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Abstract

COVID-19 has highlighted many vital factors to consider when it comes to the healthcare systems.
Some challenges such as personnel, equipment, and space demands. Personnel demand can be met
by calling retired doctors and nurses and doctors from different specializations to participate in
administering to COVID-19 patients. As for the equipment, more equipment can be purchased to
accommodate the increasing number of patients. While for the space demand, this requires
adapting innovative solutions in healthcare applications to ensure faster delivery and better
infection control. Modular Construction (MC) can offer an adequate solution to this arising
challenge. MC relies on using componentized, panelized, or volumetric units produced off-site
and then transported to the site to form various configurations. They can utilize different materials
(e.g., steel, concrete, composites) as they have significant advantages in project adaptability. Since
healthcare space requires prompt delivery, modular structures can excel in this aspect since they
provide a safer working environment, less material wastage, and sustainability. However, using
such modular structures as isolation rooms alone is insufficient, as the ventilation system plays a
crucial role in infection control. Another factor to consider when designing a layout of the modular
structure is the load development on various surfaces within the layout and how this can impact
the overall structural performance and cost of the project. Therefore, the objective of this thesis is
to assess the ventilation system performance by altering the flow rates (i.e., air change per hour
(ACH)) and the placements of the inlet and outlet of the ventilation system, using numerical
modelling (e.g., computational fluid dynamics (CFD)). This is done by utilizing the Lagrangian
physics model to inject aerosols in a modular room, simulate a cough, then assess how the
ventilation system impacts the aerosol particles’ destination. Results were validated against full-
scale experimental testing and demonstrated that CFD models could accurately simulate aerosols
translation within a modular room. Since low-rise modular buildings typically have an irregular
layout, this will result in a complex wind load distribution on different modules depending on their
location. Therefore, an assessment of an existing low-rise modular field-hospital layout has been
examined in CFD to evaluate wind load developed on modules in different locations (i.e., corner,
edge, and internal) to determine the critical locations where load intensities are high. The results
have been validated with experimental wind tunnel tests available in the literature. The results of
this thesis showed that, as the ACH rate increases, the aerosols removal rate also increases, given

a direct flow field is established between the inlet and the outlet. In addition, inlet and outlet
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placement is essential, as it dictates the aerosol removal performance from the room. Therefore,
considering a shorter path for aerosols to travel helps reduce contaminants within the room. As
for the wind load evaluation, the thesis discusses that the module's location within the layout
significantly impacts the loads that the module experiences. Corner modules tend to experience
the most critical forces, since they have more prominent exposure to wind pressures. In addition,
this highlights the need to perform wind load evaluation when adopting a large number of modules

in the project, since categorization can effectively reduce the project’s cost.
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Chapter 1 Introduction
1.1 Background

Recently, an identified corona virus (COVID-19) has caused a global pandemic. This family
of viruses is considered highly contagious and leads to respiratory illnesses (WHO, 2020). As
of March 2022, the total number of COVID-19 cases in Canada has exceeded 3 million
patients, and 1.1 million are in Ontario (Government of Canada, 2022). The vigorous spread
of this virus has led to increased infections within close contact since viruses and pathogens
are carried by airborne particles generated from sneezing or coughing (WHO, 2020). With the
increasing number of cases, healthcare systems have been suffering from the growing demand
for intensive care units (ICUs). They have been facing many challenges, such as a shortage of
doctors and nurses to oversee COVID-19 patients, a limited supply of medical care equipment,
and the space required to provide the care needed for patients. The latter is where modular
structures can offer an adequate solution. Modular structures have been attracting significant
attention from the construction industry. They provide many advantages over conventional
structures due to their more accessible transportation, safer construction process, and less
material wastage. The modular construction (MC) technique refers to prefabricated structural
components produced off-site and then transported and assembled on-site to form various
types of structures (Smith et al., 2010). MC provides improved efficiency in the construction
process and ensures the quality of structures since the production takes place within a
controlled environment. Different materials (i.e., steel, concrete, timber, and composite) can
be utilized to form different structures (i.e., low-rise, high-rise, and bridges), proving their
adaptability to projects’ scopes and objectives. When it comes to modular structures, three
different types can be utilized depending on the project, which are componentized, panelized,
and volumetric modules (Smith et al., 2010). This thesis focuses on the space problem, as it
tackles this problem from two aspects. First, an assessment of the ventilation system, which
is done by injecting aerosols into the room and by altering different factors (i.e., ACH rate and
ventilation system placement), the aerosols’ destination is impacted. This provides an
understanding of how each factor impacts the outcome. Second, the structural planning
aspects of the modular buildings, through simulating wind to obtain loads developed on
modules within a layout. This enables the understanding of how the location of modules

impacts the wind loads they experience and provide a recommendation on the different aspects



to consider when adopting a modular building, based on the critical forces developed on their

surfaces and their locations within the layout.

1.2 Research Objectives

Due to the increasing demand for ICU beds, studying modular structures to provide an appropriate
solution to this problem is crucial. As previous studies have demonstrated the different aspects of
modular structures and their applications, the need to assess them for the medical use case is
limited, as it is vital to quantitively describe various factors impacting the design of modular
structures, from the structural aspect and the interior ventilation system performance, since they
will be used in a sensitive environment. While the ventilation assessment is an important aspect
of the design of the modular structures, the need to assess for structural is also important since the
modular building layout for healthcare applications focuses on increasing the perimeter area, thus
creating an irregular layout, and since wind loads are dynamic and depend on the structural layout,
it is important to be able to perform the assessments. This is achieved through the pursuit of the

following objectives:

1. Investigate different factors when planning and designing modular buildings to serve as
field hospitals.

2. Assess the main factors impacting the ventilation system performance.

3. Examining a modular building layout adopted in a previous case study and performing
wind load evaluation using CFD under different wind angles of attack.

4. Obtaining force-time history plots, identifying critical forces developed on modules,

correlating them to the location tested.

1.3 Organization of Thesis

This thesis aims to investigate different factors when planning and designing modular buildings
constructed to serve as field hospitals. The planning for the placements of the ventilations system
and the adopted ACH rate are altered to understand the impact of these factors. As for the forces
developed on surfaces, they provide the designers with an understanding of how the location of
modules impacts the intensity of the developed forces. Accordingly, Chapter 1 (this chapter)
provides a general introduction to healthcare system challenges and a brief description of the
modular structures. Chapter 2 presents a literature review that overviews previous experimental

and analytical works on modelling multiphase flow. In addition, different advancements in the
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structural aspects of modular buildings involve optimization and utilization of new emerging
materials and methods. Chapter 3 investigates the propagation of mouth-generated aerosols
within a modular hospital room. This is done by studying different parameters such as the ACH
rate and the ventilation system placements. Detailed CFD models were developed to perform the
assessment. The models were validated with a full-scale experimental study presented in the
literature to assess the accuracy of the numerical methods adopted. The study highlights key
factors impacting the translation of particles within a modular hospital room, leading to better
infection control within the modular unit. Chapter 4 studies the layout of a modular building
adopted in the literature to evaluate the wind loads developed on various selected modules. The
modules were selected based on their location in the layout (e.g., corner, edge, and internal). The
numerical models were validated with wind tunnel experimental results available in the literature.
The study adapted the physics models utilized in the validation to assess the layout performance.
The results highlight the importance of the location within the layout on the wind load
development on the various modules, demonstrating that different locations within the layout will
experience different wind loads highlighting critical locations. Therefore, module categorization
based on loads can be utilized in the project's planning stages, which can be more efficient for
large projects. Chapter 5 concludes the thesis by summarizing the conclusions and

recommendations for future studies involving modular structural applications.



Chapter 2 Literature Review
2.1 Introduction

Modular construction (MC) is considered one of the innovative techniques adopted in the
construction industry. It provides faster delivery, more reliable structures, and a safer construction
process compared to conventional methods (Smith et al., 2010). Modular buildings consist of
various components, panels, and volumetric units formed to produce a structure. This highlights
their adaptability to the project since they can be used for different applications (e.g., residential,
commercial, and medical) (Smith et al., 2010). Thus, it is suitable to utilize such a technique to
provide the healthcare system with the required space to serve COVID-19 patients in a timely
manner. Chapter 2 (this chapter) provides a literature review of various studies concerned with
ventilation systems, aerosols modelling, wind load evaluation, and recent advancements in

volumetric modular structures.

2.2 Ventilation Systems and Aerosols Modelling

This section provides an overview of the available and emerging studies about ventilation systems
and aerosols modelling. First, an overview of the ventilation system is presented and discussed,
outlining the main parameters controlling the performance of the ventilation system. This is
followed by an overview of studies available on aerosols modelling and critical factors impacting

their dispersion.
2.2.1 Ventilation System and Space Overview

Understanding the implementation of appropriate ventilation systems is essential to controlling the
spread of aerosols. There have been many studies investigating the ventilation systems
requirement and guidelines. For example, (Curry, 1990) reviewed the use of isolation rooms,
highlighting the guidelines, regulations, and designs adopted to ensure proper operation. The study
highlights measures to reduce the risk of infectious diseases and provides comprehensive details
about the engineering controls that can take place to control the spread. While there are many
engineering controls to provide an appropriate design, another aspect plays a more significant role,
which is the administrative controls (or work practice), since the design can be well handled. Still,
the mechanical elements of the isolation rooms will deteriorate over time, deeming them
ineffective. For example, the filtration system can clog with dust and lint, causing the ventilation

system to become weak against infection control. Therefore, periodic testing and assessment are
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required to ensure effective operations. Since the transmission of the disease is mainly taking
place through coughing or sneezing, particles carrying the disease need to be controlled. The
ventilation system takes effect since it works on the dilution and removal of those particles by
supplying the room with fresh air, which decreases the likelihood of transmission. The ventilation
system alone is not sufficient to guarantee infection control. Therefore, respiratory protection is
required even in state-of-the-art isolation rooms. The intensity of ventilation is referred to as the
ACH rate, which can be used to estimate the time needed to remove infectious particles, as well
as the volume of air being exchanged. As for air mixing, the better the mixing, the more effective
the dilution and the more efficient particles removal are for air mixing. Stagnation and short-
circuiting are to be avoided when designing the ventilation system. Stagnation occurs when part
of the room is not receiving a clean supply of air, thus leaving the infectious particles in that spot
without experiencing dilution. As for short-circuiting, it refers to when the ventilation system inlet
and outlet are placed too close to each other, thus leading the clean supply air to leave the isolation
room without dilution or mixing with the contaminants. As for the flow direction, clean supply air
should be placed near staff (i.e., entrance) and directed towards the outlet with an uninterrupted
flow field near the patient to reduce transmission and ensure the containment of the contaminants
within the isolation room. In addition, (Hyttinen et al., 2011) reviewed the experimental studies
adopted in studying airborne infection isolation rooms. The review found that the guidelines for
the design of ventilation systems are highly variable in different countries. In addition, the focus
of the recent studies has been the use of mixing-type ventilations through the control of ACH rates.
As for emerging studies, the use of auxiliary devices, such as room-air cleaners and ultraviolet
germicidal irradiation systems, has been examined and proved to enhance control efficiency. The
use of a temporary negative pressure isolation system demonstrated suitable containment of
contaminants, given that an appropriate flow pattern is created. Thus, the design of the room to
reduce leakage is an effective method when considering the design for isolation purposes, to
reduce energy consumption and increase the dilution process. Furthermore, (Beggs et al., 2008)
carried out an extensive review and analysis of guidelines in the United Kingdom and the United
States governing the design of ventilation systems for hospital wards and multi-bed rooms. CFD
was utilized to evaluate the effectiveness of various ventilation strategies in removing airborne
pathogens from ward spaces. A room with various locations of ventilation grilles is shown in

Figure 2.1. Diffuser A is located near the lower part of the room; as for diffuser B, it is located



near the higher part of the room; as for diffuser C, it is located at the ceiling. E is the source of the

aerosols.

