Journal of Building Engineering 80 (2023) 108002

Contents lists available at ScienceDirect

oo «BUILDING
ENGINEERING

Journal of Building Engineering

= : S
ELSEVIER journal homepage: www.elsevier.com/locate/jobe

Check for

Analysis of parameters influencing pathogen concentration in a wpdies
room with displacement ventilation using computational fluid
dynamics and Taguchi methods

a,b,*

Bahadir Erman Yuce , Amar Aganovic ‘, Peter Vilhelm Nielsen d

Pawel Wargocki "

2 Faculty of Engineering and Architecture, Mechanical Engineering Department, Bitlis Eren University, Rahva Campus, Bitlis, 13100, Tiirkiye
Y International Centre for Indoor Environment and Energy, Department of Environmental and Resource Engineering, Technical University of
Denmark, Kongens Lyngby, 2800, Denmark

¢ Department of Automation and Process Engineering, The Arctic University of Norway, Tromsg, Norway

4 Department of the Built Environment, Aalborg University, Aalborg, 9220, Denmark

ARTICLE INFO ABSTRACT

Keywords: Analyzing multiple physical factors simultaneously to determine optimal ventilation solutions can
Computational fluid dynamics be challenging. Furthermore, this type of analysis needs a large case number to be investigated,
Taguchi making the problem’s solution unfeasible. This study tackled these challenges by integrating
Ventilation Computational Fluid Dynamics (CFD) with the Taguchi method to overcome these issues. Our
Covid-19

previous research extensively examined the application of the Taguchi method in ventilation
studies. Now, we analyzed the influence of different factors on pathogen concentration in a room
equipped with displacement ventilation. Initially, the study examined the effects of room di-
mensions and the location, position, velocity, and temperature of the inlet and outlet of the
ventilation system. The Taguchi method was employed to manage the complexity of the analysis,
resulting in a reduced set of 27 cases from a total of 19683 possible combinations. The findings
revealed that the inlet velocity was the most influential parameter in minimizing pathogen
concentration; however, room volume has a limited effect. Subsequently, the optimal solution
obtained through the Taguchi method was modeled using CFD and validated. Then, these results
were compared against the results of the Wells-Riley model, which utilized room volume and inlet
velocity as input variables. In the second step, additional parameters were investigated while
keeping the room volume constant. This analysis reaffirmed the significant impact of inlet ve-
locity on pathogen concentration, as observed in the initial study. Additionally, it was found that
inlet temperature had a greater influence on pathogen concentration in rooms with smaller
dimensions.

Optimization
Wells-Riley

1. Introduction

The World Health Organization (WHO) declared a global epidemic of Covid-19, On March 11, 2020. Human coronaviruses were
known before this pandemic but not considered fatal before 2003 and were even known as mild illnesses like the common cold [1,2].
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After this date, severe acute respiratory syndrome (SARS) and the Middle East respiratory syndrome (MERS) outbreaks showed that
human coronaviruses can be dangerous and devastating [2].

Various measures have been taken to stop the epidemic in many countries after the declaration of the SARS-COV-2 pandemic.
Multiple restrictions were imposed on restaurants, schools, cinemas, congress centers, and many other spaces closed, and social
distancing, masks, and vaccinations were mandatory for many activities. Despite all these measures, many people around the world
have died. Social wellness and economic development had been affected significantly [3,4]. The inevitable consequences of the
pandemic and the measures taken have encouraged researchers to research more in this area to understand the physics of the
transmission and prevent this and future epidemics.

According to the World Health Organization, the spread of SARS-CoV-2 occurs when an infected person is in close contact with
other people. Transmissibility of the virus depends on the amount of live virus expelled and shed by a person, the type of contact, the
environment, and what IPC (Infection, prevention, and control) measures are applied. The transmission of the virus can occur through
the expulsion of tiny liquid particles from an infected individual’s mouth or nose during various activities such as coughing, sneezing,
taking deep breaths, singing, or engaging in conversation. These liquid particles exhibit a range of sizes, encompassing larger respi-
ratory droplets and smaller airborne particles known as ’aerosols’ [5]. The droplet size-based classification system for respiratory
disease routing was first reported by Wells [6] in the 1930s on tuberculosis transmission [1]. Tang et al. defined aerosols as
poly-dispersed droplets and particles of many sizes [7]. This study focused on aerosols with the definition of infectious respiratory
aerosol droplets with aerodynamic diameter <5 pm.

Ventilation is a critical engineering solution to minimize the infection risk in the indoor environment. Many researchers have
suggested that increasing the amount of fresh air given to the buildings from the ventilation systems decreases the infection risk in
buildings [8-11]. Since the early 2000s, there has been an increase in studies examining the effect of indoor ventilation on airborne
transmission. With the 2002-2003 SARS virus epidemic, the focus on this area increased, and with the pandemic that occurred in 2019,
studies in this area have diversified significantly. In addition to different interior spaces such as classrooms [12,13], offices [14,15],
restaurants [9], hospital rooms [8,16], ophthalmology clinics [17], dental clinics [18], and aircraft [19-21], bus [22,23] and train
cabins [24,25], different topics such as exposure type and severity [26], and social distance [27,28] have been studied by many re-
searchers. Most of the studies are parametric, and it is aimed to find a scenario that will minimize the risk of contamination according
to the title examined. There are also studies in which the most suitable parameters are tried to be obtained by changing the inlet
velocity [8,12], relative humidity [29,30], ventilation type [14,28,31,32], and inlet or outlet positions [15]. The results obtained from
these studies are very important so that the existing systems can be used to minimize the infection risk. On the other hand, these studies
generally were applied to certain interior spaces and the results were limited to the model used. In addition, it is often difficult to
compare the different parameters studied, again for this reason.

