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ARTICLE INFO ABSTRACT

Keywords: Following the recent pandemic of COVID-19, scientists have made many efforts to devise a
Perforated duct diffuser workable solution for it, worldwide. However, it was shown that the protective effect of a well-
HVAC system conditioning system is as high as five times in comparison to the face-covering and other proposed
COVID-19 . . . . .

Airborne procedures. In this context, the age of air and the type of filtration systems in closed spaces
Contagious disease became the critical criteria for comparing the capability of ventilation systems. In this paper, a
Age of air validated numerical model for the perforated duct diffusers is used to study the behaviour of the

local age of air at the full-scale office with 8 feet (2.44 [m]) height, under various initial con-
ditions like initial velocity and air change per hour. Also, different geometries for the ducts have
been investigated under the same initial condition, as well as the effect of direction, ventilation
effectiveness, and flow pattern. Finally, the volume average of the age of air at different zones has
been nominated to perform the sensitivity analysis of each variable based on the variation of the
airflow. The results show that diffusers with vertical perforations would be more effective during
the pandemic than the other types in airborne mitigation. Moreover, the highest available airflow
shall be set until such time there is no windy area in the breathing zone. Within these modifi-
cations, the residence time of the infectious nuclei in the breathing zone may decrease by up to
30%.

1. Introduction

People spend more than 90 % of their time in enclosed spaces. A large fraction of that time is spent in different kinds of closed
offices. That creates elevated high-air-quality ventilation systems in buildings. However, indoor air quality in the occupied zone can be
dependent on many factors such as outdoor air quality, airflow rate, indoor generation of pollutants, moisture content, thermal
environment, and how the air is supplied into the human-occupied zone [1]. One needs to acknowledge the importance of air dis-
tribution affecting the comfort of occupants. Heating, Ventilation, and Air Conditioning (HVAC) systems provide fresh air to the
domain and recirculate the air inside the occupant zone. In other words, HVACs maintain the desired conditions by proper air dis-
tribution all around the zones. To have the most comfortable conditions in the space, different configurations, and criteria are
considered. These considerations may vary from place to place in general and from zone to zone in special. The leadership in energy
and environmental design (LEED) certifications and ASHRAE standards provide many rules and considerations based on statistical or
experimental data for different applications and buildings [1-4]. However, local standards and frameworks have higher priority, and
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designers have to follow them in advance. Due to the widespread of COVID-19 and the lack of information about the physics of the
involved phenomena, a bunch of temporal restrictions like social distancing, regular hand washing, and face-covering have been
applied to local users. Meanwhile, for long-term usage, a safer and more secure environment is associated with the modifications to
operation conditions of the HVAC systems (especially the ventilation section). It was shown that the protective effect of a
well-conditioning system is as high as five times in comparison to the face-covering and other proposed procedures [5]. In this context,
flow physics should be investigated to omit the source of the problem. Particularly, it is inefficient to distribute the air in large spaces
via a single opening, and it might be substituted by several holes or slots to have a more uniform air distribution pattern, i.e., fewer
stagnant points within the room.

The virus-laden fluid particles coming from an infected patient are determined as the main source of COVID-19 transmission [6-8].
These particles are very small in size (10 [nm] - 1 [pm]) and mainly propagated via the droplets and aerosols (0.1 [pm] - 1 [mm]) of
sneezing, coughing, or breathing [8]. Wells [9] first mentioned that these droplets are affected by evaporation, inertia, and gravity. So,
based on the temperature and the humidity of the field, there is a critical size (50-150 [pm]) whereby the evaporation rate is higher
than the settlement rate for the smaller droplets, which leads to suspended nuclei [9-10]. On top of that the average concentration of
SARS-CoV-2 RNA in indoor air is higher than in the outside air, depending on the number of infected people and the ventilation system
[11,12]. Alongside this statement, the concept of social distancing has been introduced to reduce the risk of contagion, especially in the
indoor environment. Also, being in close interaction (less than 2 [m] away) for more than 15 [min] (900 [s]) is defined as prolonged
exposure [13]. However, the sneeze large droplets may travel more than 20 ft [10,14]. In the meantime, the small particles could last
for hours in the room and travel by air current in the room, but the HVAC systems could substitute them with fresh air to mitigate the
contagion risk nonetheless.

