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Abstract

It has been widely accepted that the most effective way to mitigate airborne disease transmission
in an indoor space is to increase the ventilation airflow, measured in air change per hour (ACH).
However, increasing ACH did not effectively prevent the spread of COVID-19. To better understand
the role of ACH and airflow large-scale patterns, a comprehensive fully transient computational
fluid dynamics (CFD) simulation of two-phase flows based on a discrete phase model (DPM) was
performed in a university classroom setting with people present. The investigations encompass
various particle sizes, ventilation layouts, and flow rates. The findings demonstrated that the
particle size threshold at which particles are deemed airborne is highly influenced by the
background flow strength and large-scale flow pattern, ranging from 5 pm to 10 pm in the cases
investigated. The effects of occupants are significant and must be precisely accounted for in
respiratory particle transport studies. An enhanced ventilation design (UFAD-CDR) for university
classrooms is introduced that places a premium on mitigating airborne disease spread. Compared
to the baseline design at the same ACH, this design successfully reduced the maximum number
density of respiratory particles by up to 85%. A novel airflow-related parameter, Horizontality, is
introduced to quantify and connect the large-scale airflow pattern with indoor aerosol transport.
This underscores that ACH alone cannot ensure or regulate air quality. In addition to the necessary
ACH for air exchange, minimizing horizontal bulk motion is essential for reducing aerosol
transmissibility within the room.
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2020). In ventilated indoor environments, the ventilation

The recent COVID-19 pandemic has highlighted the
significant impact of airborne respiratory disease transmission
There are different
classifications of virus transmission, including human-to-
human, airborne, and other ways like endogenous infection,
shared vehicle, and vector spread (Morawska 2006). Humans
spend most of their time indoors (Klepeis et al. 2001) and
even when they are exposed to particles of an outdoor
origin, it occurs predominantly indoors (Chen et al. 2012).

control in indoor environments.

Particles generated by infected humans can be either directly
inhaled or spread from contaminated surfaces (fomites)
(Jayaweera et al. 2020). In general, breathing, speaking,
coughing, sneezing, and other activities all generate respiratory
droplets and aerosols (Anfinrud et al. 2020; Kohanski et al.
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return airflow removes some of the particles, while others
may settle on objects or human bodies in the room, and
some may be directly inhaled. To reduce airborne disease
transmission, measures should be taken to maximize the
removal of infectious particles from the environment, while
minimizing aerosol inhalation and deposition on people,
especially on arms and faces (Morawska et al. 2020; Wang
et al. 2021b). It was found that the spread of infectious
diseases is related to the distribution of airflow indoors and
its circulation pattern (Yu et al. 2004; Zhao et al. 2005; Li et al.
2007; Tung et al. 2009; Gao and Li 2012).

In recent decades, researchers have explored aerosol
dynamics and their transport in diverse settings and
environments, including an indoor space with dividers and
shelves (Vuorinen et al. 2020), two people standing at a
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distance in a room (Pendar and Pdscoa 2020), an isolated
room (Tung et al. 2009; Saarinen et al. 2015; Thatiparti et al.
2017; Rogak et al. 2022) a toilet (Li et al. 2020; Li et al.
2023), urban spaces (Hassan and Megahed 2021), a walking
person (Tao et al. 2017; Liu et al. 2021), an aircraft cabin
(Yan et al. 2009; Yang et al. 2017), other vehicles (Wang
et al. 2014; Yang et al. 2022), an operating room (Romano
et al. 2015; Wang et al. 2021a), a door opening (Tung et al.
2009; Saarinen et al. 2015; Hendiger et al. 2016), a prayer
room (Al Assaad et al. 2019), a classroom (Abuhegazy et al.
2020; Mirzaie et al. 2021; Rencken et al. 2021; Zabihi et al.
2022; Arjmandi et al. 2022; Xu et al. 2023) and many more.
However, no study was found to quantitatively relate the
large-scale flow pattern to the airborne disease transmission.
Furthermore, many simulations, particularly those conducted
in university classrooms, were very different in assumptions
and implications from a real classroom with people present.
For instance, in many studies including those using the
Eulerian-Lagrangian approach (Abuhegazy et al. 2020;
Mirzaie et al. 2021), the thermal plume from the occupants
was neglected, and the unsteady nature of the breathing was
also ignored. Instead, these studies obtained the background
flow field from steady simulations, followed by Lagrangian
particle tracking. Despite its limitations, the Euler-Euler
approach was employed by some researchers (Rencken et al.
2021) assuming that pathogens behave similarly to a tracer
gas. It is important to note that particles larger than a few
microns in diameter behave differently in indoor airflow
scenarios compared to gases (Gao and Niu 2007; Li et al.
2013). In addition to these methodological considerations,
many studies (Rencken et al. 2021; Arjmandi et al. 2022; Xu
et al. 2023) have frequently omitted the complex geometry
of the human body in favor of simplifications, as addressing
this complexity adds significant work and challenges in
creating a suitable numerical grid. However, an experimental
study by Zukowska et al. (2012) demonstrated that simplified
human geometers, such as cylinders or rectangular shapes,
produce considerably more concentrated plumes than those

@

Fig. 1 (a) Real classroom (EME-1121 at UBC); (b) modelled classroom with the attendees

with complex body shapes and do not depict a realistic
plume for a human.