Displacement ventilation (DV) has been a popular choice for ventilation in industrial premises for many years, and since the mid-
80s, it has also gained popularity in non-industrial settings. One of the advantages of using DV is that it provides the opportunity to
enhance both temperature control and ventilation efficiency. As a result, the air quality in the occupied zone is typically better when
using DV compared to traditional mixing ventilation (MV) systems [33]. How contamination is distributed throughout a
displacement-ventilated room is closely tied to the placement of sources of contamination and whether or not any sources of heat are
also sources of pollution. When warm sources of pollution are concentrated in a specific area, all of the contaminants can be carried
directly into the upper zone of the room through convection flows and this is considered to be the ideal scenario for DV [34]. In an
operating microenvironment where cold air is introduced and comes into contact with a heat source, the resulting temperature dif-
ference and buoyancy force can cause contaminated air to rise upward and accumulate near the ceiling of the room. This warm and
polluted air can then be effectively removed from the space through an outlet that is located close to the ceiling [35]. Studies in the
literature focused on many factors that can affect the pathogen concentration in the room as the distance between the source and target
[36], the positions of the manikins, and the effect of moving [37]. Moreover, several studies in the literature have suggested that DV
systems are more effective than MV systems in reducing the risk of airborne infections [38,39].

Statistical methods can be used to determine ventilation parameters that will minimize infectious concentration. Although
Taguchi’s method is not common in ventilation studies, it is frequently used in other research areas [40-44]. It is possible to evaluate
the effect of independent ventilation parameters on the concentration in detail with the Taguchi method. In our previous study, we
extensively examined the application of this method by employing a well-known benchmark case [45]. Another advantage of this
method is that it is possible to solve a limited number of cases without solving every combination of different values of the parameters
[45]. There are few studies on this subject and methodology in numerical ventilation studies [46-51].

In this study, we adopted an exploratory and novel approach with a primary focus on applying the Taguchi method to minimize
infectious disease transmission within indoor environments. To gain a comprehensive understanding of the effectiveness of various
design parameters, we examined an extensive range of parameters using the Taguchi method. This approach enabled us to encompass a
wide range of solutions, thereby providing more general insights within the examined scenarios and parameters. In other optimization
studies, depending on the methodology, a large solution space has been usually examined. To reduce the optimization boundaries,
studies performed previously that used similar methodologies in their analyses have been taken into account, and the parameter range
could be reduced on these criteria. Because the method in this study is novel in the field of airborne transmission and ventilation, we
could not use a similar approach. We believe that the present study will be considered as providing useful resource by future studies.

This study’s core objective was to assess the impact of design parameters on airborne pathogen concentration using a combination
of CFD and statistical methods. This approach allowed us to consider the chaotic air flow movements stemming from turbulent flow
within indoor spaces. An extensive array of parameters was meticulously examined using the Taguchi method to gain a comprehensive
understanding of the effectiveness of these parameters in reducing pathogen concentration, quantitatively represented by the CO2
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mass fraction. These quantitative results could serve as a foundational resource for identifying crucial approaches to reducing the
probability of airborne transmission within enclosed spaces. Potential strategies include room design modifications, temperature
setting optimization, increased outdoor air supply rates, and other pertinent considerations.

Additionally, the best parameter conditions obtained from the Taguchi method were numerically analyzed, and it was verified that
the average concentration value obtained in this case was the minimum value. In order to support the research findings about the
impact of inlet velocity and room volume on pathogen concentration, the Taguchi method was additionally applied to the Wells-Riley
method, an infection risk prediction model. It was observed that impact ratios of inlet velocity and room volume on pathogen con-
centration obtained from the Wells-Riley method were compatible with the results of the present study. In conclusion, this study aimed
in providing the guidance for implementation of practical solutions and stimulating future work depending on the impact ratio of
ventilation parameters on pathogen concentration.

2. Methodology

The evaluation of airborne transmission and ventilation characteristics, including inlet velocity, inlet temperature, manikin po-
sition, positions of inlet and outlet, and room dimensions, was conducted using CFD and Taguchi methods. The study focused on a DV
setup and considered two separate cases. In the first case, the influence of room volume on pathogen concentration was found to be
minimal, as elaborated in the Results section. However, specific parameters could not be examined due to the limitations of the
statistical model employed. To address this, a smaller fixed-volume room was investigated, wherein low-impact parameters were
eliminated while new parameters were introduced. This expansion of the study’s scope facilitated the acquisition of further data.

For the 1st case, all parameters were examined with different levels, and these values are shown in Table 1. Room length and width
are defined according to one-person office sizes of Bitlis Eren University, Faculty of Engineering and Architecture. Room height values
of the offices were constant at 3 m. Other values were obtained from other buildings on the Campus. Inlet velocity values are defined
for the different ACH values between 4 and 69. A broad range of temperature values was assigned to the inlet air, mirroring the
approach taken with other parameters. The use of larger ranges allowed for a detailed investigation into the impact of each parameter.
As the primary focus of this study was on the relationship between pathogen concentration and thermal turbulent flow, considerations
regarding thermal comfort limits were not taken into account. It is anticipated that future studies will explore standards and thermal
comfort limits based on the outcomes obtained in this research.

