.e., walls, floors, ceilings, and

human skin).

The momentum equation is solved using the Lagrangian particle tracking technique
to determine individual trajectories. By comparing the inertia of the particle to outside
forces, the momentum equation can be expressed as:

du_; - = = =
My~g = Lg +Fp + Fp + Fy

= (0a — P)Vag — §Cp gl — ual(u — ug)

(10)

where u and u, are the instantaneous air flow and the sneeze particle velocity, respec-
tively.l?g represents the gravitatio_r)lal force, 1-71; represents the Stokes drag force, Fg rep-
resents the buoyancy force, and F; represents the frictional force. Here, p and p, are the
airflow and the sneeze particle densities. In Eq. 10, m, V;, and Ry, are the mass, volume,
and radius of the sneeze particle, respectively [26]. Cp is the drag coefficient, which can
be calculated as a function of the droplet Reynolds number as:

24

o (Re < 1)Stokes regime
20 .. .
Cp = 07 (1 < Re < 1000) Transition regime (11)
j[Td (Re > 1000) Turbulent regime
where R.g = W, and d is the diameter of the sneeze particles.

The rate of heat energy (Q) that would need to be removed from a classroom to main-
tain the temperature in an acceptable range (convective cooling capacity) calculated
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from Eq. 12 [27], the mass flow rate, and the change in temperature calculated from
Eqgs. 13 and 14, respectively:

Q=1 xCxAT (12)
m=pxAxV (13)
AT = (Tavg - Ti) (14)

where Q is the rate of convective cooling capacity in the classroom, 7 is the mass flow
rate of the entrance air, C is the specific heat capacity of the air, and AT is the resulting
temperature change of the object, T, is the average classroom temperature, T; is the
inlet air temperature, A is the surface area of the inlets, and V'is the velocity of the inlet

air.

Error estimation

Two evaluation methods were used to measure the accuracy of the results: method 1
was the root mean squared error (RMSE) of all validation points, and method 2 was the
Pearson product-moment correlation coefficient (PPMCC) [12, 28].

N L TN2
RMSE=1’M+EI) (15)

SN (E —E)Si —3)
SN E-E’YN, (S —35)?

PPMCC =

(16)

where E; refers to the test value, S; refers to the simulation value, E represents the aver-
age test value, S represents the average simulation value, and N denotes the total num-
ber of data points.

Model validation and airflow turbulence modeling

Figure 6 shows the classroom under investigation is a real classroom with main dimensions
of 11.76 m (length), 5.18 m (width), and 2.78 m (height). Conditioned air is supplied to the
classroom through the free-standing air-conditioning unit of size (1.85 m x 0.6 m x 0.35 m),
the outlet has main dimensions (0.25 m x 0.55 m) and the inlet has main dimensions (0.5 m
x 0.55 m). The main heat sources in the classroom are lights and a data projector. The vol-
ume was meshed with 4,305,638 cells using a gambit program with tetrahedral elements,
as shown in Fig. 3. Three consecutive lines were chosen to make measurements at different
positions in the x direction on a plane that cuts the outlet of the air conditioner in the middle.
The locations of the three lines are in front of the fan unit (i.e, @ x=1.5 m and z=0.9 m), in
the center (i.e., @ x=6.5 m and z=2.6 m), and at the back of the classroom (i.e., @ x=11.5m
and z=2.6 m). The velocity and temperature were measured at 12 points on each line; the
distance between them is 20 cm at this level on the specified lines, starting from 10 cm above
the ground, as shown in Fig. 6a. The simplified model of classroom configuration shown in
Fig. 6b. The boundary conditions of the CFD model validation are shown in Fig. 6b.
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Fig. 6 Validation model, a lines and points position of measurements, b CFD model boundary condtions

A hot-wire anemometer (AM-4204) was used to measure the mean velocity components
and temperatures. A velocity sensor and a temperature sensor are two built-in sensors that
are present in the anemometer probe. The accuracy of the hot-wire anemometer is 4 5%,
with a range of velocity between (0.0 m/s and 20.0 m/s. The resolution of the hot-wire
anemometer is 0.01 m/s. The resolution of the hot-wire anemometer is (0.1 °C). The ane-
mometer was calibrated before the experiment and checked after the experiment. Figure 7
shows the schematic sketch and the real mechanism to hold the measuring instruments.