In a typical university classroom, back-to-back lecture
sessions are held at less than 10-minute intervals. In medical
spaces settings, one solution to mitigate the risk associated
with Aerosol Generating Procedures (AGPs) is the
implementation of an administrative control called fallow
time. Following an AGP, a wait-time is undertaken and the
medical operatory is left fallow prior to surface sterilization
and the next patient being admitted. The fallow time
technique assumes that the operatory is equipped with
sufficient air change turnover so that around 95% of the
aerosols in the air are circulated out during the fallow time
(Shahdad et al. 2021). A similar approach can be applied in
classroom settings, taking into account ACH and large-scale
flow patterns, to evaluate the effectiveness of a 10-minute
fallow time in reducing respiratory particle transmission.
This research incorporates realistic considerations of human
occupants including transient inhalation, exhalation, and
natural convection resulting from human body temperature,
within an authentic environment. The spatiotemporal
evolution of the airflow and respiratory particle transport
in a university classroom is simulated to quantify the
influence of various ventilation strategies (described in the
computational model section) and large-scale flow patterns
on aerosol transmission indoors. An enhanced ventilation
design for classrooms is introduced which reduces the spread
of the aerosols substantially even with lower ACHs compared
to the other strategies.

2 Computational model

One of the classrooms in the Engineering, Management,
and Education (EME) building at the University of British
Columbia’s Okanagan campus, EME-1121, served as the
basis for establishing the classroom geometry model as
depicted in Figure 1. In the actual baseline design two
distributed HVAC supplies, large perforated plates on the
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side walls, and two HVAC returns on the ceiling are used
to circulate air in the classroom. This design aims for a
displacement ventilation (DV) system by supplying air to
the classroom from the lower parts of the room at a low,
uniform velocity and exhausting it at the ceiling level. More
details of the classroom geometry can be found in Figure 2.
The HVAC supplies up to 17 ACH for the classroom at
a temperature of 17.9 °C and relative humidity of 40%. In
the numerical model, all inlet boundaries are set as velocity
inlets with 5% turbulent intensity and all outtakes are
pressure outlets with zero gauge pressure.

In the modelled classroom, there is a lecturer and 20
socially-distanced students. All 21 individuals in the room
are sedentary, and their respiration and heat transfer from
their body to the ambient are considered. The clothing is
set to a temperature of 28 °C (Zhang et al. 2010; Qingqing
et al. 2020), whereas the expected skin temperature for exposed
body regions including the head and arms is 34.5 °C (Liu
et al. 2013). All other surfaces in the numerical model are
assumed to be adiabatic. The transient simulation begins
utilizing the steady state data as initial conditions. To replicate
a lecture and the break before the start of the following
session, the lecturer produces aerosols and droplets for
15 minutes. After the teacher stops producing aerosols, the
simulation continues for an additional 30 minutes to
monitor the particle dispersion throughout a long fallow
period.

Different particle size cut-offs, frequently in the range
of 5 pm to 20 pum, have been employed in recent years to
classify particles as “aerosols” or “droplets,” based on various
characteristics of particle behaviors (Leung 2021). To
include all particles classified as respiratory aerosols and

droplets, this study employs a diverse range of small and
large particles (particle diameter from 1 pm to 100 pm)
with various number distributions (Morawska et al. 2009;
Alsved et al. 2020). For the particles within the respiratory
range, evaporation occurs in a very short time making it
negligible for the purposes of this study (Chen and Zhao
2010). In this research, the lecturer’s mouth emits 272
non-volatile nuclei water particles every second. Particle
number distributions for each size are described in Table 1.
Particles are assumed to be reflected at the source inlet,
exiting the domain if they reach any other inlet or outlet
boundaries, and will be permanently removed if they are
deposited on the surfaces.

In a relaxed and regular breathing situation, individuals
typically spend almost equal durations inhaling and exhaling
air. Consequently, in the simulations, each individual follows
a sinusoidal rhythm of inhalation and exhalation with a
maximum air velocity of 1.63 m/s and a period of 4.05
seconds (Gupta et al. 2010; Phuong et al. 2016). Twenty
arbitrary numbers between zero and 4.05 are used to generate
random phase-lagged breathing functions for each student.
The exhaled humid air has a temperature of 34.85 °C and
90% relative humidity (Morawska et al. 2009), and the
opening area of the mouth is 1.84 cm? (Gupta et al. 2010).

There are three different airflow strategies (shown in
Figure 3) that are taken into consideration: supplies and
returns A which is the baseline design aiming displacement
ventilation (DV); the second design (supplies A and
returns B) which is displacement ventilation with ceiling
distributed returns (DV-CDR); and the optimized design
(supplies and returns B) which is an under-floor air
distribution concept combined with the ceiling-distributed
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Fig.2 The detailed layout of the classroom (16.9 m x 10.5 m x 2.6 m)
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Table 1 Particles size and numbers

Particle size Number of Number particles in
(um) particles/s 15 minutes
1 160 144000
5 60 54000
10 20 18000
20 16 14400
50 12 10800
100 4 3600
Total 272 244800

HVAC Return-A HVAC Supply-A

HVAC Supply-A

Fig. 3 Airflow configurations in the classroom; supplies and
returns A: DV; supplies A and returns B: DV-CDR; supplies and
returns B: UFAD-CDR

returns (UFAD-CDR). To investigate the impact of airflow
in the classroom, full load (maximum ACH) and half load
(half of the maximum ACH) ventilations have been
simulated for each of the layouts. Additionally, a simulation
has been performed to investigate how the thermal plume
produced by humans impacts particle transport in the
classroom. All conditions in this case are identical to the
baseline design with full HVAC load, unless the skin and
clothing are adiabatic surfaces. Two more simulations were
run to compare the efficacy of the UFAD-CDR ventilation
to the baseline DV when, instead of the lecturer, one of the
students (St-8) in the middle of the classroom produces
pathogens.

