Bﬂ TEHRAN lg);“ ERSITY IJOH INTERNATIONAL JOURNAL OF OCCUPATIONAL HYGIENE IRANIAN O('('Ul’x\l1()Nf\|«/:0"‘\
Copyright © 2025 by Iranian Occupational Health Association (IOHA) HEALTH ASSOCIATION =
MEDICAL SCIENCES CISSN: 2008-5435 . \ /

ORIGINAL ARTICLE

Computational Fluid Dynamics Simulation of Airflow and Air
Pattern in the Living Room for Reducing Coronavirus Exposure

KHOSRO ASHRAFI', HAMZEH MOHAMMADI?, MAJID BAYATIAN®®, ZAHRA AMIRI’, ELAHE JAFART

!School of Environment, College of Engineering, University of Tehran, Tehran, Iran
’Faculty of Health and Medical Engineering, Tehran Medical Sciences, Islamic Azad University, Tehran, Iran

3Department of Occupational Health and Safety Engineering, Tehran Medical Sciences Branch, Islamic Azad

University, Tehran, Iran

Received 2024-12-07; Revised 2025-06-28; Accepted 2025-07-14

This paper is available on-line at ittp.//ijoh.tums.ac.ir

ABSTRACT

Background: Research on Indoor Air Quality (IAQ) in residential settings is limited, despite its importance for
occupant health—especially during pandemics like COVID-19. Computational Fluid Dynamics (CFD) is a valuable
tool for assessing IAQ parameters. This study aims to apply CFD to simulate air movement and velocity patterns in a
living room to identify strategies for reducing coronavirus exposure.

Methods: A 3D model of a living room was created using GAMBIT software. Airflow simulations were performed
using ANSYS FLUENT. The CFD model was validated by comparing computed air velocities with experimental
measurements. Twelve scenarios were simulated, considering four different air supply locations and three Air Changes
per Hour (ACH) rates (3, 6, and 8).

Results: The validation showed a maximum error of 14% and a root mean square error of 0.1 for air velocity,
confirming the model’s accuracy. Analytical calculations for a 10 pm particle showed a terminal settling velocity of
0.302 x 102 m/s and stopping distances of 0.0089 m and 0.011 m for breathing and talking, respectively. The highest
mean air velocity (0.31 m/s at 1.1 m height) was achieved in Scenario 4 with an ACH of 8.

Conclusion: The location of the air supply and the ventilation rate significantly impact airflow patterns and can reduce
exposure to airborne pathogens. Using mechanical ventilation and avoiding family gatherings are crucial for exposure
control. The findings suggest that strategic ventilation design is essential for creating healthier indoor environments
during a pandemic.
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Computational Fluid Dynamics Simulation

INTRODUCTION

Indoor Air Quality (IAQ) is a critical factor for human
health, particularly in residential environments where
people spend a significant portion of their time. The
COVID-19 pandemic highlighted the risks associated
with indoor spaces, as respiratory diseases can spread
through bioaerosols generated by human activities
such as breathing and talking. These airborne particles
can carry viruses, and their transmission is strongly
influenced by indoor air movement and ventilation [1-
4].

Ventilation is a primary engineering control for
mitigating airborne transmission indoors. Key factors
include the ventilation rate, typically measured in Air
Changes per Hour (ACH), and the airflow pattern
within a room. Higher ACH values can reduce the
concentration of airborne contaminants, thereby
lowering the risk of infection. For living rooms, an
ACH of 3-8 is often recommended. However, simply
increasing the ventilation rate is not always sufficient;
the pattern of air distribution—affected by the location
of air supplies and exhausts, furniture, and heat
sources—is equally important [5-7].