Figure 2.1 Proposed ventilation locations (A, B, C, and D) and E is the aerosol source

(Adopted from Beggs et al., 2008)

Three different ventilation regimes are considered in this case. First, diffuser A is the supply, and
diffuser B is the outlet. As for the second regime, diffuser B is the supply, and diffuser A is the
outlet. As for the third regime, diffuser D is the supply, and diffuser C is the outlet. The results
demonstrated lower aerosol particle concentration in the ward in the case of having the supply and

outlet diffusers at the ceiling, as shown in Figure 2.2.



;Lx Regime 1

) - Regime 2

¥

2 I Regime 3

Figure 2.2 Aerosol concentration contour plots (Beggs et al., 2008)

Additionally, (Gbadamosi et al., 2020) conducted a study on the isolation space creation measures
for COVID-19 patients, considering different spaces, including self-isolation at home, isolation at

regular hospitals, epidemic hospitals, retrofitted buildings, temporary mobile cabins, and newly
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constructed temporary hospitals for COVID-19. The study relies on a mixed-method approach,
which utilizes secondary quantitative data and a qualitative literature review on COVID-19 to
propose a solution to the space problem. The study found that the most effective methods of
controlling the spread are isolation in temporary mobile cabins and newbuild COVID-19 hospitals.
While this solves the space problem that healthcare systems face, other critical aspects need to be
considered for this approach, including healthcare staff and medical equipment shortages. This

highlights the use of modular buildings as field hospitals in such a pandemic.
2.2.2 Ventilation Systems CFD Applications

There have been many studies concerned with ventilation system assessment using CFD. (Ren et
al., 2021) examined three different ventilation systems placements within a double-patient ward,
through CFD numerical modelling using OpenFOAM software. The study focused on different
particles diameters (i.e., 3 um,6 um,12 um,20 um, 45 um,and 175 ym) injected using
Eulerian-Lagrangian model. The ACH rate remains at 12.3. Three different ventilation systems
are examined; first, the outlet and the inlet are located on the same sidewall; second, the outlet and
the inlet are located on the opposite sidewall; and finally, one inlet is located on the ceiling, and
two outlets are located on the sidewall, as shown in Figure 2.3. The study found that the particles
smaller than 20 um tend to be removed by the ventilation system, while particles larger than
45 pum land on near surfaces; thus, suggesting the placement of the outlet near the landing zone of

those larger particles.

Inlet v Inlet Inlet
(04 mX0.4m)$= (0.4m X 0.4m) | (0.4m X 0.4m)

\-:_".
g 1.78 m| Patients Outlet T 1.78 m| Patients Outlet . 1.78 m| Patients
e (0.4 m X 0.4 m) ' 1 (0.4 m X0.4 m) I 1
. 27 0.4 my = & 2" 0.4m} = ¥ 27 04 my -,
! 5 0.12 m”
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Figure 2.3 Different ventilation strategies (Ren et al., 2021)

On the other hand, (Anghel et al., 2020) examined the source of the particles within a hospital
ward using ANSY'S Fluent, considering three different scenarios. First, the infected patient coughs

on the right side of the unit, second, the infected patient is located on the left side of the unit, and
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finally, the infected person is in the middle of the unit, as shown in Figure 2.4. The study found
that scenario II causes respiratory droplets are spreading more than in the other two scenarios.

Thus, suggesting the utilization of increased air supply while maintaining a constant flow.
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Figure 2.4 Three different scenarios (Anghel et al., 2020)

(Ahmadzadeh et al., 2020) investigated the effect of the ventilation system on the transmission of
droplets generated when talking or sneezing by a person with a viral respiratory infection such as
COVID-19 in a classroom, as shown in Figure 2.5. Considering two different conditions, first, the
teacher is speaking in the classroom, and second, a student in the classroom coughs under various
conditions (e.g., window open) using CFD. Particles were modelled using Euler-Lagrangian and
using ANSYS Fluent to perform the simulations. The study found that airborne pathogens are
significantly reduced when the infected person is close to the air-conditioning and an open
window. As for the worst-performing case was found to be when the cough source was in the

corner of the classroom.
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Figure 2.5 Classroom setup (Ahmadzadeh et al., 2020)

It was noted that there are many parameters impacting the translation of the droplet. Ventilation
systems are the critical factor in the destination of the droplets. Thus, the need to assess the impact
of the inlet and outlet placement as well as the ACH rate for the geometry is considered in this

thesis.
2.2.3 Aerosol Modelling Overview

Experimental testing has been widely used to model particle flows. While there are many ways to
conduct such experiments, technology limitations (e.g., ability to capture small particles, and
speed) have limited such experiments. Recently, modern technological advancements have
emerged and are currently utilized experimentally and numerically. For example, (Zhu et al., 2006)
examined the transport characteristics of saliva droplets produced by coughing in a calm indoor
environment. The study investigated the use of an experimental and CFD analysis to understand
how the particle's trajectory is affected. The study includes the coughs of three subjects. Using

particle image velocimetry, as shown in Figure 2.6.
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Figure 2.6 Particle image velocimetry (Zhu et al., 2006)

The latter study found that more than 6.7 mg of saliva is produced, and particles reach an average
velocity of 11.2 m/s. It was also found that saliva particles can travel further than 2 m in an empty
space. The study utilized the Lagrangian model in the dispersion of saliva droplets with different
diameters. It was found that droplets of a diameter of 30 wm or smaller are not affected by gravity
or inertia but by the flow field of the space they are in due to their smaller size. In comparison,
droplets of sizes 50 — 200 pwm are affected by gravity, but they fall as the flow field weakens. As
for droplets of size 300 wm or larger, they are affected by both gravity and inertia but will fall
eventually due to their larger diameter. The analytical results demonstrate that droplet transport is
significantly impacted by the spatial relationship between the ventilation system placement and
the source of the cough. In contrast, (Lindsley et al., 2012) conducted a study about the quantity
and size distribution of cough-generated aerosols produced by influenza patients during and after

the illness. The study was conducted using a laser aerosols particle spectrometer, as shown in
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Figure 2.7, capable of capturing a size range of 0.35 — 10 pm. Nine subjects were considered in
this study. The study found that the average cough aerosol volume with influenza is
38.3 x 10712L. As for the average cough volume after recovery, it was determined to be
26.4 x 10712, In addition, when the subjects had influenza, an average of 63% of each subject’s
cough aerosol particle volume in the detection range was in the respirable size fraction,
highlighting that these particles could reach the alveolar region of the lungs if inhaled by another

person.
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Figure 2.7 Cough aerosol particle measurement system (Lindsley et al., 2012)

The dispersion of expiratory airborne droplets in a model single patient hospital recovery room
with stratified air ventilation was investigated by (Aliabadi, 2013). The focus of the study was to
examine low-energy ventilation systems for adoption in hospital rooms, providing better air

quality. This study consists of three parts. First, the use of air-assist internally mixing atomizer to
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generate a poly-disperse distribution of droplets to assess the ventilation and near-field droplet
size, velocity, and diffusivity in radial and axial directions for steady and transient atomization
experimentally has been conducted. The second part is the use of the atomizer to inject droplets
into a mock-up patient recovery room with an underfloor air distribution ventilation system to
examine the far-field size-resolved concentration measurements representative of a receiver
experimentally. Thirdly, the study examined the use of CFD to predict airborne droplet exposure
under different cases in the far-field experiments. The study determined that the underfloor air
distribution system's performance in removing injection particles depends on critical factors, such
as momentum, the direction of injection, occupant location, and ACH rate. In addition, the
dispersion of droplets depends on the droplets' size since smaller droplets tend to disperse more
quickly than larger ones. It was also found that stratification alone is insufficient to reduce
exposure to airborne droplets. Instead, a higher ACH rate with sufficient dilution may be a better

approach.
2.2.4 Aerosol Modelling using CFD

Many studies have focused on performing experimental testing to study the characteristics of a
cough, which helped understand some parameters that aid in designing numerical simulations. This
enabled the use of numerical modelling to perform various tests to further understand how the
cough aerosols propagate. For example, a study done by (Gupta et al., 2009) examined how
airborne disease transmission occurs by characterizing the flow dynamics of a cough since
coughing is one of the prime sources of airborne diseases. It has high velocity and a large quantity
of droplets ejection. Using experimental testing and CFD modelling, the study determined that the
flow rate at which the cough is ejected can be represented as a combination of gamma probability
distribution functions. In contrast, a sequential cough of two single coughs showed higher
concertation of particles in the first cough than in the second cough. As for the travel distance of
the aerosols, (Blocken et al., 2020) conducted an aerodynamic study focusing on assessing the
1.5 m distance of social distancing. The study of micro-droplets emitted from one person to
another through coughing, sneezing, or exhaling is essential to understand how the social
distancing rule impacts the droplets transfer. The setting in this case, when two subjects are
walking or running in specific configurations, as for the social distancing rule, is accounting for

when the two subjects are standing still, not considering the effects of aerodynamics; therefore,
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the impact of external wind is deemed to be absent in this study. The study was conducted using
CFD simulations and based on three different configurations, side by side running, inline, and
staggered, as shown in Figure 2.8. The study concluded that the trailing person's most significant
exposure to droplets is when the tailing person is in line behind the leading person (i.e., positioned
in the slipstream). It was also found that the exposure to droplets increases when the distance
between the leading person and the trailing person decreases. The study recommends 1.5m
distance when the walking or running in the slipstream is taking a staggered configuration or side-
by-side configurations or keeping a more significant distance that increases with the walking or

running speed.
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Figure 2.8 Droplet spreading when running at 14.4 km/h in the different configurations studied
(Blocken et al., 2020)

Another study by (B. Zhang et al., 2020) investigated the transport and trajectory of cough-induced
bimodal aerosol in an air-conditioned space. The study focuses on ventilation's influence and the
nearby human breathing zone. An experimental system consisting of an air-conditioned room with
various inlets and outlets, a cough simulator, and a receiver was constructed to validate the CFD
model. The CFD model was established as a transient three-dimensional multiphase
multicomponent Eulerian-Lagrangian model. The results demonstrated a good agreement between
the experimental and CFD. The study concluded that aerosol source location and ambient air

movement could be crucial factors of aerosol trajectory in direct or indirect influence. This paper
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is utilized in the validation and will be described in detail in the next chapter. As for the governing
equations to model the trajectory of particles within space, three-dimensional, transient, turbulent
multiphase flow using the Eulerian-Lagrangian frame. The principal governing equations
concerned with performing such simulations are summarized in Table 1. In addition, Lagrangian
modelling depends on various physics models summarized in Table 2. Many important factors
impact the solution of such models. Thus, the need to assess the models used for the application is

essential.
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Table 1 Major governing equations

Model Representative Equation
. ]
Continuity % (pY) + V. (pUY;) = —V.J;
]
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Energy = (PE) + V.[U(PE + p)] = V.[kVT = > hyJ; + (. U)]
i

Equation of state p = pRT
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Table 2 Major governing Lagrangian phase models

Conservation of linear momentum

Drag force F; == CypA,|vs|vg

24
—(1+0.15Re)*®7)  Re, <103
Re,

Cd =
Drag coefficient 0.44 Re, > 103
(Schiller-Naumann correlation)
plus|Dy

ep =—
U

Pressure gradient force Ey = =V VDstatic
Gravity force F, =myg

. . ) dr,

Particle position and velocity P U
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2.3 Wind Load Evaluation and Modular Structures