Experiments were done with more than one turbulence model to know which was
closest to the experiments as well as to determine the best number of meshes in the
classroom. Figure 8a, b illustrates that the CFD results for velocity in the x-direction
and temperature agree well with the experimental data. Several simulation models
were used to find the one with the closest results to the experimental results. Com-
pared with the different turbulence models, Standard k-¢, RNG k-¢, Realizable k-¢,
k-w, and Reynold stress, RNG k-¢ was the closest in the results to the experimental
measurements and took the least time in the convergence solutions [28—30]. Respir-
atory fluxes are more accurately predicted by the renormalization group (RNG) k-¢
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Fig. 7 The mechanism to hold the measuring instrument (i.e, an anemometer) is a a schematic sketch
mechanism and b a real mechanism

model than by the standard and realizable k-¢ models [31-33]. The RNG k-¢ has gen-
erally been extensively used to simulate all types of aerosol movement in indoor set-
tings, including cleanrooms [34, 35].

In comparison to the experimental results, which had RMSE values for velocity and
temperature of 0.0681 and 0.2286, respectively, the RNG k-¢ model has the lowest
RMSE. In order to investigate ways to stop the spread of corona in educational settings,
this model was adopted. The PPMCC was thus computed for it, and it was discovered to
be equal to 0.9744 for velocity and 0.9984 for temperature.

Lu et al’s experimental results have been used as the basis for the second vali-
dation of the Lagrangian discrete model [36]. The dimensions of the room are
5.0 m x 2.4 m x 3.0 m. With the partition in the middle of the room, the room was
divided into two zones equal in dimensions (i.e., zones 1 and 2). The partition has
an opening that is a door, the dimensions of which are equal to 0.95 m in height
and 0.7 m for width. In addition, in comparison to the room’s size, the thickness
of the partition is disregarded. A supply and exhaust diffuser is located on the
front and back walls; the dimensions are 1.0 m x 0.5 m for the length and height,
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Fig. 8 Comparisons between experimental and CFD simulation along three lines: a x-velocity component, b
temperature

respectively, as shown in Fig. 9. In zone 1, the air was provided at an input velocity
of 0.09216 m/s, and it was withdrawn from zone 2. The particles range in size from
1,2, 3,4, and 5 um. Each of the particles weighs 147.35 g and has a density of 865 kg/
m?>. Figure 10 illustrates the good agreement between the experimental findings of

Lu et al. [36] and the current model.

Boundary conditions and numerical methods

The boundary conditions used in developing the model are shown in Fig. 11 and listed
in Table 1. Additionally, the boundary conditions of each boundary in the discrete
phase model are listed in Table 2. The boundary conditions for the presence of the
HEPA filter fan at different flow rates are listed in Table 3. The numerical methods
listed in Table 4.

Page 13 of 39
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Fig. 9 The Schematic of the three-dimensional two-zone room
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Fig. 10 Comparison of the current model's findings with experimental data [36] a for zone 1, b for zone 2

Parametric case study

Four different ventilation configurations, along with several influential factors, were
studied. Among these is the rate of air change per hour, which varies from 3 to 7 ACH.
Also, the height at which the air exits from the ground varies from 0.5 to 2 m. The
change in the entry places for fresh air, which is studied for 0.5-2 m heights entering
from the side walls of the classroom or the ceiling in the form of one central row or
the form of two central rows. Finally, three positions are studied (i.e., at the front, in
the middle, and at the back) for the infected student in case of sneezing, as shown in
Fig. 12. Thus, there are 12 cases of air distribution shown in Fig. 13, and their speci-
fications are listed in Table 5. In the case of students sitting in the classroom with-
out cabins, the spread of infection was very bad, so cabins were used around each
student. The presence of cabins involving each student was investigated to study its
effect on preventing the spread of infection in the rest of the classroom and infecting
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Fig. 11 General layout of the CFD model with boundary conditions
Table 1 Conditions at the generated model's boundaries [25, 26]
Normal breathing
Surface of boundary Boundary condition Specifications Temperature (°C) Species mass
fraction
Inlet Velocity inlet From 0.16 to 20 H,0=0.008
1.925 m/s
Outlet Pressure-outlet - - H,0=0.008
Mouth Mass flow inlet m=0.0002 kg/s 34 H,0=0.045
C0O,=0.043 [37]
Window Wall Stationary wall, 37 (measured) -
no-slip
Window wall Wall Stationary wall, 31 (measured) -
no-slip
Ceiling Wall Stationary wall, 25 (measured) -
no-slip
Sides Wall Stationary wall, 25 (measured) -
no-slip
Ground Wall Stationary wall, 24 (measured) -
no-slip
Bodies Wall Stationary wall; Heat Flux=23.1 W/ -
no-slip m’
Office Wall Stationary wall, Heat Flux=0W/m? -
no-slip
Board Wall Stationary wall, Heat Flux=0W/m? -
no-slip
Door Wall Stationary wall, Heat Flux=0W/m? -
no-slip
Sneezing
Droplet Mass flow inlet 6.7 mg [38] 34 p=998 |<g/m3