While the importance of ventilation is known, there
is a knowledge gap in understanding detailed airflow
dynamics in complex residential settings. Traditional
measurement methods can be costly and provide
limited data. Computational Fluid Dynamics (CFD)
offers a powerful and cost-effective alternative for
studying IAQ. CFD solves fundamental equations of

Air supply

{Sj'nario 1nn

Exterior door

Air supply
(Scenario I

Air supply /

126 /137 | IJOH | April 2025 | Vol. 17 | No. 2

fluid flow to predict airflow patterns, velocity fields, and
other parameters in detail. It allows for the systematic
evaluation of different ventilation strategies without
physical modifications. Previous studies have used
CFD to assess ventilation in hospitals and other public
spaces, but fewer have focused on typical residential
living rooms [8-11].

This study addresses this gap by using a validated
CFD model to simulate airflow in a furnished living
room occupied by several people. The objective is to
investigate how different air supply locations and ACH
rates influence air velocity and distribution patterns,
particularly during autumn and winter, when natural
ventilation is often minimal. The goal is to identify
effective ventilation strategies to reduce the potential
for coronavirus exposure in a home environment.

Materials and Methods

Case study

The case study was carried out in a living room with
dimensions of 7 m x 5 m x 2.5 m in the x, y, and z
directions, respectively, and included 8 occupants. To
simulate and analyze the effect of air velocity and air
supply location on the airflow pattern, 3D simulations
were applied. In this living room, air is continuously
supplied from the bottom of the entrance door, and two
radiators serve as heat sources for the room (Fig. 1).

Geometry generation
GAMBIT software was used for geometry building and
meshing (Fig. 1). Due to the complex geometry of the
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Figure 1. Geometry of computational domain
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Figure 2. Isometric view of the surface mesh of the flow domain

Table 1. Mesh characteristics of five cases in mesh independency study

Ashrafi Kh. et al.

cases Mesh No. Node No. MH.I' grid Ma’." grid
spacing (m) spacing (m)

A 515080 95981 0.030 0.50

B 890761 169540 0.025 0.40

C 1153472 210171 0.020 0.35

D 1416884 251307 0.020 0.33

E 1564255 278773 0.020 0.30
0.1
0.09
~ 0.08
007
2. 0.06
'S 0.05
E 0.04
= 0.03
< 0.02
0.01
0

A B C D E

Cases

Figure 3. The effects of the cell number on the average air velocity

case study, the numerical domain was divided into 31
sub-region blocks, and a combination of unstructured
and structured grid systems was applied. Mesh
generation was performed using a T-grid algorithm
with tet/hybrid elements (Fig. 2) in each block, and the
meshes were adjusted at the boundaries of the blocks.

For the mesh independence study, five different mesh
configurations, labeled A to E, with characteristics
shown in Table 1, were tested. The mesh independence
analysis ensured that the flow fields within the

computational domain were not affected by mesh
dimensions [12]. As shown in Figure 3, the final
mesh consisted of 1,416,884 elementary cells. In this
configuration, the cell spacing ranged from 0.02 m
(near occupants and air supply) to 0.33 m (far from
occupants and air supply).

Boundary conditions
Boundary conditions specify the properties of the
surfaces within the computational domain and are
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Table 2. Summary of boundary conditions

Boundary Type Notes
. Inlet V=2.3m/s, Location: bottom of the entrance
Air inlet .
velocity door
Air outlet outflow
Radiators Wall T=345K
Air inlet InleF V=2 m/s, Location: exhaled of occupants
velocity
Obstacles Wall No-slip conditions (include: furniture and TV)
Air inlet InleF Refer to the Scenario section
velocity
Occupants body Wall T=308 K

required to fully define the airflow simulation. The
operating pressure and density were set to 101,325
Pa and 1.19 kg/m? respectively, and the thermal
expansion coefficient was considered to be 0.003 K.
The inlet boundary condition was defined as a uniform
velocity of 2.3 m/s, calculated based on experimental
measurements. Table 2 presents the boundary
conditions used in this study [13,14].