This section provides an overview of the use of Large-Eddy Simulation (LES) to perform wind
load evaluations, as well as an overview of the recent advancements in modular structures. First,
an overview of the techniques used to perform wind load evaluations is presented and discussed,

followed by an overview of the emerging technologies concerning modular structures.
2.3.1 Wind Load Evaluation

Wind load is a governing load for various structures, which highlights the importance of adopting
high-fidelity techniques when evaluating their impact while designing structures (e.g., modular
structures). Wind load evaluations have seen significant advancement over the years, which
highlights the role of wind loads when it comes to designing structures. With the advancement of
modular structures, the complexity of understanding such structures requires the utilization of
various tools (e.g., full-scale tests, wind tunnels, and CFD). For example, (Ho et al., 1992) explored
the low building wind load variability with application to codes. The study utilized wind tunnel
testing to assess the wind code specifications based on data from wind tunnel tests on isolated
buildings in idealized homogenous upstream terrains. In addition, the study reports preliminary
results of systematic wind tunnel testing, specially designed to account for the effects of realistic
surroundings on wind loads for various building shapes. The study found that the major contributor
to the highly variable wind loads is the peak coefficients C,C,With a coefficient of variation in
order of 0.6. Another contributor to this variation is the dynamic reference pressure. More data is
required to understand the appropriately and better describe this parameter. Additionally, (Ho et
al., 2005) examined the contribution of the University of Western in support of Texas Tech
University and the United States National Institute of Standards and Technology to create an
aerodynamic database for low building design. The paper describes the background necessary to
understand the testing configurations, basic models, and wind simulation. Parametric comparisons
are performed to obtain basic quality checks. Parameters such as roof slope, building height, and
building plan dimension show that data obtained within the study are consistent with the expected
aerodynamic behaviour. Comparison with full-scale data shows that wind tunnel tests match the
full-scale well but cannot reproduce the largest of the peak point suctions near roof edges. This
study is adopted in the validation process for the CFD simulation and will be described in more

detail in the next chapter. As for the study of CFD applications on low-rise buildings, (Ricci et al.,
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2017) conducted LES on a low-rise building to evaluate wind loads and assess the structural
response. The study focuses on the comparison between wind tunnel tests and CFD analysis, using
pressure distribution as well as dynamic structural analysis. The study found that the mean pressure
coefficient can accurately be predicted by LES, unlike the standard deviation, as it can be less

accurate, and this is mainly observed at the edges, as shown in Figure 2.9.
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Figure 2.9 Mean pressure coefficient and standard deviation (Ricci et al., 2017)

Since many factors impact the wind loads developed on structures, including the distribution of
the surrounding structures, a study done by (Elshaer et al., 2017) examined the effect of urban

development on the variations in wind load on buildings. With the changes in urban topology,
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planning a building placement in a dense metropolitan is crucial since the structure can experience
different flow mechanisms, such as wake effects and channelling. These flow mechanisms are
impacted by the surrounding structures' shape, height, and location, which are dynamically
changing with new developments. The study examines two cases. First, having the building
surrounded by generic surrounding configurations of different heights. Secondly, the building
environment of the Financial District, Toronto, is adopted and examined for three different
development stages. The study found that the change in urban development can have different
impacts on the structural and non-structural elements. As the urban development becomes denser,
the fluctuations in wind pressures increased. The increased volatility can lead to increased pressure
on cladding components, which poses a higher risk. LES has been utilized to perform wind
simulations over the years. Still, there are many factors to consider when performing such
simulations, such as the consideration of the inflow generation to be able to introduce the matching
turbulence. When it comes to utilizing LES to perform wind simulations, the need to accurately
generate inflow turbulence is crucial to performing high-fidelity simulations. There are three main
families of techniques used to generate turbulence in LES, which are precursor database, recycling
method, and synthetic turbulence. The precursor technique has been adopted widely in wind
engineering applications, but it has drawbacks since it consists of two stages and can be
computationally expensive. As for the recycling method, it is similar to the precursor method but
requires the terrain characteristics to be known and accurately implemented. As for the synthetic
techniques, there are mainly two types, the weighted amplitude wave superposition method, which
satisfies the turbulent velocity field of targeted power and cross-spectra, but it is not dependent on
the grid discretization; thus, it doesn’t satisfy the continuity equation. As for the second type, it is
referred to as random flow generation. This technique has been developed repeatedly to account
for atmospheric boundary layer conditions and improve its accuracy. Among the efforts exerted
towards improving the accuracy of inflow generators, (Aboshosha et al., 2015) proposed a
technique of turbulent inflow generation that can be used as inflow boundary conditions when
conducting large-eddy simulations of lower atmospheric boundary layers. With this development,
the production of accurate inflow generation is improved with the introduction of consistent
discrete random flow generation (CDRFG), as it works on the bases of synthesizing random

divergent-free turbulent velocities, as shown in Figure 2.10.
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Figure 2.10 CDRFG flowchart ((Aboshosha et al., 2015)

The latter technique maintains the turbulent spectra and coherency function, which are critical to
appropriately simulate interactions of turbulent atmospheric boundary layers flow. The study
found that previous inflow generators lack accuracy when it comes to modelling the target spectra

and coherency. It was found that CDRFG maintains consistent spectra and coherency. This has
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been validated with previous studies, numerically and experimentally, demonstrating this

technique's applicability when conducting large-eddy simulations. Thus, this thesis has adopted it

as the flow generation technique in Chapter 4.

In addition, (Elshaer et al., 2016) performed an LES simulation to evaluate wind-induced
responses for an isolated and surrounded building. The study utilized the CDRFG technique for
flow generation, as it satisfies turbulence spectra and coherency, which increases the fidelity of
the simulation. In addition, results were compared to the wind tunnel data from the literature to
assess the accuracy of the inflow generation. Figure 2.11 shows (a) wind profile, (b) turbulence

intensities, and (c) length scales measured from both wind tunnel tests and CFD.
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Figure 2.11 Profiles measured from the wind tunnel, and CFD (Elshaer et al., 2016)

The study found that there is a good agreement in the pressure measurements compared to the
boundary layer wind tunnel. Thus, deeming the utilization of LES and CDRFG to be more accurate
when estimating the pressure distribution on the structure, which supports the adoption of the latter

technique in this thesis for wind load evaluation on modular buildings (Chapter 4).
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2.3.2 Modular Structures

Many studies have covered various aspects of modular structures, including materials,
connections, and applications. For example, (Lawson et al., 2008) investigated the robustness of
light steel frames and modular construction. Various forms of construction adopting lightweight
steel and modular technologies are reviewed. The study focuses on the accidental actions that can
impact the structural stability using a scenario-based approach, and selective modules are removed,
as shown in Figure 2.12. As for the horizontal and vertical forces developed in the connections
between the modules, they can be calculated explicitly. The study was conducted using a series of
stressed skin tests on modular structures, which is when the upper module is supported by the
lower module, and the vertical support to one edge of the lower module was removed. The study
determined that modules could span as deep beams with one longitudinal support removed with
minimal displacements, indicating the robustness of the torsional stiffness of the volumetric

module.
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Figure 2.12 Robustness scenarios in modular construction (Lawson et al., 2008)

Another study by (Lacey et al., 2018) examined modular steel buildings' performance consisting
of stacked module assemblies. A case study of a six-storey modular apartment building, as shown
in Figure 2.13, located in Port Hedland, Western Australia, was examined to assess the

performance through equivalent static and fluctuating wind loads, in accordance with the
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Australian Standard 1170.2, to understand the influence of inter-module connection stiffness on

the structural performance using finite element modelling (FEM).

Central
corridor

Figure 2.13 Numerical model layout (Lacey et al., 2018)

The study concluded that variations in the fundamental period depend mainly on the frame type,
height, and inter-connection stiffness. As for the case study, the inter-storey drift ratio primarily
depends on the vertical connection translational stiffness in the along wind direction, with the ratio
decreasing as the stiffness of the connection increases. Along this line of research, (Peng et al.,
2021) investigated corner-supported modular buildings under wind actions. The study proposes a
novel design of a corner-supported steel-concrete composite module, as shown in Figure 2.14.
Parameters such as strength and stiffness are of interest to improve. These improvements are
achieved using concrete-filled steel tubular (CFST) columns, laminated double beams, and
integrated concrete slabs. The structural integrity is enhanced through the designs of tenon-
connected inter-module connections, in addition to beam-to-beam bolt connections. The study
revealed an average increase of 21% in elastic stiffness and 33% in capacity under lateral loads

compared to steel hollow sections (SHS).
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Figure 2.14 Corner-supported steel-concrete composite modules (Peng et al., 2021)

Using finite element analysis modelling ABAQUS, two approaches are adopted, the simplified
method (SM) and the detailed method (DM), to demonstrate how CFST can be modelled. The
detailed method contains sophisticated, realistic details that can simulate interactions between each
structural component, which produces more accurate predictions which can be useful for the
design of a single structural component. As for the simplified method, it is developed to save
computational costs while still capable of predicting the load-displacement curves and the failure
modes of the modular buildings. The proposed design of CFST columns demonstrated increased

lateral resistance compared to SHS, as shown in Figure 2.15.

26



200 200
175 F 175
é 150 | é 150
A7 125 Qs 125
g 100 | g 100
= S
= 75 = 75
2 2
5 0 —8— DM-SHSX 5 30 —&— DM-CFST-X
25 =—@— SM-SHS-X 25 =—@— SM-CFST-X
0 0
0 100 200 300 400 0 100 200 300 400
Lateral displacement, U, (mm) Lateral displacement, U, (mm)

Figure 2.15 Lateral resistance for CFST and SHS using detailed and simplified methods
adopted in FEM model (Peng et al., 2021)

Also, (J. F. Zhang et al., 2020) studied the mechanical properties of full-scale assembled light steel
modular buildings consisting of a bottom frame and a top frame connected with columns and high-
strength bolts, as shown in Figure 2.16. The results were performed using FEM (i.e., ABAQUS).
Deformation in both full-scale and FEM was compared, as shown in Figure 2.17. The load-
displacements graphs were then plotted for column 2 (C2) and column 3 (C3) at the top end point

(a) and mid-height point of columns (b), as shown in Figure 2.18.
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Figure 2.16 Assembled-type light steel module (J. F. Zhang et al., 2020)
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Figure 2.17 Deformation in four columns in FEM and full-scale (J. F. Zhang et al., 2020)
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Figure 2.18 Load displacement of C2 and C3 (a) at the top end of the column (b) at the mid-
point (J. F. Zhang et al., 2020)

Through the vertical bearing capacity test and horizontal stiffness test, the study found that the
assembled-type light steel module failed due to the excessive flexural-torsional buckling of the
four columns. The bottom frame remained in the elastic stage, indicating good deformation
capacity and weak rigidity. As for the horizontal stiffness, the module had a weak horizontal

stiffness under horizontal load, and deformation was still in the elastic stage. A study conducted
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by (Wang et al., 2021) investigated the seismic performance of assembled-type light steel modules
based on joint stiffness analysis. The study was performed using quasi-static loading, and through
full-scale experimental, as shown in Figure 2.19, and FEM, a stiffness analysis of intra-modular
and inter-modular connections was performed. In Figure 2.19, the labels refer to the following: 1.
Reaction wall; 2. Horizontal hydraulic jack and force transducer; 3. Hinged support; 4. Pedestal;
5. Top frame; 6. Bottom frame; 7. Ceiling beam; 8. Floor beam; 9. Column; 10. Intra-modular

connection; 11. Inter-modular connection.