V=30m/s
t=05s
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Table 2 Boundary conditions in discrete phase model [32, 33, 39]

Boundary name Boundary
condition
Filter inlet, mouth of student, air inlet, air outlet, Escape
Filter outlet Reflect
Cabins, board, student body, ceiling, door, ground, lights, office, side walls, window Trap

Table 3 Boundary conditions of the HEPA filter fan at different flow rates [40, 41]

Velocity (m/s) Air flow rate (m3/min) Pressure drop (Pa) Number
of units
045 191 —225 28
0.67 2.84 —200 28
0.88 373 —185 28
1 424 —195 28
1.33 5.64 —175 28
142 6.02 — 160 28

Table 4 Numerical methods of the developed model [42]

Numerical solution algorithm in steady and unsteady states to solve the Navier- SIMPLE

Stokes eq

Pressure spatial discretization PRESTO

Momentum spatial discretization Second order upwind
Energy spatial discretization Second order upwind
Turbulent kinetic energy spatial discretization Second order upwind
Turbulent dissipation rate spatial discretization Second order upwind

others (Fig. 14a), in the case of reducing the number of students in the classroom.
The cabin dimensions are 1 m x 0.7 m x 1.5 m with a thickness of 0.01 m (Fig. 14b).
In the case of a normal number of students in the classroom, the cabin dimensions
are 1 m x 0.7 m x 2 m with a thickness of 0.01 m (Fig. 15). Different dimensions of the
cabin were studied, and these mentioned dimensions are the appropriate dimensions
for the classroom space and the size of the students, as well as the size of the fan.
Where more than one diameter of the fan was studied, it was found that the diameter
of 30 cm was the best and most appropriate in limiting the spread of the infection and
not leaving saliva particles during sneezing outside the cabin. The findings are shown
for both steady-state (normal breathing) and unstable (sneezing).

Cases description

IAQ and energy saving (no infection)

In this part of the study, 12 CFD case simulations involving various HVAC systems were
investigated to determine the best design among them in terms of energy savings and
indoor air quality (IAQ). Comparing ventilation performance across 12 possible class-
room HVAC system configurations and assessing their compliance with the IAQ needs
for classroom standards and ASHREA standard values for acceptable CO, levels under
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Fig. 12 The position of the infected students, a front, b middle, ¢ back
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Table 5 Specifications of cases

Case Number Dimensions of Location Number Dimensions of Location of
of supply supply grilles  of supply of exhaust exhaust grilles exhaust grilles
grilles (m) grilles grilles (m)

1 5 0.6 x0.6 Located at the 12 1x02 Located at low-
centerline of the level, 0.5 m from
ceiling the floor
(one row) (two side walls)

2 5 0.6 x0.6 12 1x02 Located at low-

level,

1 m from the floor
(two side walls)

3 5 0.6x0.6 12 1x0.2 Located at low-
level,
2 m from the floor
(two side walls)

4 10 06x06 Located at the 12 1x02 Located at low-
centerline of the level, 0.5 m from
ceiling the floor
(two row) (two side walls)

5 10 0.6x0.6 12 1x0.2 Located at low-

level,

1 m from the floor
(two side walls)