Governing equation

In the present study, the commercial package ANSYS
FLUENT 16 was used to solve all governing equations,
including conservation of mass (1), momentum (2),

energy (4):
VIV =0 (1)
PNV =-VP+u, NV +pgB(T-T,) @2

where P is pressure, p the air density, V the velocity,
[ the thermal expansion coefficient of air, My the
effective dynamic viscosity, g the gravity acceleration,
Tref the temperature of a reference point, t the
temperature. The turbulent influences are lumped into
the effective viscosity as the sum of the turbulent
viscosity £, and laminar viscosity /£ :

Hyy = 1 + 14 3)
pCVNT =2,V’T (4)

where Cp is the specific heat at constant pressure (J/kg °
C)and A, is the effective thermal conductivity (W/m
° C) which can be expressed as:

Ay =4+ 4 (5)

where ﬂl is the laminar thermal conductivity and Zt
is the turbulent thermal conductivity which depends on
the local flow field.

Airflow pattern calculations use the Boussinesq
approximation  for  thermal buoyancy. This
approximation treats air density as constant in the
momentum equations and accounts for the buoyancy
effect on air movement through the difference between
local air weight and the pressure gradient. Moreover, in
this study, the standard k—¢ turbulence model was used,
with the governing equations for £ (Equation 6) and ¢
(Equation 7) as follows:

‘3(puik>=[u+“JV2k+u,sz ~pe (6)
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where coefficients C,,0,,0,,C,, and C,, are0.09,
1.0, 1.3, 1.44 and 1.44, respectively, and S= (SiJ.SJ.i)()'5

Solver settings

Inthe presentwork, the continuity and the incompressible
Navier-Stokes equations with gravitational force as
well as the energy equation for the airflow pattern were
numerically resolved. The flow was in a steady state
without any reaction. The SIMPLEC algorithm was
utilized for pressure-velocity coupling. Also, Persto,
and QUIK schemes were used for the pressure terms,
and the other variables, respectively.

CFD model validation

The CFD results need to be validated against relevant
experiments [15]. Therefore, to validate the simulation,
air velocity was measured within the computational
domain. Measurements were carried out using two
thermal anemometers (Kimo VT100 model). Finally,
the CFD model results were compared with the
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Table 3. Summary of parameters considered in simulations

Inlet velocity

Inlet velocity

. 1 . -1
Scenarios  ACH (h'!) (m/s) Scenarios ~ ACH (h'!) (m/s)
3 0.37 3 0.37
6 0.74 6 0.74
I 8 0.975 i 8 0.975
3 0.37 3 0.37
11 6 0.74 v 6 0.74
8 0.975 8 0.975

Table 4. Particle dynamics parameters for 10 diameter particle in breathing and talking

Vi (m/s) Rep Co' Fo (N)* S (m)
Breathing 2 13 22.96 0.98x10 0.0089
Talking 3.9 2.6 13.73 0.58x10°4 0.011

"Cp s the Drag Coefficient (dependent on the Re,), dimensional less

** Fp is Drag Force

measured air velocities using root mean square error
and regression statistical tests [16].

Scenarios

The air change rate refers to the rate at which all the air
inside a room is replaced by the ventilation system. It
is calculated based on the airflow from each ventilation
system inlet relative to the total volume of the room and
is expressed in changes per hour.

acr =2 ©)
V

where Q is_the inlet flow rate (m3/h), and V the room
volume (m"). For the living room, ACH is 3-8 [17] [7].
This study considered the four air supply in the walls
(Fig.1) for three different ACH levels (3, 6, and 8).
Therefore, simulations were carried out for 12 cases
(Tab 3). The air supply dimension was 0.4mx0.5m
in the x,z and y,z axis, respectively. Therefore, air
velocity in the inlet opening area were 0.37, 0.74 and
0.975 m/s for ACHs of 3, 6 and 8, respectively. Air
exchange out the frequency in minutes (n_) can be
calculated as n,”=6’—?, where n is ACH. Therefore, n_
was 20, 10 and 7.5 min for ACHs equal to 3, 6 and
8, respectively. Moreover, because airflow can result
in thermal discomfort in the living room, the thermal
environmental conditions for occupants were analyzed
according to the graphical elevated air velocity method
in ANSI/ASHRAE standard 55-2010 [18] via means of
predicted mean vote (PMV) and predicted percentage
of dissatisfied (PPD) [19].