Figure 2.19 Full-scale test setup (Wang et al., 2021)



The study found that the weld fractures at the connection between the ceiling beam and corner
fitting near the loading end decrease the bearing capacity, highlighting the importance of
connection design. In addition, the holes in the corner fittings have an insignificant effect on the
initial rotational stiffness of the unit’s intra-modular connection but will still reduce the bearing
capacity. As for the intra-modular connection, based on the calculations according to Eurocode 3,
the connection appears to be semi-rigid, which should be considered when performing analysis.
On the other hand, (Gatheeshgar et al., 2020) investigated the use of cold-formed steel in the
applications of modular buildings. The application adopted in the paper was to further optimize
and enhance the usability of cold-formed steel sections based on various aspects, such as weight
reduction, access space, transportation restrictions, and structural, fire, and energy performances.
Incorporating cold-formed steel members with slotted webs can address such problems. The study
utilized an optimization technique referred to as particle swarm optimization to reduce material
usage while maintaining the performance of the sections. Results were then analyzed further using
the finite element method. Three different sections were considered in this study to determine the
effect of optimization on their performance, which are the lipped channel section, folded-flange

section, and super-sigma section, as shown in Figure 2.20.
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Figure 2.20 Selected sections for optimization (Gatheeshgar et al., 2020)

The study found that the flexural capacity of the optimized sections improved by 30%, 60%, and
65% for the lipped channel, folded-flange, and super sigma, respectively, in comparison to the

conventional cold-formed steel sections. A study conducted by (N.Usefi et al., 2021) examined the
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utilization of hybrid-cold formed steel frames in comparison to ordinary moment-resisting frames.
The study focuses on the structural performance and sustainability of the frames, which is achieved
through quantitative and qualitative analyses that outline both systems' advantages and
disadvantages. The study found that hybrid-cold form steel frames perform structurally better in
storey shear and drift. In addition, hybrid-cold form steel frames have less impact on the
environment in comparison to the ordinary moment-resisting steel frames. This can be attributed
to the less materials used in the construction, which also leads to increased cost savings of up to
23% in comparison to the ordinary moment-resisting frames. The stability of structures is critical
to understand; therefore, (Z. Chen et al., 2021) explored the multidirectional stability and response
of prefabricated volumetric modular steel construction. The study summarizes essential factors
impacting the structural stability and performance of multi-storey prefabricated volumetric
modular steel buildings. Several factors influencing structural performance, such as connections,
stability systems, and configurations, are discussed to enhance the understanding of these factors
on the overall structural performance. The study found that prefabricated volumetric modular steel
buildings can be utilized in low-rise and mid-rise structures since they provide cost-effective,
faster, safer, and eco-sustainable solutions in comparison to the conventional methods. In addition,
multidirectional stability in these applications is well understood, in contrast to the high-rise
applications, as there are many technical challenges facing the utilizations, such as the response of
lateral force resisting systems on structural and non-structural components, which can result in
poor connection design, since high-rise structures are typically designed to be flexible. The impact
of having flexible structures on structural and non-structural components is essential. (Hwan Doh
et al., 2017) investigated the use of an innovative steel bracket connection to determine the shear
loading, ultimate resistance, and failure modes in modular building applications, as shown in
Figure 2.21. The study was conducted through experimental testing and finite element modelling.
The study focused on parameters such as the bolthole dimensions and spacing to better understand

their impact on the structural behaviours of the steel bracket connection.
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Figure 2.21 Steel connection assembled (Hwan Doh et al., 2017)

As for the steel bracket connection, it consisted of a hollow cube steel section with dimensions of
370 mm x 370 mm X 370 mm with a wall thickness of 15 mm, as shown in Figure 2.22. Six
faces on the cube, including a plain face, two faces with rectangular cut-outs utilized for assembly,
two faces with four boltholes and a rectangular cut-out for access, one face with four boltholes,
and one larger hole in the center for transportation purposes. The bracket connection utilized
Q235B steel, which is a commonly used material in the Chinese steel industry. The material

property is shown in Table 3.
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Figure 2.22 Steel bracket connection (Hwan Doh et al., 2017)

Table 3 Q325B steel properties (Hwan Doh et al., 2017)

Yield strength 235 MPa
Ultimate strength 375 —460 MPa
Density 7.85 g/cm?3
Modulus of elasticity 200 — 210 GPa
Poisson’s ratio 0.25-0.33
Elongation 26%

The study found that the steel bracket connection failed in a ductile manner, with no evidence of
plate failure. The connection failure was due to the exceedance of the bolt tensile capacity. Further

analysis is required to optimize this connection.
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On the other hand, (Godbole et al., 2018) conducted a study on the dynamic loading that occurs
on the modules during transportation to investigate the vehicular vibrations on the truck-trailer,
which may cause damage to the components attached to the unit. The study focuses on different
parameters such as the level of loading on the vehicle, location of the centre mass, suspension
setup of the truck-trailer, and the amount of damping of the vibrating parts. This is done through
modelling the road roughness as a stationary Gaussian process to obtain the acceleration response
spectrum. The study found that components should be designed to withstand 32 m/s? of vertical
acceleration in both directions, in addition to the gravitational acceleration, in order to be able to
withstand the acceleration the truck experiences. Cost analysis is an essential when it comes to
planning construction, thus, (Lopez and Froese, 2016) performed a cost and benefits analysis of
panelized and modular prefabricated homes. The study's objective was to provide a framework of
the advantages and disadvantages of the panelized and modular construction techniques to build
single-family homes with similar characteristics. Panelized homes identified advantages when it
comes to transportation, equipment, machinery, and insulation technology. In contrast,
modularized homes excelled in quality control and on-site work and trades. The study found that
modular homes are marginally more cost-effective in the case study analyzed with the
circumstances considered, thus, proving the possibility of evaluating the cost-effectiveness of
different construction techniques. (Kamali and Hewage, 2016) investigated the environmental
performance of modular buildings throughout their lifecycle. The study compares modular and
conventional construction techniques to outline both methods' challenges and benefits. The study
found that, on average, modular buildings provide a better lifecycle performance since they have
advantages when it comes to energy performance. More advantages of modular buildings are

outlined in Table 4.
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Table 4 Summarizing advantages and disadvantages of modular buildings (Kamali and

Hewage, 2016)

Parameters Description

Continuous construction work

Time
e It is not dependent on the weather

e Less site overhead and congestion

Cost e Machinery transportation cost reduction

Advantages e Labour transportation reduction

e Controlled manufacturing facility

e Automated machinery

Quality
e Less exposure to the elements while in
production
: e More project planning is required
Planning projectp £ q
e Hard to make changes later
e Module’s dimension constraints
| Transportation e Long-distance transportation
Disadvantages e Requires permits when producing oversized
components
e Site accessibility
Site restrains e Requiring cranes access on-site

e Labour availability in the area

(Ma et al., 2021) investigated the mechanical properties of a modular connection with
superimposed beams. The study was conducted experimentally and numerically to assess the
mechanical behaviours of the proposed connection within modular units, as shown in Figure 2.23.
The connection focuses on connecting modular units to columns in both vertical and horizontal
directions using an in-build component. The connection can utilize the floor beam of the upper
units and the ceiling beam of the bottom units into an integrated system, with the advantages of

easy installation without on-site welding, as shown in Figure 2.24.
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Figure 2.23 Single modular unit (Ma et al., 2021)
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Figure 2.24 Proposed Type-A modular connection (Ma et al., 2021)
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The study found that the proposed connection could allow the twin beams to rotate identically,
ensuring the combined action of twin beams in the modular structure. At the same time, the main
factors impacting the design of such connections are the twin beams’ flexural stiffness ratio and

the gap between the in-build component and column.

2.4 Summary

This chapter has discussed various aspects to consider when designing modular structures for
healthcare applications. The first aspect to consider is the design of the ventilation system, which
is done by utilizing the Lagrangian physics model to inject aerosols into the modular room and
investigating the parameters impacting aerosols’ destination, which will be presented in Chapter
3. Another aspect is the evaluation of wind load developed on different modules within a fishbone
layout to identify the critical locations that experience higher load intensities, which will be
adopted in Chapter 4. This chapter concludes with a previous study concerned with the design of
modular structures, which highlights the need for accurate quantification of loads on modular
structures, achieving better utilization for members and connections used in modular structures,
and demonstrates the ability to create different modules grades that match different load intensities

to optimize the modular structures in the healthcare applications.

37



Chapter 3 Ventilation System and Aerosols Simulation
3.1 Introduction

As the number of cases keeps on rising, the government of Canada has been working endlessly to
limit the spread of the virus by implementing new laws and rules such as face mask requirements
in public places and social distancing. Since hospitals are facing the challenge of the shortage of
care beds, which in turn increases the number of mortalities, especially for people who suffer from
other health conditions (Shoukat et al., 2020). Since the virus can be transmitted within indoor
enclosures, it is vital to be able to track mouth-generated aerosols in an air-conditioned indoor
environment such as hospital wards since they do not experience any increased temperatures that
can lead to the evaporation of the medium carrying the pathogens which is water. Therefore,
accumulation of viral loads can occur on surfaces, and the drying out process will slow. To assess
the performance of the ventilation system in place, different approaches can be adopted to achieve
appropriate results. Methods such as: (1) full-scale measurement, (ii) wind-tunnel testing, and (iii)
numerical modelling (e.g., computational fluid dynamics (CFD)). The full-scale approach relies
on a real situation where the complexity of the problem is taken into account. However, it provides
less control over boundary conditions and a finite number of measuring points and can also be
challenged by the limitations of the equipment used (i.e., the use of image processing to track
particles), which can be very challenging if not conducted properly. As for the wind-tunnel
approach, it provides control over the boundary conditions, although it can be costly to conduct,
and the limitation lies in the number of points to be monitored. On the other hand, CFD provides
full-scale numerical simulations, thus, providing comprehensive flow-field data of the investigated
parameters while having the ability to alter the design without constructing a physical model. With
the increasing number of applications, CFD has gained a lot of popularity in atmospheric and
environmental processes, as the design methods advanced. CFD has been utilized in various wind
engineering-related applications, including simulation of the flow field around structures (Elshaer
et al., 2016; Tamura, 2008), pedestrian level wind(Adamek et al., 2017; Joerg, 2006), pollution
dispersion (Tominaga and Stathopoulos, 2013), and assessing the viral contamination and air
quality (Bhattacharyya et al., 2020; Szczepanik-Scislo and Schnotale, 2020), which is the focus of
the current study. These latter applications rely on a Lagrangian approach, where a continuous
phase (i.e., air) interacts with a discrete phase (i.e., water). The interaction does not include a

reaction between the materials, but how they interact with each other in space. In many cases, CFD
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can be used to understand certain behaviours and interactions between two phases (i.e., particle
evaporation, break-up behaviour, and fluid film formation). This study utilizes CFD to understand
the effect of the air ventilation rate on particles' destination, and the placement of the ventilation
system to achieve an appropriate understanding of the mouth-generated aerosol propagation within
a modular room. Many studies have adopted this approach to examine the effect of the
surroundings on mouth-generated aerosols. For instance, (Blocken et al., 2020) conducted a study
about the effect of mouth-generated aerosols while running outdoors with the social distancing of
1.5 m, and how the pattern of running and the distance between the leading person and tailing one
can impact the exposure. It was found that as the distance between the leading and tailing person
decreases, the exposure increases, which leads to the recommendation of running in a segregated

side by side arrangement or keeping a larger distance to avoid the exposure.