6 10 0.6 x0.6 12 1x0.2 Located at low-
level,
2 m from the floor
(two side walls)

7 6 0.1x1 Located at a 6 1%x0.2 Located at low-
high-level, 2.5 m level, 0.5 m from
from the floor the floor

(one side walls)

8 6 0.1x1 6 1%x0.2 Located at low-
level, 1 m from the
floor
(one side walls)

9 6 0.1x1 6 1%x0.2 Located at low-
level, 2 m from the
floor
(one side walls)

10 12 02x1 Located at a 10 0.6x0.6 Located at the
high-level, 0.5 m ceiling of the
from the floor classroom

noo12 02x1 Located at a 10 06x06 (two side walls)
high-level, 1 m
from the floor

12 12 02x1 Located at a 10 06x0.6
high-level, 2 m

from the floor

normal breathing (e.g., CO, levels not greater than 1000 ppm [18]) were done using
numerical data. The rate of change of air was studied from 3 to 8 ACH.

Infection (normal breathing)

As the lowest value advised by ASHRAE in the case of researching ventilation in
classrooms, the best-case scenario for regular breathing was created in this section
of the study, and the sitting posture of an infected student at ACH equal to 4 was
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wel

(b)

Fig. 14 In the case of a reduction of the student number in the classroom, a layout of the classroom with
cabins, b configuration of cabin model

examined. Certain assumptions were made about the student to simulate the trans-
mission of the coronavirus. These assumptions included an activity level of 1 met
unit, which corresponds to a resting state, a CO, generation rate of 0.23 L per min-
ute, a breathing rate of 8 L per minute, and CO, as an indicator of airborne con-
taminants [43]. The gases exhaled by the student were measured at a temperature of
37 and a velocity magnitude of 0.17 m/s, and it was presumed that they were made
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Fig. 15 In the case of a normal number of the student in the classroom a layout of the classroom with
cabins and filter, b configuration of cabin model

up of air, CO,, and water. CO, and H,O, with mass percentages of 0.043 and 0.045,
respectively, made up the expelled gases [44].

Infection (sneezing)

In this part of the study, sneezing will be studied because it is the worst at spread-
ing. There are three cases: the first is the presence of a transparent cabinet in which
the student sits, which is open from the top, in the case of reducing the number of
students in the classroom. In the second case, the transparent cabins are closed from
the top in the event of a return to the normal number of students in the classroom.
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Fig. 16 Different positions of the infected student in the classroom during sneezing for the second and third
cases, a CFD classroom model, b fine mesh for cabin

In the third case, the cabins have a filter to remove sneezing particles and let filtered
air out from the top for the rest of the classroom.

First case 1In the first case, the number of students was equal to 1 per class with oppo-
site seating positions instead of 4 students per row in the absence of infected students.
Because the simulation found that the end of the classroom is the worst infection posi-
tion, the results will be shown for the infected student at the back.
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Fig. 17 a Average CO, concentrations at different ventilation rates at level (Y=1.2 m), b cooling load for
classroom corresponding to all cases
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Fig. 18 Air contours around the student body at 4 ACH, a velocity, b temperature
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Second case In the second case, the number of students was equal to 28 in seven rows,
with 4 students in each row, with seating positions at equal dimensions in length and
width (i.e., in the event of the return of the normal number of students in the classroom)
(Fig. 16a). A very fine mesh for the cabin and around the infected student to increase the
accuracy of the results (Fig. 16b).
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(b)
Fig. 19 CFD computed air flow: a contaminant contours (ppm) at breathing level (Y=1.20 m); b path lines
(colored by CO, distribution (ppm)) representing contaminant flow

(b)

Fig. 20 Infection contours (ppm) at breathing level (Y=1.20 m) and infection path lines (colored by CO,
distribution (ppm)): a without cabins, b with cabins
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Fig. 21 Particle dispersion at different times for cases with cabins opened from the top with the infected
student at the back