Analytical Solution
Coronavirus is transmitted via infected microscopic
airborne particles and contaminated aerosol droplets.

Small particles and droplets of varying diameters are
generated during talking and breathing, with a maximum
particle size of 10 pm observed during talking [20].
The exhaled air velocity during breathing and talking
is approximately 2 m/s and 3.9 m/s, respectively [21].
Accordingly, we calculated the particle Reynolds
number (Equation 10), relaxation time (the time
required for a particle to return to equilibrium after
a disturbance; Equation 11), stopping distance (the
maximum distance a particle with an initial velocity
will travel in still air without external forces; Equation
12), and terminal settling velocity (the terminal free-fall
velocity of the particle after release in still air; Equation
13) for particles with a 10 um diameter under breathing
and talking conditions:

_PVrdp

Rep=— (10)
2
= p,4,C. (11)
18u
2
s Pl (12)
18u
_p,4,8C, (13)
7S 18,

where d_is the particle (Hm), 'V, the relative velocity
of the particle to the fluid, P, the particle density
(Kg/m®), u the viscosity (Pa. s), C, the Cunningham
correction factor, Re_the particle Reynolds number, 7
the relaxation time, S the stopping distance (m) and V_¢
the terminal settling velocity of particles (m/s)[22].
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RESULTS

This section presents the analytical calculations, the
validation of the numerical model, and the simulation
results for the 12 defined cases.

Analytical Solution for Particle Dynamics

Since particles with a diameter of 10 pum are
predominantly produced during breathing and talking,
key particle dynamic parameters were calculated
analytically. The results are summarized in Table 4. The
terminal settling velocity (VTS) for a 10 um particle
was calculated as 0.302 x 1072 m/s, and the relaxation
time (t) was 0.0308 x 1072 s. The stopping distance—
defined as the maximum distance a particle travels in
still air—was 0.0089 m for breathing and 0.011 m for
talking.

Particle exhaust velocity ¥ (t ) at any given time from
the mouth depends on the initial velocity, relaxation
time, terminal settling velocity, and particle exhaust
time 7. This velocity can be determined for breathing
(Equation 14) and talking (Equation 15) as follows:
Breathing:

V(t)=0.302x10-2+1.99exp(0.0308x10—2—-t) (14)
Talking:

V(t)=0.302x10—-2+3.89exp(0.0308x10—2—-t) (15)
Where t is time (s). By using these equations, particle

exhaust velocity from the mouth can be calculated at
any time. When

A
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t>>1, V(t)=VTS. Theoretically,

V(t) never reaches its terminal settling velocity, but in
practice, V(t) reaches 63.2% of (VITS—Vi) when t=rt,
and 99.3% of (VTS—Vi) when t=57.

CFD Model Validation

To validate the simulation results, air velocity was
measured at several points within the living room at
a height of 1.1 m (Fig. 4). The measured values were
compared with those predicted by the CFD model at the
same locations. The comparison between measured and
simulated data is also illustrated in the Q—Q plot shown
in Figure 5. The analysis yielded a maximum error of
14% and a root mean square error (RMSE) of 0.10.
These results indicate that the model demonstrates
good validity and can be reliably used to simulate the
defined scenarios.