ANSYS Fluent 2021 R1 was used to solve governing equations. CFD settings and software were validated with the velocity and
temperature measurements of the two-dimensional benchmark test case of Nielsen [52].

2.1. Numerical setup

The fluid flow was considered steady state and turbulent. The standard k-e turbulence model was used as a turbulence model, and
the scalable wall function was selected [53]. The scalable wall function was used to obtain accurate mesh around the complex manikin
surface and its good performance from studies in the literature [54]. All walls were considered adiabatic, and no-slip boundary
conditions were applied. CO, was selected as a tracer gas to simulate the contaminants in the exhaled airflow. The Species Transport
Model was used to solve CO5 distribution in the room [55]:

0

TPV V.V = — VT +Ri+S; &)

Where p is the fluid density, Y; is the local mass fraction, V' is the velocity vector, R; is the net rate of production, 71‘ is the diffusion flux
of CO5 and S; is the rate of the source.

Firstly, the pressure-velocity coupling scheme was selected as Simple, and First Order Upwind spatial discretization was selected for
turbulent kinetic energy, momentum, energy, turbulent dissipation rate, and CO,. The result of this solution setup was used as the
initial value for the final solution setup in which the Couple scheme and Second Order Upwind spatial discretization were used.
Convergence criteria were defined as 10~° for all equations.

The Boussinesq model was applied to define buoyancy-driven flow in the room and the thermal plume of the manikin. Air
properties were determined according to inlet temperature, and thermo-physical properties of air were obtained from Cengel [56].

Table 1

Parameters and their levels for 1st case.
Parameters Levels

1 2 3

Inlet velocity (m/s) 1 3 5
Inlet temperature (°C) 18 22 26
Inlet height (m) 0 0.2 0.4
Inlet location (m) M R L
Outlet Height (m) 0 0.2 0.4
Outlet location (m) M R L
Room length (m) 3 4 5
Room height (m) 2.4 2.7 3
Room width (m) 2.5 3 3.5
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Grid independence was obtained for each case accordioning to average COy mass fraction values.

2.2. Boundary conditions

The numerical model is based on an office room with a sitting thermal manikin. For the 1st case, the thermal manikin was posi-
tioned in the center of the room and facing the air inlet. Three different inlet and outlet positions (middle-M, right-R, and left-L side of
the front face) were investigated at three different distances from the floor and ceiling (0, 0.2, 0.4 m). Inlet velocity (1, 3, 5 m/s) and
temperature (18, 22, 26 °C) were also investigated with three different values. These different room volume and inlet velocity values
correspond to an extensive range of ACH to investigate. The surface of the manikin is maintained at a constant temperature of 35 °C All
inlet and outlet positions are shown in Fig. 1. In the study, boundary conditions were simplified in both cases due to the lack of a
specific aim for cross-infection, and only the mouth was modeled. However, we would like to remind researchers that this modeling
approach is critical in cross-infection studies [57].

2.3. Contaminant source and tracer gas approach

Compared to other occasional respiratory activities such as sneezing or coughing, human exhaled breaths have the potential to
contain the largest droplets and volume of air in total [58], and according to the findings of Ma et al., COVID-19 patients release
SARS-CoV-2 directly into the air through the breathing [59].

Papineni and Rosenthal (1997) examined the droplets from human subjects performing four respiratory actions with optical
particle counter tests, and they stated that the preponderance of particles is less than 1 pm. However, larger particles were also
detected [60]. Bivolarova et al. measured the concentration of aerosol particles with different diameters (0.07, 0.7, and 3.5 pm) and a
tracer gas (nitrous oxide - N20) in a test room with mixing ventilation. According to their statement, particles within the fine size range
(0.7 pm) are minimally affected by deposition mechanisms and are expected to exhibit similar behavior to the tracer gas. They also
emphasized the significance of ventilation rate when comparing the behavior of ultrafine particles and tracer gas, but the ventilation
rates they studied did not have a significant effect on the 3.5 pm and the 0.7 pm particles [61]. Li et al. (2011, 2013) used the CFD and
showed that exposure of particles not larger than 2.5 pm and spatial distribution of tracer gas (CO3) results were very close to each
other in their study [62,63]. Yin et al. (2011) also experimentally compared the distribution profiles of the sulfur hexafluoride (SF6)
tracer gas and 1 and 3 pm particles in a patient ward. In their findings, it was observed that the contaminant concentration profiles in
the room appeared similar, except in the regions near the source of contamination and exhaust, where the airflow exhibited instability
[64]. Another study showed that smaller particles (0.5-10 pm) may remain suspended more than larger particles and contribute to
transmission over greater distances [65]; this dynamic behavior is also similar to those of gaseous agents, which make them more
influenced by airflow patterns and ventilation rates [66]. In another study, it was demonstrated that non-equilibrium droplet evap-
oration was not observed for particles ranging from 0.5 to 20 pm [67].

As a result, the tracer gas method was used because of its very advantageous features to model airborne transmission, such as its
lower computational cost, and its physical behavior similar to small diameter particles that are more sensitive to airflow. In addition,
although the tracer gases and the droplets have physical differences such as evaporation and deposition, these differences can be
neglected due to the transmission mechanism of small aerosols. This study used carbon dioxide (CO3) as a tracer gas [16,68,69].
Manikin mouth was considered a contaminant source with 97 mm? to simulate the exhaled contaminants by infected manikin under
different ventilation conditions. The flow rate of CO, was considered as 0.6 1/min and exhalation temperature is 35 °C.

