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Chapter 1 Introduction

1.1. Background

Displacement ventilation (DV) is buoyancy dependent ventilation system which relay on heat sources
inside the space to heat the cool air supplied at low velocity from inlets located near the floor. As air in the
occupied zone gains heat it ascends washing along the contaminants upwards and entraining cool clean air
from the supply. Compared to the typical mixed ventilation system (MV), DV, not only provides a better
occupied zone air quality [1,2], but also is considered a more energy efficient ventilation system. In terms of
energy consumption, Lin et al. found a reduction ranging between 26%, for office spaces, up till 42%, in
classrooms [3]. The energy efficiency of DV is owing to its dependency on the passive force of buoyancy to
create stratified flow. The upwards flow is created by the thermal plumes. Thermal plume is defined as the
convection flow rising from a hot object, occupants or equipment. High flow velocity within the occupant’s
boundary layer indicates comfortable temperature sensed by occupant [4].

As mentioned above, in DV system design, the target volume is the occupied zone which is defined as
the volume of space between the floor surface and 1.8 m height. Therefore, the inlets are positioned near the
floor and the exhaust openings near the ceiling. As cool air flows in at low velocity, it gains heat from thermal
plumes, thus, decreases in density and ascends sweeping along the contaminants away from the occupied zone
resulting in a good air quality [5]. However, the room size, inflow rate, heat loads, and heat source location
affect the stratification height, the height above which the temperature is linear and the contaminants
concentration is high [4]. Breathing zone has an especially high air quality [2]; since it falls within boundary
layer surrounding the nose and mouth of the occupant where the plume pull is strongest resulting in better air
quality [4,6]. Breathing zone air quality, compared to the whole occupied zone air quality, is a more accurate
indication of occupants’ perception [5]. However, the thickness of the boundary layer cannot be accurately
estimated as it is influenced by body posture, clothing style, thermal resistance, and obstacles amongst other
factors[4].

Designing an effective DV system faces some challenges that either risk the inhale air quality or the
occupants’ comfort. One main challenge is draft or draught. Draft is the discomfort felt due to high velocity of
low-temperature air. It is measured by draft risk rating, i.e. percentage of occupants feeling discomfort [4].
Nevertheless, in Melikov’s survey, 2005, the authors deemed draft discomfort not a serious problem and can
be overcome through good system design. As per the draft rates calculated Kosonen et al. according to I1SO-
7730 indoor environment category is for 10% dissatisfaction rate, the 21°C inflow should have a velocity of
0.12 m/s or less. The adjacent area of higher inflow velocity should be narrowed down as much as possible by
increasing the inlets surface area [4,7]. Another challenge, which manifest mainly in large rooms, is the low
supply flow rate. Such problem rises from reducing the inflow rate to avoid high inflow velocity or to reduce
the energy consumption. Insufficient inflow rate results in lowering the stratification height which might affect
the occupied zone air quality [4,8]. Hence, to assess the performance of the system, stratification height
stratification height should be calculated [4].



Chapter 1 Introduction

1.2. Displacement ventilation in educational spaces

Amongst a couple of indoor spaces, educational spaces have been targeted in many studies for optimizing
ventilation systems in terms of thermal comfort and air quality. Many studies strove to define comfort
indications in classrooms. For example, Chen et al. concluded that if air velocity did not exceed 0.2 m/s and
temperature difference between head and foot was less than 2°C, DV can achieve 85% predicted satisfaction
rate [2]. The interest in optimizing DV systems in classrooms and lecture rooms is mainly because of the fact
that DV possesses the advantage of low noise, due to having low speed air supply, which is optimal for
classroom use [9]. The connection between indoor air quality and students’ health and academic performance
as proved by multiple studies factors in as well [10,11] . Wachenfeldt et al. recommended that CO;
concentration should be kept below 1000 ppm at 1.2 m height [11]. However, it is noticed that school
classrooms [8,10-13], is more widely studied than university lecture halls [14,15]. The reason is believed to
be that children are more vulnerable to low indoor air quality [10].

1.3. Displacement ventilation and cross-contamination

Optimizing ventilation system has always been studied as it is critical to providing a healthy indoor
environment in an energy efficient manor [16]. In the current pandemic situation, the indoor air quality should
be more intensively studied. Studies such as[17], pointed out a dissatisfied-users percentage with the air quality.
Chen and Glicksman warned of low efficiency in case of high cooling load, as it requires high air velocity [2].
Nevertheless, DV, particularly, can be seen as a prime alternative ventilation system that not only because it
provides good air quality, but also for its potential to reduce the cross-contamination probability [18]. One
main issue addressed is breathing zone air quality. Research has shown that if facing occupants are positioned
closely, less than 1 m apart, exhalation flow from one occupant, through nose or mouth, can penetrate the
breathing zone of the other [19,20]. Although this observation indicates low indoor air quality, the results show
this problem to be minor [19]. However, especially in the present COVID-19 situation, further investigation is
called for as to assess the gravity of this observation and the probability of cross-infection in consequence.

The effect of source position was studied by multiple papers [21,22] amongst other factors in (through an
experimental study and CFD analysis. They found the position to have a major influence on the contaminant’s
dispersion pattern. Both studies investigated the effect of source height as well and concluded that the lower
the source is, the more discrete the vertical stratification becomes and thus the better the occupied zone air
guality is. Srebic and Xu (2005) also concluded that the exhaust positions were found to affect the general
exposure level in the whole room [19].

It has become a pressing need not only to reduce cross-infection risk in indoor spaces but to reach a set
of recommendations for a low risk ventilation system as well [16]. Hence, such a study is currently important,
especially that most of the investigations on the efficiency of ventilation systems in controlling the infection
spread are carried out in hospital patient rooms [18,23,24]. Moreover, the majority of those infection-spread-
oriented experiments and simulations are carried out in a small experimental chamber with one or two human
models. It has been noticed that little research work tackled contaminants spread in educational spaces with
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full room conditions. Hence, this study aims at further exploring the displacement ventilation system’s
capability to reduce airborne contaminant’s horizontal spread and thus reducing the cross-infection probability
using CFD simulation.

Cross-infection due through airborne particles can occur through various respiratory activities [16]. The
first type is high speed pulse emission, i.e. coughing or sneezing; in this case, the aerosols and droplets are
expelled at a velocity high enough, 10~50 m/s [25], to escape from the convective boundary layer surrounding
the human body and thus they are free to travel horizontally. The second type is slow emission, i.e. breathing.
In case of exhaling, the buoyancy force created by the thermal plume can be the main directing force for
contaminants due to the low horizontal speed. Since the latter type is used in the majority of research assessing
ventilation system efficiency [18,24,26], in this study, breathing is chosen as the contaminants emitting method.
It was found reasonable that speaking, only by lecturer in this case study, would be considered a low speed
emission. This assumption was supported by Kwon et al. findings in which speaking flow velocity can be as
low as 2.31 m/s [27].

Regarding the exhaled contaminants dispersion, researchers usually use tiny droplets, aerosols, or droplet
nuclei as tracers [28,29] in addition to gases like CO; [23,26,28] and SF6 [30]. Although gases differ from
particle in terms of size, mass, and accordingly, dispersion pattern, it has been concluded that tracer gases and
3 um particles gave similar representation of contaminant spread at low velocities such as that of normal
breathing [30,31]. In addition, a CO-based risk equation that was proved effective in estimating the risk of
airborne infection spread [26]. In this research, both methods are used to simulate the human generated
contaminants, tracer gas and actual droplets.

1.4. DV system shortcomings and improvement potential

Although DV system does not have strong mixing air flow as found in MV, yet in practice, many variables
affect the efficiency of the DV system. For example, the room size, heat loads, and heat source location affect
the interface level [1]. Moreover, movement, presence of obstacles, and unequal distribution of heat sources,
i.e. occupants and machines, can cause an imbalance in the temperature distribution. Such imbalance weakens
the stratification, causes unwanted horizontal flow, or result in pockets of unrenewed air [33,34].

Qian et al conducted a full-scale experiment to compare the effect of DV to other ventilation systems on
the exhaled air flow of patients in hospital ward. The personal exposure of patients was set as the index. They
used tracer gas to simulate fine droplets and droplet nuclei. They did not recommend DV based on two main
findings. First, having a slower and more steady air flows, in the DV case, more exhaled droplets could escape
the source boundary layer. In MV, the exhaled jet are diluted before traveling long. The second observation in
the DV case was the presence of a high concentration layer [35]. Similar observations were noted in multiple
studies [36,37].

The high concentration layer, also known as the lock-up phenomenon, was investigated thoroughly by
Zhou et al, 2017. Low lock-up layer was concluded to be caused by two main factors. First, small Archimedes
number which indicates turbulent supply flow inertia is stronger than the buoyancy force. Second factor was

9
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found to be steep temperature gradient. They observed a power law relation between temperature gradient and
lock-up height. [38]

Moreover, Brohus et al. carried out a full-scale measurement to access the efficiency of DV system.
Several factors were examined through monitoring the personal exposure to contaminants for a seated and a
standing breathing thermal manikin. They found that contaminant spread is highly dependent on the horizontal
air flows. [39] Another cause for unwanted turbulence, besides supply inertia [38], is movement inside the DV
space. Movement in DV spaces disturbs the human boundary layer in which the upward flow induced by the
thermal plume exists, thus, increases the contaminant spread [39,40].

Therefore, it can be concluded from the previous literature that DV system needs enhancement techniques
to improve its efficiency in cross-contamination prevention. In the following section, factors that affect the
DV efficiency and can potentially be manipulated to enhance the performance are discussed.

1.4.1. Supply diffuser location

The position of diffusers affects the air quality at certain locations in the space as concluded by Xing et
al. through field measurement and CFD analysis [34]. The effect of supply port position was also studied by
Xin et al. where they analyzed 27 different positioning of floor standing air conditioners in a large hall. It was
found that the portable air-conditioning unit have a great effect on the thermal comfort [41]. In this aspect, the
personalized DV in variant forms has been examined in many papers and was proven effective at improving
the air quality and thermal comfort [42,43]. Liu et al., 2022, explored another enhancement technique for large
span halls. Local diffusers were proposed and simulated in this study. The CFD simulations showed a decrease
of 48.5% in contaminant concentration in the occupied zone compared to the tradition DV system diffusers.
[44]

1.4.2. Temperature gradient

In DV rooms, the height of heat source in a room has a major effect on the temperature profile. In rooms
where the heat sources are located at a high level or where an additional heat source was added above the
interface level, DV is more efficient in cooling the occupied zone, as shown in the heated roof example, Figure
1.1.

Heat source Heat source in

25%  intopsection lower section I
o VN N E U W Py /'l
. H [
215 \' 1/ 4
10 // —— ® °
h -
05 iA - LEI——" P
% 1 [
0.0
ne

] 02 04 06 08 10 I

Temperalure

Figure 1.1 Heated roof temperature distribution [Adapted from [1]]
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Kosonen et al. studied the effect of varying heat load conditions on the temperature profile of a room with
DV system using experimental measurements. Amongst the factors was the roof heating. The ceiling height
was 3.1 m and 5 m. Supporting the vertical distribution in Figure 1.1, it was found that in the heated ceiling
case, only the air near the ceiling gains heat, leaving the lower levels at much lower temperature than other
cases. However, when combined with large number of occupants, the heated ceiling had negligible effect on
the stratification height [45].

Wu et al. studied the effect of ceiling heating as well as heated floor for DV systems in 2 m-high
experiment room. The results showed that the heated ceiling did not only increase the temperature of the top
air layer, but also lowered the temperature at 1.1 m and below [46].

On the other hand, the temperature stratification if increased beyond a certain level can cause either
discomfort due to large temperature gradient, [47], or lower the occupied zone air quality if the interface level
fell to a low height [38]. In their 2017 study, Zhou et al carried out a field experiment comparing temperature
gradients ranging from 0.2 °C/m to 6 °C/m. It was found out that the steeper the gradient is the lower the
interface height becomes [38,48].

Hence, with the background acquired from the aforementioned literature, this study proceeds to
investigate the effectiveness of DV and explore techniques to improve its performance, widen its applicability
and minimize the cross-infection risk in DV spaces.

1.5. Outline of this Study

This work is composed of five summarized by the flowchart in Figure 1.2. This section gives a brief

overview of the study’s flow and chapters contents.

Chapter 1. Introduction
This chapter presents basic background information about DV system, its properties, strengths, and

weaknesses supported by literature and related studies findings.

11
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Chapter 2. Double Wall Flat Diffuser with Non-Uniform Supply in Large Lecture Hall
This chapter focuses on a special DV system installed in a university lecture hall. The system performance

is assessed in terms of temperature and contaminant distribution. Multiple variables are investigated
exploratory CFD analyses, steady-state and transient, and field measurements including contaminant source
position, seating pattern of occupants, and diffusers settings. In addition, CFD validation results are presented
and analyzed.