Simulation of Ventilation Scenarios

Simulations were performed for a baseline case
(actual condition with minimal ventilation) and twelve
scenarios with varying air supply locations and ACH
rates. Under the actual condition (no mechanical
ventilation), the mean air velocity at the 1.1 m inhalation
height was very low—approximately 1.4 x 107 m/s.
Figures 6 and 7 illustrate the mean air velocity at 1.1 m
height for all scenarios. The results consistently show
that as the ACH increases from 3 to 8, the mean air
velocity in the room increases across all four scenarios.
The highest mean air velocity, 0.31 m/s, was observed
in Scenario I'V with an ACH of 8.

Thermal comfort criteria, including Predicted Mean
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Figure 4. Location of air velocity sampling points (¢) (y=1.1m) B: Q-Q plot of air velocity (m/s)
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Figure 5. Airflow pattern and streamlines of air velocity in the actual condition

Table 5. Comparison of Measured and Simulated Air Velocity for Model Validation

Sampling Point Measured Velocity (m/s) Simulated Velocity (m/s)  Relative Error (%)

1 0.15 0.17 133
2 0.22 0.20 9.1
3 0.18 0.16 11.1
4 0.25 0.24 4.0
5 0.12 0.13 8.3
6 0.28 0.32 14.0
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Figure 6. Mean air velocity in different air changes per hour at h=1.1 m at the Isosurface
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Table 6. Mean air velocity and thermal comfort criterias in all scenarios

Mean Mean
. ACH  Comfort Air PPD . ACH Comfort Air PPD
Scenarios (h) Zone Velocity PMV (%) Scenarios () Zone Velocity PMV (%)
(m/s) (m/s)
3 SACZ* 0.154 0.4 8 3 SACZ 0.170 0.15 6
I 6 LCNR** 0.236 0.31 7 1 6 LCNR 0.239 0.33 7
8 LCNR 0.304 -0.14 5 8 LCNR 0.310 0.26 6
3 LCNR 0.199 0.18 6 3 SACZ 0.176 0.41 9
II 6 LCNR 0.262 0.27 7 v 6 LCNR 0.251 0.31 7
8 LCNR 0.308 0.04 5 8 LCNR 0.311 0.1 5

* Still Air Comfort Zone
** Local Control Not Required

Vote (PMV) and Predicted Percentage of Dissatisfied
(PPD), were also analyzed (Table 6). In all simulated
scenarios, the conditions remained within the acceptable
thermal comfort zone as defined by ASHRAE Standard
55[19].

The trend of variation of air velocity in three ACH is
almost the same in all scenarios; thus, the maximum air
velocity is at the height of 1.2 m (Fig. 8). In ACH=S,
the mean air velocity is higher and can have a sufficient
effect on the spread of particles and microorganisms.
However, in ACH=3, this effect is very low and can

increase the mean age of the air in the living room.
This mean age of the air (20 min) can have a significant
effect on the infection of occupants.

Figure 9 illustrates the airflow streamlines for the four
scenarios at ACH=8. Scenarios II and IV show more
intense air mixing throughout the living room compared
to Scenarios I and III.

Figure 10 shows the velocity vectors of air exhaled
by the occupants. The velocity of exhaled air (2-3.9
m/s) is significantly higher than the ambient room air
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Velosity

Figure 9. Airflow streamlines for 4 scenarios in ACH=8

velocity (approximately 0.3 m/s).

DISCUSSION

This study used a validated CFD model to assess
how different ventilation strategies could reduce
coronavirus exposure in a residential living room. The
validation process confirmed the model’s reliability,
with a maximum error of 14% between simulated and
measured data—acceptable for this type of analysis.
The analytical results for particle dynamics provide
important context. The calculated stopping distances
of around 1 cm for 10 um particles highlight that,
without sufficient airflow, these particles can settle
quickly near the source or remain suspended if they are
smaller. This aligns with findings from other studies
[23-25]. In the baseline case with no mechanical
ventilation, the extremely low air velocity creates a
stagnant environment where airborne particles can
remain suspended for long periods, increasing the risk
of inhalation and transmission among occupants.