Third case In the third case, the filter was operated to remove sneezing particles and
purify the air inside the cabin. A HEPA filter was used for this study, and in an occupied
classroom, the maximum noise level was 45 dBA. A measurement used to assess the effi-
cacy of air purifiers and other air cleaning systems is the clean air delivery rate (CADR).
Modern air purifiers include built-in fans with silent motors, so there won'’t be a lot of
extra noise in the room. The filter with medium speed is the type compatible with this
study, which requires the use of 28 filters in the classroom, and the noise is within the
permissible limits, which are to be less than 45 dBA. In order to get the proper flow to
quickly manage saliva droplets produced by sneezing and prevent them from spreading
beyond the cabin, this study used a fan with various flow rates. The different fan flow
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Fig. 22 Air distribution around student bodies at 4 ACH (Y-Z plan) at x=5.5 m, a velocity contours, b
temperature contours

rates on the ceiling of the cabin were studied. For the first range of flow rate, the filter’s
flow rates for the withdrawal of saliva droplets equal 1.91 to 3.73 m?/s. Whereas the sec-
ond range of high filter flow rates ranges from 4.24 to 6.02 m®/s.

Results and discussion

IAQ and energy saving (no infection)

In normal breathing, it was found that the level of carbon dioxide concentration
exceeded the recommended value in the case of 3 ACH only, but starting from 4 ACH,
it achieved the acceptable level, and this is what is recommended by ASHREA. From
the previous cases, it’s clear that increasing the ACH leads to a dilution of the CO, level
in the classroom, but this leads to an increase in ventilation costs and a lack of energy
savings (Fig. 17). The convection cooling capacity in the classroom varies in 12 cases
because it depends on the temperature difference between the average temperature of
the classroom and the temperature of the incoming air, which varies according to the
distribution of air entry and exit points inside the classroom. Therefore, an air change
per hour of 4 was chosen in all cases that will be studied later in order to conserve the
energy consumed in cooling the classroom. Figure 18 shows the distribution of velocities
and temperatures for the case in which the air enters from the side walls at a height of
1 m and exits from two rows in the ceiling for ACH equal 4 around one of the students
in the classroom in the x—y plan (i.e., @ z=3.8 m), showing that the temperature is in
the recommended range (i.e., the range of temperature from 22 to 26) w.r.t. the ASHREA
standard and the velocity is equal to or less than 0.25 m/s at the head/facial region of the
occupant to achieve thermal comfort conditions [28]. The best case for ventilation in the
classroom is when the air enters from the sidewall and exits from the ceiling because
fresh air enters from the bottom and carries viruses to the top, where the air exits and

this reduces the spread of the virus among students.

Infection (normal breathing)

Figure 19 shows the distribution of contaminants for case eleven, in which the air enters
from the side walls at a height of 1 m and exits from two rows in the ceiling for ACH
equal 4 around one of the students in the classroom. Figure 19a shows that at the end
of the classroom, near the window and outside wall exposed to the outside atmosphere,



EIShimi et al. Journal of Engineering and Applied Science (2024) 71:19 Page 27 of 39

Particle Diameter Iml]

S PRSP PP PP P PSP
S DT DT T 0T T 2 N N8
& TS WD

D O O NT NT N v Vv D
Time Side view (x-y plan) Time Side view (x-y plan)
(sec) (sec)
During sneezin
0.25 0.5

After sneezing
25 50

100 150

(o)~
.

200 : 250

oo o

Fig. 23 Particles dispersion at different times for cases with cabin conditions, the filter off, and the infected
student at the back

there is a considerable temperature differential that generates an air vortex that serves to
both accelerate the transmission of the virus from the nearest infected student and dis-

perse it more widely in the area. Figure 19a, b shows that the greatest spread of infection
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Fig. 24 Air distribution around student bodies at 4 ACH (X-Y plan), a velocity contours, b temperature
contours

Table 6 Results of the presence of the HEPA filter at different velocities

CADR (I/s) Velocity Noise/unit (dBA) ASHRAE [45] Time need to remove
(m/s) sneezing particles (s)

38 045 30 200

57 067 37 100

75 0.88 45 60

85 1 42 35

13 133 47 20

121 1.42 50 15

occurs when the infected person is in the front part of the class, followed by the back
part, and then in the middle. Figure 20a shows the worst conditions in the case of three
infected students by the contours of the contaminant and the path lines. The addition
of cabins has helped limit the spread of the virus during normal breathing. This model
will work better to lower the chance of infection from the infected student to the rest
of the class. The contaminant CO, at the level of breathing is confined within the cab-
ins and has not spread to the surrounding area around the infected students. Figure 20b
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Fig. 25 Particles dispersion for different times for case with a filter fan speed equal 0.45 m/s with the infected
student at the back

shows the beginning of the infection path lines exiting from the infected students and
that they are directed upwards with the air to the air exit holes directly, without spread-
ing in the classroom. Saliva droplets can travel about 2 m before they touch the ground

in the classroom.