Chapter 3. Displacement Ventilation Performance Enhancement using a Novel Portable Cooling Unit with
Air Purification Function
In this chapter a novel portable DV unit is introduced. Details of the design, specifications, operation

method are defined. The effectiveness of the proposed unit is evaluated using zonal model calculation, full-
scale experiment, and CFD analysis in terms of temperature and PM distribution. Several parameters are
explored such as the unit’s COP and flowrates, DV flowrate, and the position of exhaust relative to the PDV
unit.

Chapter 4. CFD Application: Operating the Portable Displacement Ventilation Unit in the Large Lecture Hall
This chapter presents the CFD application of operating the novel PDV unit in the investigated lecture hall

as a representative of the unit’s performance in enhancing DV system performance in large spaces. Two main
sets of analyses are found in this chapter. First, operating the PDV units in the base-case as an additional system
booster. The second is testing the effectiveness of the PDV units as a complementary or replacement ventilation
system.

Chapter 5. Conclusion and Outlook

Summarizing the main findings, this chapter reviews the previous chapters and defines areas where
further work is needed.

12
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1.6.

Chapter 1: Introduction
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Figure 1.2 Outline of this study

Abbreviations

DV; Displacement ventilation

MV: Mixed ventilation

PDV unit: Portable displacement ventilation unit
CFD: Computational fluid dynamics
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Chapter 2 Double Wall Flat Diffuser with Non-
Uniform Supply in Large Lecture Hall

2.1. Background and Purpose

The aim of this investigation is to assess the performance of the DV system in terms of temperature
stratification, air quality of occupied zone, and more importantly, cross-infection prevention. The case-study
is an uncommon system design installed in a lecture hall in Osaka University. Aiming at making DV spaces
more adaptable and less restricted with diffusers, especially in large spaces, the system was designed to be flat,
wall-long and embedded in double walls. In this Chapter, the process of assessing the performance of this
system is reviewed, starting from the pre-construction CDF explorations, then carrying out field measurements,
and ending by validating the CFD simulations. To evaluate its versatility, the system is evaluated in cases of
different seating patterns, varying contaminant source position, and with different diffusers design.

2.2. Introduction of the Double Wall Flat Diffuser Displacement Ventilation System

The lecture hall

The lecture hall studied in this research is a lecture hall located in Minoh campus, Osaka University. It
should be noted that the study started before construction was finalized, thus differences between the design
phase plan and constructed one can be noticed, Figure 2.1. The main alteration besides slight dimensions
change is the hall capacity; although it was designed to accommaodate 120 students, after construction, the final
seat arrangement was enough for 80 students.

Y el Y

LA N = 1
a. Design phase b. Construction phase

Figure 2.1 Lecture hall plan
The displacement ventilation system

As shown in Figure 2.2, the ventilation system is composed of inlet fans, diffusers, and exhaust openings.
Unlike a typical DV system, the inlet fans at ceiling level blow the cool air through 20 cm wide double walls
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to flow into the space through the perforated metal flat diffusers installed along the bottom of the walls. The
perforated metal panels have a percentage opening of 39.27%. Exhaust openings, on the other hand, are nine
equally spaced typically installed in the ceiling. Openings dimensions, shown in Figure 2.3, are as follows;
exhausts are 0.6 mx0.6 m squares, all diffusers are 0.9 m high, 10.7 m long for side diffusers and 7.7 m for the
front one. The diffusers’ system is installed in the front and side walls. The backside is an 8 m wide operable
wall, as shown in Figure 2.1, which allows users to expand the lecture room area to include the students lounge
in special events.

A comparable system was introduced in 1996 for application in cold climate [1]. The authors concluded
that having air flow within double walls acted as insulation reducing the heat loss through walls and enhancing
the system performance. Although, the double wall system was designed for the exhaust opening, not inlets as
in the current case-study, the insulation effect should still apply. Choi et al., on the other hand, addressed the
effect of wall temperature on the magnitude of the near-walls downdraft and consequently on contaminants
stratification. It was concluded that cooler the wall surface is, the larger downward airflow becomes increasing
heat loss in the space and lowering the contaminants interface level [2]. Nevertheless, it should be mentioned
that both of the referenced studies had small number of occupants, small space volume i.e. higher surface area
to volume ratio than the case-study addressed in this research. Moreover, as to counteract the estimated
negative effects in this case-study, the gypsum board double walls are insulated using polyethylene foam sheets.

Another feature of the examined system is flat diffusers. Flat diffuser unit is an optimal option to provide
large surface area without using any space of the DV room. Although the commonly used DV diffuser designs
are free standing circular, wall-mounted semi-circular, or corner-mounted semi-circular [3], radial and flat
diffusers are studied in multiple researches [3-5]. Cehlin and Moshfegh (2010) worked on validating flat
diffusers simulation in terms of flow and thermal behavior [6]. Xing et al. (2001) compared the performance
of the wall-mounted flat and semicircular units and floor-mounted swirl units [7]. It was noticed that the air
guality in the flat diffuser case came second to the semicircular unit by 10% in terms of local air change.
However, according to Kosonen et al. (2017), the major challenge in flat diffusers DV systems is draft within
the adjacent zone. Instead of decreasing the inlet flow rate and affecting the air quality, the authors
recommended increasing the number of diffusers for a more uniform indoor environment [3]. In this case-
study the diffusers total surface area exceeds 25 m? for a 164 m? plan and are separated from occupants by 1.8
m wide aisle.

4 p
T - T EXHAUST
‘ /

A

Figure 2.2 Displacement ventilation system in the lecture room
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D1 10.7 m
06m E[
E D2 77m
a. Exhaust opening b. Diffusers; D1: side diffusers, D2: Front diffuser.

Figure 2.3 Openings dimensions

2.3. Pre-Construction Exploration using CFD Analysis

2.3.1. Effect of Occupants Seating Pattern Temperature and Contaminant Distribution in Steady
State

2.3.1.1. Analysis Conditions and Cases

The ventilation system inflow rate is 11910 m®h in total, divided as 4830 m?h for side fans and 2850
mé/h for the front ones. These values are the maximum capacity of the DV system including fresh and return
air. Exhaust openings are all operating with natural outflow settings. Regarding the occupants, 120 seated
students and one standing teacher are modeled as 0.2 m x0.4 m cuboids with heights of 1.2 m and 1.7 m
respectively as shown in Figure 2.4c. Students are split into two 10-rows seating zones separated by a 1 m
aisle. All occupants emit 60 W heat from the whole-body surface area, and CO from a 0.05 mx 0.05 m mouth
surface. CO; concentration of exhalation is set to 1000 ppm and the emission rate to 0.25 m?/h.

Standard k-¢ turbulence model was used for the CFD simulation. Heat, radiation, and diffusion
calculations were carried out. Thermal boundary conditions were set to adiabatic for ceiling, floor and external
walls. 3.06 of heat transfer coefficient was deducted from ASHRAE Handbook @ for the duct walls, Table
2-5a. Finally, the model meshing resulted in 4,856,000 cells. The main mesh size was set to 40 mm with a
geometric ratio of 1.15. However, the mesh layer adjacent to the walls was increased to 100 mm wide to
include the near wall down draft based on a test with low Reynolds number simulation as shown in Figure
2.4b. Table 2-1and Table 2-2 sum up the analysis and boundary conditions discussed in this section.

To compare the effect of occupation pattern, 6 cases were simulated. Table 2-3Table 2-3 is an enlistment
of the cases C1 to C6. C1 is the full room scenario with double the occupation and flow rate compared to the
other cases. The arrangements of C2 to C4 are designed to test the dispersed-occupants scenarios, i.e. social
distancing. Finally, C5 and C6 are the front and back half room occupation scenarios.
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Figure 2.5 Analysis conditions
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Table 2-1 Analysis conditions

Analysis Software Stream 20

Turbulence model Standard k- model
Calculations Heat, Radiation, Diffusion (CO,)
Mesh count 4,841,200

Table 2-2 Boundary conditions
Wall Boundary Duct wall ~ Heat transfer coefficient, 3.06 W/m K

Exterior Adiabatic Figure 2.6 Zones
Outflow Boundary Natural outflow division in plan view
Heat generation 60 W/ person
CO; generation 0.25 m3/h . person (Concentration: 1000 ppm)
Table 2-3 Occupants arrangements and room zoning
Cases Casel (C1) | Case2 (C2) | Case3 (C3) | Case4 (C4) | Case5 (CS5) | Case6 (C6)

Occupants seating pattern

Number of students 120 60
Diffuser 1 | 4530 m’/h 2265 m’/h
Inflow - -
Diffuser 2 | 2850 m’/h 1425 m’/h
boundary ™ol [ 11910 m/h 5955 m'/h

2.3.1.2. Results and Discussion

The room plan was divided into 4 zones as shown in Figure 2.6. Z1 and Z2 are the occupied areas
containing 60 seats each while Z3 and Z4 are the unoccupied ones. Plottings of temperature, Figure 2.9, and
CO; concentration, Figure 2.10, as well as contours in one longitudinal section, two cross-sections, and two
plan sections at seated and standing occupants heights are analysed.

Analysing the sections, Figure 2.7 and Figure 2.8, it can be noted that C1 and C6 show plume interaction
increasing the temperature around occupants especially in C1. In accordance, CO, concentrations in breathing
level in C1 are higher compared to the widely spaced occupants’ cases, C2, C3, and C4 where thermal plumes
are separate. C5, as well, exhibits no plume interaction as occupants are seated nearer to the front diffuser
providing cool fresh air. As for C2 and C3, only minimal differences can be noted.

Average temperature and normalized CO- concentration data for each zone are plotted in Figure 2.9 and
Figure 2.10, respectively. To start with, the temperature plot in Z1 shows C5 to have the highest readings, even
higher than C1. C1 displays lowest temperature at higher levels. In Z2 and Z4, all cases are similar, except for
C5 in which the front zone is empty. As for Z3, reveals lower temperatures in C1 reaching 0.8 °C difference.
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Secondly CO; concentration plots, in Z1, a surge appears at 1.1 m height in C1 alone. However, in Z2
the spike shows in C6 as well, yet milder. In addition, it is worth mentioning that C1 exhibits the highest levels
in both zones at seated occupant level. Furthermore, Z3 has less CO2 concentration in C1 and C6. Finally, in
ZA4, all cases experience the same trend with small differences.

To get a clearer picture of the concentration of inhaled CO- in the different cases, Figure 2.8 sums up the
average normalized CO; concentration at 10 cm under occupant’s mouth, compared to 5 cm above. The
concentrations in the inhaling level are less than the CO; concentration at exhaust in all cases except for C1.
Despite showing similar results in the zones average plots, C2 was shown to be advantages over C3 displaying
the lowest concentration, of half that of the exhaust. C3 and C5 closely followed then C4 at 0.71, and finally
C6. Further inspection of the velocity contours suggests the following deduction. As shown in Figure 2.11, the
occupants were modelled with no space separating them from their desks, Figure 2.12. Such an arrangement
hindered the up-flow from sweeping the contaminants up. Instead, a downward swirl was produced pushing
contaminants to the breathing level fighting against side flow and buoyancy forces.
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Figure 2.7 Temperature contoursf for different seating patterns cases
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a.

Table 2-4 Inhalation level average normalized CO2 concentration

Cl C2 C3 C4 C5 C6
I.Im 4.40 2.55 2.31 3.88 2.29 4.28
0.95m 1.11 0.52 0.61 0.71 0.63 0.82
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Figure 2.8 Normalized CO2 concentration contours for different seating patterns cases
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Figure 2.10 Zones’ average normalized CO2 concentration: a. Z1,b. 722, c. Z3, d. Z4, e. Room average
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2.3.2. Eftect of Source Location on Temperature and Contaminant Distribution in Steady State

In this study, ten cases were simulated assuming one infected individual. As infection spread indicator,
CO- was set as the exhaled air contaminant. The design version of the lecture room which has 120 seats for
students in addition to the lecturer is used in this analysis. The students’ seats are divided into two 10-rows-
zones symmetric along the central aisle with six seats in each row as illustrated in Figure 2.15a.

2.3.2.1. Analysis Conditions and Cases

The analysis was carried out using the CFD software Cradle Stream v.21.1. The RNG k- ¢ turbulence
model was chosen. Although Rohdin and Moshfegh found the calculation time of simulations carried using
RNG k-g model to take longer time than that done using the standard k-& model [8], many studies preferred
RNG k-g& model in terms of accuracy in simulating DV airflow, temperature and contaminant concentration
[9-11]. Calculations of heat, radiation, and diffusion were computed. Thermal boundary for all surfaces was
set to log. law calculation method. However, the outer layer of all external surfaces, i.e. ceiling, floor, and

double walls’ outer wall, was set to a fixed temperature of 25°C as shown in Figure 2.13

Duct
207 air ', ¥y

Duct
20°C air

2507

Figure 2.13 Thermal boundary settings in section

To accurately simulate heat transfer using log. law, minimizing the molecular viscous effect, an
appropriate y+ should be achieved [12]. Accordingly, a test model was simulated using low Reynold’s number
model to deduce the proper size of the mesh layer adjacent to the inner side of double walls, room side. The
test model is a 3 m x 3 m square of 5 m height. The test model consisted of 6,048,000 mesh cells of 2 mm
width and sustained the same flow rate per volume as the main case-study. By inspecting air velocity vector
in section, the downdraft varied in width along at different heights, nevertheless, taking in consideration the
occupied zone height, 1.8 m, the downdraft thickness was presumed to be 100 mm. Based on the CFD software
interpretation of the heat transfer equation [13,14], the first mesh centerline should be at least 100 mm away
from the wall surface, for the calculations not to be affected by the downdraft’s unrepresentative temperature.
Consequently, for the main analysis, the room was divided into around 3.5 million cells of a 50 mm size except
near the walls where it increases, with a growth rate of 1.15, to 200 mm for the first mesh layers. These meshing
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settings resulted in an average Y+ value for the double walls inner layer of 33.2 while that of the ceiling and
floor was 59.9.