2.4. Taguchi method

Taguchi method [70] has wide usage in many research fields mainly because of its performance in many studies [40-44]. The order
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Fig. 1. Room model and inlet and outlet positions for the 1st case.
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of importance for investigated parameters which are also independent of each other can be obtained Taguchi method [71]. In addition,
the Taguchi method provides a set of parameters that will produce the best-case scenario.

In the present study, the Taguchi method calculation procedure encompassed four distinct steps, carried out in the following
sequence: the establishment of an orthogonal array definition, computation of signal-to-noise (S/N) ratios for each factor under
investigation, derivation of delta values based on the S/N ratios, and determination of the order assigned to each factor. Yuce et al.
examined these steps in detail [45] for a numerical ventilation study.

The S/N ratio is characterized in three distinct forms in this context: the lower is the better, the nominal is the best, and the larger is
the better [72]. The approach employed in this study is the “smaller is better” to minimize tracer gas concentration, and it is defined
below:

The smaller the better [40]:

= —101log (% ZY?) @

The value Yi denotes the outcome for the objective function corresponding to the ith case.

The ranking is determined by calculating the delta values, which are obtained by subtracting the minimum S/N value from the
maximum S/N value for each parameter. The parameter with the highest delta value signifies the most influential one, and the rank is
assigned accordingly.

To explore the entire parameter space with fewer experiments, the Taguchi method employs a unique design of orthogonal arrays,
significantly reducing the required number of experiments to solve the problem [73]. In the current study, an orthogonal array was
chosen based on the total degree of freedom (DOF) criterion. The DOF for each factor can be calculated as one less than the number of
factor levels [747 this value should be smaller than the DOF of the chosen orthogonal array. Consequently, DOF was calculated to be
26 in the present study. L27(3%) Taguchi orthogonal array with 27 cases and nine parameters with three levels, is used and shown in
Table 2.

2.5. Wells-Riley method

In this study, the Wells-Riley method was employed as a means to verify the results obtained from computational fluid dynamics
(CFD). The Wells-Riley method is a quantitative prediction technique for assessing infection risk, which relies on the concept of quanta.
Quanta refers to the number of infectious airborne particles necessary to infect an individual [75]. Specifically, it represents, in 63 % of
susceptible individuals, it denotes the dose of airborne droplet nuclei necessary to induce infection [76].

To calculate the probability of infection risk associated with different ventilation rates and room volumes, a standard airborne
Wells-Riley model was utilized. This model was calibrated to account for COVID-19 and incorporated relevant quanta emission rates

Table 2
Room model and inlet and outlet positions for the 1st case.
Case Inlet Inlet Inlet Inlet Outlet Outlet Room Room Room CO, (mass
number velocity temperature height location Height (m)  location length height width fraction)
(m/s) Q9 (m) (m) (m) (m)
1 1 18 0 M 0 M 3 2.4 2.5 0.00166
2 1 18 0 M 20 R 4 2.7 3 0.00198
3 1 18 0 M 40 L 5 3 3.5 0.00178
4 1 22 20 R 0 M 3 2.7 3 0.00234
5 1 22 20 R 20 R 4 3 3.5 0.00210
6 1 22 20 R 40 L 5 2.4 2.5 0.00266
7 1 26 40 L 0 M 3 3 3.5 0.00203
8 1 26 40 L 20 R 4 2.4 2.5 0.00200
9 1 26 40 L 40 L 5 2.7 3 0.00180
10 3 18 20 L 0 R 5 2.4 3 0.00066
11 3 18 20 L 20 L 3 2.7 3.5 0.00064
12 3 18 20 L 40 M 4 3 2.5 0.00061
13 3 22 40 M 0 R 5 2.7 3.5 0.00075
14 3 22 40 M 20 L 3 3 2.5 0.00043
15 3 22 40 M 40 M 4 2.4 3 0.00052
16 3 26 0 R 0 R 5 3 2.5 0.00068
17 3 26 0 R 20 L 3 2.4 3 0.00078
18 3 26 0 R 40 M 4 2.7 3.5 0.00069
19 5 18 40 R 0 L 4 2.4 3.5 0.00037
20 5 18 40 R 20 M 5 2.7 2.5 0.00033
21 5 18 40 R 40 R 3 3 3 0.00044
22 5 22 0 L 0 L 4 2.7 2.5 0.00048
23 5 22 0 L 20 M 5 3 3 0.00038
24 5 22 0 L 40 R 3 2.4 3.5 0.00055
25 5 26 20 M 0 L 4 3 3 0.00045
26 5 26 20 M 20 M 5 2.4 3.5 0.00036
27 5 26 20 M 40 R 3 2.7 2.5 0.00044
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[76].

p=1—¢" 3)
In equation (3), p is infection and n is quanta and quanta can be calculated as follows:

n=Cux @D (42)

D is the duration of the exposure (h) and Q, is the volumetric breathing rate of an occupant (m®>/h). Cayg is time-average quanta
concentration (quanta/mg) and can be calculated as below:

_ E _ At

=5 (1-e™) (5)
" _E 1 i

C""F/o C(t)dtfﬁ{l —E(l - ™) (6)

In equations (5) and (6), E is quanta emission rate (quanta/h), V is room volume (m3), A is first-order loss rate coefficient, and C is the
unsteady airborne concentration of infectious quanta (quanta/m>). 1 is the summed effects of ventilation (4,, 1/h), gravitational
deposition onto surfaces (140, 1/h) and virus decay (k, 1/h):

A=A + gy + K (4b)

The surface deposition loss rate was 0.3/h [77,78], and virus decay was considered 0.32 1/h [76,79,80]. The quanta emission rate
was 0.13 [81] quanta/h (oral breathing) [82], and the breathing rate was 0.54 m3/h for standing (office, classroom) conditions [83,
84].