3 Governing equations

The flow to be modelled has two phases: a continuous
phase and a discrete phase. The continuous phase is the gas
flow, which is considered as a binary mixture of air and
water vapour. Hereinafter, we will call it the continuous
phase airflow, while the water vapour content in the air
determines the relative humidity. The discrete phase is the

droplets emitted from the human’s mouth. There are multiple
flow sources in the room (HVAC supplies, particle flows,
and human breathing flow) with different temperatures
and relative humidity. As a result, the transports of energy
and species, in addition to momentum transfer, must be
solved.

A fully transient Euler-Lagrange approach in ANSYS-
Fluent is applied, utilizing the Lagrangian discrete phase
model to track particles. This methodology is commonly
used when interactions between droplets can be neglected
as the discrete phase is assumed to be diluted enough.

Considering the many models provided by ANSYS-Fluent
for turbulence calculations, k-¢ and k-w models are more
practical for such a large computational domain since DNS
and LES with a proper grid size and time steps are extremely
costly. Among k-¢ and k-w models, the RNG k-¢ (Chan et al.
2002; Tominaga and Stathopoulos 2009), realizable k-¢ (Yu
and Thé 2017; Liu et al. 2020), and SST k-w (Ramponi and
Blocken 2012) turbulence models have been recommended
by other studies because of their theoretical superiority to
the other k-¢ and k-w models for these applications. For
particle-laden turbulence simulations, SST k-w has shown
better agreement with DNS and experimental data as a
result of its shorter Lagrangian integral time scale than the
RNG k-¢ model (Gao et al. 2012). SST k-w also predicted
particle deposition with a better agreement to LES and
experimental data than realizable k-¢ (Tang et al. 2015).
Therefore, in the present work, the SST k-w turbulence
model is employed for the closure of unsteady Reynolds
averaged Naiver-Stokes (URANS) equations.

The continuity and momentum equations for the
continuous phase are the URANS equations described in
Equations (1) and (2).

dp  pu)
LA
8t+ ox, W
Apu,) | Olpuu;) op d (0y
or | ox, % ax,.+”axj<axj
Ouj 2 0w, 0 —
o 305 T () @

J

in which p is the fluid density,  and u’with i, j, or I subscripts
are the three components of the mean and fluctuating
velocities, p is the pressure, and y is the molecular viscosity.

The term (—pTu;) in Equation (2) is the Reynolds stress

tensor that is being modelled by the SST k-w turbulence
model. The SST k-w equations are well described in the
literature (Abrahamson 2021).

The convective heat transfer equation for the continuous
phase is
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O(pE) N olu,(pE+p)] 0 oT

ot ox, = a_xj<keff a_x}) + S, (3)

In Equation (3) E is the total energy of the fluid, ke is the
effective thermal conductivity, T is the continuous phase
temperature, and Sy is the heat being transferred between
the continuous and discrete phases.

Particles are tracked in the Lagrangian frame of reference,
and the particle motion is governed by:

d_ﬁp:ﬁlNST*ﬁp_Fé’(pp—p)
dt T Py

r

(4)

where ™" is the continuous phase instantaneous velocity,

i, is the particle velocity, p, is the density of the particle,
and 7, is the particle relaxation time.

The turbulent dispersion of particles is predicted by
integrating the motion equations for all of the individual
particles, utilizing the instantaneous fluid velocity as
expressed below:

u™t =y, +u/ (5)
Here u; represents the three components of i, and the
average velocity of the fluid u; is obtained by the URANS
equations. Based on a stochastic method called eddy lifetime
or the discrete random walk (DRW) model, the fluctuating
component u/ is assumed to be isotropic and to follow
a Gaussian distribution, which can be obtained from
Equation (6):

Wl = |3k (©)

where ( is a random number with a normal distribution
and k is the turbulent kinetic energy predicted by the
turbulence model. The concept of the fluid Lagrangian
integral time scale 71, which describes the duration of
turbulent motion along the particle path, is used in the
prediction of particle dispersion with small drift velocities.
For SST k-w, this time scale can be approximated as:

T, = - (7)
w

where w is the specific dissipation rate of turbulent kinetic
energy.

There is a straightforward heat balance equation that
connects the particle temperature T,(f), to the convective
heat transfer:

dT
m,c

pp?:hAp(T _T) (8)

0 p

where ¢, is the particle heat capacity, A, is the particle

surface area, T. is the local temperature of the continuous
phase, and h is the convective heat transfer coefficient.