Although 50 mm grid size was decided upon as it resulted in a manageable cells number, an additional
check of grid dependency was necessary. In the finer-mesh model, the regular cell size was set to 30 mm with
a total of 6.0 M cells compared to the 3.5 M cells in the medium-size meshing. Figure 2.14a shows the
temperature distribution of vertical plane near the double wall. Comparing the two mesh sizes only a negligible
difference was found and accordingly the 50 mm grid size was adopted.

Another step was to verify the set thermal boundary conditions. The log. law model results were compared
to another model in which the heat transfer condition for the inner layer of the walls, floor, and ceiling were
set as coefficient of heat transfer. The convective heat transfer values, where the emissivity is 0, were deducted
from ASHRAE Standard 140-2017 by extrapolation to be 3.067 W/m?k, 4.037 W/m?k, and 0.967 W/m?k for
the walls, floor, and ceiling respectively [15]. The vertical distribution of average temperature, as shown in
Figure 2.14b, displays minimal differences between the two conditions. Thus, the aforementioned thermal
boundary conditions can be seen acceptable.
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Figure 2.14 Temperature vertical distribution of different analysis conditions

Regarding the human model, adding more details like torso and legs would increase the calculation time
considerably but have a negligible effect on results according to Bjgrn and Nielsen (2002) [16]. Hence, the
occupants were modelled as simple cuboids with heads as shown in Figure 2.15a. The body is 0.2 m x 0.4 m
x 1.0 m with a 0.2 m x 0.2 m head for sitting students. For the standing lecturer the height was increased by
0.5 m. The CO- generation is through the mouth, modelled as 50 mm x 50 mm square. Heat flux generated
from all occupants was set at 75 W/person. CO; generation, on the other hand, was limited to one occupant
per case. Despite the fact that neither breathing nor speaking are of a steady flowrate, the average flow velocity
is low enough to be represented as a stationary source [17]. Given that exhalation rate at rest ranges from 5-
6 I/min, [16], exhalation flow rate was set to 5.21 L/min based on Zhang et al. field measurement [18]. The
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source occupant’s 10 positions are highlighted in Figure 2.15b. Finally, Table 2-5 summarizes the analysis
conditions while the boundary conditions are listed in Table 2-6.

Table 2-5 Summary of analysis conditions

Software Stream v.21.1

Turbulence model RNG k-gmodel
Steady state

Calculations Heat, Radiation, Diffusion (CO>)

Mesh

Count ~35M

Size Default 0.05m
Near bounding 0.2 m

Growth rate 1.15

Table 2-6 Summary of boundary conditions
Flow Boundary Conditions

a

20 cm

100 cm

Inlet fans Front Fixed flow rate: 2850 m*/h

Sides Fixed flow rate: 4530 m’/h
Diffusers Perforated metal panels 39.27% open
Exhaust Fixed velocity
Thermal Boundary

Exterior Outer layer fixed temp.
Heat transfer Duct wall

————Log law

Floor-

Ceiling Rock wool A=0.035W/(m.K)
Construction Floor Concrete A=1.2 W/(m.K)

Walls Hardwood A=0.15W/(m.K)
Emissivity 0.9

Heat Generation and Contaminant Emission Settings

Heat Source 120 seated occupants, 1
Load 75 W/person
Diffusivity  1.64x10
co Source 1 mouth (0.05 m x 0.05 m)
2 Temperature 32 °C
Rate 5.21 L/min.person
|
>4 ‘
\ ¢ \
S VO.A. 0
- o5om \ I
,20cm -”E \\ :
No'e I 1
]ﬁi‘% ’ ‘\ ! !
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Figure 2.15 CFD model, a. Occupants model, b. Source individuals highlighted in plan
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Finally, given the supply flow rate and convective heat load of occupants, theoretical calculation of the
interface level of caused by the plume of one occupant can be calculated using the following equations set (2-
1) and (2-2) [3]. This calculation simplifies the heat source to be cylindrical with one virtual point source as
shown in Figure 2.16.

Qvz = 0.005 X ¢ /3 x z5/3 (2-1)

20="/) « tan(12.5%) (2-2)

where q,,, is the thermal plumes vertical air volume flow (m?3/s), set to equal supply flow rate/occupant, ¢r
is the convective heat flux (75 W), and z is the stratification height at which the plume vertical flow rate should
equal the supply flow rate to attain equilibrium. z, is the height between virtual point source and the source
top (m), and D is the heat source diameter (m) as illustrated in Figure 2.16 Through these calculations, the
stratification height can be assumed to be 1.47 m. In spite of lying within the occupied zone, the stratification
height is above the seated occupant head level, thus, the supply flow rate can be seen as adequate. It should be
mentioned that the CFD results are expected to result in lower stratification height as the theoretical calculation
did not take in consideration the plume interaction, which should slow the vertical flow rate, or the diffusers
shape which ought to have an effect on the stratification height as well

H 1.2m
Z 1.17m

Z, 09m

—_
_DO0.4m._

Figure 2.16 Heat source model simplification for interface level equation

2.3.2.2. Results and Discussion

The results can be divided into three main sections; DV system efficiency assessment, air quality
evaluation, and exploring enhancement potential for the current DV system design. The section assessing the
system efficiency addresses the analysis of temperature vertical distribution, airflow velocity vectors, and
contaminant concentration distribution. Secondly, the air quality at occupant breathing zones was evaluated in
addition to quantitative assessment of contaminants spread through numerical indices. Finally, the effect of
altering two design aspects on the DV system performance was investigated.

2.3.2.2.1. Temperature distribution

DV system relies on controlling the desired air temperature in the occupant zone. Hence, the estimation
of the vertical temperature gradient is essential for DV performance assessment [19]. From the horizontal and
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longitudinal sections of temperature distribution, Figure 2.17 the relatively cool temperature surrounding all
occupants can be noticed. At 1.1 m, the seated occupants head height, very gradual rise in temperature which
increases going backwards, can be observed. The first and last rows of seats, however, have to some extent
different temperature distribution from the other rows

Vertical temperature distribution graphs are plotted in Figure 2.18. Figure 2.18a shows the average
temperature vertical distribution. It is clear that the temperature vertical distribution follows the typical profile
for displacement ventilation, especially the model introduced by Mateus and da Graca [14]. Figure 2.18b
compares the first, fourth, seventh and last row temperature distribution measured at 12 points centred in front
of the occupants in the given row. The points are positioned midway between the rows at 0.5 m distance from
occupants. The graph supports the observation noted from the temperature contours. Nevertheless, the
stratification height for all points is almost the same, around the 2 m high. Special trends can be observed for
the first and forth row. As seen in the contours, the first row maintains low, almost constant, temperature up
till 1.7 m. As for the forth row, after the 1.1 m heat spike, the temperature decreases again at 1.7 m height,
obviously due to the cool air current flowing from the front diffuser. Finally, comparing the occupied (seats)
area to the unoccupied (aisles) area, the largest difference at the same height is about 0.5 K as shown in Figure
2.18c. In addition, the difference in temperature between 0.1 m and 1.7 m (occupied zone), for the front half
of the room, is about 1 K, and for the rear part around 1.5 K. Which means that both fulfil ASHRAE guidelines
[20] but the rear part difference falls slightly over the threshold set by Chen and Glicksman [21].
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Figure 2.17 Temperature contours in plan and section views of a sample case
firom the different source position cases
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Figure 2.18 Temperature vertical profile of a sample case from the different source position cases

Airflow velocity contours and vectors at horizontal and vertical planes are shown in Figure 2.19. The
main significance of velocity contours is assisting in the estimation of discomfort due to draft. Since the highest
velocity in DV is expected at 0.1 m and lower levels [22], 0.1 mm contour should be thoroughly inspected.
Reviewing the velocity contour with that of temperature in Figure 2.19, the following is observed. At ankle
level, the air of a temperature just above 22°C is flowing with velocity about 0.2 m/s. According to surveys
carried out by Melikov et al, 2005, a typical DV air distribution discomfort due to draft is a serious issue [20].
Secondly, from the vertical section through the seats, the plume can be seen to have a relatively high vertical
velocity which is a good indication of occupants experiencing comfortable temperature range [3]. Finally,
horizontal planes are at 1.1 m, 1.7 m, 3.2 m, and 4.7 m while the vertical sections are cut through the central
aisle and a side aisle. Air currents are generally of low speed, less than 0.1 m/s. Within the occupied zone,
1.1mand 1.7m plans, air flows backwards in the aisles and outwards between the rows. At higher levels, the
aisles currents flip to be forward directed with a general trend of flowing towards the exhaust openings. In
addition, above the occupied zone, at 3.2 m, asymmetric currents are noted flowing towards the right side.
These currents are expected to have an effect on horizontal contaminants dispersion pattern as discussed in
Srebic and Xu’s publication [19] in which they concluded that the distribution of contaminants is strongly
affected by the air currents. Another trend that should affect the diffusion pattern is the turbulent observed near
the back wall at different levels and in section.
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Figure 2.19 Airflow velocity vectors and contours of a sample case from the different source position cases

2.3.2.2.2. Contaminant concentration distribution

Inspecting the output results, the 10 cases were named as follows; lecturer case and nine student cases in
a 3x3 matrix: ‘front, middle, back’ x ‘left, center, right’. It should be stated that since the room is symmetrical
along the Y-axis, as previously shown in Figure 2.15b, the ‘left’ cases represent the seats near the central aisle
on both sides, and "right" ones stand for the seats on both outer aisles. Contaminant concentration contour
plans at 1.1 m from floor level, seated occupant inhalation height, are displayed in Figure 2.20 along with the
contours in longitudinal sections passing through infected individual. All contaminant values are normalized
by division by the exhaust concentration.

Comparing front, middle, and back cases, back cases generally, have smaller, more concise, and more
vertical contaminant cloud. Middle cases come in second place wider spread yet the occupied zone was hardly

affected especially in the mid-center case. The front cases, on the other hand, demonstrate the widest horizontal
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spread at lowest levels and highest contaminants concentration in the room volume. In the lecturer case,
asymmetric spread can be noted as the main contaminant cloud flows to the right side. It is safe to say that this
diffusion pattern is caused by the asymmetric currents noticed in the air velocity contours earlier. Two general
observations were found in almost all cases except the back ones. One is that the contaminant concentration
increases near walls, particularly the side ones, which can be the effect of the cool double walls’ downdraft as
concluded by Causone at al. [33]. The second is the clear area secured by the front diffuser as all contaminant
diffusion is found to be shifted backwards in low levels regardless of the source position.

In Figure 2.21, vertical distribution of normalized concentration for the 10 cases is plotted using the plan
average at each height except for the 5m height where it was replaced by the exhaust concentration. Following
the temperature vertical distribution trends, the concentration curves fit that of a typical DV system. Interface
level, however, varied from one case to the other. For middle and back cases, the concentration increased
gradually remaining relatively low in all levels. On the contrary, lecturer and front cases spiked around 1.7 m,
bulging to more than twice the exhaust concentration with an exception of the front-center case.
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Figure 2.21 Normalized concentration vertical distribution

2.3.2.2.3. Breathing zone air quality

Although the concentration vertical distribution is indicative of air quality in the occupied zone, to assess
the effect on occupants, more specific concentration values were examined. Contaminant concentration in the
occupants’ breathing zones was measured at the center point of the first mesh in front of the mouth, 2.5 cm
away. The data was then normalized by division by exhaust concentration and finally, occupants were
classified into 5 classes of concentrations starting with 0.01 with logarithmic increments as shown in Figure
2.22. This frequency curve is intended to estimate the probability of contaminants inhalation by non-source
occupants.

From Figure 2.22 plotting, the following trends are observed. Firstly, lecturer case renders the largest
number of occupants at 0.1 with negligible variation, a relatively high concentration compared to the other 9
cases. Secondly, front cases have the most distributed populations with multiple crests, ranging from 0.01 to
1. The highest concentration inhaled by a considerable number of occupants is in the front-right case, 1. Thirdly,
all three middle cases display the general pattern of peaking at the 0.01 concentration. The largest portion of
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population does not exceed 0.1. Finally, the back cases show a similar trend, however, the peak is distributed
on 0.001 and 0.1 with a small percentage of the occupants exceeding the peak.
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Figure 2.22 Distribution of occupants on normalized concentrations classes
2.3.2.2.4. Numerical indices (Local air quality index and Contaminants diffusion radius)

Supporting air quality assessment, two numerical indices were calculated. One method for the breathing
zone air quality evaluation is local air quality index [78] calculated as per equation (2-3).