The simulation results for the 12 scenarios demonstrate
a clear relationship between ventilation and indoor air
movement. Increasing the ACH from 3 to 8 consistently
increased the mean air velocity in the breathing zone.
Under conditions of low air velocity—such as at
ACH = 3, where the mean age of air is 20 minutes—
particles can remain suspended for longer periods,
increasing the likelihood of inhalation by occupants.
Conversely, increasing air velocity and turbulence,
as seen at ACH = 8, enhances particle removal and
reduces their concentration in the living room, resulting
in a significant reduction in occupant exposure and,
consequently, a lower risk of airborne transmission.
This is consistent with evidence showing that poor
ventilation contributes to virus spread [26-28].

The location of the air supply was also a critical
factor. Scenario IV (with air supplied from the wall
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behind the main sofa), combined with an ACH of 8§,
provided the highest mean air velocity and the most
effective air mixing throughout the room. This intense
mixing helps dilute and remove contaminated air
from the occupants’ breathing zones more effectively
than other configurations. These findings support the
recommendation that occupants should ideally be
located near the fresh air supply to minimize inhalation
of infectious aerosols [29].

While higher air velocity is beneficial for contaminant
removal, it can potentially cause thermal discomfort.
However, our analysis of PMV and PPD values showed
that, even at the highest velocity (ACH = 8 in Scenario
IV), the thermal environment remained within the comfort
zone specified by ASHRAE standards. This indicates that
effective contaminant control can be achieved without
sacrificing occupant comfort [18, 19, 30].

The velocity of exhaled air from breathing or talking
is much higher than the surrounding air velocity in
the room. This creates a jet that can transport particles

beyond the immediate vicinity of an infected person.
Once the initial momentum of the jet dissipates,
the fate of the particles is governed by the room’s
airflow pattern. Therefore, a well-designed ventilation
system—such as that in Scenario [V—is crucial for
capturing and removing these particles before they can
spread throughout the space [21, 25].

Limitations and Future Studies

It is important to acknowledge the limitations of this
study, which in turn provide directions for future
research. This study inferred exposure risk from general
airflow patterns rather than simulating individual
particle trajectories. Future work could incorporate
Lagrangian particle tracking models to more precisely
predict the transport and deposition of aerosols of
various sizes. Furthermore, the analysis focused on
a single particle size (10 um), whereas investigating
a full spectrum of particle sizes could yield more
comprehensive results. Another limitation was the
assumption of static occupants and the exclusion of
face mask usage. Future research, as also suggested in
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the conclusion, could examine the impact of occupant
movement and the use of different types of masks on
contaminant dispersion patterns. Finally, the findings
are specific to the geometry and layout studied;
therefore, exploring different room sizes and furniture
arrangements would help generalize the conclusions.

CONCLUSION

This study successfully used a validated CFD
model to evaluate airflow patterns and their impact
on reducing coronavirus exposure in a residential
living room. The results demonstrate that both the
ventilation rate (ACH) and the location of the air
supply are critical factors in mitigating the risk of
airborne transmission in indoor environments. The
key findings indicate that poorly ventilated spaces
pose a high risk for virus transmission. Increasing the
air change rate to an ACH of 8 significantly improves
air circulation. Furthermore, strategically placing
the air supply to ensure effective mixing in occupied
zones—as demonstrated in Scenario IV—is the most
effective strategy for diluting and removing airborne
contaminants. This can be achieved while maintaining
thermal comfort for occupants. Based on these findings,
it is strongly recommended that, during pandemics or
outbreaks of respiratory diseases, family gatherings in
enclosed spaces be avoided if possible. If gatherings
do occur, implementing mechanical ventilation with
an appropriate ACH and optimized airflow pattern
is necessary to create a safer environment. These
engineering controls should supplement other essential
health protocols, such as social distancing and hygiene
practices. Future research could explore the additional
impact of wearing masks and varying occupant layouts.
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