The ASHRAE Design Manual for Hospitals and Clinics (DMHC) [15] defines the age of air at any arbitrary point as the elapsed time
of the air after entrance. Hence, the ventilation effectiveness of HVAC systems to remove infectious particles could be compared using
the mean age of air (MAA) as well as the local age of air. Since each fully mixed zone has one local mean age, one could calculate all
MAA at the field (n MAA for n zones) with a single test. ASHRAE standard 129 [16] explains the test procedure, the equipment
precision, and the general requirements of the step-up and step-down (decay) methods. Also, the method selected depends on the test
space and the type of HVAC system. COVID-19 is a highly contagious virus and requires an extremely safe and secure test stand. Even
after evaporation, the infectious particles could last for a long time over the surfaces or suspend in the air, and propagate in the room
following the air current.

Designing a ventilation system, which considers all aspects of room ventilation, can only be achieved by computer modelling. In the
literature [17-23], three types of methods have been used for the age of air numerical calculations in the single zone applications; one
steady-state and two transient (step-down (decay) and step-up) methods. Incidentally, there are two more methods (Homogeneous
Constant Emission, and Pulse Homogeneous), especially for multiple zone applications, in which the tracer gas is injected in the zone
instead of a single inlet [24-27]. All methods follow the fundamental mass balance equation in the room (single or multiple zones).
Variant solutions have been proposed by Afonso et al. [28], Axley and Persily [29], and Etheridge and Sanberg [30] to calculate the
mean age of air. Within these proposed methods, the variation of the tracer gas concentration (usually CO5) over time has been
measured using an appropriate gas analyzer. Being feasible methods, they exhibit typically a 10% error. However, to the author’s best
knowledge, all of these studies are mainly concentrated on the value estimation of MAA, and there is no work on the MAA evaluation
for different parameters in office rooms. Prolonged exposure elimination will not come off without prior knowledge of the room’s age
of air distribution patterns. The main objective of this paper is to study the effects of the different design parameters on the age of air
distribution at single-zone applications. Within this parametric study, the ability of the ventilation systems to decrease the risk of any
contagious nuclei with a size less than 50-150 [pm] (critical size) will be compared. Furthermore, as a secondary objective of this
paper, the sensitivity of the ventilation effectiveness of the perforated duct diffusers and the uniformity of the air inside the room, as
well as the breathing zone, have been analyzed.

2. Theory and mathematical model

Numerous numerical models have been proposed to calculate the local MAA to compare the performance of diffusers for deep
mines [31], cleanrooms [20,32], food plants [33], extremely large open spaces [34], classical ventilated rooms [22,35,36], or com-
parison of ventilation systems [37-40]. Among these methods, one steady-state and two transient methods provided results with high
accuracy and low computational cost. The transient methods follow the same procedure as the decay and step-up methods. However,
they have a high computational cost in comparison to the steady-state method that uses the particle marker method [18,41]. So, the
formulation and the concept of these three methods should be clearly understood before applying them to the numerical models.

2.1. Transient step-up method

Following the ASHRAE 129 [16] experimental step-up procedure, the contaminants or the tracer gases were born at the inlet and
aged through the zones until they reached a specific location in the room. The highest age of air belongs to the particles in stagnant
zones or at the farthest locations from the inlet [22]. Generally speaking, poor air distribution would increase the mean age of air,
which is the main factor that represents the effectiveness of the ventilation systems.

According to the time history of the contaminant or the tracer gas and using the trapezoidal method, CFD codes calculate the MAA
and air exchange efficiency of the ventilation system using Eq. (1) and unsteady approaches for all the zones.
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where 7; is the local MAA at position i [s], ¢; (t) is a contaminant or tracer gas concentration at position i and time t [kg contaminant or
’1], and t is time [s].

tracer gas kg mixture
2.2. Transient step-down (decay) method

Following the decontamination concept of the experimental decay method and prior knowledge of the concentration history, CFD
codes solve Eq. (2) in the unsteady regime. It was assumed that at the start point, the tracer gas had reached a homogenous con-
centration in the room. The calculation continues until the room is empty of any contaminants.