For solving Equations (1)-(3), the coupled algorithm is
employed for the pressure-velocity coupling. The gradients,
pressure, and diffusion terms are discretized with second-order
accuracy, while convection terms are discretized using the
second-order upwind scheme. The transient formulation is
being solved with 0.5 second time steps in a first-order
implicit way. Discrete phase equations are solved using the
high-resolution unsteady tracking method and implicit-
trapezoidal discretization scheme (Abrahamson 2021). The
time step employed in solving the position of the discrete
phase is limited such that the average particle displacement
in each time step is less than 0.5 mm.

In this study, flow parameters such as vorticity, Q, helicity,
H, and enstrophy, Q2 were investigated as potential
parameters for quantifying large-scale flow patterns and
relating it to particle concentration in a room. Vorticity,
helicity, and enstrophy are defined in Equations (9) to (11)
respectively.

O=Vxi 9)
H=Q-u (10)
P2 =00 (11)

4 Spatial grid and validation

Grid generation is accomplished using Ansys-Meshing
software. To discretize the geometry of the model, a
multi-grid mesh, with a 20-layer structured prism inflated
grid for the boundary layer and a tetrahedral unstructured
mesh for the bulk flow were used. The grid has to be
adequately resolved to capture the natural convection
surrounding a human body. Numerous mesh sizes have
been used on the intricate complex human geometry and
its surrounding computational domain. The minimum,
maximum, and average y+ value for the wall-adjacent cells
are 0.005, 15.1, and 0.52, respectively.

The grid study is carried out with five different meshing
resolutions to ensure that the impacts of grid size on the
simulation’s results are minimal. On a cut-through plane at
1.75 m height from the floor, volumetric flow rate, maximum
velocity magnitude, and average-vorticity magnitude are
examined and compared as the grid study parameters for
different meshing resolutions in Table 2. In comparison to
the other cases, the relative differences (RD) between the
studied parameters for the cases of 40.35M and 30.24M
elements are within an acceptable range of 1%. Therefore,
in order to lower processing costs and time requirements,
grid sizes of 30.24M elements are employed for the
simulations. The relative difference formula is defined in
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Table 2 Grid study summary

Case 40.35M 30.24M 27.18M 21.08M 14.8M
Volumetric flow rate (m?/s) 1.868 1.867 1.871 1.830 1.814
% Relative difference 0.05 0.21 2.19 0.87 —
Maximum velocity magnitude 0409 0412 0402 0374 0345
(m/s)
% Relative difference 0.73 2.42 6.96 7.75 —
éYf)rage'Vomc“y magnitude 0,00 0260 0263 0248 0236
% Relative difference 0.39 1.15 5.70 4.84 —

Equation (12), where x; and x, are the new and initial
values obtained for two consecutive grids:

|xl—x2|

RD = %100 (12)

X,

To validate the numerical model, the velocity profile in
the real classroom at the line-1 location was measured
using a hand-held hot wire (Dwyer 471B-1, +3% FS) and
compared with the CFD results (Figure 4). As depicted
in Figure 1, Line-1 runs vertically from the centroid of
HVAC-Return-1 to the floor. Despite the fact that the
maximum measured velocity is lower than the simulated
velocity, the simulated velocity profile still agrees well with
the experimental data. The actual flow rate may be lower
than the designed value because the classroom is not airtight
and the return flow rate may be lower than the supplied air.
However, in the low-velocity range, the accuracy of the
hand-held hot wire may be adversely affected by the presence
of the operator and the precision of the sensor but still, a
good match is observed within this velocity range.

5 Results and discussion

The flow field and particle distribution in the lecturer’s
close proximity as well as the effects of the thermal plume,
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Fig. 4 Validation of the velocity profile on line-1 shown in Fig. 1

airflow strategies, and particle source location on the spread
of airborne disease in the classroom, are discussed in the
following subsections.

5.1 Flow field and particle behavior around an individual

The contours of the airflow characteristics, such as velocity
magnitude, relative humidity, density, turbulent kinetic
energy, and static temperature, are shown in Figures 5(a)-(e)
respectively to help understand the flow field around a
person. The contours demonstrate how these parameters are
distributed along two perpendicular cutting planes showing
the lecturer’s right profile and front view. The natural
convection-driven flow that surrounds the lecturer is
substantially stronger than the background flow created by
HVAC air circulation. The velocity magnitude over a person’s
shoulders can be up to 10 times greater than its value in areas
where buoyancy forces are not present (Figure 5(a)). The
annular boundary layer developing on the torso converges
and merges above the shoulders and head where the velocity
reaches its local maximums. The velocity contours are in good
agreement with the accepted experimental data available
in the literature (Li et al. 2018). The maximum velocity
values could be slightly different depending on the body
size and temperature gradients. As expected, the density
and relative humidity are lower around the body where the
static temperature is higher. In the random walk model, the
reconstruction of the fluctuating part of the velocity field
and particle dispersion in the environment relies on the
turbulent kinetic energy. As illustrated in Figure 5(d), the
turbulent kinetic energy significantly increases around
the lecturer compared to outside the thermal plume. The
turbulent kinetic energy peaks when the warm body’s plume
shears and slows into the surrounding air.