Infection (sneezing)

During sneezing, the distances between the particles are very small. After the end of the
sneeze (i.e., after 0.5 s), the particles begin to spread in the small area after the sneeze,
according to Fig. 21. After each sneeze, more than 6.7 mg of saliva is released at rates as
high as 30 m/s.
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Fig. 26 Particles dispersion for different times for case with a filter fan speed equal 0.67 m/s with the infected
student at the back

First case

The simulation of the distribution of sneeze droplets over all students during sneez-
ing at 0.25 and 0.50 s and after sneezing at 25 to 250 s by the CFD program for the
positions of the infected student at the back is shown in Fig. 21. After the end of
the sneeze, the particles begin to spread in a small area until 25 s after the sneeze.
After 25 s of sneezing, it is evident that the large-diameter sneeze particles descend
to the desk due to gravity. All of the sneezing particles are contained behind the
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Fig. 27 Particles dispersion for different times for case with a filter fan speed equal to 0.88 m/s with the
infected student at the back

transparent cabins 50 s after the sneeze, and none of them escape to harm the other
children in the classroom. At 75 s after sneezing, the particles begin to exit from
the borders of the cabins and spread in the air surrounding the infected student in
the classroom. The particles begin to spread in the air around the infected student
in the classroom 75 s after the student sneezes and rises to the top with the direc-

tion of the air movement to the exit openings. It takes the microscopic particles
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Fig. 29 Particles dispersion for different times for case with a filter fan speed equal to 1.33 m/s with the
infected student at the back

125 s after a sneeze to reach the ceiling and start to leave from the top, where the
air exit holes are, while still traveling at the same speed as the air in the classroom.
All particle sizes, ranging in size from 0.15 to 0.3 pum, are present during and imme-
diately after sneezing. However, over time, the large diameters fall and adhere to
nearby objects because there is not enough air to carry them, while the small diam-

eters continue to move with the air and leave the exit openings after a period of up
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Fig. 30 Particles dispersion for different times for case with a filter fan speed equal 1.42 m/s with the infected
student at the back

to 750 s. The particles that are left have just one diameter, based on the aforemen-
tioned. The smallest and easiest to transport by air, it has a diameter of 0.15 pm and
is the most hazardous since it has been present in the classroom for a long time.
This diameter is critical because it can migrate to other parts of the classroom as it
evaporates and gets smaller over time.

Second case

The velocity and temperature distribution at the plane intersecting the student bodies
for a normal number of students showed that the velocity and temperature around each
student did not exceed 0.25 m/s and 26 °C, respectively, which corresponds to the values
recommended by ASHREA to achieve thermal comfort for humans [26] (Fig. 22). Fig-
ure 23 shows how the CFD software (ANSYS Fluent) modeled the dispersion of sneeze
droplets across the classroom at 0.25 and 0.50 s and from 25 to 250 s using various loca-
tions of the infected student in the front, in the middle, and at the back, respectively.
Particles begin to circulate in the air surrounding the infected student in the classroom
200 s after the infected student sneezes and escapes from the edges of the cabin, and part
of these particles begins to move to the rest of the classroom, and another part ascends
with the air to the air outlet. In this case, the spread of sneezing particles occurs in the
classroom, but at a greater rate than in the previous case, as the cabin is closed from the
top in the second case. In the second case, the spread occurred at a lower level within
the classroom than it did in the previous case (Fig. 23).
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Fig. 32 The number of sneezing particles inside the classroom at different fan speed with time a 0.5-20.0s,
b 0.5-1200s