T, = '.1 /C,’(l‘)dl (2)

2.3. Steady-state method

Unlike transient methods, the MAA might be calculated using transport equations without prior knowledge of the tracer gas or
contaminant concentration. To do so, a new set of transport equations (which is decoupled from the continuity and momentum
equations) should be defined for the age of air by defining a new scalar (t;). So, the transport equation could be solved separately,
leading to a lower computational cost. Owing to the fact that the tracer gas and the airflow should have the same behaviour in the
room, ignoring the diffusion term leads to an over-predicted age of air after Gan and Awbi [18]. Abnato [36] calculated the diffusion
term of this transport equation using the effective viscosity of the air (jeff), appearing in Eq. (3). One solves then a general
convection-diffusion equation (Eq. 4).
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Fig. 1. (a) Small office room with installed diffuser, (b) General dimension of the duct diffusers, (c) The direction of the perforation; The red is
horizontal, and the blue is vertical. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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where p is the fluid density [kg m~3], ¥’ the fluid velocity vector [m s~1J, I';, the diffusion coefficient of the scalar t; and S, the source

term of the scalar 7;. To solve these equations, a zero gradient boundary condition at the outlet and walls as well as a zero value at the
inlet and normalized source term (S;, = 1) have been suggested by many Refs. [19,20,22].

3. Numerical simulation

In the steady-state method, the age of air is a passive quantity and does not influence air distribution. Moreover, steady-state
models have lower computational time in comparison to the transient models while having the same accuracy [23]. So, the age of
air in this paper has been calculated using the validated steady-state models of Raphe et al. [42] for the perforated duct diffuser (PDD).
Unlike the previous methods, the present model shows high accuracy for airflow distribution with less than 5% error.

It’s assumed that the airflow is isothermal (295 [K]), and suspended droplet nuclei have no effect on the turbulence [43, [44]. There
are no reacting elements, volatile substances, or any other sources of pollution in the room. The only mixture in the office room is the
atmospheric air with constant volume and mass fractions and just the age of air and air distribution pattern in the steady-state speak of
the diffuser’s capability to replace the unhealthy air with fresh air. Also, the entire room boundaries (except the room inlet and outlet)
are fully isolated, and the friction coefficients of the walls and duct of the diffuser are very low.

3.1. Geometry

Fig. 1-a illustrates the configuration of the small office room, while the room outlet dimension is 0.6 x 0.15 [mz], and all the
diffusers and the room inlet have the same radii (203 [mm]). Following the validated model [42], perforated duct diffusers were
selected to perform the parametric study. These types of diffusers have horizontal or vertical equidistance perforations, and the duct is
dead-end. Fig. 1-b shows the general dimensions and configuration of the fixed PDDs. From now on, if all the holes are located on both
sides of the duct, it’s called a horizontal perforation (shown with red arrows in Fig. 1-c). Contrary, vertical perforation ducts have holes
on their bottom side (shown with blue arrows in Fig. 1-c). Also, the entire diffusers that have been used in this paper have equidistant
perforations (uniform perforation), but the number of holes is double in the horizontal duct diffusers nonetheless.

3.2. Numerical method

In accordance with the reference model [42], the validated k-¢ realizable turbulence model with 4.3 million unstructured linear
elements is used to solve the isothermal, steady-state, fully turbulent flow. A pressure-based solver is used by considering air as an
incompressible fluid with a constant density (1.225 [kg m_3]), and gravity effects are accounted for (g = 9.81 [m s~2]) in simulations.
The governing equations are discretized by second-order upwind spatial schemes, and the SIMPLE algorithm is used to overcome the
pressure-velocity coupling. The residuals level-out below 107> for the age of air, and 10~ for the governing equations are also
considered as convergence criteria.

3.3. Initial and boundary conditions

For the inlet velocity of 2.4 [m s™'], which corresponds to 9.5 ACH, the ratio of turbulence viscosity equals 10, and 5% turbulent
intensity, the simulations have been performed following the reference model [42]. Regards to the standard roughness model, walls
have a no-slip shear condition, and there is no moving wall. Moreover, the room pressure is initially set to 101325 [Pa], and an outflow
condition is imposed at the room outlet. There is no heat flux in the room, indeed.