We applied the Taguchi method to the Wells-Riley equation using the room volume (18, 36, 54 m®) and inlet velocity values (1, 3, 5
m/s) used in the numerical study. L9(32) orthogonal array was used to create an experimental design, as shown in Table 3.

2.6. 2nd case - Constant volume application

Following the completion of the initial numerical study, a smaller office room was examined. In this scenario, a fixed room volume
was taken into account. This approach aimed to explore the impact of specific parameters in greater detail, such as inlet velocity,
temperature, and manikin position. Additionally, a desktop computer with a monitor and an office desk were included in the model, as
depicted in Fig. 2. Similar to the first case, inlet velocity and temperature investigation was conducted within a close range. However,
the difference between consecutive values was reduced to observe the parameter’s behavior within narrower ranges. Furthermore, the
manikin, inlet, and outlet positions were examined at two distinct levels. Investigated parameters for 2nd case are shown in Table 4.

In the second case, the thermal manikin was positioned in front of the table, which was placed adjacent to the center of the wall.
Fig. 2 illustrates two different configurations for the manikin, as well as the positions of the inlet and outlet. The room’s dimensions
were L1 =3 m, W1 =2.5m, and H1 = 2.4 m. The monitor had dimensions of 0.3 m x 0.615 m x 0.015 m, the computer measured 0.15
m x 0.3 m, and the table had dimensions of 0.4 m x 1.2 m x 0.04 m. The table’s height from the floor was 0.6 m. The inlet and outlet
were located at the center of the wall.

For the inlet velocity, four different values were considered: 1 m/s, 2 m/s, 3 m/s, and 4 m/s, corresponding to air changes per hour
(ACH) values of 16, 32, 48, and 64, respectively. Additionally, four different inlet temperatures were investigated: 18 °C, 20 °C, 22 °C,
and 24 °C. The range of inlet velocity and temperature was similar to that of the first case, but the difference between consecutive
values was decreased to observe the behavior of the parameter within smaller ranges.

AnL16 (4% 2%) orthogonal array was created for the second case to explore the parameter combinations. The specific configurations
of the parameters can be found in Table 5.

2.7. Validation study

For the purpose of validation, the well-known two-dimensional benchmark test case introduced by Nielsen [47] and its corre-
sponding experimental results were employed. As shown in Fig. 3, the validation model consists of a single inlet and outlet, with the

Table 3

1.9(3%) orthogonal array for infection risk calculations.
Case number Velocity (m/s) Volume (m%) Infection risk (%)
1 1 18 0.186
2 1 36 0.178
3 1 54 0.171
4 3 18 0.064
5 3 36 0.063
6 3 54 0.062
7 5 18 0.039
8 5 36 0.038
9 5 54 0.038
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A
a) st manikin, inlet and outlet positions. b)2nd manikin, inlet and outlet positions.

Fig. 2. Room model and, inlet and outlet positions for the 2nd case.

Table 4
Parameters and their levels for 2nd case.
Parameters Levels
1 2 3 4
Velocity (m/s) 1 2 3 4
Temperature (°C) 18 20 22 24
Manikin position 1 2
Inlet location 1 2
Outlet location 1 2
Table 5
L16 (42 2) Orthogonal array for the 2nd case.
Case Temperature (°C) Velocity (m/s) Inlet position Outlet position Manikin position CO, (mass fraction)
1 18 1 1 1 1 0.00083
2 18 2 1 1 1 0.00067
3 18 3 2 2 2 0.00060
4 18 4 2 2 2 0.00045
5 20 1 1 2 2 0.00199
6 20 2 1 2 2 0.00078
7 20 3 2 1 1 0.00063
8 20 4 2 1 1 0.00050
9 22 1 2 1 2 0.00135
10 22 2 2 1 2 0.00065
11 22 3 1 2 1 0.00047
12 22 4 1 2 1 0.00037
13 24 1 2 2 1 0.00193
14 24 2 2 2 1 0.00089
15 24 3 1 1 2 0.00048
16 24 4 1 1 2 0.00039

room floor being heated at a low heat flux. In this case, Archimedes’ number is Ar = 3.1 x 10-6. The inlet velocity is set at 0.455 m/s in
the positive x-direction, and the inlet temperature is 20 °C. The dimensions of the model and the boundary conditions correspond to a
Reynolds number of Re = 5000, indicating turbulent airflow within the room. A standard k-e turbulence model with enhanced wall
treatment is implemented to capture the turbulent flow accurately.

1.0 9.0
= :
Inlet
<+
% ES 3
ol S = 3 s
= 3.0 3.0 = 20 ©
Outlet —»]|

Fig. 3. Dimensions (m) of Annex20 test room.
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All walls, except for the floor, are insulated. The thermal interaction between the inlet and the heated bottom surface induces mixed
convection within the room. The Boussinesq model is utilized to describe the buoyancy-driven flow occurring in the room. Turbulent
flow and mixed convection are representative of the typical flow physics observed in ventilated rooms. Thus, the non-isothermal two-
dimensional benchmark test case serves as a suitable means to validate the numerical settings of the primary model.