Figure 6 illustrates the exhaled particle distribution after
5 seconds, coloured by particle residence time (Figure 6(a)),
particle diameter (Figure 6(b)), and particle velocity
(Figure 6(c)). For such a flow condition (close to the
lecturer affected by the thermal plume), the particles respond
differently depending on their size and location. The 100 pm
particles fall immediately. Their trajectory is mainly governed
by their initial momentum and gravity. Small particles (1, 5,
and 10 um) behave like aerosols at this moment. The
gravitational forces are negligible in comparison to the drag
forces which are the main determinants of the aerosols’
motion. 20 pm particles are slightly slower than the smaller
ones but still follow the airflow direction. From the particle
velocities (Figure 6(c)), it can be seen that the velocity
magnitude for the majority of the 50 pm particles is within
a very low range. Some have been dragged up but most
of them settle with a very low velocity. This observation
suggests that the drag and gravitational forces acting on
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Velocity Relative Density
Magnitude (a) Humidity (b) (kg/m?)
(m/s) (%) ({77 .
0.350 50.0
0315 46.6 1.17
0.280 32 1.16
0.245 39.8 115
0.210 36.4 1.14
0.175 33.0 113
0.140 29.6 1.12
0.105 26.2 111

0.070
0.035
0.000

228
194
16.0

110
1.09

361
Turbulent Static
(C) Kinetic Energy (d) Temperature (e)
(m?/s”) (°C)
3.00e-3 34.6
2.70e-3 33.1
2.40e-3 314
2.10e-3 29.7
1.80e-3 280
1.50e-3 263
1.20e-3 24.6
9.00e-4 229

6.00e-4 212
3.00e-4 19.5

17.8

2.89%-10

Fig. 5 Contours of airflow parameters around the lecturer: (a) velocity magnitude; (b) relative humidity; (c) density; (d) turbulent

kinetic energy; and (e) static temperature
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Fig. 6 Particle distributions at t = 5 s, coloured by (a) particle residence time; (b) particle diameter; (c) particle velocity

50 pm particles are nearly balanced at the start of their
motion. The 50 pum particles fall and accelerate toward the
ground under the dominance of gravitational forces when
they approach the region less affected by the thermal plume.

5.2 Thermal plume effect

The velocity magnitude in a thermal plume can reach ten
times its value outside of the bouncy affected reign as
illustrated in Figure 5(a). As a result, when the thermal
plume is not included in the simulation, the particle
distribution is drastically altered. Figure 7 compares particle

Particle

Residence -

Time (s)
6.00e+1
5.40c+1
4.81ct]
4.22e+1
3.62e+1
3.03e+1
2.43et1
1.84e+1
1.24e+1
6.45e+0
5.00e-1 | T\ { s =

(a)

distributions after one minute of emission for three scenarios
with different levels of thermal plume effects, including
plume generated by body heat and exhalation (Figure 7(a)),
exhalation only (Figure 7(b)), and no plume (Figure 7(c)).
In the case of a full thermal plume, the particles are carried
upwards by the plume and eventually form a thin cloud
near the ceiling (Figure 7(a)). In the absence of a body
thermal plume, the particles are carried by the exhaled air,
which has a higher temperature than the surrounding air.
Although it still rises, its momentum quickly dissipates into
the air around it. The particles form a cloud which is not as
thin as it would be in the presence of a full thermal plume

(b) ©

Fig. 7 Particle distributions around the lecturer for baseline design-full load HVAC after a minute: (a) full thermal plume; (b) without the

body plume; (c) no thermal plume
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and it remains at a lower elevation close to the lecturer.
When the heat from exhalation was also excluded, the
particles propagated in a completely different pattern that
followed the background flow produced by HVAC.

The particle clouds are characterized using the average
elevation of the particles, and the area of dispersion,
calculated assuming it conforms to an elliptical shape projected
on a horizontal plane. The average upward velocity
component within a sphere (0.5 m in diameter) around the
lecturer’s head is also compared across the three cases in
Table 3. The stronger thermal plume accelerates the spread
of particles and also leads them to be positioned at higher
elevations at the early stage of the spread. The substantial
difference between the particle clouds and the velocity filed
around an individual in the three cases highlights the need
to consider the significant effect that human presence has
on aerosol transmission in a room.

5.3 Airflow strategies

As described in Figure 3, three ventilation configurations
were considered; the baseline (DV), second (DV-CDR),
and optimized (UFAD-CDR) designs. Two flow rates (full
load and half load) are studied for each of the designs. The
full load state is when the HVAC system is operating at its
maximum capacity. The room’s HVAC system will modify
the flow rate based on the number of students in the
classroom. In actual use, it typically runs at a point between
50% and 100% load. Half load for this particular classroom
provides 8.5 ACH, which is still considerably greater than
the designs for normal classrooms in most buildings (2-5
ACH).