4. Results and discussion

As mentioned previously, the infected droplet nuclei of diseases like COVID-19 might be suspended for hours in the room without
proper conditioning. As a matter of fact, the amount of fresh air flow and its aging time at the breathing zone (BZ) are two critical
parameters that indicate the cleanness of the room in the long term. ASHRAE 62.1 [1] defines the breathing zone as the region within
an occupied space between planes 75 and 1800 [mm] above the floor. Furthermore, the breathing levels for the standing and sedentary
occupants are 1500 [mm] and 1100 [mm] above the floor, respectively. In a nutshell, the sensitivity analysis should be performed for
the distribution of the age of air at these levels as well as inlet velocity and air change per hour (ACH), which affects airflow directly
(Eq. (5)).

V=V.ACH = Upy.Ain ©

Where V [m® s_l], \% [m3], Uit [m s_l], and A [m?] are air flow rate, the total volume of the room, air velocity at the inlet, and inlet
area, respectively. It’s noteworthy to repeat that the dimension of the room and diameter of the ducts are kept constants for all the



P. Raphe et al. Heliyon 10 (2024) e26667

cases considered hereafter for the parametric study.

4.1. Effects of airflow variation

Principally, the value of the airflow depends on inlet air velocity or ACH (Eq. 6). Considering this fact, the behaviour of the key
parameters in this paper was studied against the inlet air velocity variation. Later, the minimum, maximum, and mean values of the age
of air in the room and breathing zone for different air flows (Table 1) were calculated. Fig. 2 shows that the general trend of the mean
age of air for all the scenarios is descending with different slopes when the inlet air velocity increases. However, using the horizontal
perforations leads to higher values of the MAA either in the breathing zone or room.

The maximum value of the AoA in the room shall be lower than the prolonged exposure time, assuring a safe zone for the tenants.
Besides, the minimum value of the AoA in the breathing zone determines the ability of the ventilation system to replace infected nuclei
with fresh air. Fig. 3 illustrates these two important parameters for different perforations altogether, making a better understanding of
PDDs’ performance in terms of airborne transmission. The results show that vertical perforation diffusers have provided a lower
amount of AoA in general. In the meantime, using vertical perforation leads to a lower difference between the AoA of the room and the
breathing zone. Statistically, using the vertical perforations at the same inlet velocity decreases the BZ’s maximum AoA by 8-19%, the
BZ’s minimum AoA by 24-38%, and the room MAA by 4-8%. The reason for these lower values of the AoA is the higher E, value of the
vertical perforated ducts leading to higher Brownian motion of the air particles near the duct in the BZ.

Incidentally, by 40% increasing the inlet air velocity, the values of the AoA have been decreased by 25-35% approximately for all
the cases. The results show that the value of the maximum AoA is more sensitive to the variation of the inlet air velocity, especially for
the horizontal perforations. One reason for this fact is related to the exit jet inclination from the earlier holes. When the inlet air
velocity increases, the earlier holes are subjected to the higher longitudinal component of the air velocity, which leads to exit jets that
are inclined toward the end of the duct affecting the shape of air distribution at the holes’ plan. Due to this fact, the horizontal velocity
components of the fluid near the exit jets have different values alongside the duct, and there is a critical speed (2.4 [m s™'] in Fig. 4) at
which the interaction of the ceiling surface and fluid flow is sufficiently high to create a negative or low-pressure area causing the
moving air mass to cling to and flow close to the ceiling surface, which is called the Coanda effect. As a result, a small stationary area is
created near the diffuser whereby the maximum AoA will increase despite the increasing inlet air velocity; Which leads to bumpy
curves. However, the uniformity of the AoA and air distribution shall be considered in the decision-making process for choosing the
most efficient inlet air velocity. Figs. 3 and 4 show that not only the value of MAA has a descending trend with the increase of inlet air
velocities, but also the discrepancy of the maximum and minimum AoA of the room has decreased. Also, for all the cases, the value of
the AoA is lower than 800 [s], indicating a very short exposure time to the infected nuclei using the PDDs.