(€0)in = Ce/(Cdun (2-3)

where Ce is the average concentration at the exhaust openings and (Cy);, is the average inhaled concentration
measured by a sensor point in the breathing zone of each occupant. The second index is SVE2. Scale of
ventilation efficiency (SVE), the set of indices (1~6) introduced by Murakami and Kato (1992), was
considered as well [79]. SVE indices, especially SVE3 and SVE6 have been used in multiple studies to assess
ventilation systems [80—82], or as a performance evaluation method base [83]. Nevertheless, SVE2 has also
been used to estimate the contaminant diffusion radius [84] although not as widely. SVE2 was calculated as
per equations (2-4 to 2~6).

Co=JC.dv (2-4)
XG — fx.c(;.dv YG _ fy.(é.dv ZG _ J.z_(;_dy (2_5)
0 0 0
SVE2 = \/ [ ((X—XG)Z'F(J/—Yg)Z+(Z—Zg)2)C.dv 2-6)
0
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where Co is the contaminants concentration integral, C is contaminants concentration at a given point in the
room, ‘v’ is the room volume, (Xg, Yg, Zg) are contaminants concentration center of gravity, coordinates, and
(X, y, z) are given point coordinates in the room. In order to carry out these calculations for all 3.5 million
mesh cells, a Fortran script was written to extract and process the data automatically.

Table 2-7 shows the two indices calculated, (¢ );, and SVE2, in addition to the concentration integral,
Co. To start with, (¢ );,, the lower values indicate higher relative inhaled concentrations, the front cases land
lowest followed by the Mid-left and Lecturer cases. The back cases show much higher values comparable only
to mid-center case. Regarding SVE2, the index display small differences as the diffusion radius for all cases
ranges from 3.77 m to 4.66 m. Back-left, mid-center, and lecturer cases are found to have the smallest radius
while back-right and mid-right cases show the largest radii. Although these findings oppose those of the
concentration contours and local air quality index, two factors can explain this contradiction. The first is the
fact that diffusion radius equation merges the three directions, specifically vertical and horizontal directions,
causing cases with different diffusion direction such as back-center and mid-left, Figure 2.19, to have close
spread radii. The second, and more impactive, factor is normalization by Co which in its turn varies greatly.
The concentration integral, displayed similar pattern to that of local air quality index, considering that for Co,
a higher index indicates higher contaminant concentration since the volume is constant for all cases. In that
sense, the lecturer case has 4 times the contaminants of the back-right case.

Table 2-7 Numerical indices evaluating breathing zone air quality

Front- Front- Front- Mid- Mid- Mid- Back- Back- Back-
Index [unit] Lecturer Left Center Right Left Center Right Left Center Right
Local air
quality index 2.94 145 223  1.00 1.90 1999 3.0l 3639 32.50 39.00
(EC )L'n [']
p
SVE2 [m] 4.04 433 416 435 445 377 455 3.86 432 | 4.66
Concentration
integral 30.37 2794 20 23.71 1621 1174 16.59 18.92 1643  7.61
Co [ppm m*]

2.3.2.2.5. Investigating the cause of horizontal currents (Diffusers setting and seats arrangement)

In order to address the shortcomings of the current DV system, a further investigation was carried out to
discover the factors that brought about the horizontal currents affecting the contaminants diffusion pattern and
consequently the room air quality. Srebic and Xu listed several factors affecting the global air currents, such
as: supply and exhaust openings types and locations, heat source intensity and location, human activity,
partitioning, and vertical airflow along windows or external walls due to temperature difference [19]. However,
for the specific case-study at hand, comparing the contours in Figure 2.19 with those from literature [2], two
main reasons can be observed. The three-sided diffusers and the last row of seats may be blocking air flow
from the back-wall forwards through the side aisles. Therefore, further simulations were carried out to

investigate both factors’ effect through three additional cases; 1. Last row removed with 3-sided diffusers. 2.
39



Chapter 2 Double Wall Flat Diffuser with Non-Uniform Supply in Large Lecture Hall

Base-case seats arrangement with 4-sided diffusers, and 3. Last row removed with 4-sided diffusers. The front-
right case was chosen for this deeper investigation as it is the case where the current effect was most obviously
manifested. Supply rate was altered so as to keep the flow rate per person constant and the diffusers’ flow rate
proportional.
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Figure 2.24 Temperature vertical distribution, a. plan average, b. front occupied zone, c. back occupied zone

To start with, the effect on temperature is evaluated using contours and vertical distribution profiles.
Regarding temperature contours, Figure 2.23, stratification height is generally more uniform compared the
base-case especially the 4-sides case with the last row removed. At 1.1 m level, another main change is the
lower temperature at the last row, although it applies for all three cases, the decrease is more prominent in the
4-sides cases. The two observations made from the contours can also be seen in the temperature curves of the
front and back occupied area, Figure 2.24. The increase in the front occupied area temperature at 1.7 m reached
up to 0.8 K and the decrease in that of the back area at 1.1 m and lower is slightly smaller. These two changes
were reflected in the average temperature profile of the total floor area, Figure 2.24a.

Since concentration diffusion was found to be highly impacted by the flow direction even at low velocities,
the contaminant concentration contours of the enhanced cases in Figure 2.25 are overlaid by air velocity vectors.
Changing either factor minimized the horizontal contaminants dispersion, nevertheless, the impact varied from
one case to the other. In all cases the forward currents were allowed to flow opposing the main backward
current observed in the base-case. Changing both factors, same as in temperature distribution, resulted in the
largest impact. Comparing the two parameters, it can be observed form the interface height and horizontal
spread area that removing the last row caused the smaller spread constriction compared to changing the
diffusers settings. In opposition, the concentration vertical profiles in Figure 2.26 show that removing the last
row had much lower concentrations at 1.7 m and at lower heights only negligible differences were spotted.
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Finally, air quality was reassessed using breathing zone concentration frequency distribution curves and
numerical indices. Analyzing Figure 2.26, the major trend change found in all altered cases, is the depression
of the original case’s second peak at concentration 1 and the increase in 0.001. The local air quality, diffusion
radius, and concentration integral are displayed in Table 2-8. The two single-parameter cases are found to be
very similar in all indices while the both-parameter case reduced the concentration by 30% and shorten the
diffusion radius by 0.76 m.

42



Chapter 2 Double Wall Flat Diffuser with Non-Uniform Supply in Large Lecture Hall

5.0

1
3-sides

Base arrange. ==

Last row =
4-sides
Base arrange, =0~

Last row

1.0 3.0
Exhaust

Normalized Concentration (-)

Figure 2.26 Normalized concentration vertical

distribution for enhanced cases

80

70
60
50
40
30
20
10

0

Occupants Count

<l

S

4-sides
3-sides

Base Arrange. No Last Ro
-0
"

0.001

0.01 0.1

1 10

Normalized Concentration

Figure 2.27 Occupants distribution on normalized
concentration classes for enhanced cases

Table 2-8 Numerical indices in enhanced cases

Base-arrange. | No lastrow  Base-arrange.  No last row
Index Symbol [unif] / 3-sides / 3-sides / 4-sides / 4-sides

Local ai lity i Vin [

ocal air quality index  {& )in [ 1.00 0.87 0.94 126
2" moment for scale of ~ SVE2 [m]
ventilation efficiency, 4.35 3.86 3.58 3.59

L Co
Concentration integral [ppm m?] 23.71 22.08 22.05 16.51

2.3.3. Effect of contaminant source position on transient spread of contaminant

2.3.3.1. Analysis Conditions and Cases

Continuing the investigation on source position significance in contaminant spread pattern and cross-
infection probability, this transient analysis was carried out for the same cases with the same settings as the
previous steady state analysis. The standard k-emodel analysis was carried out using STREAM v.20 software
using the conditions listed in Table 2-9 and the boundary conditions summarized in Table 2-10. CO.
concentration was set to 1000 assuming the units to be quanta/m®. For all cases, steady- state analysis with no
emission were run until the temperature was stable, then, transient analysis was carried out for 50s, 2s to

simulate one exhale then the emission was stopped to monitor contaminant diffusion.

43



Chapter 2 Double Wall Flat Diffuser with Non-Uniform Supply in Large Lecture Hall

Table 2-9 Analysis Conditions Table 2-10 Boundary Conditions
Analysis Software Stream v.20 Wall Inner wall _ Heat transfer coefficient, 3.06 W/m?
Turbulence model  Standard k-¢ model Exterior Adiabatic
Calculations Heat. Radiation Inflow Front 2850m’/h _Sides 4530m’/h
Difﬁ;sion (COz)’ Outflow __ Fixed flow velocity 0.98 m/s
Heat 60 W/ person
Mesh count ~4aM CO2 Emission velocity 1 m/s
Mesh size 0.04 m emission  Concentration: 1000 quanta/m>
(1.1 growth rate) Mouth surface area __0.0025 m? (0.05x0.05 m)
Duration 2s

2.3.3.1. Results and Discussion

In this section covers two main points: 1) Inspecting the temperature vertical distribution for DV
stratification after reaching the steady state, and 2) Assessing the inhale air quality for the source, the
uninfected occupants especially the source surrounding ones. For all uninfected occupants average inhaled air
concentration is calculated. For contaminant source occupant, the inhale air quality is assessed in terms of
stagnant time, i.e. how long high contaminant concentration is sustained. For source surrounding occupants,
the number of affected occupants and effect severity by time are two factors chosen for evaluation.

To start with, the temperature vertical distribution shows typical stratification with interface height of
above 1.7 m in most of the space volume. Figure 2.28 shows 2 graphs of the temperature vertical distribution;
a. whole space average with variance bars, and graph b has the temperature at 4 sample rows plotted to
represent the variation in the temperature distribution in the seating zone of the hall. Figure 2.30 shows the
temperature distribution at 4 horizontal sections, 3 sections within the occupied zone; at ankle level, seated
and standing occupants head level, and one above the occupied zone at 3.2 m. Three vertical sections are
presented as well in side and middle aisle, and through the seating zone. As can be observed from Figure 2.28b,
the front row is affected by the front diffuser which can be the cause of the asymmetric air flow. This
observation, as mentioned in the previous section can affect the contaminant distribution as well.

Regarding the contaminant diffusion assessment, the concentration in the source breathing zone was
calculated using the average of 0.2 m cube in front of the occupant’s face. For other occupants, a single
measuring point in the center of the first mesh next to the mouth was used to derive the concentration as shown
in Figure 2.29.

Average contaminant concentration in inhaled air of all uninfected occupants for the ten cases are plotted
in Figure 2.31. It can be observed that 4 cases reached relatively high concentrations: ML, MC, BL, and FC.
Although, the middle cases had the highest concentrations (> 0.1 quanta/m?3), case-FC sustained 0.01 quanta/m?
for 40 s. Other cases showed negligible concentrations. Case-L, however, showed a delayed increase in
concentration that had not reached a peak until the end of the simulation time.
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Figure 2.32 shows the inhaled contaminant concentration the source and surrounding occupants for all
ten cases vs. time. First, regarding the stagnant time at the source, it can be noticed that cases L, FL, and FC
had slow dispersion rate as it takes around 40 s for the concentration to reach 1 quanta/m?® while its takes under
10 s in case-BC, for example. Another point worth noting is the trend of re-peaking after steep decrease shown
in cases ML and MC which is not restricted to the source but also the surrounding occupants. Assessing the
effect on surrounding occupants, front cases have almost all surrounding occupants above 0.1 quanta/m3 in
varying timing. ML and MC cases subjected their adjacent occupant to the right to the highest concentration
of more than 10 quanta/m3. Followed by case-BL, ML and MC are the fastest cases to affect the surrounding
occupants as the adjacent occupant reached the maximum concentration within 5 s. BC had no concentration
exceeding 0.01 quanta/m3 which is unlike other back cases as both subjected an adjacent occupant to
concentration higher than 1 quanta/m?. Similar to Figure 2.30, the concentrations in case-L are increasing and
had not reached its peak.