A performance comparison of the three ventilation
layouts at 17 and 8.5 ACHs is provided in Figure 8. The
overall particle number densities over time for each of

Table 3 Particle clouds and velocity field around the lecturer for three thermal effect levels

Average particle elevation from

Average upward velocity around

Thermal plume level Area of spread (m?) the source level (cm) the head (m/s)
Full thermal plume 20.32 112 0.071
Without the body plume 8.01 58 0.0049
No thermal plume 3.04 -4 -0.0013
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Fig. 8 Comparison of the DV, DV-CDR, and UFAD-CDR ventilation performances at 17 and 8.5 ACHs: (a) overall particle number
density; (b) particle escape ratio; (c) particle suspension ratio; (d) particle deposition ratio



Zabihi et al. / Building Simulation / Vol. 17, No. 3

363

the six simulated scenarios are shown in Figure 8(a). The
overall particle number density is calculated by dividing the
total particle counts still present in the classroom by the
volume of the entire computational domain. The plots of
the ratios of escaped, suspended, and deposited particles to
all emitted particles at the relevant time can be found in
Figures 8(b)-8(d). The overall particle number density and
particle ratios are significantly influenced by the ventilation
layout. ACH has a major impact on the DV and DV-CDR
results. In these cases, a higher ACH improves particle
removal by the HVAC system. The situation in the classroom
has improved for the DV-CDR but still, almost 15% of the
particles are in the room after 30 minutes of fallow time in
the half load scenario which is not a significant decline in
comparison to 20% for the baseline design. However, the
results for the UFAD-CDR have substantially altered. Only
less than 2% of the particles are still suspended in the room
after 10 minutes of fallow time (Figure 8(c)). The results
show that having a 10-minute break does not guarantee that
the next lecture will begin in a safe classroom unless the
ventilation strategy and ACH are properly chosen. When
UFAD-CDR ventilation is used, the ACH has only a minor
effect on the air quality in the classroom. The suspension
ratio illustrated in Figure 8(c) meets the acceptable fallow
time criteria of 10 minutes only for DV-CDR at 17 ACH
and UFAD-CDR at both flow rates. The maximum particle
number density for the optimized design has dropped by
85% and 78% at half load and by 64% and 54% at full
HVAC load, in comparison to its values for the baseline
and second designs respectively. For each case, the deposition
ratio slopes gently throughout the emission time and
stabilizes between 10% and 20% after 10 to 15 minutes of
fallow time (Figure 8(d)).

In order to demonstrate how the particles are distributed
in the height direction of the classroom, the computational
domain is divided into 26 slices that are each 10 cm in

P~
®
=

height. The cumulative particle number density, n.(y) is
calculated by integrating the average particle number
density, 7,(i) within the i volume slice at the mid-height
of it in the room height direction, y, where N; is the i
volume:

N;
n(y) = (i) (13)
i=1

The cumulative particle number densities for the baseline
(DV) and optimized (UFAD-CDR) designs at t = 10 and
25 minutes are shown in Figure 9. The vertical axis represents
the non-dimensional height normalized with room height,
y/he. At t = 10 minutes, a high particle concentration is
observed near the ceiling in the baseline design for both full
and half load cases. In comparison to the DV, the cumulative
particle number density in the UFAD-CDR is substantially
lower along the classroom height for both full and half
HVAC loads. Although the cumulative particle number
density for the UFAD-CDR still increases over the room
height, there is no highly concentrated region near the
ceiling as there is for DV. When the bulk flow circulates at
a lower ACH, the drag forces acting on the particles are
smaller, which causes them to have a stronger tendency to
sediment and settle near the floor. As a result, once the
particles have had enough time to settle at 8.5 ACH, a high
particle number density zone towards the floor is formed in
both configurations (Figure 9(b)). In a displaced ventilated
room, while the boundary layer develops around a sedentary
human, it transports and induces air from the lower parts
of the room and brings it up to the breathing zone (Brohus
and Nielsen 1996). The results shown in Figure 9(b) indicate
that a higher ACH would aid in having a safer environment
for longer settings when people are sedentary.

Images of the particle dispersion in the classroom for
the DV and UFAD-CDR designs are shown in Figures 10
and 11 when the HVAC system is at full capacity. The diameter
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Fig. 9 Cumulative particle number densities in y direction for DV and UFAD-CDR designs at 17 and 8.5 ACHs: (a) at t = 10 minutes,

(b) at t = 25 minutes
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of the particles determines their colour in the figures.
In less than five minutes, particles in the DV case reached
the HVAC return-2 at the back side of the classroom. The
20 um and larger particles only persist for about ten minutes
in this situation, but 1 pm and 5 um particles can still be
found in the classroom 30 minutes after the lecturer stopped
releasing them. Although 10 um particles are not as persistent
as those that are 5 um and smaller, they could still travel
far enough to be considered a potential risk of airborne
transmission. As seen in Figure 11, particles have not spread
far from the source, and all the students are safe in the
UFAD-CDR ventilation design, in contrast to the baseline
design where many of the students are at risk of being
exposed to pathogens (Figure 10).

Figure 12 compares the particle suspension ratios for
the DV and UFAD-CDR designs at 17 ACH to demonstrate
how particle durability is influenced by particle size and
ventilation design. The ventilation strategy has little impact
on the suspension ratio of the 100 um particles because
they fall down immediately, but the suspension ratio of the

t=25 min

t=20 min

o] um ®5um © 10 pm @20 um and larger

Fig. 10 Particle distributions in the classroom over 45 minutes-
baseline design (DV) full HVAC load

t=1 min

t=10 min t=15 min

=20 min

=35 min

e 1 um ®5um © 10 um ® 20 um and larger

Fig. 11 Particle distributions in the classroom over 45 minutes-
optimized design (UFAD-CDR) full HVAC load
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Fig. 12 Comparison of the particle suspension ratio (particle size
breakdown) for the DV and UFAD-CDR designs at 17 ACH for
45 minutes
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50 um and smaller ones is significantly lower when the
UFAD-CDR is in use. Although one and five micrometer
particles can linger in the air for both ventilation designs
even after 30 minutes of fallow time, the ratios for the
UFAD-CDR layout drop below the 5% line in a few
minutes, whereas the 5 yum and 1 um particles drop below
the 5% line in 6 and 19 minutes, respectively, when the
baseline DV is used.