4.2. Effects of ventilation direction

Three different vertical levels are defined, namely headline (1.8 [m]), standing breathing line (1.5 [m]), and sedentary breathing
line (1.1 [m] above the floor), to study the effects of key parameters. Similarly, four longitudinal levels (Planes 1 to 4, with 0.954,
1.578, 2.174, and 2.821 [m] distance from the front wall) are defined to study the variation of these parameters alongside the duct.
Fig. 5 compares the distribution of the age of air at these vertical levels using horizontal and vertical perforations for five different
initial velocities. As shown, the value of the age of air for the vertical perforation is lower than the horizontal perforation for each level
with the same inlet velocity. This is because of the higher vertical air velocity that is injected into the breathing zone. However, higher
air velocity might lead to windy zones, known as discomfort zones. So, the combination of the age of air (Figs. 5-7) and air velocity
contours (similar to the proposed contours by Ref. [42]) at different levels should be considered together for the selection of the proper
diffuser. The comparison of Figs. 5-7 has shown the contours of the age of air via the horizontal perforations have a more uniform
distribution than the vertical ones, especially alongside the duct and near the walls, and changing the perforation pattern and di-
rections could decrease the value of the local age of air, and the residence time of the infectious nuclei therefore, by up to 30%.
Furthermore, while moving downward from the headline to the sedentary breathing line, the contours of the age of air for the hor-
izontal perforation have lower changes. When the air velocity is in the satisfactory range (for instance, lower than 0.25 [m s’l] for the
cooling mode [1]), the vertical perforation has a better performance to mitigate the polluted air, especially at the standing levels.

Another important fact is by increasing the inlet air velocity, the contours of AoA alongside the duct for both scenarios find a more
uniform shape (Figs. 6 and 7). Besides, the mean age of air discrepancy (Fig. 4) shows the more uniformity of the fresh air in the

Table 1
Room inlet airflow values.
V[m®s] Up [m s7'] ACH [hr ]
0.065 2 7.9
0.071 2.2 8.7
0.078 2.4 9.5
0.084 2.6 10.3
0.091 2.8 111
Note.

Room volume = 29.38 [m3]; Inlet area = 0.0324 [m?"
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breathing zone using horizontal perforation, which is crucial for airborne mitigation. The presence of zones with high AoA increases
the risk of infection, no matter where they are. Fig. 4 suggests that by increasing the inlet air velocity, the AoA is going to be more
uniform with less difference between the upper and lower values, even though the horizontal perforation will not follow the linear

trend.
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Fig. 5. AoA contours at different levels (1.8, 1.5, and 1.1 [m] above the ground) and inlet air velocities (2, 2.2, 2.4, 2.6, and 2.8 [m )] using
horizontal and vertical perforation ducts.

4.3. Ventilation effectiveness sensitivity analysis

The elements of the air (nitrogen and oxygen) do not age inherently, and the aging indices report the molecules of the air while
entering the room. Also, the fresh air is prone to be contaminated by pollutants as far as the residence time increases and getting aged.
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Hence, the air exchange efficiency (1,) has been defined to the flow pattern and compared to the performance of the diffusers. Fig. 8
illustrates the range of the air exchange efficiency for different ventilation modes in accordance with the flow pattern. The unidi-
rectional (piston) ventilation mode has higher efficiency than the others as a result of its lower dead zones. Nevertheless, this is a
theoretical value range, and it’s impossible to reach the amounts near the one (very high efficiency), in reality, using the conventional
diffusers. Table 2 represents the values of the air exchange efficiency and modes of ventilation for each diffuser for different airflows.
Furthermore, the air change effectiveness (E) is developed to indicate the efficiency of the ventilation systems to refresh the aged air in
the breathing zone. Regarding the value in Table 2, the efficiency of the diffusers with uniform horizontal perforations doesn’t follow a
unique pattern by the variation of the inlet velocity. In contrast, uniform vertical perforations are insensitive to the initial velocity from
a ventilation effectiveness point of view. Incidentally, the vertical perforations have a higher value of n, and E with a more uniform
flow pattern in comparison to the horizontal perforations.