The rate at which the volume of air being exchanged can impact the final position of aerosols in
the ward (B. Zhang et al., 2020). In general, the health care system can be branched into three
different components: (i) equipment, (ii) personnel, and (iii) space. As for the COVID-19
pandemic, the required equipment may include ventilators, which have been a major challenge to
secure during the surge of this pandemic. Accordingly, there was a race to purchase and produce
more ventilator units to respond to this critical need (Center for Devices and Radiological Health,
2021). As for personnel, retired doctors and nurses were asked to provide their service in addition
to recruiting doctors from other specialties to cover COVID-19 wards (Zhou et al., 2020). While
for the space challenge, modular buildings can be the solution as it has the advantage of being able
to be quickly transported and rapidly deployed in targeted regions. However, they need an
appropriate assessment of their performance in terms of room layout and achieving proper
infection control by altering the ventilation rate (i.e., ACH) of the room, and the placement of the
system inlet and outlet (Curry, 1990). When it comes to construction, structural performance,
sustainability, and economic and social costs are important factors that aid decision-makers in
proceeding with a design and comparing it with the conventional equivalent. Building construction
relies on the extensive consumption of natural resources, leading to increased environmental
emissions (Apuzzo and Kirkpatrick, 2020). Modular construction is an efficient building technique
that utilizes pre-engineered building modules mainly volumetric units that represent structural
elements of a building (typically produced off-site) that are assembled on-site to form different

types of structures as shown in Figure 3.1 (a), including houses, tall buildings, and bridges. This
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enables the use of a wider range of materials (e.g., timber, steel, concrete, and composites) and
design techniques while maintaining higher quality control on the produced structures (Zhou et
al., 2020). Since components are produced off-site in factories and transported to the site
destination for assembly, that helps improve the reduction in waste material, improve safety, and
minimize the building time (Innella et al., 2019; N.Usefi et al., 2021). Moreover, using hybrid
cold-formed steel modular structures can aid in increasing sustainability and structural
performance while reducing cost (Smith et al., 2010). The global market size of modular
construction in 2018 was valued at 112.3 billion USD (Innella et al., 2019). MC provides flexibility
in design and the ability to comply with different design requirements. MC can be characterized
by three principles: standardization, dimensional coordination, and prefabrication. This enables
construction to move from craft base to manufacturing base (Innella et al., 2019; N.Usefi et al.,
2021). MC structures can be categorized into three main types: (i) componentized which allows
for the greatest degree of design modification, however, the increasing number of components on
a construction site can lead to added complexity in the design, as they require more joints,
connections which increase the chance of misalignment, thus reducing the quality of the structure.
(i1) Panelized (two-dimensional) which offers the capability of using a panel’s cavity for the
distribution of services such as plumbing, and electrical. They also offer a better-finished product
than componentized as they are less likely to have visible marking where the joints are located.
(111) Modularized (three-dimensional) 95% of the work is completed in the factory, in the case of
shipping three-dimensional volumetric units that can be joined on-site, since the assembly is
mostly done at the manufacturing facility (N.Usefi et al., 2021). While MC can be used to form
structures for different purposes and uses (i.e., residential, schools, hospitals); it also provides the
capability of forming a high-rise structure, such as the building of Clement Canopy in Singapore,
which sets an example for one of the tallest buildings that adopted the concept of MC. The building
was made using prefabricated pre-finished volumetric construction (PPVC) system. Walls, floors,
and ceilings are prefabricated and erected on-site, while the majority of the construction was done
off-site. The structure consists of 1,866 modules, assembled as two 40-story towers (Zerndt, 2017).
Bradford Royal Infirmary hospital is another example of a healthcare facility that utilized MC as
the main construction method in one of its buildings. The energy efficiency and summertime
overheating of the MC building have been investigated by Fifield et al. to determine the energy

demand, internal temperatures, and ventilation performance. The building was airtight, unshaded,
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lightweight, and well-insulated. It was found that MC provides an energy-efficient and convenient
solution to the increasing demand in the healthcare systems while improving the performance of
the building; better design of the architectural form and mechanical systems is needed to provide
a safe and comfortable summertime environment for patients and clinical staff (Fifield et al.,
2018). MC methods have been numerously used after the COVID-19 outbreak. A remarkable
example of that is Huoshenshan Hospital in Wuhan, which was aimed to provide 1,000 hospital
beds with an area of 34,000 m2. The design and construction were completed in only ten days and
were done using rapid construction and MC (Zhou et al., 2020). Container units were assembled

on-site or shipped as volumetric units. The structural build-up is shown in Figure 3.1 (b).

Container structures

Reinforced concrete foundation
200 mm sand

Geotextiles

High-density polyethylene
geomembrane

Geotextiles

200 mm sand

Levelled ground

Figure 3.1 (a) modular timber residential building (Modular Home Builders Association,

2021) and (b) A typical structural build-up (Zhou et al., 2021)

To further maximize the use of MC for sustainable healthcare applications, an efficient assessment
and prediction tool is required to be developed for simulating the airflow and tracking the
respiratory droplet transfer inside a modularly designed room. This can be enabled using high-
fidelity computational fluid dynamics (CFD)-based modelling, which allows the assessment of the
infection control abilities in the developed system. As discussed earlier, assessment of particle
transmission within a health care facility is crucial for ensuring the safety of patients. Accordingly,
the current study aims at designing a modular solution for expanding the capacity of available

hospitals by providing pre-engineered units that can be deployed promptly while ensuring
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adequate infection control within the designed facilities. The study examines the effect of changing
the ventilation system efficiency by examining different levels of ACH. In addition, different
locations for the ventilation units (i.e., inlets and outlets) are assessed to improve the flow
circulation within the designed room. The chapter is divided into five sections. Section 3.1 (this
section) reviews COVID-19 and its impact on the healthcare system while providing a
comprehensive literature review about MC. Section 3.2 focuses on the numerical model details
and provides the assessment method used in this study. Details about the validation of the adopted
numerical model are provided in section 3.3. In contrast, section 3.4 focuses on a case study that
involves the assessment of a modular room using multiphase Lagrangian CFD modelling. Finally,

section 3.5 summarizes the chapter.

3.2 Numerical Model Details

To perform the study of aerosol transport and propagation in an air-conditioned space, a three-
dimensional, transient, turbulent multiphase CFD model was developed. The numerical
simulations were conducted using Simcenter STAR-CCM+ 2020.2 (15.04.008-R8), which was
provided by Siemens. The simulations were performed on SHARCNET, which provides
supercomputers that are efficient in performing different numerical simulations. The adopted
numerical characteristics followed the study by (B. Zhang et al., 2020). To numerically model the
injection of saliva particles, a Lagrangian model was used to model the flow of liquid droplets
within the airflow field, which lasted for 1.0 seconds (i.e., cough duration). A discrete phase model
was used to inject saliva into the domain, as for the enclosure of the room, it was modelled using
the continuous air continuum. The gas continuum consisted of air with a density of 1.18 kg/m?3
at a static temperature of 18°C, while the discrete phase of the droplets consisted of a liquid with
a density of 1028.89 kg/m?3 at a static temperature of 37°C (i.e., typical human core temperature).
The saliva consists of water, glycerin, and sodium with mass ratios of 1000: 76: 12, respectively
(B. Zhang et al., 2020). Since the particles generated from the mouth are typical of two main sizes
(i.e., coarse and fine), two circular injectors with an area of 500 mm? are placed in front of the
mouth boundary condition. These two injectors would eliminate the uncertainty added from the
break-up behaviour, or have particles collide with each other upon injection if one injector was
used. One injector is used to produce fine particles with a constant diameter of 5.0 um. In contrast,
the other is used to inject coarse particles following Rosin-Rammler distribution (Rosin and

Rammler, 1933) with an average diameter of 170 wm, a minimum diameter of 77 pm and a
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maximum diameter of 737 um. Both injectors are set to be at 37°C (i.e., typical human core
temperature) with a flow rate of 5mg/s. Since the gravity model is enabled, particle size will
impact the destination of the particles. To model human breath, a function simulating tidal

breathing was used and is represented as shown in Equation 1.

v(m/s) = 2.9sin(1.28t) Equation 1

This function is time-dependent to account for inhaling and exhaling. Except during the cough, as
the mouth velocity becomes 10 m/s for one second (B. Zhang et al., 2020). The room inlet and
outlet boundary conditions vary across the studied simulations depending on the ACH rate, the
room geometry, and the vent sizes of the system. The simulation duration is 80 seconds, where
the first 20 seconds are discretized into 0.1 seconds since the cough has not been introduced to the
computational domain. After this, the remaining 60 seconds utilize a time-step of 0.005 seconds
to satisfy the Courant-Friederichs-Lewy (CFL) number below 1.0 (Courant et al., 1928) to ensure

the convergence of the solution.

3.3 Validation Model

To validate the numerical models used to simulate the propagation of mouth-generated aerosol in
a modular room, a study conducted by (B. Zhang et al., 2020) involving a comprehensive
comparison between a full-scale experimental system and CFD simulation of an air-conditioned
chamber, was used to assess the transport and the trajectory of cough-induced aerosol. The
chamber geometry is 2.9 m long, 2.3 m wide and 2.0 m high, which includes four manikins sitting

on chairs to simulate a gathering, as shown in Figure 3.2.
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Qutlet

Figure 3.2 Geometric details of the validation model (Zhang et al. 2020)

Following (B. Zhang et al., 2020), The study was conducted under different ACH rates (i.e., 10,
20 and 40), which reflects the quality of air ventilation of the room. The simulation included two
scenarios where mouth-generated aerosols were assumed to be initiated by either manikin 1 or
manikin 3 under the same ACH rates. This has been designed to examine the impact of the
boundary conditions on aerosol propagation and how being near the inlet or the outlet changes the
destination of the aerosols. Six models were constructed using CFD, three models involving
manikin 1, as seen in Figure 3.2, coughing under different ACH rates. In comparison, the other
three models involved manikin 3, as seen in Figure 3.2, coughing under different ACH rates. It
was determined that as the ACH increases, the stronger air movement would prevent direct aerosol
inhalation under various coughing conditions. It was apparent that the mouth-generated aerosols

from manikin 1 caused more aerosols inhalation under 10, 20, and 40 ACH as it is located near

44



the inlet, with percentages inhaled of 1.96%, 0.36%, and 0.2%, respectively. While the mouth-
generated aerosols from manikin 3 caused aerosols inhalation of 0.86%, 0.76%, and 0.69%,
respectively. It was also observed that as the ACH rate increases, more aerosols get carried back
into the recirculation system. For instance, mouth-generated aerosols from manikin 1 caused fewer
aerosols to be carried out of the outlet back into the ventilation system recirculation with
percentages of 4.5%, 5.8%, and 22.9%. While mouth-generated aerosols from manikin 3 were
significantly more at 8.5%, 10.3%, and 32.7%, respectively, due to it being closer to the outlet.

Figure 3.3 demonstrates the differences between aerosol percentages at different rates for both

mouth-generated aerosols from manikin 1 and 3.
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Figure 3.3 Summary of aerosol destination of (a) Manikin 1 and (b) Manikin 3 (adopted from
Zhang et al. 2020)
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Based on these results, a similar room configuration was modelled, and boundary conditions were
set as shown in Figure 3.4, using the flow characteristics described in section 3.2 to validate the

adopted numerical simulation using the reported experimental values.