The energy-saving potential of the UFAD-CDR design
becomes evident when compared to DV considering air
quality in the classroom. Assuming a classroom consumes
200 kWh/m? a year, with 9% of the total energy dedicated
to ventilation, 10% to cooling, and 47% to heating (Dias
Pereira et al. 2014) our classroom’s HVAC energy
consumption rate is 23423 kWh per year (44.56 Wh per
minute). When considering the necessary fallow time to
remove 95% of emitted particles (2.5 minutes for UFAD-CDR
and 19 minutes for the baseline DV) after five lectures per
day, five days a week, and operating nine months of the
year, the UFAD-CDR yields an energy savings of 661.8 kWh
per year compared to the baseline DV just on shorter necessary
fallow times. The suspended particles consistently remain
significantly lower for the UFAD-CDR during the lectures,
even at half flow rate (refer to Figure 8). During a pandemic,
maximizing the intake of fresh air is recommended. In this
condition, we can assume that the HVAC energy consumption
is proportional to the flow rate. Reducing the flow rate by
half, results in significant annual savings of 11711.5 kWh.
UFAD-CDR design not only provides substantial cost
savings (12373.3 kWh a year which is equivalent to 34.86%
of total energy usage of the classroom) but also serves to
improve air quality significantly, which is of vital importance
during such critical periods.

5.4 Indoor airflow characteristics and aerosol transmission

Different flow characteristics, including vorticity, helicity,
and enstrophy (Equations (9)-(11)) have been explored to
quantify the flow pattern and discover an appropriate
parameter that can indicate how high the risk of airborne
transmission in a room could be by looking at the airflow.
The magnitude and average of these parameters did not
correlate with the particle distribution in the classroom;
therefore, they may not be reliable indicators of the suitability
of an airflow pattern.

Brownian diffusion is negligibly small in a turbulent
flow (Ounis and Ahmadi 1990). The turbulent diffusion
mechanism, which is caused by chaotic time-dependent
motions, is distinct from the Brownian one. Aerosols would
not be able to travel from a sick person to a susceptible one
at a distance if there isn’t any horizontal convectional flow
and the Brownian motion is negligible. However, achieving

such a flow pattern in a real room with all of the furniture
and asymmetries present would be very difficult even if we
were able to place uniform full-size HVAC supply and return
underneath the floor and at the room’s ceiling. Therefore,
aerosols will inevitably be transported and carried by air
in a horizontal direction as well.

A new parameter, horizontality, is introduced to compare
the horizontal spread to the vertical transport of aerosols in
indoor spaces, by determining how the large-scale flow
pattern deviates from the ideal one-directional flow condition
in a room. It can simply be defined as the ratio of two flow
time scales in vertical, tv, and horizontal, ty, directions.
These time scales are derived by dividing the room's length
scales by the volume-averaged magnitudes of the horizontal
and vertical velocity components:

hy
SO ST PRIA o
Ay
ty = (15)
(ZVA/ ufc,i + ”z,i )/VR
H :Zl (16)

where u, and wu, are the horizontal components of the
velocity vector, u, is the vertical component of it, V; is the

computational cell volume and i is the cell number. E and

Ay are the average height and cross-section area of the room
and Vy is the room volume.

Figure 13 shows the horizontality level for various
HVAC designs and flow rates. ACH has a minor impact on
the horizontality level, and the horizontality of airflow in
a room can quantify the large-scale flow pattern that plays
a vital role in air quality in regard to airborne diseases
transmission.
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Fig. 13 Horizontality level for different ventilation designs at 17
and 8.5 ACHs
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In order to integrate the impacts of ACH and large-scale
flow patterns on the transmissibility of aerosols indoors and
indicate how effectively an HVAC design can remove the
aerosol particles, the normalized ACH on the horizontality
level is defined as Equation (17) and called effective ACH
(ACHH).

achn = 28

H

(17)

The ACHH values for six studied cases are provided
in Table 4. The ACHH level provides a better descriptive
value of the airborne particle’s transmissibility than ACH
and horizontality. The ACHH value for the worst case
(baseline design-half load) is 9.45, and its value for the best
case (optimized design-full load) is 71.47. The ACHH for
the other cases is within these two values in a meaningful
order related to the overall particle concentration in the
classroom shown in Figure 8(a). Because the ACH role is
not as important when the horizontality level is low for the

UFAD-CDR case (see Figures 8(a) and 8(c)), ACHH may
not be as accurate as it is for higher values of horizontality.
The current standard codes primarily rely on the number
of occupants and air quality expectations and thermal
comfort but, as demonstrated in our study, that does not
capture the substantial differences in air quality achieved
under similar ACH conditions. Further multidisciplinary
studies are needed to investigate the transmissibility of
aerosols indoors in different scenarios to provide standard
ACHH level suggestions, which account for both the flow
rate and the ventilation design (flow pattern) based on the
room occupancy categories.