5. Conclusion

Highly contagious diseases like COVID-19 are easily widespread in closed spaces without or with poor ventilation. Since the small
droplets evaporate soon and the droplet nuclei suspend in the room air for a long time, the aging process of the air plays a key role in
lowering the contagious rate. Since the age of air inherently has integrated effects of air motion, an isothermal mode was used to
investigate the ability of ventilation systems to replace infected air with fresh air, avoiding long-lasting infected particles in the room.
In this paper, alongside the previous work of the authors [42], the validated numerical models are used to perform the sensitivity
analysis at the isothermal mode using the k-¢ Realizable turbulence model with enhanced wall treatment focusing on the age of air
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distribution. Being high induction, two types of PDDs with the same hole distance and different perforation patterns were investigated
to evaluate the MAA for different parameters in office rooms, showing a 40% increase in the inlet air velocity. It lowers the AoA values
by 25-35% approximately for all cases. In general, the values of the AoA and MAA for the vertical perforations (having a linear trend
with the airflow variation) are lower than for the horizontal perforations under the same conditions. Furthermore, to fully understand
the AoA distribution in the room, three vertical levels, namely headline (1.8 [m]), standing breathing line (1.5 [m]), and sedentary
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Table 2
Comparison of the flow patterns of the PDDs.

Heliyon 10 (2024) e26667

Type of Diffuser Uinlet [m Max AoA MAA Nominal Time Constant [s] Air Exchange Air-Change Flow Pattern
s BZ [s] [s] (AoA at room outlet, t,) Efficiency (1,) Effectiveness (E)
Uniform Horizontal 2 437.2 381.3 374.6 0.48 0.97 Short-
Perforation Circuiting
2.2 389.4 343.2 340.3 0.49 0.98 Perfect Mixing
2.4 399.4 314.3 311.4 0.49 0.98 Perfect Mixing
2.6 349.7 293.7 287.6 0.48 0.96 Short-
Circuiting
2.8 299.3 261.0 267.4 0.51 1.01 Unidirectional
Uniform Vertical 2 386.8 351.3 374.5 0.53 1.07 Unidirectional
Perforation 2.2 353.4 320.3 340.4 0.53 1.07 Unidirectional
2.4 323.8 292.8 312.0 0.53 1.07 Unidirectional
2.6 300.5 270.6 287.8 0.53 1.07 Unidirectional
2.8 275.4 251.5 267.4 0.53 1.07 Unidirectional

Note: Uniform horizontal perforations create perfect mixing, while uniform vertical ones have a unidirectional flow pattern.

breathing line (1.1 [m] above the floor) as well as four longitudinal levels (planes 1 to 4, with 0.954, 1.578, 2.174, and 2.821 [m]
distance from the front wall) have been defined. The AoA contours of these levels acknowledged the higher performance of the vertical
perforation diffusers to mitigate airborne transmission in the room. In conclusion, during the pandemic, diffusers with vertical
perforation would be more effective than the other type in terms of renewing the contaminated air. Though the highest available
airflow shall be set until such time there is no windy area in the breathing zone. Moreover, the results indicate that uniform horizontal
perforations create perfect mixing, while uniform vertical ones have a unidirectional flow pattern. As a result, uniform vertical per-

forations take advantage of higher ventilation effectiveness with lower energy consumption.
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Nomenclature

Abbreviations Full Name
AOA Age of air

ASHRAE American society of heating, refrigerating and air-conditioning engineers

CFD Computational fluid dynamics
HVAC  Heating, ventilation, and air conditioning

ISO International organization for standardization

MAA The mean age of air
PDD Perforated duct diffuser

SIMPLE Semi-implicit method for pressure-linked equations

Symbols Name SI Unit
ACH Air change per hour hr™!

Ainl Inlet area, m?

C Contaminant or tracer gas concentration, -
E, Zone air-change effectiveness, ~

Re Reynolds number, -

S, Source term of the scalar 7, -

Uini Air velocity at the inlet, m st

\% The total volume of the room, m®

1% Air flow rate, m® s~ !

Greek Letter Name SI Unit

I, Diffusion coefficient of the scalar 7;, -

Na Air exchange efficiency, -
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Effective viscosity of air, kg m™>

Heff

v Fluid velocity magnitude, m s~!

p Fluid density, kg m~3

Tq Age of air at room outlet, s
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