(b)

Figure 3.4 (a) Boundary conditions and (b) grid resolution used in the validation model
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In the validation model, the mesh adopted was based on a mesh sensitivity analysis conducted by
Zhang et al. (2020), based on four different mesh densities of 1 million, 1.5 million, 2 million, and
2.7 million. It was observed that for a total cell count of 2 million, the solution field tends to stay
stable. Thus, the computational domain was spatially discretized into hexahedral meshes of
25 mm and was further refined at the area near the aerosol injection to meshes of 10 mm, which
yielded a total number of 2.5 M cells. Figure 3.5 shows the aerosol destination percentages
calculated as the ratio between the mass of the particles passing through a boundary to the
summation of the mass of the particles going through all other boundaries. Figure 3.6 shows a
visual propagation of the mouth-generated aerosol with time. After running the validation models,
it was observed that as the ACH rate increases, a similar trend was observed as fewer particles are
being inhaled due to the influence of the AC. Under 10, 20, and 40 ACH, the percent inhaled for
the mouth-generated aerosols from manikin 1 was 3.13%, 2.01%, and 1.9%, respectively, while
the cough from manikin 3 was 2.84%, 2.9%, and 2.34%, respectively. This variation in following
a similar trend is attributed to the ability of the numerical model to monitor smaller particle sizes
compared to the experimental setup, which physically measures the collected particles at the
receiver’s end, in addition to the potential difference in the adopted geometry between the
experimental and the numerical results. It is also worth mentioning that the quantity of aerosol
collected at the outlet was observed to increase with the increase in the ACH for both the aerosol
injection from Manikin 1 and 3. However, it is noted that the increase in exiting aerosols in the
case of Manikin 1 compared to Manikin 3 is attributed to being nearer to the inlet of the ventilation

system, which can be noticed in Figure 3.5.
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Figure 3.5 Summary of aerosol destination percentage of (a) Manikin 1 and (b) Manikin 3
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Figure 3.6 Propagation of aerosol particles in the validation model with time

To further understand the validation process, error quantification was done based on twelve
different boundary conditions and configurations adopted in the validation. The overall average
error calculated based on the percentage of aerosols was found to be 2.66%. Figure 3.7 shows the
difference between the validation obtained in this study compared to (B. Zhang et al., 2020) for

different ACH rates and cough injecting Manican.

While the validation model yielded similar trends to the case study done by (B. Zhang et al., 2020),
it is essential to note that this variation can be due to different factors (i.e., the Manikin model

used, humidity in the room). Since the focus of this study is on the distribution of mouth-generated
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40

coagulation, thus increasing the size of aerosols, which can lead aerosols to land on near surfaces.

aerosols within a modular room, the humidity was not considered, as it can increase the
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Figure 3.7 (a) Manikin 1 under 10 ACH (b) Manikin 3 under 10 ACH (c) Manikin 1 under 20
ACH (d) Manikin 3 under 20 ACH (e) Manikin 1 under 40 ACH (f) Manikin 3 under 40 ACH



3.4 Case Study and Discussion
3.4.1 Effects of Changing the Ventilation Rate

The geometry of a health care room is a governing aspect when assessing infection control as it
dictates the required ventilation system parameters (i.e., inlet and outlet geometries and their flow
characteristics). After designing the MC room, the dimensions were set to be 6.1 m long by 2.5 m
wide and 3.0 m high. The room represents the computational domain in the simulation, as the
droplet transfer takes place inside the room. Figure 3.8 describes the room dimensions and the

boundary conditions of the computational domain.
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Figure 3.8 Layout for the modular construction room and its boundary numerical conditions

Based on the validation model and the adopted mesh sensitivity analysis, the computational
domain was discretized into three zones according to the mesh sizes, as shown in Figure 3.9. Since

Zone 1 is the closest to the injecting mouth, it adopted a mesh size of 10 mm, which has maintained
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a similar refinement to that of the validation model. While Zone 2 and 3 have adopted courser
mesh sizes of 30 mm and 75 mm, respectively since they have less influence on the flow while

maintaining the satisfaction of Courant number (Courant et al., 1928) below unity.
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(b)
Figure 3.9 A volumetric representation of the finer mesh details (a) a representation of 30 mm

mesh zone (b) a representation of 10 mm mesh zone

A mesh independent analysis was conducted to ensure the appropriate use of mesh sizes adopted

in the simulations. Two simulations of the typical room were used with an ACH rate of 40 to
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perform the mesh sensitivity analysis. The first simulation represented coarse mesh with a base
size of 75 mm; as for the fine zone, only one zone was adopted near the subject to ensure an
appropriate mouth opening consistent with the original simulation. This yielded a total number of
460,000 mesh cells. As for the finer mesh adopted, the base size used was 60 mm with two finer
zones of 20 mm and 10 mm near the subject. This yielded a total of 3,860,000 cells. After
processing the results, it was apparent that the mesh size adopted in the original simulation was
adequate, as shown in Figure 3.10 below. Boundary conditions across the simulation remained
consistent, except for walls, ground, and outlet; this can be attributed to the mesh size being too
fine or too coarse, which could cause the particles to cell skip as that violates the Courant-
Friederichs-Lewy value, which ultimately alters their final position. Since the time-step remained
the same across the simulation. The method of quantifying the particles near the boundary
conditions depends on a surface integral function that is also linked directly to the time-step to
track particles on boundary conditions. Mesh 1 represents the mesh utilized in this study, Mesh 2

represents the coarser mesh, and Mesh 3 represents the finer mesh.
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Figure 3.10 Mesh sensitivity analysis results

There are three governing boundary conditions of concern in this simulation, which are: the mouth,

the system inlet, and the system outlet. The remaining boundary conditions are set to non-slip wall
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conditions, as demonstrated in Figure 3.8. The ventilation system inlet is located on the roof of the
room with two openings with dimensions of 1,000 mm X 64 mm located 80 mm away from the
left wall and 610 mm away from the back wall. Openings are placed 1,000 mm apart from edge
to edge. The velocity of the system inlet was calculated based on the ACH rate. In this case, 10,
20, and 40 ACH required velocities of 1.02 m/s, 2.04 m/s, and 4.08 m/s, respectively. The inlet
was adjusted to be inclined downward at an angle of 30° from the horizontal plane. The ventilation
system outlet is located on the right wall with dimensions of 2,000 mm X 64 mm and placed
80 mm away from the floor and 190 mm away from the back wall. The outlet boundary condition
was set as a pressure outlet with negative pressure calculated using the inlet velocity and the air
density of the room to maintain constant air mass within the room. The suction pressure at the
outlets was set to —0.62 Pa, —2.47 Pa, and —9.88 Pa for 10, 20, and 40 ACH, respectively.
Figure 3.11 illustrates the distribution of the particles and their propagation over time for the

ventilation case of 40 ACH.
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Figure 3.11 Propagation of aerosol particles in the modular room with time (10 ACH)
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Figure 3.12 illustrates the impact of the ACH rate on the destination of aerosols within the
computational domain. It was apparent that more particle count is exiting the outlet with higher
ACH rates. The rate at which particles were exiting through the outlet increased by 41% by
increasing the ACH from 10 to 20. While increasing the rate to 40 ACH yielded a 137% increase
in particles leaving the outlet compared to 10 ACH. On the other hand, particles landing on
equipment decreased by 19% by increasing the ACH rate from 10 to 20; also, it decreased by
25% when the rate was increased from 10 to 40 ACH.

60

50

40

30

% of Aerosol

20

10

R m@§ Nes

Body Ground Roof wall Qutlet Equipment

im0

N\

7

mm—

M10ACH B20ACH H40ACH

Figure 3.12 Aerosol distribution across the hospital room
3.4.2 Effect of Changing the Location of Ventilation Units

To determine the impact of changing the inlet location in the modular room, two cases of the same
outlet position are to be investigated while changing the inlet position. Two ACH rates are used
(i.e., 20 and 40 ACH) to enable the assessment of the performance of the placement of the vents.
As recommended by the Centers for Disease Control and Prevention (CDC, 2020), the airflow
within the room should be directed from the cleaner area toward the more contaminated area. It
also recommended that the minimum required ACH rate for ICU to be 12. Since the facility is
meant to be occupied by patients who are diagnosed with COVID-19, the focus of the study is to

identify the room configuration that provides higher efficiency in contaminants removal by

56



altering the flow field. Accordingly, an ideal ventilation system for a hospital room is having an
inlet near the front of the room. This is done to reduce the chances of having contaminants leaving
the room. In the current parametric study, two configurations are demonstrated, as shown in Figure
3.13, where the first case examines the inlet to be located at the bottom of the front wall. In contrast,

the second case examines an inlet located at the ceiling.
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Figure 3.13 Boundary conditions of the parametric study where (a) represent the front wall

inlet, and (b) represents the roof inlet

In the first case (a), the inlet is located on the roof of the modular room at 80 mm away from the
front wall and shaped as a rectangular vent of dimensions 2,000 mm X 64 mm. In contrast, the
outlet is of the same dimension and is 80 mm away from the back wall. In the other case (Case
b), the inlet is located at the front wall and consists of 2,000 mm X 64 mm and 80 mm above
the floor, while the outlet remains at the same position. Both cases involve the study of the effect

of the ACH rate on contaminants removal.
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After running the models, the model with the inlet at the ceiling performed the worst due to having
less impact on the particles, as less than 1% of particles ended at the outlet in both the 20 and
40 ACH cases. 5.7% fewer particles landed on the ground when the ACH rate changed from 20
to 40 due to the increased suction. And since particles are required to travel further in this
orientation, fewer particles were removed from the system. While the case of having the inlet at
the front wall yielded the removal of at least 11% in both 20 and 40 ACH, and a 22.8% reduction
in particles landing on the ground when the ACH rate increased from 20 to 40, as demonstrated
in Figure 3.14, and this can be attributed to the location of the inlet, as it can directly impact the
aerosols lifting them away from the ground towards the outlet. As for the overall performance of
the different configurations studied, the typical room performed the best in terms of particles
exiting the domain with the removal of 11.8%, and 16.7% of aerosols through the outlet in the
cases of 20 and 40 ACH, respectively. As for particles landing on the walls, the typical room was
observed to have decreased from 40% to 34% in the cases of 20 and 40 ACH, respectively, unlike
the other configurations, where increasing the ACH rate yielded increased aerosols on walls. This
can be due to having aerosols travel further in the domain, which increases the chance of particles

landing on other surfaces between the inlet and the outlet.
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3.5 Summary

The current study examines the effect of different ventilation levels (i.e., 10, 20 and 40 ACH) in
a modularly constructed hospital room by tracking the mouth-generated aerosol. It was found that
as ACH increases from 20 to 40 ACH, the ability of the ventilation system to eliminate more
suspended aerosol increases. In contrast, a typical room design yielded the removal of 11.8%
compared to 16.7% under 40 ACH, which results in less viral load inhaled by other patients and
health workers. It was also found that most of the aerosol accumulates over wall and ground
surfaces, which emphasizes the importance of continuous disinfection of these surfaces. As for
altering the inlet and outlet positions also impacts the aerosol destination; when having the inlet
on the ceiling, the outlet performed less than 1% removal, therefore deeming the placement as
ineffective. On the other hand, having the inlet at the front wall yielded as good of a performance
as the typical room configuration discussed earlier; while that is true in the case of the 20 ACH
rate, it is not when it comes to the 40 ACH rate, as particles have to travel less in the domain in
the typical room design; therefore more particles will be exiting, as the typical room at 40 ACH
achieved the removal of at least 16% of the total particles that landed on surfaces. The overall
recommendation is that a typical design would be sufficient in terms of the particle’s removal,
there needs to be continuous disinfection. As for having the inlet at the front wall, it yielded 16%
of particles landing on the ground, which is significantly higher than other configurations. Since
altering the inlet position can impact the destination of the aerosols in the domain, it is
recommended to have a flow field that has a shorter path so that particles can travel less, and also
an appropriate ACH rate to achieve the desired contaminants removal. Higher ACH can yield
better performance in general, although it strongly depends on inlet and outlet placement, as the

results suggest.
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Chapter 4 Wind Simulation and Modular Structures
4.1 Introduction