Third case

The velocity and temperature contours were shown in Fig. 24 when the filter was work-
ing. It was found that the different fan flow rates purify the air inside the cabin from
virus-carrying saliva particles, but it takes different time periods according to the fan
withdrawal flow rates. The higher the withdrawal flow rate, the shorter the time period
for viruses to be present inside the cabin around the infected student, but the increase in
flow rates leads to an increase in the noise level, which is within the permissible limits,
as listed in Table 6. At the low fan retraction speeds above the infected student inside
the cabin, some saliva droplets from sneezing were coming out of the cabin, as shown
in Figs. 25 and 26. The presence of the filter worked to fully control the spread of the
virus and not leave it outside the cabins for a very short period of up to 70 s after sneez-
ing, after which the virus particles disappeared completely. Therefore, it is the best way
to control the spread of the virus in the classroom, and that is also true for the normal
number of students. The filter pulls out the light particles first (i.e., 1.5 & m), then the
heavy ones (i.e., 3.01 p m), until all the particles are withdrawn from inside the cabin
(Fig. 26). When flow rates were increased from the permissible value for the filter to
reach 4.24, 5.64, and 6.02 m>/s (i.e., fan speeds are 1, 1.33, and 1.42 m/s), it was found
that the duration of filter withdrawal for viruses decreased to 35, 20, and 15 s, respec-
tively. Figures 27, 28, 29 and 30 illustrate particle dispersion for a case with a filter fan
speed equal to 0.88, 1, 1.33, and 1.42 m/s with the infected student (i.e., flow rates of
3.73, 4.42, 5.64, and 6.02 m>/s), respectively, at the back at the same time. The value of
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the CADR for these speeds is equal to 85, 113, and 121 L/s, which is matched by noise
values equal to 42, 47, and 50 dBA, respectively.

The saliva after sneezing happened at the filter entrance after 10 s, and because the fan
speed was insufficient to remove the big particles, they dropped to the bottom due to
gravity, as illustrated in Fig. 25 Within 15 to 25 s, the particles started to spread within
the cab, and after 50 s, I got out. Therefore, in this situation, the fan speed is insufficient.

According to Fig. 26, after 10 s, particles start to gather at the filter intake; at 15 s,
large-diameter particles start to spread further inside the cabin as a result of their
weight and the fan’s inability to draw them; and at 25 s, they start to spread even
more. Then, due to their weight, the particles started to depart the chamber after 50 s.
But when we compare the speed of 0.67 m/s to the speed of 0.45 m/s, we discover that
while the speed of 0.67 m/s is the best, it is also insufficient to remove all the particles.

Figure 27 illustrates the flow of sneeze particles at a speed of 0.88 m/s as particle
aggregation happens 10 s after sneezing, and by 15 s, the image demonstrates that all
small-sized particles have been dragged out. It becomes apparent that there are heavy
particles, although they are few in quantity, at a speed of 25 m/s. The particles don’t
seem to be leaving the chamber at all, though. A control was also implemented within
the cabin when it was discovered that there were hardly any spit flecks left at 50 s. It
is obvious that at this pace, salivary particles were tightly under control and were not
exiting the cabin. In contrast to the earlier speeds (0.45), this one is the best. In com-
parison to the earlier speeds (0.45 m/s and 0.67 m/s), this is the best speed.

Figures 28, 29 and 30 indicate that as fan speed is increased, sneeze particles are
sucked in more quickly and become trapped inside the cabin. The likelihood of virus
transmission reduces as the fan’s intake speed increases because sneeze particles are
removed more rapidly and in less time, using more energy for the fan in the process.

The number of sneezing particles produced by three infected students in the class-
room was studied in different cases. Figure 31 represents the number of sneezing par-
ticles during 120.0 s inside the classroom for several cases: there is no cabin, there is
a cabin with an open top, and there is a closed cabin. Figure 31a shows the number
of sneezing particles after sneezing (i.e., 0.5 s) to 20 s after the end of sneezing. It is
clear that up to 20 s after sneezing, the number of particles is the same in the case
where there is no cabin around the students as in the case of an open cabin because
the study was for the number of particles in the classroom in general, not in a specific
place inside. After approximately 30 s, the number of particles begins to decrease more
in the case of an open cabin around each student than in the case of no cabin. In the
case of a closed cabin around each student, the number of particles is the same as in
the absence of a cabin and the presence of an open cabin until 13 s after sneezing, after
which the number of particles will be much less. Figure 31b shows that the minimum
number of particles is achieved if there is a closed cabin around each student in the
classroom. This difference in the number of particles in the three cases results from the
increased presence of surfaces to which particles adhere during sneezing, which leads
to the spread of the coronavirus throughout the classroom among students. It turns
out that the existence of the cabin helps to drive the particles above, where they are
then expelled from the air exit holes in the ceiling. The significant difference between
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the number of particles in the three cases began 13 s after the end of sneezing, which is
the time of the beginning of the spread of particles away from infected students.