Non-dimensional velocity profiles at x = 3 m and x = 6 m, and horizontal velocity profiles at y = 0.084 m and y = 2.916 m are
shown in Figs. 4 and 5, respectively. The results show that experimental and numerical results are in good agreement. Nielsen per-
formed temperature measurements on the bottom surface, and y = 2.25 m. These experimental data were compared with numerical
results in Fig. 6, and these results are also in agreement. Results show that the CFD methodology which was applied to the validation
case, could be applied to the main study.

3. Results

A total of 27 cases were generated using an Orthogonal array for the first scenario, aiming to investigate the impact of ventilation
parameters on the concentration of the tracer gas within the room. Each simulation provided average concentration values, which are
compiled in Table 2.

As anticipated, the inlet velocity is the most influential parameter, accounting for 65.5 % of the variation in CO5 concentration.
Following that, the outlet location (6.3 %), inlet location (6.1 %), and inlet height (5.9 %) were identified as the second, third, and
fourth most important parameters, respectively. However, it is worth noting that the delta values of these parameters are very close to
each other (1.31, 1.27, 1.24). Hence, considering the numerical error margin, it may not be appropriate to establish a strict hierarchy of
importance based solely on these delta values. Instead, it can be assumed that these parameters have a similar effect on CO, con-
centration due to their comparable delta values.

The fifth and sixth important parameters, outlet height (4.5 %) and inlet temperature (4.5 %), exhibit similar delta values with
negligible differences, indicating an equivalent impact on CO; concentration. Subsequently, the room height (3.1 %), room width (2.4
%), and room length (1.6 %) are identified as the seventh, eighth, and ninth important parameters, respectively.

The impact of ventilation parameters on CO, concentration is demonstrated by the variation in the Signal-to-Noise (S/N) ratios for
each parameter. Fig. 7 depicts the S/N ratios of each parameter, showcasing the optimal levels for parameter settings. The highest S/N
ratio for a given parameter signifies the optimal design level that greatly influences CO, concentration.

Based on this approach, the optimal design for achieving the lowest CO» concentration entails an inlet velocity of 5 m/s, an inlet
temperature of 18 °C, an inlet height of 0.4 m, an “M" inlet position, an outlet distance of 0.2 m, an “M" outlet position, a room length of
5 m, a room height of 3 m, and a room width of 2.5 m. These values represent the numerical setup that is expected to yield the lowest
CO; concentration. It is important to note that this particular case is not among the 27 cases listed in Table 2. Nevertheless, the nu-
merical solution of this case confirmed the efficacy of this approach, as it resulted in the lowest CO2 mass fraction value of 0.00030.
This outcome further validates the advantage of employing the Taguchi method, which significantly reduces the number of cases
required to obtain the optimal setup.

Fig. 8 portrays the CO2 mass fraction distribution from the CFD solution of the best-case scenario, presented from two different
perspectives. The positions of the inlet and outlet correspond to DV, showcasing the advantage of this ventilation type in effectively
transporting CO, toward the outlet.

The impact of ventilation parameters on pathogen transfer within the room, as depicted in Fig. 7, is not linear. The S/N ratio values
reveal that increasing the inlet velocity from 1 m/s to 3 m/s has a more pronounced effect compared to increasing it from 3 m/s to 5 m/
s. This finding is significant in terms of energy conservation during ventilation system design. Increasing the inlet velocity was also
confirmed by previous studies in the literature to not have had a linear effect on reducing the concentration [38].

Analyzing the S/N ratio values for different temperatures demonstrates that an air temperature of 18 °C is effective in minimizing
pathogen mass fraction values. However, it does not imply that higher temperatures always lead to increased mass fraction values. In
fact, an inlet air temperature of 26 °C exhibits slightly better performance in reducing mass fraction values compared to 22 °C. This
indicates that the airflow pattern within the room is influenced by thermal effects, thereby affecting the distribution of pathogens.

The inlet and outlet locations exhibit similar effects, with direct fresh airflow directed towards the contaminant source proving

b)

x/H
x/H

-0.5 -0.3 -i].l 01 03 05 07 09 -05 -03 -01 01 03 05 07 09
u/u, u/u,
—CFD O Exp. —CFD O Exp.

Fig. 4. Non-dimensional velocity distributions ata) x =3 m, b) x =6 m
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Fig. 7. Effect of each parameter on CO, concentration.

more effective than airflow originating from corners. Additionally, extracting indoor air from a location close to the manikin yields
better results. Conversely, the vertical height of the inlet and outlet positions demonstrates different behaviors. Increasing or
decreasing the vertical height does not have a consistent effect within the range considered in this study, as these differences can
influence the airflow pattern within the room.

Interestingly, the dimensions of the room have the least impact on CO, mass fraction. This suggests that, in cases with similar
airflow patterns, parameters can be selected independently of room dimensions, particularly room size, within certain limits.

The Taguchi method was applied to the Wells-Riley equation using an L9(3%) orthogonal array. The average Signal-to-Noise (S/N)
ratio values obtained from this analysis are presented in Table 7 and visualized in Fig. 9. It is evident, and as expected, that the inlet
velocity has a significantly larger effect ratio compared to the room volume.

Statistical analysis results indicate that the inlet velocity contributes to approximately 97.16 % of the infection risk, while the room
volume accounts for approximately 2.84 % when both factors are considered together. These findings align closely with the results
obtained from the CFD simulations, despite the Wells-Riley method-based calculations not encompassing many of the parameters
included in the CFD approach.