Modular structures have been attracting significant attention from the construction industry. They
provide many advantages over conventional structures due to their speedy delivery, safer
construction process, less material wastage and sustainability (Smith et al., 2010). Modular
construction is a technique that involves the prefabrication of major structural components in an
off-site location, then transported and assembled on-site to form various types of structures. This
helps improve the efficiency of the construction process and ensures the quality of structures (Z.
Chen et al., 2021; Gatheeshgar et al., 2021; Smith et al., 2010; Z. Zhang et al., 2020). Different
materials can be utilized to form different structures highlighting their adaptability to the project
scope. When it comes to modular buildings, three different types can be utilized depending on the
project, which are componentized, panelized, and volumetric modules. In general, all building
projects are typically constrained by cost limitations, which is reflected in the decisions of
designers and construction professionals. The cost has three main aspects, which are material,
labour, and time, whereas prefabricated buildings provide a reduction in all three. With the
increasing demand for hospital beds due to COVID-19, modular buildings can be a suitable
solution. They can be deployed rapidly and provide the healthcare system with the space needed
to serve patients. A recent case where this technology has been adopted is Wuhan Thunder God
Mountain hospital. (Z. Chen et al., 2021) reviewed the accelerated design and construction
methods utilized in the hospital's construction. The hospital consists of modular composite
buildings finished product to reduce the workload of field operations and save time, which in turn
provided a capacity of 1,500 beds for COVID-19 patients, with the project taking a little more than
ten days to complete. The project adopted a volumetric light steel structure skeleton and steel
composite panels, with the mainframe beams and columns made of cold-formed steel welding.
Many studies have focused on the structural aspect of modular buildings covering materials,
connections (inter and intra), and types of modules. For instance, (Peng et al., 2021) performed
numerical analyses of corner-supported modular buildings under wind actions using concrete-
filled steel tubular columns, laminated double beams, and integrated concrete slabs in a 12-storey
modular building. The study determined that this type of composite modular building can
effectively improve the structural performance of modular buildings with an average increase of

21% 1in elastic stiffness and 33% in the maximum capacity under lateral load compared to hollow
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steel sections. Another study conducted by (J. F. Zhang et al., 2020) focused on the mechanical
property tests on full-scale assembled light steel modular buildings consisting of the bottom frame
and top frame connected with columns and high-strength bolts. In the vertical capacity test, the
modular unit failed due to the excessive flexural-torsional buckling of the four columns, which is
the typical primary buckling mode. As for the bottom frame, it remained in the elastic stage
indicating good deformation capacity and weak rigidity. Another example is the study conducted
by (Wang et al., 2021), which aimed to test the seismic performance of the assembled light steel
modular building based on joint stiffness analysis. The study was carried out through quasi-static
loading using the finite element to perform stiffness analysis of the intra-modular and inter-
modular connections. The study determined through the quasi-static test that the weld fractures at
the connection between the ceiling beam and the corner fitting near the loading end decrease the
bearing capacity, highlighting the importance of the connection quality. As for the ductility and
energy dissipation for temporary buildings, capacity can be guaranteed; as for permanent modular
structures, the performance is less. (Gatheeshgar et al., 2021) studied the development of
affordable steel-framed modular units focusing on the enhancements of healthcare, structural and
fire performance. The study focused on weight optimization for cold-formed steel joists in varying
shapes, with results showing weight per unit length reduction of up to 24% without compromising
the structural capacity. As for their intra connection, a novel cut and bend method was introduced
to improve the faster jointing method. Strap bracing is also used for lateral stability. As for
healthcare performance improvement, modular breathing panels are utilized in the corner post
modules as sidewalls to improve indoor air quality. As for fire improvement, cold-formed steel
joists can be utilized to control the heat transfer through the panels by increasing the heat insulation
of the material. In another related aspect, a study conducted by (Gbadamosi et al., 2020) focused
on isolation space creation for COVID-19 patients. Different spaces are analyzed in this case,
including self-isolation at home, isolation at regular hospitals, epidemic hospitals, retrofitted
buildings, temporary mobile cabins, and newly constructed temporary hospitals for COVID-19.
The study is based on a mixed-method approach, which involves the analysis of secondary
quantitative data and the qualitative review of literature on COVID-19. The study's outcome
determined that the most effective methods of controlling the spread are through isolation in
temporary mobile cabins or isolation at newbuild COVID-19 hospitals. (Suleiman et al., 2021a,

2021b) conducted a study examining the propagation of mouth-generated aerosols within a
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modular room. It was determined that the main factors impacting the aerosols' final destination
within a modular room are the air changes per hour rate and the flow path between the inlet and
the outlet. Based on the literature, the main factors for designing modular buildings for COVID-
19 patients are cost, efficiency, and structural performance. As for the cost, different modules
grades can be proposed to reduce the cost and material usage through a multi-unit modular
building. These grades can be categorized based on the location within the multi-unit layout of the
structure, which will, in return, impact the developed load on the modules. The current study
provides a detailed analysis of a multi-unit layout based on the forces developed on different
modules surfaces due to wind loads. Peak forces are then compared, based on their location within
the layout, to provide an understanding of how the location can impact the force development on
the modules. The results can be further used to design different grades of modules, thus reducing
the cost and materials used. Section 1 of this chapter (this section) covered the literature review
for the use of modular construction in various applications. In contrast, section 2 covers the
numerical model details, including the validation model's details concerning the geometry and
physics adopted. The multi modules layout is examined, and its geometrical details are presented
in Section 3. Section 4 summarizes the results obtained after running the models highlighting the

significant data, and finally, section 5 concludes the summary of this chapter.

4.2 Numerical Model Details

A study conducted by (Ho et al., 2005) involved a comprehensive quality check of data obtained
through experimental wind-tunnel testing compared to full-scale models. Parameters such as roof
slope, building height, and building plan dimension are examined for different wind angles of
attack. Mean pressure coefficient (Cp) and root mean square (RMS) pressure coefficient values
obtained through wind-tunnel testing are compared to the corresponding numerical models. A
validation simulation of CFD techniques is performed to assess the fidelity and accuracy of the
numerical technique covered in section 2.2 of this chapter. As for the procedure, it starts with
extracting the force-time history for each module within the layout, then identifying the critical
forces within each force-time history obtained, followed by picking the most critical force within
different wind angles of attack, and categorizing modules based on the critical wind forces, as

shown in Figure 4.1.
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Figure 4.1 Procedure for obtaining critical forces on modules

4.2.1 Building Geometry and Details Adopted in the Validation

A gable roof building with a roof slope of 1: 12 and plan dimensions of 38.1 m X 24.4 m witha
roof reference height of 7.32 m in full-scale using a wind angle of attack of 270° is used in the
validation of the numerical model. As for the probes where the mean Cp and RMS Cp are
collected, they are located across the roof, and they consist of 14 probes distributed on the roof
surface, as shown in Figure 4.2. The mean velocity and turbulence intensity profiles are generated
to match an open-terrain exposure with a roughness height (Z,) of 30 mm with a reference

velocity of 37.6 m/s at the height of 10 m in full-scale. The wind tunnel experimental study
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adopted a length-scale and timescale of 1: 100 and 1: 25, respectively. The velocity and intensity
profiles used in the case study matched with the wind tunnel experimental using Equation 2 for
the mean wind velocity and Equation 3 for the wind turbulence intensity in the longitudinal

direction.

2h AT wind Direction

Figure 4.2 Full-scale geometric details of the validation model

1
0(2) = Upes ( z )“ Equation 2
Zl:ef
VA u
L, =cy ( rZef ) Equation 3

The constants of the equations are obtained through parameters optimization, where the value of
%which represents the exposure type is determined to be 0.13; as for the U, 5 which is the velocity

at the reference height is obtained from (Ho et al., 2005), and it is 37.6 m/s in full-scale at

reference height (z,.¢) of 10 m. As for the intensity profile, a known intensity at a select height is

used as a reference to obtain the values of b,, and c,,. The adjustment parameters are optimized to

minimize the overall error in matching the target profile. The values obtained for the ¢, and b,,
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are 0.183 and 0.17, respectively, yielding an overall error of 3.64%. The profiles are matched as
shown in Figure 4.3 (a) and (b), respectively.

N
o

I T
© Wind Tunnel
% Numerical o x

~
o

Height (m)

-

(&)}
T
o
x

(a) o XX ° x
26 28 30 32 34 36 38 40 42 44 46
Velocity (m/s)

N
&

I
o Wind Tunnel
x Numerical |

N
o
T
x
o

Height (m)
- - N N w w
o [6)] o [6)] o [$)]
T T T T T T
x
x
x o
o
o
X
o
| | | 1 | |

(¢
T
(-]
x
1

(b) | x x

0 1
0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28
Intensity

Figure 4.3(a) mean wind velocity profile adopted in the wind-tunnel experiment compared to
numerical and (b) wind turbulence intensity profile adopted in wind-tunnel experiment

compared to numerical
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4.2.2 Numerical Details of the Validation Model

Based on the geometry explained in the previous section, STAR-CCM+ 2020.2 (15.04.008-R8) is
used to perform a wind simulation following the Large Eddy Simulation (LES) turbulence
modelling. Consistent discrete random flow generation (CDRFG), developed by (Aboshosha et
al., 2015), is used to generate the inflow turbulence following the procedure described in (Elshaer
etal.,2017,2016). A computational domain of dimensions of 2.1 m X 3.5m X 0.5 m (in model
scale) is used to perform the simulation, as shown in Figure 4.4. The building is placed 0.6 m
away from the inlet, and results collection started after 1,000 time-steps to ensure the flow
stabilization. As for the boundary conditions, the front wall is assigned as a velocity inlet, while
the back wall is an outlet, sides and the roof of the computational domain are assigned as symmetry
plane, as for the ground, it is set as a no-slip wall, as shown in Figure 4.4 (a). The computational
domain is discretized into two zones based on the hexahedral mesh cell. Zone 1 adopted a base
mesh size of 15 mm, while zone 2 had dimensions of 0.5m X 0.95m X 0.25m, adopted a

mesh size of 7.5 mm yielding 1.36 M cells, as shown in Figure 4.4 (b).
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Figure 4.4 (a) Computational domain and boundary conditions adopted in the validation and

(b) mesh discretization of the validation model

The simulation duration used is 10 seconds (in model scale) with a time-step of 0.5 milli-seconds
with total time-steps of 20,000. The time-step is selected based on the velocity scale and the
minimum cell size to satisfy the Courant-Friederichs-Lewy (CFL) number below unity to ensure
the solution convergence (Courant et al., 1928). As for the reference pressure used to calculate Cp,
a pitot tube probe is placed in the domain at the midpoint of the inlet before the building at the
height of 0.48 m. After running the validation model, the mean Cp and RMS Cp across the
ridgeline are compared, as shown in Figure 4.5 (a) and (b), respectively. The validation model
results show a good agreement between the reading of Cp in the wind tunnel and the numerical
method utilized in this chapter. Mean Cp results showed an error of 6.91%, as for the RMS Cp, it

demonstrated an error of 17.32%.
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4.3 Case Study

This section utilizes the same physics adopted in the validation section to be used with a fishbone-
like building layout of modular buildings adopted in Wuhan Thunder God Mountain hospital as
discussed by (L. K. Chen et al., 2021) to obtain forces developed on their surfaces. Results can be
further utilized to design different grades of modules to be adopted in the locations tested. Seven
wind angles of attack are considered, which are 0°,15°,30°,45°,60°,75° and 90°. Since multi
modules building consists of single modules with a footprint of 3.0 m X 6.0 m with 4.0 m height

as shown in Figure 4.6 (a), a fishbone layout is to be examined in CFD to determine the wind
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forces developed on different surfaces distributed at select locations as shown in Figure 4.6 (b).