Finally, to visualize the diffusion direction, horizontal and vertical sections of sample cases are shown in
Figure 2.33 and Figure 2.34 respectively. The difference in diffusion pattern can be seen in terms of speed,
direction, and dispersion rate. Back cases show fast vertical diffusion with minimal dispersion. In contrast, in
middle cases the contaminant diffused horizontally. Front cases, on the other hand, show slow horizontal
diffusion with high dispersion rate, thus, affecting larger number of occupants.
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2.3.4. Eftect of Supply Diffusers Position and Occupants Seating Pattern on Temperature and
Contaminant Concentration Distribution

The DV system where air is supplied from ceiling level inlet fans through double wall to flow in the room
through wall-long flat diffusers as shown in Figure 2.2. In order to ensure uniform surface velocity at the
diffusers and simplify the system for simulation, flow was set directly from the diffuser surfaces. However,
the double wall surface temperature should mimic the real case scenario of having air flowing at supply
temperature. To simulate this condition, a solid layer with fixed temperature precondition was attached to the
external surface of the double walls. Occupant models, seated and standing, are shown in Figure 2.35. It should
be mentioned that the mouth level of the seated and standing occupants is 1.2m and 1.7 m respectively. In
addition, as shown in Figure-3c, the seated occupant is positioned 50 mm away from the desk.
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Figure 2.35 Room model in 3D and plan views, and occupant sitting and standing model

2.3.4.1. Analysis Conditions and Cases

The analysis was carried out by Stream v.21.1 using a standard k- € model. Heat transfer was calculated
using logarithmic law and was set to adiabatic between room external surfaces and the exterior. The room was
divided into 50-mm size mesh except near the room envelope where the size increases to 200 mm to sustain a
Y+ value of more than 30. Table 2-11 sums up the analysis conditions while the boundary conditions are listed
in Table 2-12. 12 cases were simulated for three diffusers settings; 2-sides, 3-sides, and 4-sides. Each setting
was analyzed for four seating patterns. Four contaminant sources positioned in accordance to the field
measurement are indicated in the cases flow boundary conditions table, Table 2-13.
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Table 2-11 Analysis conditions Table 2-12 Boundary conditions
Analysis Software Stream v.21 Thermal Boundaries
Turbulence Model Standard k-emodel Solid- Fluid log law

Analysis Type Steady-state External surfaces Adiabatic

Materials Conductivity

Calculations Heat, Radiation, Diffusion —
Mesh Ceiling Rock wool A=0.035 W/(m.K)

Default Size 50 mm Floor Concerte A=1.2 W/(m.K)
Wall/ Ceiling/ Floor Adjacent Mesh 200 mm Walls Hardwood i A=0.15 W/im.K)
Growth Rate 115 Heat Generation

Source Occupants 1 Standing/ 80 Seated
Mesh Count ~4M

Surface Area Standing/ Seated 1.745 m2

Heat load 75W

Contaminant Settings

Contaminant CO2 1.64x10-5 Diffusivity

Emission rate 5.21 L/min

Emission 32°C

Temperature

Emission Surface Mouths (4) 0.025 m?

Table 2-13 Cases flow boundary conditions

Fully-Occupied Alternate Seats Front Half Back Half
Seating Pattern. :, . 'W W W H E, !
Occupancy 81 41 45
Supply Volume 8400 m3/h 4200 m3/h
Diffusers Setting Exhaust Flow 6720 m3/h 3360 m3/h
Ex-1,3
Exhaust Flow 1680 m3/h 840 m3/h
Ex-2
i
Supply Flow | 15706 mis 0.0636 m/s
Velocity
T T
1
Supply Flow | 19955 1yis 0.0463 m/s
Velocity
1T T
Supply Flow 0.07278 m/s 0.0364 m/s
Velocity
I
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2.3.4.2. Results and Discussion

2.3.4.2.1. Temperature distribution

To start with, the temperature distribution was plotted for the seats area, front and back halves separately.
Different diffuser settings are shown in different graphs in Figure 2.36. It can be observed that diffusers settings
do not have much effect in the average temperature distribution. Front and Back Halves cases showed the most
varying trend in the empty half of the room where the supply air temperature was sustained till 0.8 m height.
Fully-occupied cases and alternating-seats cases have similar trends except for the higher stratification level
in the alternating-seats cases. Also observed from temperature contours in Table-4.
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w
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Figure 2.36 Temperature vertical distribution
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2.3.4.2.2. Air Flow

As cold air flow of high velocity caused discomfort, a combination of horizontal velocity and temperature
contours are compared in Figure 2.37. Full-occupancy and alternating seat cases where chosen as samples. It
can be noticed that in the highest supply velocity case, fully-occupied with 2-sides diffuser, the side-aisles
seats are affected by 0.2 m/s flow. The effect extends to the front and back seats in the 3 and 4-sides settings
respectively but with lower velocity. The alternating case shows minimal flow in the 2-sides setting solely.
Given that the temperature at the side seats are 18°C, around 1°C below occupied zone average (18.8~19.3°C),
air velocity under 0.35 m/s is within comfort range (4).

Fully-Occupied Alternating Fully-Occupied Alternating

(z=0.6 m, sec. x-X)

2-Sides

=(.6 m, sec. X-X)

(z

3-Sides

(z=0.6 m, sec. x-X)

4-Sides

Horizontal velocity [m/s]

00 0.10 020

Figure 2.37 Temperature and horizaontal velocity contours in fully-occupied and alternaing cases
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2.3.4.2.3. Contaminant Concentration

Comparing the 12 cases, Figure 2.38 shows concentration contours at 1.2 m plan and at section X-x
passing through two of the contaminant sources as highlighted in Figure 2.35b. Comparing seating patterns,
Back-Half case shows the highest concentration especially in the 3-sides settings. For the Front-Half cases, in
3 and 4-sides settings mixing down flow seen the sections caused the concentration to be relatively high at low
levels. The high stratification level of the alternating case displays the clearest occupied zone for all diffuser’s
settings. Finally, for the Fully-occupied case, 3-sides setting displays horizontal spread of contaminants.
Although 2-sides has less horizontal spread, 4-sides diffusers case shows the lowest contaminants
accumulation.
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Figure 2.38 Contaminant concentration countours at 1.2 m and at section x-x
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2.4. Experimental Investigations

This field study was carried on two steps; between January 9" and 31, 2022 then between March 13"
and 17" 2022. The case-study is the actual lecture hall in Minoh campus, Osaka University. The DV system
in both investigations operated in all-fresh mode. The first investigation the effect of changing the location of
the one contaminant source on the temperature and contaminant distribution was studied. The second
investigation assessed the DV system performance in terms of temperature and contaminants distribution with
four contaminant sources under different seating patterns conditions.

2.4.1. Method and Equipment

The timeline of all cases, as shown in Figure 2.39 starts with turning the DV system on and when steady
state is reached, CO; emission is initiated. After CO; readings reaches a plateau, the emission is continued for
a 30 minutes-long sample time. Finally, the DV and CO- emission is stopped.

30 minutes ! — —

I_ITemperature reaching steady state

[« )
£8
U"\
SR
°s
==

Figure 2.39 Experiment timeline

SYSTEM ON
SYSTEM OFF

Air and surface temperatures were monitored through the experiment time as well as CO, concentration.
Figure 2.40 shows the measurement points in plan and section views. Figure 2.41 is a 3D view of the
measurement points in the lecture hall and Figure 2.42 shows a picture of the lecture hall with the measurement
settings. In the following section, the measurement equipment and procedure are overviewed.

Temperature measurement
Surface temperature was measured for walls at the points Wa~j, Figure 2.40a, at heights indicated in

Figure 2.40d and Figure 2.40e. Floor surface temperature was measured at poles a~j. Graphtec GL10-TK data-
logger with K-type thermocouple probe was used and the fixing methods is shown in Figure 2.43 and Figure
2.43b. Ceiling temperature, on the other hand, was measured using Horiba infrared thermometer IT-480Fat the
one point indicated in Figure 2.40a. Air temperature vertical distribution was measured at pols a~j at heights
indicated in Figure 2.40b. T&D RTR-576 temperature/CO; data logger was used, Figure 2.43c. For higher
points, two loggers were suspended from the ceiling at the heights indicated in Figure 2.40c at points Hn and
Hs. Supply air temperature was measured using Graphtec GL10-TK data-logger as shown in Figure 2.43d.
Exhaust air temperature was measured using the same method.
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CO2 measurement

Exhaust 1~3 and room CO2 concentration, poles a~j as well as points Hn and Hs, was monitored using
T&D RTR-576 loggers. For the exhaust measurements, air pump was connected to the loggers. Supply
concentration at each diffuser was measured using Vaisala GM70 pump, Figure 2.43e..

d e.

Figure 2.43 Equipment used in field measurement

55



Chapter 2 Double Wall Flat Diffuser with Non-Uniform Supply in Large Lecture Hall

Flowrate and velocity measurement

Flow rates of North, East, West walls are shown in Table 2-14 along with the exhaust flow rates at the
three active outlets. The air velocity at each diffuser panel was measured on a grid of points as indicated in
Figure 2.44a using anemometer 6543-21 (Kanomax Co., Ltd.), Figure 2.44b. Measurements were taken at the
center point of one opening of the perforated panel as shown in Figure 2.44c. Velocity distribution of the three
diffusers are shown in Figure 2.45. Vertical distribution has the same trend in all diffuser; increases moving
downwards. Horizontally, it can be noticed that there is a significant variation which might affect the air flow
in the room.

Table 2-14 DV system flowrate of diffusres and exhausts

Flow rate [m’/h] Ll Ll
North 1653
Supply East 3170
West 3307
Outlet-1 3067 -
Exhaust Outlet-2 1566 I
Outlet-3 3402 ™ r N

Occupants simulator

To simulate occupants’ both heat generation and CO, emission were simulated. For heat generations, 60
W black lamps were clipped to the desks suspended above the seats mimicking seated student, Figure 2.46a.
For the standing lecturer, a tripod was used to fix the black lamp, Figure 2.46b. As contaminant, CO; was
heated then emitted through plastic tubes. To sustain the heat and to avoid a linear flow, the emission tube was
split into 4 lines and wrapped around the black lamp as shown in Figure 2.46c.

a. panel grid b. measurement technique c. anemometer
Figure 2.44 Air velocity measurment
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2.4.2. Eftect of Source Location on Temperature and Contaminant Distribution
2.4.2.1. Cases and conditions

Carried out in January 2022, this field measurement investigated the effect source positions of 6 cases with
one contaminant source were carried out. The source positioned at the front, back, and middle row in the far
right and a central seat as shown in Figure 2.47. CO, was emitted at temperature ranging from 25 °C to 27 °C
with a rate of 10 NL/min.

*)

=l
&

M~® CO; Source

L7 N

Figure 2.47 Source position casess

2.4.2.2. Results and Discussion
2.4.2.2.1. Temperature distribution

In this section, temperature and concentration results are presented and analyzed. All results are acquired
by calculating the average of 30 minutes steady state data. Suspended sensors readings were plotted with the
closest set of poles; Hn in poles a~e graphs, and Hs in poles f~j graphs. Regarding temperature distribution,
in different cases, minimal variation in readings was found with negligible change in the air vertical distribution.
Accordingly, only temperature results of case (D for poles a~j are shown in Fig.6. Wall surface temperature
are plotted with the adjacent poles e and i. Temperature distribution shows a stratification height varying
between 1.7 m in the south located poles and 3.2 m at the ones closer to the North wall. At all poles, the lowest
temperature measured is at 0.6 m followed by a significant increase at 0.9 m , this can be thought of as the
effect of black lamps as 0.9 m is the closest height above the black lamps. Poles a is the only pole that shows
a gradual increase in temperature until interface level. Poles b~e shows the same trend but with much smaller
temperature difference. On the other hand, poles f~j have insignificant temperature stratification. Ceiling
temperature is around 5 °C higher than temperature measures at 3.2 m and 4.7 m.

58



Chapter 2 Double Wall Flat Diffuser with Non-Uniform Supply in Large Lecture Hall

4000 r/

+
a0 1
% E —0—  Air Temperature boe d e
=
‘ff 200 ; —— Wall Surface Temperature
T
] 0(\‘ L . L) *
f o h 1
0 do\ | a .
0 2 4 6 .
Temperature difference [°C]
500¢ O 5000 5000, 5000
400 ([/l 4000 Tl” 4000 I’l 4000 [/}ir/
£ 300 £ 3000 E 3000 E 3000
= = = =
= = = =
-5 2000 -5 2000) Tah 2000 -&'2000
T g T g =} i s}
100 1000 1000] 1000)
of E | b 0 ; ¢ 0l S d ol S e
0 2 4 6 0 2 4 6 0 2 4 6 8 0 2 4 6 8
Temperature difference [°C] Temperature difference [°C] Temperature difference [°C] Temperature difference [°C]
S00¢ 5000, 5000, o— 5000 o—
I i i ]
4000 4000 4000 4000
£ 300 E 3000 £ 3000 £ 3000
£ £ \ = =
£ =0 zl =0
‘5 200 ‘5 2000 'S 2000 'S 2000
T T §‘ T T
a3
100 R 1000] 1000] 1000) =
0 | r 0 g g o h 0 i
0 2 15 6 8 0 2 4 6 g 0 2 4 6 8 0 2 4 6 8
Temperature dilference [°C] Temperature dillerence [°C] Temperature dillerence [°C] Temperalure dillerence [°C]

35000

4000

Height [mm]

1000 }
< 0

0 2 4 6 8
Temperature difTerence [°C]