Furthermore, the investigation of room volume, considering the dimensions of the room, reveals that the cumulative effect of these
dimensions on CO5 mass fraction amounts to 7.1 % in the CFD results.

In conclusion, despite the methodological differences between the CFD approach and the Wells-Riley method, the consistent effect
of room volume and inlet velocity is evident, with the results mutually reinforcing each other.

The average Signal-to-Noise (S/N) ratios were computed for the second case based on each scenario’s average CO, concentration
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Fig. 8. CO mass fraction distribution of 1st case with velocity vector lines on the a) side view, b) top view.

Table 6
Average S/N ratios and ranking of parameters of CO, mass fraction.
Level Inlet velocity  Inlet temperature  Inletheight  IHL Outlet OHL  Room Room Room width
height length height
1 53.9 62.4 61.5 626 615 62.5 61.6 61.7 62.1
2 64.0 61.5 61.4 61.3 624 61.2 61.9 61.6 61.7
3 67.6 61.6 62.6 61.6 61.6 61.8 62.0 62.2 61.6
Delta 13.7 1.0 1.2 1.3 1.0 1.3 0.3 0.6 0.5
Contribution ratio (%)  65.5 4.5 5.9 6.1 4.5 6.3 1.6 3.1 2.4
Rank 1 6 4 3 5 2 9 7 8

The average Signal-to-Noise (S/N) ratios were computed based on each case’s average CO, concentration values. These ratios were then utilized to determine the rank of
each parameter. Table 6 presents the average S/N ratios, and their corresponding importance ranks. The rank values indicate the order of importance based on the
magnitude of the delta values associated with each parameter.

Table 7

Average S/N ratios and ranking of parameters of infection risk.
Level Inlet velocity Volume
1 15.0 22.3
2 24.0 22.4
3 28.3 22.6
Delta 13.4 0.4
Contribution ratio (%) 1 2
Rank 97.2 2.8

values. Table 8 presents the average S/N ratios, and their corresponding importance ranks. Once again, the inlet velocity emerges as
the most influential parameter, accounting for 63.5 % of the variation in CO, concentration, similar to the first case. Despite main-
taining a constant room volume and altering the parameters and ranges, the significant impact of air velocity remains consistent with
the first case.

In the second case, the second, third, fourth, and fifth important parameters are the inlet temperature (15.6 %), inlet position (9.9
%), outlet position (9.4 %), and manikin position (1.7 %), respectively.

While the first case involved changes in the location of the inlet and outlet on the same walls, the second case features variations in
the location of the inlet and outlet across different walls. Despite this difference, the overall effect of changing the inlet and outlet
location is comparable in both cases.
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Fig. 9. Effect of room volume and inlet velocity on infection risk.

Table 8
Average S/N ratios and ranking of parameters of CO, mass fraction.
Level Temperature Velocity Inlet position Outlet position Manikin position
1 64.2 56.8 63.9 63.9 63.2
2 61.5 62.6 62.2 62.3 62.9
3 64.1 65.4
4 62.5 67.5
Delta 2.6 10.7 1.7 1.6 0.3
Contribution ratio (%) 15.6 63.5 9.9 9.4 1.7
Rank 2 1 3 4 5

The effect of the inlet temperature is more pronounced in the second case, which has a constant and smaller room volume.
Additionally, similar to the first case, the relationship between temperature and CO, concentration is non-linear, as evidenced by
Fig. 10. Furthermore, there is no distinct temperature pattern observed in relation to concentration. The impact of inlet velocity re-
mains the highest on CO2 concentration, even in the context of the application with a very small volume, mirroring the findings of the
first case.

The graph in Fig. 10 illustrates the variation of each parameter’s S/N ratios in relation to CO, concentration. For the second case,
the optimal design that results in the lowest CO, concentration entails an inlet velocity of 4 m/s, an inlet temperature of 18 °C, and the
first positions for the inlet, outlet, and manikin, as depicted in Fig. 2. These values represent the optimal numerical setup expected to
yield the lowest CO; concentration. This specific case is not included in the 16 cases presented in Table 5. This case’s numerical so-
lution confirms this approach’s effectiveness, with the lowest CO, mass fraction value recorded as 0.000156. The CO, mass fraction
distribution for the best-case scenario in CFD is visualized in Fig. 11 from two different viewpoints.

In contrast to the first case, in the second case, the manikin is positioned facing the air outlet rather than the fresh air inlet, and it is
located very close to the outlet. This configuration leads to a lower concentration level compared to the optimal state in the first case.
However, when considering the second case independently, the effect of the manikin and table positions on the concentration is
relatively low (1.7 %). This effect is also evident in Fig. 11, where the CO; concentration behind the manikin appears to be shallow due
to the DV airflow pushing the CO; concentration away due to inhalation.

4. Discussion

In this study instead of solely focusing on achieving optimal comfort conditions, this study employs the statistical Taguchi method
and CFD analysis to analyze the influence of various parameters on indoor airflow dynamics with the aim of minimizing the risk of
infection. Understanding the impact ratios of these parameters on pathogen concentration has both practical and theoretical impli-
cations. In the field of building and ventilation system design, engineers can use the study’s results to prioritize parameters according
to their effectiveness. Similarly, researchers can select parameters and objective functions based on the values and impact ratios of the
parameters, particularly in multi-objective optimization applications where multiple targets need to be achieved. To encompass a wide
range of possibilities, this study considers varying maximum and minimum limits for the parameters, and their variation within this
range is assumed to be linear. The advantages and limitations of the statistical method used in this study have been discussed in detail
in a previous paper [45].