Four corner modules, four internal modules, and six edge modules are examined.

Figure 4.6 (a) Full-scale geometric details of a single module (b) full-scale geometric details of

multi modules building
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As for the computational domain for the multi modules building adopted in the numerical model,
a rectangular block of size 3m X 5m X 0.5 m is used to perform the simulation. The building
is placed 0.8 m away from the inlet, and data collection starts after 2,000 time-step to ensure flow
stabilization. The front wall is assigned as a velocity inlet, while the back wall is an outlet, the
sides of the computational domain and the roof are assigned as symmetry plane, as for the ground,

it is set as a no-slip wall, as shown in Figure 4.7.

Figure 4.7 Computational domain and boundary conditions multi modules building

The computational domain of the multi modules building is discretized into three zones based on
the hexahedral mesh cell. Zone 1 adopted a base mesh size of 50 mm, while zone 2, with
dimensions of 1.9m X 2.5m X 0.3 m adopted a mesh size of 30 mm. Zone 3 consists of the
building itself with a mesh size of 2.5 mm yielding 0.9 M cells, as shown in Figure 4.8. The
simulation duration is 6 seconds, with a time-step of 0. 25 milli-second, with three inner iterations,
and a total of 24,000 time steps. Data collection of forces starts after 2,000 time steps to establish

flow stabilization. The time-step is selected based on the velocity scale and the minimum cell size
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to satisfy the Courant-Friederichs-Lewy (CFL) number below unity to ensure the solution

convergence (Courant et al., 1928).

Figure 4.8 Mesh discretization of multi modules buildings

4.4 Results and Discussion

After running all the models, the force-time history of each module within the layout is extracted
to find the critical forces developed on its surfaces. Since different wind angles of attacks are
examined, the most critical force is selected as a peak design force for each direction (i.e., X, Y
and Z). The X-direction is chosen to be in the longer span direction, while the Y-direction is in the
shorter direction, as shown in Figure 4.6 (a). As for the wind angle of attack 0° and 90°, the force
values are the resultant on those surfaces, thus making them the values experienced by the
modules. Unlike when the wind angle of attack is 15°,30°,45°,60° and 75°, in these cases, the
only force that can be utilized from the force-time history is the force in the Z-direction. As for
the forces in the X-direction, and Y-direction, the resultant forces are found by resolving the forces
reported in those directions. Force-time histories are reported in model-scale; to convert them to
full-scale, forces are multiplied by a force scale of 160,000. Figure 4.9 shows a time history for

module C4 in the X-direction from the wind angle of attack of 30° from 0.5 seconds to 6 seconds.
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Figure 4.9 Force-time history of module C4 in the X-direction with a wind angle of attack of

30°

Since there are four corner modules, six edge modules, and four interior modules, the developed
wind-induced loads are expected to be more critical in those corner and edge modules. As for the
internal modules, the critical forces are expected to occur in the Z-direction. The results
summarized in Figure 4.10 show the forces in the X, Y, and Z directions. To categorize the grades
of the modules, a comparison between the corner modules is conducted to determine the most
critical to be used at corner locations. As for the edge modules, forces developed on them are
compared to the corner ones. The critical loads can be used at all edge locations in the layout. As
for the internal ones, the only comparison is in the Z-direction to the corner and edge modules
since they experience little to no force in the X and Y wind directions. Based on the results, corner
modules experience higher forces in X and Y wind directions. This can be attributed to the larger
area of flow separation corner modules experience. For example, module C4 experienced the most
significant X-direction wind force of 100 kN compared to the corner modules under all different
wind angles of attacks. As for the most significant Y-direction wind force, it was developed on
module C1 with a value of 103 kN. As for the Z-direction for the corner modules, the most
significant force was experienced by module C4 with a value of 74 kN, and this is the largest Z-
direction force experienced by any modules tested. As for the edge modules, the module that
experienced the largest force in the X wind direction is module E2, with a value of 96 kN, which
is 4% less than the largest force developed on corner modules. As for the Y-direction wind

experienced by edge modules, the largest force developed on module E1 with a value of 93 kN,
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which is 10% less than the largest force developed on corner modules. Based on these findings,
modules located at corners can be further reinforced against the straining actions caused by
increased surface exposure, as they experience the most critical forces in the X-wind and the Y-
wind directions. As for the edge modules, they tend to experience weaker forces than corner
modules due to having less exposure to wind pressure. Thus, their design forces can be reduced to
reduce the material used. As for internal modules, their design can be reduced further since they
experience critical forces in Z-direction mainly. These observations can be further investigated by
examining a single module under wind load to obtain forces developed on its surfaces. They can
then be compared to the different module locations to determine the impact of the location on the

module's design force.

74



120 - T T T T T T T T =

Force (kN)
o 8 & 8 &8 8
——
£ I
|
|

C1 c2 C3
Module

c2 Cc3 C4 E1 E2 E3

Module

100 -

80

Force (kN)

40 -

20 -

C1

C1 cz cC3 c4 E1 E2 E3 E4 E5 E6 1 12 13 14
Module

Figure 4.10 Forces developed on modules in a multi-module layout

75



4.5 Summary

The modular construction technique is an effective solution to the conventional construction
challenges when it comes to healthcare space. There have been many studies concerning the
structural optimization of the modular structure, but further studies are needed to investigate the
impact of the lateral load (e.g., wind load) on modular structures. Based on the challenges
proposed, a case study is conducted on a multi modules building with a fishbone layout, including
seven wind angles of attack, to obtain force-time history acting on the modules' surfaces. Peak
forces developed on surfaces are extracted to get the design forces. Based on the results, it is
determined that corner modules experienced the largest peak forces in all wind directions (X, Y,
and Z). Edge modules experienced 5% and 10% less force than the corner module in the X and Y
direction, respectively. The results highlight the importance of obtaining peak forces on modular
buildings since the pressure distribution can be hard to predict, especially within complex layouts,
since the layout can consist of a large number of modules, thus highlighting the importance of
categorizing the modules based on grades. The forces obtained can then be used to design modules

with different grades based on the module location within the studied layout.
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Chapter 5 Conclusion and Future Work

5.1 General

This thesis presented a summary of the past experiments and numerical research performed to
investigate the different aspects of modular buildings for COVID-19. Through the literature
review, gaps in the research are identified. It aims to provide comprehensive planning for the
ventilation systems to be adopted in modular buildings for the use of healthcare systems, by
investigating different ACH rates and ventilation system placements within a modular hospital
room. In addition, the thesis examines different modules within a hospital layout examined to
monitor forces developed on their surfaces. Six edge modules, four corner modules, and four
internal modules were monitored to investigate how the module location impacts the load
developed. The studies of these aspects are performed using CFD and were validated with

experimental and wind tunnel tests.

5.2 Core Contributions

The outcome of this research work is expected to open the gate for further concern in the planning

of modular structures for healthcare systems. The core contributions of this thesis are:

e Development of CFD models to match the behaviour of the spread of aerosols using

Lagrangian models to simulate mouth-generated particles.

o Identifying different factors impacting the propagation of mouth-generated aerosols within

a modular room.

e Development of a validated CFD model to predict wind loads developed on different

modules within a fishbone layout.

e The use of different grades of modules based on their locations within the layout studied.
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5.3 Conclusion

5.3.1

Propagation of Mouth-Generated Aerosols Within a Modular Hospital Room

This part of the thesis explored vital factors impacting the propagation of mouth-generated aerosols

within a modular room to assess the ventilation system's performance. A modular room with a

geometry of 6.1 m long by 2.5m wide and 3.0 m high, has been examined by using the

Lagrangian model to inject aerosols in the domain to assess the ventilation system performance

through two distinct parameters, the ventilation system rate, and the inlet and outlet placements.

Based on the results, the following conclusions can be drawn:

As the ACH rate increases, the ability to eliminate suspended aerosols also increases, which
results in less viral load inhalation by room occupants. The rate at which particles were
exiting through the outlet increased by 41% by increasing the ACH from 10 to 20. While
increasing the rate to 40 ACH yielded a 137% increase in particles leaving the outlet

compared to 10 ACH.

It was found that continuous disinfection is necessary based on the accumulation of
particles on different surfaces within the room. As aerosols landing on equipment almost

reached 10%.

The aerosol removal rate is highly dependent on the ACH rate and the flow field between
the inlet and the outlet. As demonstrated by the different placements investigated in
Chapter 3, where the best performing placement was when there was a direct flow field

between the inlet and the outlet.

Room geometry is a factor to consider when placing the inlet and the outlet as the
destination between the inlet and the outlet increases, the acrosol removal rate decreases,
which is attributed to the increased aerosol travel distance as demonstrated in Chapter 3,
where the best performing configuration is when the inlet is located at the roof, and outlet

on the sidewall (e.g., shorter path).
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5.3.2 Wind Load Evaluation on a Modular Building

This part of the thesis highlights the variation of wind load intensities on modules within the
modular structure’s layout adopted from the literature. A fishbone layout was investigated to
identify critical locations where load intensities vary, to quantify the loads, and provide
quantitative results to further improve the design of the layout and the modules considered. Based

on the results, the following main conclusions were found:

e Module location within a layout impacts the magnitudes of the developed wind loads. It
was found that corner modules within the studied layout experienced the most significant
wind loads in X, Y, and Z directions, highlighting the need to assess the layout performance
and design according to the peak forces. As opposed to edge modules, which experienced

5% and 10% less force in the X and Y direction, respectively.

e With varying modules studied, the need to categorize the modules based on the wind load
they experience is essential, especially when considering a large project that adopts a large

number of modules.

e (ategorizing the modules based on the load they experience can help reduce the materials

used, thus reducing the structure's cost and making it more sustainable.
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5.4 Recommendations for Future Works

This thesis aims to study the deployment of modular buildings to combat the COVID-19 crisis,
highlighting the need to evaluate the ventilation systems and the wind loads they experience.
Different methods can be used to assess these aspects, such as full-scale experimental testing (for
the ventilation system) and wind tunnel tests (for the wind loads evaluation). The present research
highlights different aspects impacting these parameters and suggests the need to focus on critical
factors influencing them. With the different ACH rates studied, and the configurations of the
ventilation systems, it was clear that they are the main factors impacting the translation of the
mouth-generated aerosols within a modular room. As for the wind load evaluation, the main factor
studied in this thesis is the layout of the modular building. The layout plays a critical role when it
comes to the wind load distribution on the structure. Thus, the following recommendations are

proposed for future work:

e The utilization of optimization techniques to optimize the ventilation system placement

within a modular room, based on location and openings sizes.

e Further assessing the modular building ventilation performance to understand how to
control the spread within a modular building by implementing specific measures (i.e.,

negative pressure systems).

e Implementing different physics models (i.e., particles break-up and fluid film formation)
to accurately assess the viral load on various surfaces within the modular room, which

requires further understanding of the COVID-19 virus.

e Assessing the potential source of the cough within the room to optimize the ventilation

system further and account for various possible locations.

e Assessing different layouts to optimize the selection based on the geographical location

and climate where the placement of the modular structure will take place.

e Considering the utilization of roof modifications (e.g., parapets) to alter the flow, to study

their impact on load developed on modules.

e Considering a different structural design of modules (i.e., stacked).
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