Figure 2.48 Temperature vertical distribution of the Front-Center case

2.4.2.2.2. Contaminant concentration distribution

The contaminant distribution graph comparing multiple cases are analyzed in this section. The two middle
row cases, 3 and 4 are shown in Figure 2.49. Figure 2.50 and Figure 2.51 are comparisons between central seat
cases (1,3, and 5) and right-side seats cases (2, 4, and 6) respectively. To star with, Figure 2.49 shows that, in
both cases, the pole adjacent to the source displays high concentration at lower levels, 1100 mm and lower.
This indicates that the main volume of the gas did not get entrained in the thermal plume of the black lamp. In
case 4, a slight stratification can be seen in some poles but the main observation remains that the gas falls to
the floor even at the poles near the diffusers, Pe and Pi. Similar observation can be found in all cases. For the
central seats, Figure 2.50, the front seat to have the widest spread range while the middle one has the most
sever effect especially in closest pole g, located behind the source point. Similarly, the side cases, show the
front seat, case 2, to have spread widely and in addition have the highest concentration recorded at 1100 mm.
Viewing the illustrations showing the spread direction and severity in the three figures, it can be noticed that
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there is a horizontal flow driving the contaminant backwards. This observation confirms the findings of the
exploratory CFD analyses on the effect of non-uniform supply on the contaminant spread.
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2.4.3. Investigation of Temperature and Contaminant Distribution with Different Occupants
Seating Patterns

2.4.3.1. Cases and conditions

The second field measurement was carried out in March, 2022, following the same procedure as the
previous measurements. The effect of changing the occupants seating pattern on temperature and contaminant
distribution was investigated. Four seating patterns were analyzed; full-occupancy, alternating seats, front-half,
and back-half cases. CO, was emitted from four points, one from each quarter of the space as shown in Figure
2.52. The gas temperature ranged from 25 to 35 °C. The flowrate per point was set to 10 NL/min, 40 NL/min
in total per case.

a. Fully-occupied b. alternating-seats c. Front-half d. Back-half
Figure 2.52 Cases of varient occupants Seating Patterns

2.4.3.2. Results and Discussion
2.4.3.2.1. Temperature distribution

Temperature vertical distribution for all cases at the 10 poles is plotted in Figure 2.53. The temperature
difference between cases was small, with a maximum of 2 °C. The full-occupancy case showed the highest
temperature at all poles followed by the alternating-seats case. The back-half case demonstrated the lowest
temperature in all poles except the rear pole j. Overall, the temperature gradient is small similar to the previous
field measurement.
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Figure 2.53 Temperature vertical distribution for the four seating pattern cases
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2.4.3.2.2. Contaminant concentration distribution

Viewing the graphs in Figure 2.54, it can be observed that the front-half case showed the least spread area
as high concentration was only detected in one pole, c. Full-occupancy case and alternating-seats case showed
very close results. On the other hand, back-half case caused the widest spread and the highest concentration in
the occupied zone, pole g. In all poles adjacent or near the source, the same observation as in the previous
experiment was noticed as the CO2 tends to drop to the floor. In other poles, the stratification is minimal or
non-existent.
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Figure 2.54 CO; vertical distribution for the four seating pattern cases
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2.5. CFD Validation and Result Analysis

To validate the CFD simulation, one case, one source: front right case, was chosen. The case was analyzed
by Stream, v.22, using the readings from the field measurements as fixed inputs. The temperature and CO; at
all poles are then compared to the field measurements to assess the accuracy of the CFD model used. In addition,
distribution contours for both temperature and contaminant were derived to visualize the results.

2.5.1. Analysis Conditions

With an RNG k-¢ model, the heat calculations was carried out, radiation considered. The temperature of
all inner surfaces was input to the analysis as a fixed condition. Supply flowrate and temperature were input
as well as the CO; emission details. Analysis and boundary conditions are summarized by

Table 2-15 and Table 2-16 respectively. To reduce the calculation time, the black lamp geometry was
simplified into a cube with the same surface area as the actual bulb As shown in Table 2-16, the first attempt
of the CFD simulation was done using logarithmic law for heat transfer from the inner surfaces in the room.
However, to improve the temperature readings to be closer to the filed measurements, other heat transfer
options were tested. Coefficient of heat transfer was tested. A range of values guided by literature
recommendations were tried out. The higher the coefficient is the closer the results come to match the
experiment readings. Therefore. Experiment readings, and readings of log. law simulation and high coefficient
of heat transfer cases are plotted and discussed in the following section.

Table 2-16 Boundary conditions
Thermal Boundaries
Heat transfer condition
External surfaces Adiabatic
Case-1: Logarithmic law

Table 2-15 Analysis conditions

Analysis Stream v.22 - —
Turbulence  RNG k-e model Floor and ceiling Case-2: Coefficient of heat transfer
Ana|ysis Steady state 20 | 30 | 50 | 100 W/m?K
Calculations Heat, radiation, Oth_er _|n_ternal surfaces  Fixed temperature field measurement)
and diffusion Emissivity 0.9
Mesh settings Heat Generation
Default size 50 mm Heat load 60 W /lamp

Growthrate  1.15
Cellscount ~4M

CO2 Generation
Source Front right seat
Emission rate 10 L/min

Emission Temperature 32.38 °C
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2.5.2. Results and Discussion
2.5.2.1. Temperature distribution

The temperature vertical distribution of the experiment readings and CFD outputs are plotted in Figure
2.55. The initial case, log.law, showed lower temperature with slightly different graph trend especially at
lowers levels. It was found that increasing the coefficient of heat transfer, the gap between the readings and
simulation results narrows down. Therefore, cases with coefficient 20, 30, 50 and 100 W/m?.K were simulated.
These cases were found to have a closer vertical distribution to the readings than that of the log. law case.
Increasing the coefficient from 20 to 30 slightly improved the results, however, further increase raises
temperature more than that measured. Temperature contours at different heights are shown in Figure 2.56 and
in sections in Figure 2.57.

The major difference between the log. law case and the other cases can be seen. One important
observation about the nature of thermal plumes from black lamps can be seen in both plan and sections.
Compared to the human model as a heat source, the black lamp plume has smaller surface area, hotter and
faster air flow.

67



Chapter 2 Double Wall Flat Diffuser with Non-Uniform Supply in Large Lecture Hall

5000

4000

1000

5000

4000

3000

Height (mm)

2000

1000

5000

4000

3000

2000

Height (mm)

1000

5000

(=% £
g B

Height (mm)
[
1]
o

1000

0

0 2 4 6 8 1C
Temperature (T-Ts) ["C1

0 2 4 6 8 1C
Temperature (T-Ts) ["C1

j

0 2 4 6 8 10
Temperature (T-Ts) [*C]

—8—Exp

—— Log-law
—4— CHT20-20
—4&— CHT30-30

—&— CHT50-50

—C— CHT100-100

5000

4000

3000

Height (mm)

2000

1000

5000

4000

3000

2000

Height (mm)

1000

0

0 2 4 6 8 10
Temperature (T-Ts) ["C]

Height (mm)

0 2 4 6 8 1C
Temperature (T-Ts) [C1]

5000

2

Height {(mm)
3
o

1000

0 2 4 6 8 1C
Temperature (T-Ts) [12]

Height (mm)

Height {(mm)

5000

4000

3000

2000

1000

5000

4000

3000

2000

1000

0 2 4 & 8 10

Temperature (T-Ts) [C1]

0 2 4 6 8 10

Temperature (T-Ts) [12]

Figure 2.55 Temperature vertical distribution, experiment measurements vs CFD
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Z =1100 mm Z =1700 mm Z =3200 mm

a =50 W/m’K

Figure 2.56 Tempearture contours for CFD cases, Plan view
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2.5.2.2. Contaminant concentration distribution

Simulating CO; gas in Stream, diffusivity and concentration are input, however, density is automatically
assumed to be equal to the air density. With air density, being significantly lighter than CO,, the contaminant
dispersion could not reach an acceptable matching percentage as shown in Figure 2.58. All CFD cases show
similar trend which assumes stratification; low concentrations near the floor, an interface level at 1700 mm in
most poles and a peak at a height above the occupied zone. The phenomenon of CO; falling to low heights that
was observed in the experiment readings was found in the CFD results as well but only at Pe. In the experiment,
there was an accumulation at the rear section, Pj, however, it was not reflected in the CFD. Comparing the
different CFD cases, the log. law case displayed the maximum concentration height to be at 4700 mm while
in  the other cases it was at 3200 mm. Increasing the coefficient of heat transfer from 20 to 100 W/m2.K
caused the highest concentration, at 3200 mm, to increase. From the contours in Figure 2.59 and Figure 2.60,
the following points can be observed:1- log. law case shows an idealistic stratification as the concentration
accumulates at the top leaving the occupied zone clear. 2- The horizontal flows in all cases carry the
contaminant backwards at lower heights. 3- Especially in the a = 50 W/m?K case, the effect of downward draft
at the side wall can be seen in Figure 2.60 section A-A.

Regarding the contours in Figure 2.59 and Figure 2.60, the effect of temperature gradient can be seen.
For the higher the coefficient of heat transfer is, the steeper the temperature gradient is and the cleaner the
occupied zone becomes. Although the vertical distribution particularly is not similar to the field measurements,
the horizontal flows noticed from the diffusion direction in the measurements can be seen in the contours as
well. This supports the findings from the pre-construction investigation and emphasizes on the importance of
uniformity in supply diffusers placement.
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2.6. Chapter Discussion and Conclusion

Source position steady and transient
This investigation aimed at assessing the system’s capability to prevent cross-infection. The system was

evaluated in terms of temperature stratification, contaminant distribution, breathing zone air quality, local air
guality index, and contaminant diffusion radius. Features that were found to have affected the system
negatively were separately investigated, namely seats arrangement and asymmetric diffusers setting.

The studied system had special features which posed a challenge to the system’s efficiency. One of which
was flat diffusers. Typically, a system with flat diffusers face the challenge of balancing the flow velocity and
flow rate, the system analyzed in this study seemed to successfully achieve sufficient flow volume/occupant
and in the same time cause no draft effect for adjacent occupants as the flow velocity was kept adequately low.

Regarding temperature distribution, it was observed that the stratification was optimal all over the room
plan although lower than the numeric calculations. The plume interaction, not considered in the calculations,
is thought to be the main cause of reducing the upwards flow rate in the CFD analysis. Stratification height
difference was found in the front section as it had a level higher than average which was thought to be the
effect of the airflow from the front diffuser. This correlation was proved by further investigation as the
variation in stratification level was found to disappear when a back diffuser was added balancing the supply.
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In addition, removing the last row of occupants, which acted as an obstacle to air flow, balanced the
stratification height as well.

Assessing the system’s capability to prevent cross-infection; the contaminants stratification level was not
sufficiently high in some cases in spite of the acceptable temperature gradient. As for the effect of changing
the contaminant source position, it had a significant effect on the contaminant distribution pattern.
Subsequently, the inhaled air quality for non-source occupants varied highly. It was observed that the reason
why the impact of source position was significant is the slow horizontal air currents guiding the contaminants
spread and causing great differences between the 10 cases simulated. These air currents were found to be the
combined effect of the 3-sided-diffusers design and seats arrangements hindering air flow at the posterior
section of the room. In spite of being of low velocity, they were found to disrupt the DV system and thus
reducing its efficiency in clearing the occupied zone of contaminants. The magnitude of the horizontal flow
impact on contaminant distribution was more obvious when comparing the base case to the altered cases. The
effect of equalizing the backward and forward air flows reduced the horizontal distribution and consequently
reduced the number of affected occupants.

Although horizontal currents were found to be the major factor causing this contaminant distribution its
effect was combined with the downward drafts which aggravated its effect on occupants. Resulting from the
flow of supply air through double wall, the downdraft was noticed near side walls specially. In spite of having
no negative effect on temperature distribution, it caused the contaminant to mix back in the occupied zone in
the majority of the simulated cases.

Assessing the air quality using the diffusion radius index, SVE2, along with concentration contours
showed that depending solely on the radius value to compare different cases can be misleading. As the radius
is normalized by concentration integral, having varying concentration integral values causes the radius to be
insignificant. Hence, in this study, SVE2 and contaminant integral values were put side-by-side when
evaluating the results. In a sense, rather than judging cases on how far the concentration spread, judgment on
how much contaminants spread this far is more accurate.

From the transient simulations, it can be concluded the contaminant source occupant has varying effect
severity according to his location in the room. Thus, it was observed that changing the source location has a
significant effect on the adjacent occupants’ air quality through the quantity of contaminants inhaled, the delay
time until the contaminants reaches their breathing zone and the duration the contaminants stay within its range.
In addition, the analysis results showed a clear relation between the source occupant location and his own
inhaled air quality as well. This study supports the findings of the previous steady state simulation published
in (Part 2), however, one significant addition of the transient results is that it highlighted the effect of buoyancy,
despite the low speed horizontal air flows, in clearing the occupants’ breathing zone by time.