After that, the number of particles was studied in a closed cabin around each student, and
it was equipped with a filter and a fan to withdraw the air laden with these particles, purify
them from the virus, and leave them in the classroom again. The number of particles result-
ing from sneezing was studied in the case of operating the fan at several different speeds.
Figure 32 represents the number of sneezing particles during 120.0 s inside the classroom
for cases of the fan working at different speeds. The number of particles is very large after
the sneezing time is over (i.e,, 0.5 s). In the beginning, the number of particles is constant for
all speeds, as shown in Fig. 32a, so as not to start spreading inside the cabin, and once they
spread, part of the particles begin to stick to the nearby surfaces of the cabin, and the other
part is pulled upward by the filter fan. It has been found that when the fan speed is increased,
more saliva particles are drawn through the filter, resulting in a reduction in the number of
particles inside the classroom, as shown in Fig. 32b, which helps in controlling the spread of
infection outside the classroom. It is clear from Fig. 32b that the faster the fan draws in virus-
laden air, the shorter the time for eliminating saliva particles resulting from sneezing.

Conclusions

In this study, the effects of different air conditioning design variables on the classroom
were investigated using a CFD program in the case of an affected student. By using numer-
ical analysis, a thorough study of the frequency of saliva droplets caused by sneezing in
the classroom was conducted. The control of infection transmission by saliva droplets
from sneezing was considered in light of the analytical findings. As well as how to con-
trol infection under normal operating conditions in the classroom. Since it has not been
studied before, control the spread of infection inside the classroom by using a transparent
cabin around each student. However, during the movement of students to sit in the cabins,
masks must be used to prevent the spread of infection from the infected student to the rest
of the students in the classroom. The following are the conclusions of the current study:

1. Experiments were done with more than one turbulence model to know which was closest
to the experiments as well as to determine the best number of meshes in the classroom.

2. The best case of ventilation in the classroom is when the air enters from the sidewall
(at a height equal to 1 m from the ground) and exits from the ceiling (i.e., case 11),
because fresh air enters from the bottom and carries viruses to the top, where the air
exits, and this reduces the spread of the virus among students.

3. It has been shown that the saliva droplets in the air flow are inversely correlated with
the air change per hour in the classroom.

4. The air density drops when temperatures are high close to a wall that is exposed to
the sun. This causes a high recirculation of saliva droplets in the case of an infected
student in this location, which accelerates the spread of infection.

5. Saliva droplets as small as 0.15 pm are affected by gravity in a sneeze because of the
tiny size of the droplets. Therefore, the airflow has the most impact on how they
move. Furthermore, drops 20 to 30 pm in diameter or greater are severely gravita-
tionally impacted and fall to the ground.
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6. Saliva droplets can travel about 2 m before they touch the ground in the classroom.

This is consistent with the study presented by Zhu et al. [38].

7. The presence of cabins with HEPA filters from above had a strong effect on control-

ling the spread of the virus in the classroom during sneezing.

8. The increase in filter withdrawal speed is inversely proportional to the time taken for

virus particles to be withdrawn.

9. The faster the fan pulls in virus-laden air, the fewer sneezing particles there will be

inside the classroom.

To control the spread of the coronavirus in the classroom, there must be a cabin. If
they are open at the top, they direct particles up and out of the air outlet holes in the
ceiling. If it is closed at the top and has a filter to purify the air from viruses, it directs the
particles upwards towards the filter so that they then come out pure for the rest of the

classroom students. However, cabin surfaces must be sanitized after each class session

because some saliva particles stick to them after sneezing.
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