Average concentration values were employed to assess the risk of infection, and cross-infection is not the focus of this study.

11
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Fig. 11. CO, mass fraction distribution of 2nd case with velocity vector lines on the a) side view, b) top view.

However, cross-infection can be investigated in detail in forthcoming research endeavors by incorporating infection risk models.
Identifying specific points aimed at reducing infection risk within the objectives will contribute to the literature by facilitating new
optimization studies. In future investigations, we intend to employ alternative advanced methodologies, including metaheuristic
techniques, to overcome methodological constraints and investigate the effect of other ventilation types.

In our study, we opted for an inlet and outlet configuration aligned with natural airflow patterns due to buoyancy forces, adhering
to displacement ventilation principles. This choice was designed to investigate a specific scenario outlined in our manuscript. It’s
important to acknowledge that our selection does not encompass all possible ventilation solutions for different spaces, particularly
those employing alternative air distribution methods. While our computational and methodological constraints confined our inves-
tigation to the chosen setup, we remain committed to exploring various ventilation configurations in future studies. These forthcoming
investigations aim to provide a more comprehensive understanding of indoor airflow dynamics and their implications for indoor air
quality and disease transmission.
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The current study did not address the impact of varying quanta emission rates during different vocal activities, as the primary focus
remained on room geometry and physical parameters. It should be noted that quanta emission rates can vary among individuals and
activities, potentially influencing aerosol dispersion. Nevertheless, the findings related to airflow patterns and proposed solutions
retain their relevance for typical breathing scenarios. In future research, exploring different vocal activities is planned to facilitate a
more comprehensive understanding of aerosol transmission in various contexts.

While different optimization methods can be employed to analyze parameter variations, they often come with increased compu-
tational costs. Therefore, this study suggests using artificial neural networks to establish mathematical relationships between objec-
tives and parameters. These relationships can then be leveraged to apply more cost-effective multi-objective optimization methods.

The findings of this study provide valuable insights for researchers to prioritize the selection of critical parameters and define
appropriate objective functions in future studies. Particularly in applying multi-objective optimization methods, these results can
guide selecting and effectively optimizing relevant parameters.

Besides the advantages of the statistical method, there are also some limitations to this study. One of the main limitations of this
optimization strategy is using an orthogonal array which means the number of parameters and their levels should be consistent with it
because experimental designs are constant according to orthogonal arrays in the Taguchi method. Secondly, Parameters are selected as
independent from each other to avoid the error of intersecting effects. For example, room volume wasn’t used as a different parameter
while room dimensions were already used. Therefore, the strategy in this research is eliminating the important parameters according
to their effectiveness in concentration and focusing on important parameters by adding new ones in future studies. In addition, there is
an error potential in this predictive method and CFD simulations, so we tried to avoid high error values by not using too many pa-
rameters in a single study.

5. Conclusions

This study focused on investigating the impact and optimization of ventilation characteristics, including inlet velocity, inlet
temperature, positions of the inlet and outlet, and room dimensions (length, width, height), on pathogen transmission in indoor air to
ensure healthy indoor environments. The results obtained from this study were further validated using the Wells-Riley method.
Subsequently, a smaller room setup was modeled separately, incorporating a seated manikin, table, and computer, using the data
collected from the initial study. This novel approach yielded the following significant findings:

e Inlet velocity is the most influential parameter on pathogen transmission among the investigated ventilation parameters. Lower
CO, mass fraction values were observed at higher velocity values. However, the relationship between velocity and concentration
was not linear. Notably, the impact rate of inlet velocity on concentration was consistent across both numerical cases, despite
variations in room designs, parameters, and parameter ranges.

Inlet temperature, inlet-outlet heights and locations, and room height exhibited distinct effects on CO5 mass fraction at different

levels. These findings underscore the significance of conducting optimization studies to establish relationships between these

parameters and pathogen transmission. Due to their sensitivity to airflow patterns, predicting these relationships accurately
without thorough investigation can be challenging.

Temperature differences had subtle but independent effects on pathogen transmission in both cases. Particularly in the second case,

no specific concentration pattern was associated with temperature. Each level has a different impact, with the second case dis-

playing a higher contribution ratio (15.6 %). The impact of inlet temperature was more pronounced in smaller volumes. Thus, the
configuration of ventilation parameters in small indoor environments such as car cabins and elevators holds significance from this
perspective.

Direct airflow directed toward the contaminant source proved to be the most effective solution for reducing pathogen contami-

nation, as observed through the examination of inlet and outlet positions. Optimal positions entailed aligning the inlet and outlet

with the manikin. Notably, significantly lower concentration values were obtained when the manikin faced the outlet, even within

a small room volume, as evidenced in the second case.

* Room dimensions are the least influential in reducing pathogen concentration Among the investigated parameters, as observed in
the first case. The room’s length, width, and height had similar effects, suggesting that the impact of room volume on concentration
was minimal. This finding aligns with the Wells-Riley equation and implies that ventilation studies addressing airborne trans-
mission within a similar range to this study can be applied to rooms with varying dimensions.

Overall, these findings provide valuable insights into prioritizing focus parameters and defining objective functions in future
studies. The optimization of ventilation parameters can be effectively guided by these results, particularly in applying ventilation
studies related to airborne transmission in rooms with diverse dimensions.
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