Similar findings were observed from the filed measurements. In addition, due to the fact that supply air
flows through double walls wall surface temperature were relatively low. Low wall surface temperature causes
down drafts that result in mixing hot air from the top part of the room with the occupied zone air.
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Seating Pattern
This investigation addressed the effect of occupation pattern on air temperature and contaminants

concentration in the lecture hall. It was deduced that position of occupants with respect to diffusers is critical
to both factors. It was also noted that dispersed occupants’ patterns outperforms closely seated occupants
cases in terms of heat and air quality. Although the CFD analysis differed in conditions and cases settings, the
same conclusion was reached

Experiment
Generally speaking, from the concentration distribution results, it can be concluded that emitting CO-

alone was non-indicative of how human generated contaminants would diffuse due to its high density and large
volume. Heating the gas was found ineffective as well. Another point that is thought tot have affected the
validity of the contaminant distribution results is the use of black lamps. Black lamps were used to simulate
the heat generated by humans. Despite matching the wattage, the thermal plume of the lamps are of different
shape and much smaller surface area. These differences in the thermal plume was visualized in the CFD
analyses and can be observed by comparing the validation case to the pre-construction exploratory simulations.
Hence, it can be deduced that in the field measurement, the aforementioned points have caused the contaminant
concentration readings to be misrepresentative to the actual system performance in clearing the occupied zone
from contaminants.

Diffusers settings
Exploring the effect of 2, 3, and 4-sides supply Diffusers on temperature and contaminant distribution for

different occupants seating pattern cases, the following can be concluded. (1) Asymmetric 3-sides air supply
causes horizontal flows and in some cases down mixing flows as noticed in the front-half seating pattern
especially. (2) 2-sides and 4-sides supply sustained a more stable upward flow achieving a cleaner occupied
zone in various seating cases. (3) For the fully-occupied case, the 4-sides supply gave the best results in
terms of flow velocity for edge seats, as well as temperature and contaminant distribution.

2.7. Research limitations

The limitations can be summarized by the following points. The fact that the DV system installed in the
case-study is nontypical restrains the observations to be generalized. Thus, similar studies on typical DV
system design could support the findings presented. Another limitation is the human model simplification
specially the seated model. Although adding details significantly affect the computation time following the
sitting outline, even in simple cuboids, it may affect the plume velocity as the surface area would increase
which may influence the airflow contours. In addition, using the k-& model has limited accuracy compared to
nonlinear eddy viscosity models, however with such a model size as of the case-study, models that require fine
meshing require an extremely long processing time.
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Chapter 3 Displacement Ventilation Performance
Enhancement using a Novel Portable Cooling Unit
with Air Purification Function

3.1. Introduction and Research Purpose

To enhance the performance of DV system, this chapter addresses three points: 1- Diffusers positioning,
to overcome unbalanced supply due to room shape, size or occupants seating pattern. 2- Strengthening the
temperature stratification to improve the air quality and comfort of the occupied zone. These points were
discussed in previous chapters. In addition, thirdly, integrating portable air purifiers is considered.

3.1.1. Air purifiers

Integrating air purifiers with the ventilation system is one technique to reduce the contaminant spread and
cross-infection risk as concluded from the experimental measurements and CFD analysis by Zhang et al. [1]

The reason why air purifiers are seen as efficient is because they address the mode of infection transfer.
Although human exhalation contains a wide range of droplets sizes, 0.01-1000um [2]. The transmission of
infection was found to be caused by droplet nuclei or smaller droplets referred to as aerosols [3,4]. Being of
smaller size, <5Sum and less water content, they can stay suspended for longer than larger droplets which tend
to fall quickly[5,6].

Droplets are considered to fall quickly to the floor close to the source, whereas aerosols are expected to
remain airborne for long times [7]. However, by time the particle size decreases with a rate dependent on the
initial size, relative humidity, temperature, air flow amongst other factors [8]

Given the infection spread mechanism, and especially with the recent pandemic situation, the importance
integrating air filtration in the ventilation systems or add portable air cleaners has been highlighted in recent
research [9]. The advantages of using portable air purifiers have been explored by Novoselac et al. in their
2009 study. They investigated three factors: particles size, flowrate, and position of the air purifier. It was
found that the position of the air purifier has a major effect on overall particle removal and thus on the air
quality in different parts of space. [10]

The effectiveness of air purifiers using MERV or High Efficiency Particulate Air filters (HEPA) and
operating with mechanical ventilation has been proved in multiple research work [11-13]. A reduction in the
particulate matter (PM) as high as 50% was measured in the investigated classrooms [11]. HEPA filters
particularly have been studied in numerous research, either using air cleaner effectiveness, ultrafine particle
removal, or sensory testing [14-16]. The results of these studies have shown positive results on the
effectiveness of using HEPA filters for air purification.
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To tackle the potential enhancement points, a novel air purifier unit that functions as a portable DV system
is proposed. Although close ideas of merging portable air-conditioning units and air purifiers have investigated
in some studies [1], no similar one unit has been proposed so far, especially in DV system. The proposed
machine should function as a mobile DV diffuser. It consists of a heat pump with no ducts to be connected to
outdoor. Being ductless, the exhaust heat is discharged in the room to act as an additional heat source to
enhance the temperature vertical stratification. Mimicking a typical DV system, supply diffuser is in the lower
section of the unit while the suction port in the top section as shown in Figure 3.1a. The suction port provides
air for both function, air cooling and heat exhaust. Moreover, to function as standalone DV system, air filters
such HEPA filters function should be added to purify the return air. Placement and functioning method of the
portable DV unit (PDV unit) are illustrated in Figure 3.1b.

The concept of the PDV unit is examined using zonal model calculations and experimental measurements.
In the following sections both methods’ details and results are discussed.

3.1.2. Methodology

In this study, the effectivity of the novel PDV unit was assessed in terms of temperature and PM
distribution. Zonal model calculation and experimental measurements were carried out for this purpose. First,
in the zonal model, only the thermal effect of the PDV unit was formulated. A parametric study exploring the
effect of multiple variables was carried out. Secondly, field measurement was performed in which a prototype
model of the PDV unit was built and operated. In the experimental measurements, the effect of various
parameters was assessed by monitoring both temperature and particulate matter concentration distribution.

) I i ___— Extendable duct
[ __— Suction port
DV
- —— Hot-air supply system's
o ‘&(}, O supply Room Exhausted E);(haust
3 air (in) hot air (out)
-» i Thermal
plume
— ___— Supply air diffuser IS)y\S/t em \—J.
— . supply < Units T
- - = = supply
+ > alf Pout)
a. PDV unit conceptual design b. PDV unit placement and functioning

Figure 3.1 PDV unit proposed design
3.2. Zonal model calculations

It has been attempted in multiple research to formalize predictive models of DV temperature distribution.
Varying degrees of simplification and different factors considered [17,18]. One example is Xu and Yamanaka
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(2001) who focused on modeling heat loss through the room envelop [19]. In this calculation, the basic model
illustrated in Figure 3.2, was adopted and the PDV unit effect was formulated in the adapted zonal model. The
model assumes stratification in two layers and neglects radiation from the different surfaces. The thermal
balance for the upper and lower zones is given by equations (3-1 to 3-2).
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Figure 3.2 Zonal model
(n+1) I+ nHs+ Cpp (gstqsm) Th — CppgsTu — CppgsmTu =0 (3-1)
-nl + (1-n) Hs + CppqsTs + CppgsmTu— Cpp (gstqsm) T1 =0 (3-2)

PDV unit’s cooling and heating capacities are shown in equations (3-3) and (3-4) respectively.

Osm

th = (n+1) I = Cppqhm (Thm'Tu)

=nl = CppCIsm(Tu'TSm) (3-3)

(3-4)

where for the DV system, qs is the supply flowrate and T is the supply temperature. For the room, T, and T,
are the air temperature of upper and lower sections respectively. C, stands for specific heat of air (1.2 kg/m®)
while p is the air density (1004 J/K kg). Representing heat sources in the room, human and computer devices,
H; is the heat load generated and 1 is the ratio of the heat that ascends to the upper part of the room assumed
to be 1. Regarding the PDV unit, n is the unit’s coefficient of performance, COP, I is the input power (W), Qsm
and gnm are the machine’s supply flowrate and hot air flow rate respectively. Tsm and Tnm are the supply
temperature and hot-air temperature respectively. Qsn is the cooling capacity of the PDV unit and Qnn is its
heating capacity.

3.2.1. Parametric analysis

In this calculation, some of the DV system and PDV unit specifications were changed to study the effect
of each variable on the unit’s performance and the room temperatures. Table 3-1 summarizes the set of values
used in the study. The factors studied in this section are: 1- PDV unit’s COP, 2- PDV unit supply flowrate at
fixed DV flowrate, 3- DV supply flowrate at a fixed PDV unit flowrate, and 4- PDV unit hot air flowrate.
Equations (3-1 to 3-3) were solved simultaneously, then the resultants were used to calculate the hot air
temperature using equation (3-4).
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Table 3-1 Parametric study cases

Cases-A Cases-B |Cases-C |Cases-D

gs (m/h) 200 200 300-100 200
DV
Ts (0 20
COP,n 3.0-40 35 35 35
I w Dependant
3 J—
PDVU Osm (mS/h) EOO EOO 300 EOO 200
qhm(m /h) —Qsm —Qsm —Qsm 100 — 300
Tsm (°C) 20
Thm (°C) Dependant

3.2.2. Results

The results of the zonal model calculation of Cases A-D are plotted in this section. It should be noted that
in all cases, since the idea situation of equals lis assumed, the occupied zone temperature, T, is constant at
20 °C, equal to the supply temperature.

3.2.2.1. PDV unit Coefficient of performance

Calculations of increasing the unit’s COP from 3 to 4 at constant supply flowrate and temperature were
carried out, Cases-A. From Figure 3.3a, the increase in COP is seen to enhance the performance by decreasing
the exhausted heat as can be. Increasing the COP from 3 to 4 reduces the required input power by a third to
provide a fixed flow rate at a fixed supply temperature, as shown in Figure 3.3b.

3.2.2.2. PDV unit supply flowrate at fixed DV flowrate

As shown in Figure 3.3c and Figure 3.3d, calculations with gsm varying from 100 m%h to 300 m*/h were
performed, Cases-B. The 100 m3/h case requires a relatively small wattage of around 20 W. It can be observed
as well that increasing the flow volume requires a steep increase in the input power of the machine. Increasing
I, thus, results in exhausting air at higher temperature (Thm).

3.2.2.3. DV flowrate at fixed PDV unit supply flowrate

Decreasing the DV supply flowrate is intended to investigate the PDVU input power needed to
compensate. As shown in Figure 3.3¢, the relation is exponential. At gs 100 m*/h where the DV supply flowrate
was lowest, the input power required for the PDV unit to compensate was more than 3 times that of qs 200
m?/h. This increase in | was reflected in the hot air temperature and upper zone temperature as shown in Figure
3.3f. Since Ty increased to 40 °C making the difference between the upper and lower zone temperatures 20 °C,
this shows that the PDV unit compensation capacity is bound by the temperature difference comfort between
head and feet height. However, the PDV unit location, although not represented in the zonal model, might be
a major factor in this aspect.
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3.2.2.4. PDV unit hot air exhaust flow rate

The relation between hot air flow rate and temperature is given by equation (3-4). For a fixed case-D, Qnm
varying were used to calculate the hot air temperature. Figure 3.3g shows that increasing the flow rate from
100 to 300 m®h can decrease the temperature by 10 °C. However, the effect of this variable especially, needs
to be investigated using CFD analysis or experiment measurements as the flowrate of hot air can highly affect

the temperature horizontal distribution and generally the DV induced stratification.
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3.3. Experimental Measurements in Environmental Chamber

The field measurements were carried out in the period of January 26 — February 7, 2023 in an
environmental chamber in Osaka University, Japan. The experiment room was built of insulated wooden
boards. The inner walls were painted in matt black to minimized radiation reflection. As annotated in Figure
3.4a, the room dimensions are 2.84 mm x 2.34 m x 3.00 m, which is relatively small but was decided upon
due to space limitation in the experiment building. However, in several research papers, experiments were
carried out in similar sized rooms with similar supply flowrate [20].
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3.3.1. Experiment Setup and Conditions

PDV unit

Due to limitations in the capabilities and equipment, the PDV unit was not built as an intact one unit as
designed, but broken down into its basic components as illustrated in Figure 3.5 and shown in Figure 3.6a. All
equipment was placed outside the room, only the diffusers, suction port, and hot-air inlet were placed inside
the room.

The PDV unit components were fixed into a 2.7 m high metal frame. The suction port is 0.3 m size cube
intaking air from three sides, top and bottom sides are solid while the remaining face is where the ducts were
connected. The suction port is connected by 12.5 cm wide ducts to two paths; cooling and heating. The cooling
and filtration function was achieved using air processor (AP-750M-C, ORION Machinery Co., Ltd.) connected
to HEPA filter. Chilled filtered air flow through the inlet duct was connected to a fabric duct to act as a circular
diffuser, 0.6 m high and 0.3 m in diameter. A similar arrangement was used for the room’s DV system. As for
the heating function, duct fan (FY-23DZ4, Panasonic) and duct heater (DM-11N, Nippon Heater Co., Ltd.)
were used. The heated air flows through a 0.3 mx 0.3 m cylindrical fabric duct. The supply air flow from both
DV and PDV unit are controlled by IRIS dampers and monitored by low differential pressure transducer (DP-
45, Validyne Engineering). The hot-air flow was monitored by ultrasonic flow meter (TRZ150D-C, Aichi
Tokei Denki) connected to current data logger (RTR-505, T&D Co., Ltd.). All ducts of the system were glass
fiber insulated, and the openings in the walls were tightly sealed.