In Figure 14, the velocity contours and streamlines for
the DV and UFAD-CDR designs are compared in cutting
through planes when the HVAC system is operating at full
capacity. As it can be seen in Figures 14(a) and 14(b); the
streamlines in the baseline design are oriented more in the
horizontal direction than in the vertical direction. The airflow
has been managed in the optimized design to reduce the
horizontality of the circulating air, particularly where the

Table4 ACHH

DV DV DV-CDR DV-CDR UFAD-CDR UFAD-CDR
Case 17 ACH 8.5 ACH 17 ACH 8.5 ACH 17 ACH 8.5 ACH
ACHH 18.75 9.45 27.01 12.86 71.47 27.83
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Fig. 14 Velocity contours and flow large-scale flow pattern: (a) entire classroom—baseline design—full load HVAGC; (b) entire classroom—
optimized design—full load HVAC; (c) St-5 and St-10—baseline design—full load HVAC; (d) St-5 and St-10—optimized design—full

load HVAC
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student seats are located. More rows of air supplies and
returns could be added to help control the airflow at the
classroom corners. Figures 14(c) and 14(d) compare the
velocity contours and airflow large-scale patterns around
St-5 and St-10 for the baseline and optimized designs. In
the controlled circulation scenario, students breathe in their
own local airflow circulation bubbles which can significantly
reduce the risk of airborne disease transmission. While in
the baseline design, an aerosol would easily be carried by
the background flow from one student to another if it had
to travel on the shown cutting plane.

5.5 Aerosol source location test

Two additional simulations for the DV and UFAD-CDR
designs were performed to evaluate the effects of particle
source location on the efficacy of the optimized design.
Instead of the lecturer, one of the students (St-8) in the
middle of the classroom generates particles for 15 minutes.
Figure 15 compares the distribution of the particles in the
classroom for these cases at 10 and 20 minutes from the
start of the simulations. The particles are coloured by their
position in y direction. For the DV design at ¢ = 10 minutes
(Figure 15(a)), 25.89% of the released particles are still
present in the computational domain and are wildly spread
in the classroom while only 3.83% of the particles are
suspended mainly in close proximity to the St-8 at this time
(Figure 15(b)). When UFAD-CDR ventilation is used, only
196 particles (0.08%) remain suspended in the air at ¢ =
20 minutes (5 minutes of fallow time), whereas 14,509
particles (5.92%) are still present in the classroom when the

(a): DV- t=10 min

Particle y
Position (m)

2.60

234

2.08
I 1.82
1.56

|+ 078

(c): DV- t=20 min

DV is used. The findings show that the UFAD-CDR design
is significantly safer than DV in both emission and fallow
time, regardless of where the infected person is located.

6 Conclusions

A real university classroom has been considered for numerically
investigating aerosol and particle transport when people
are present indoors. Unsteady simulations were performed
for 45 minutes under various background airflow conditions,
ACHs, and human thermal effects. A new parameter called
“horizontality” has been introduced to quantify and link
the large-scale flow pattern to the transmission of airborne
diseases. This study presents a classroom ventilation layout
(UFAD-CDR) that can efficiently remove aerosols in a
relatively short period of time under varied ACHs. The
following are the study’s key findings:

The particle size threshold at which particles become
airborne is heavily influenced by the strength and large-scale
flow pattern of the background flow. It could be 5-10 pm
in the cases under consideration. Although 20 um particles
can travel several meters, they do not last long in the air.

Human respiratory particle transport studies must take
into account the significant effects of human presence on
indoor aerosol transport, particularly the thermally buoyant
flow effect that creates a thermal plume around people.

A 10-minute break does not guarantee that the following
lecture will begin in a safe environment unless the ventilation
is designed for aerosol transmission control.

When it comes to the transmission of airborne diseases,
air quality cannot be controlled solely by a certain amount

(b): UFAD-CDR- t=10 min

(d): UFAD-CDR- t=20 min

Fig. 15 Particle distribution in the classroom under DV and UFAD-CDR ventilations, when a student in the middle of the classroom

emits particles
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of air change per hour (ACH). The large-scale airflow pattern
is another critical factor. It has been found that measuring
the airflow’s horizontality is an effective method for
determining how well the air circulation in a room contributes
to the prevention of airborne disease spread.

Because each room has a different large-scale airflow
pattern based on room and ventilation designs, standard
codes should be adequately revised to define an appropriate
ACH level alongside the horizontality for each occupancy
type. However, further research needs to be conducted to
investigate horizontality and provide effective ACH (ACHH)
charts for varied room occupancy applications.

At lower ACHs, aerosols may be concentrated near the
floor if they have enough time to settle. The development of
the thermal plume in a room with displacement ventilation
pulls air up to the breathing zone from the lower parts
of the room. A higher ACH would contribute to a safer
environment by preventing particles, in prolonged activities
with sedentary people, from accumulating near the floor.

An under-floor air distribution concept combined with
a ceiling-distributed returns ventilation layout (UFAD-CDR)
provides a large-scale airflow pattern with a low horizontality
level for university classrooms. Compared to conventional
displacement ventilation systems, the UFAD-CDR dramatically
reduces the probability of airborne transmission at both
high and low ACHs.
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