Ultrasonic
Fan Flow Meter  Heater

Exhaust o pening

Portable DV
Unit system
HEPA

Filter

N Fabric Duct Fabric Duct PR
Crifice Diffuser Diffuser e
Meter Meter

Figure 3.5 Experiment ventilation system design
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7 X

a. PDV unit and DV diffuser b. Person simulator  c. Particle emission by warmed
plastic bottle covered nebulizer

Figure 3.6 Experiment room equipment

Person simulator

Representing seated occupants as heat source, two cylindrical heat simulators were operated at 100 W
each, controlled by voltage regulators and monitored by watt meters. The heat simulators are 1.00 m high and
of a diameter of 0.40 m. They were placed over an insulative-5 cm-foam disc in locations indicated in Figure
3.6b.

Temperature measurement

Temperature was measured using T-type thermal couple wires connected to CADAC-3 data logger (Eto
Electric Co.). The measurement points are indicated in Figure 3.4a and Figure 3.4c. For surface temperature,
Wal~Wh3 stand for walls inner surface points, Wol~4 stand for the outer surface points, and R stands for the
roof surface point. To measure the vertical temperature distribution in the experiment room, 22 points at each
pole, Pa-c were measured. The floor and ceiling surface temperature was measured at the same poles. The
surface temperature of one heat simulator was measured as well. In addition, the air temperature of the PDV
unit’s supply diffuser, hot air diffuser, and suction port were measured as well as the DV supply and the exhaust
temperatures. The temperature outside the room, inside the experiment building, was monitored at point To.

Particle counter

The contaminant simulated in this experiment was cough droplets. Given that the density of natural saliva
varies between 1.0 — 1.1 g/mL [21], artificial saliva was prepared with 12 g salt (NaCl) and 76 g glycerin for
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1 litre of distilled water to have a density of 1.088 g/mL. The droplets were produced by nebulizer (NE-C801,
OMRON Healthcare, Inc.) and the emission rate was controlled by setting the gas flow to 2 NL/min. N gas
was chosen as its density is slightly less than that of air. In order to have a distributed emission, rather than a
stream of droplets, the nebulizer was covered by a plastic bottle that has holes of 0.5 mm diameter in its upper
part. The bottle was heated by a bottle warmer (12.3 W) wrapped around it in order to prevent condensation
and to raise the temperature of the droplet emission as shown in Figure 3.6c.

The droplets were measured using handheld particle counters (RION and Kanomax) fixed at Pd at heights
900 mm (C900), 1100 mm (C1100), and 1700 mm (C1700). In addition to 2450 mm (C2450) which matches
the suction port height. Measurements of the exhaust opening (Cex) were taken as well. In addition, to confirm
the supply air filters, particles count at both supply diffusers (Cs, Csm) and hot-air supply (Chm) was
monitored.

3.3.1.1. Cases and parameters

The parameters investigated in this study were: 1) Exhaust location, 2) DV flow rate, 3) PDV unit flow
rate. Regarding the exhaust location, placing the exhaust outlet over the PDV unit was compared to having the
opening on the opposite side of the room. The supply flowrate of both DV and PDV unit was tried with three
variations 200 m%/h, which is the recommended 100 m3/h /person, and one lower and one higher flowrate, 100
mé/h and 300 m%h. The hot air flowrate was set constant to 200 m®/h regardless of the supply flowrate.

A total of 12 cases carried out are summarized in Table 3-2. The cases can be divided into 5 groups
according to the comparative parameter. Group-1 shows the effect of changing the DV supply flowrate in the
DV-only cases and the DV-PDV unit combination cases. Group-2 is a comparison between different PDV unit
supply flowrate at a constant DV supply of both 200 m%h and 300 m%h. Viewing the PDV unit as a
complementary ventilation system, Group-3 compares all cases with a total supply flow rate of 200 m%h as
well as 300 m®/h. Group-4 is set to evaluate the effect of changing the exhaust location, Ex1 or Ex2.

It should be noted that despite the fact that 300m?®h can be seen has relatively high flow rate, it has been
recommended by recent research work to increase the air change rate in an effort to achieve a better indoor
guality and reduce the cross-infection risk [9,22].

As shown in Table 3-2, the case naming includes the system running, DV for the displacement ventilation
supply, and PU is used as a shorted abbreviation for the PDV unit. Each system abbreviation is followed by
the supply flowrate value. Finally, the exhaust opening humber, either Ex1 or EX2 is written.
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Table 3-2 Summary of cases’ parameters
Flow rate (m*/h)  Case

Exhaust location Case name
Gsm qs no.

0 200 1 DV200 Exl

0 300 2 DV300 Exl
100 200 3 DV200 PU100_ Ex1
200 200 4 DV200 PU200_ Ex1
Ex1: Far 300 200 5 DV200 PU300 Exl
200 100 6 DV100 PU200 Ex1
100 100 7 DV100 PU100_ Ex1
300 300 8 DV300 PU300 Exl

200 0 9 PU200 Ex1

200 0 10 PU200 Ex2
Ex2: Near 300 300 11 DV300 PU300_ Ex2

200 200 12 DV200 PU200_ Ex2

3.3.1.2. Measurement

Readings were taken at a one-minute interval. The timeline of the measurement is illustrated in Figure
3.7. The ventilation system was switched on and the temperature readings were monitored until steady state
was reached, which took about 2.5 hours. Afterwards, the particles emission was run for two rounds because
the particle counter devices were not enough to cover the measurement points in one round. The count at Cex,
Cs, Csm, and Chm were monitored non-stop all through the experiment. The count at the pole Pd, on the other
hand, were measured two points per round the nebulizer was turned two rounds because on for one hour. After
stopping the emission, the particles count at the exhaust was monitored until it decreased back to the
background count. Finally, the ventilation system was switched off. A sample of 30 minutes in which both
temperature and particles distribution were at steady state was taken for data analysis.
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Figure 3.7 Experiment timeline

In this section, the experimental data is analyzed for both temperature and particle distribution. First, the
temporal readings of one sample case is reviewed. Secondly, the detailed cases comparison is discussed. In
addition to the heating and cooling capacity of the PDV unit.
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A sample of the temperature readings through the experiment measurement time is analyzed. Figure 3.8
shows the temperature at different heights, on the ceiling and floors surfaces, and at the supply and exhaust
ports. Having been carried out in winter, when operating the system at 6 °C the temperature increases compared
to the room temperature cooled through the night. From Figure 3.8, the temperatures are seen to reach steady
state after about 2.5 hours of turning the system on. The sample data taking for analysis from this case was
12:30~13:00 for round-1 and 14:30~15:00 for round-2 at which the temperature had minimal fluctuations thus
the sample can be considered representative to the steady state.

°C
—
o

Temperature

Pa 3000 Pa 900
Pa 1700 — Pa 100 e TS
Pa 1100 PaO Tex

Figure 3.8 Sample of temperature readings for case DV100 PU200 ExlI

The particle count over the whole measurement period for one sample case is hereafter discussed followed
by a detailed comparison between the cases. First, for the particle count timeline, the case DV100_PU200_Ex1
was chosen as a sample case. Figure 3.9. a~d shows the particles count per size on the experiment timeline.
The graphs have two vertical axes showing particle count since the count at exhaust, hot-air supply, and top
two heights, 1700 mm and 2450 mm, is much higher than that at supply ports and lower heights. Thus, Cex,
Chm, C2450, and C1700 are plotted on the left axis while the Csm, Cs, C1100, and C900 follow the right-side
one.

In the case at hand, the emission for round-1 was from 12:30 to 13:30, and round-2, from 14:30 to 15:30.
In round-1, C1100 and C900 were measure while in round-2, C2450 and C1700. The count at all openings is
relatively steady with a general trend of slight decrease. It can also be observed that the round-2 has an overall
lower count than round-1. The difference in particles distribution by size can be seen by comparing the graphs
a~d. For smaller particles, the exhaust has the highest count, however, the larger the particles get, the lower
their count at the exhaust becomes. At the larger particles size, the count at Pd, (C900~C2450), particularly
C1700, and C2450 become higher than Cex and Chm. This observation can be explained by the fact that larger
particles tend to evaporate or settle on the surfaces. As for the count at the supply diffusers, only the smallest
particles seem to be able to pass the HEPA filter (0.3 um ~ 0.5 um), however, the highest count is around
10,000 which can be seen as negligible.

In the following sections, the results of the particle count and volume for all cases are displayed. The
graphs have the readings from Pd plotted along with the exhaust point. The hot air supply port readings are
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plotted as an isolated point at the height of 1900 mm in all PDV unit cases. Measurements of the DV and PDV
unit diffusers were used as control values and since they were of negligible values, they were not plotted in
the cases graphs. For each case, the total volume of particles, total count, and count by particle diameters are
plotted separately in the respective figure.
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Figure 3.9 Particle count by size vs time for case DV100_PU200_Ex1
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3.3.2. Measurement of particle size frequency distribution

Before carrying out the main experiment, further measurements were required to know the size
distribution of the droplet emission by the system described earlier. To get accurate measurements of the
particles’ diameter and count, Particle Dynamics Analyzer (PDA) (Dantec Dynamics) was used.
Measurements of one hole of the plastic bottle were taken at 1 cm distance. Readings for three 30 seconds
intervals were recorded. The PDA components, i.e. Diode-Laser unit and Fiber PDA receiver probe were set
as shown in Figure 3.10 and connected to the Burst Spectrum Analyzer processor unit (BSA) out of which the
readings were acquired. The particles were grouped into fixed diameter intervals as shown in Figure 3.11. The
frequency distribution shows that the larger particles 5.0um and larger take up around 40% of the emission
followed by the 2.0~5.0 um. The smaller particles, on the other hand, range from around 10% to 15 % each.
Compared to size distribution measured in a real human expiratory droplet investigation system, the peak is
slightly higher [90]

Figure 3.10 Settings of the particle size distribution measurement using PDA
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Figure 3.11 Particle size distribution frequency
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3.3.3. Effect of Changing DV supply flow rate

In this section the effect of the DV system’s supply flow rate is examined. A comparison of varying DV
flowrates was carried out for both DV only cases and DV-PDV unit combination cases. In the combination
cases’ group, the PDV unit’s flowrate was set constant to 200 m%h. The two cases of both groups are
summarized in Table 3-3.

Table 3-3 Summary of cases’ grouping
Group 1: gs
Group 1: g - DV
DV200_Ex1 DV300_Ex1

Group 1: gs - PU+DV
DV200_PU200_ Ex1 DV100_PU200_Ex1 PU200_Ex1

3.3.3.1. Results and Discussions

The temperature vertical distribution of the DV only cases are shown in Figure 3.12a. The effect of
increasing the supply flowrate can be seen as negligible. It can be deduced that the room’s small size might be
the reason behind the minimal effect. The exhaust temperature was not affected much as can be seen from
Figure 3.12. Since the room volume is about 20 m3, the 200 m*h means 10 ACH which made increasing it to
15 ACH with only two heat sources are present did not increase the ventilation efficiency. Similarly, in Figure
3.12b, decreasing the DV supply flowrate from 200 m3/h to 100 m%h did not cause a major shift in the
temperature curve. However, since these cases had the PDV unit in operation, it can be assumed that the PDV
unit mitigated the decrease effect. Turning the DV off on the other hand, caused an increase in temperature
ranging from 1 to 2°C depending on height.

93



Chapter 3 Displacement Ventilation Performance Enhancement using a Novel Portable Cooling Unit with

Air Purification Function

3000

I

Fl
1
(|

3000
/l
2500 2500 }‘
)
€ 2000 € 2000 X
£ £ /
= = X
=) = I
© 1500 O 1500 X == DV200_PU200_Ex1
% ¥ >|< DV100_PU200_Ex1
x
Fa 1000 Pa 1000 )|‘ PU200_Ex1
e —fy—DV200_EX1 e | B Tex_DV200_PU200_Ex1
—O—DV300_FX1 %
- Tex_DV100_PU200_Ex1
e Pd L 500 A Tex_DV200_EX1 Pe G 00 1A - y -
. ® Tex_DV300_EX1 L » i Tex_PU200_Ex1
(| 0 - ™= o kb _I
o}y 0 2 4 6 &8 2 0 2 4 6 8
T-Ts] (°C)

Temperature [T-Ts] (°C)

Temperature [

3000 3000 3000 ey = -—m 2000 —)x/.ri- - —m
2500 2500 2500 / 2500 I
b x
E 2000 E 2000 E 2000 >l E 2000 >’(
£ £ £ I £ J
% 1500 % 1500 % 1500 * % 1500 }'e
@ T T M @ ¥
T T T 1 = I
1000 1000 1000 |1 1000 |1
J ]
500 500 soo | 4 s00 |4
Pt ;’
3 X
0 0 A 0 R [V % n o S E——
0o 2 4 6 8 0 2 4 6 8 0 2 4 6§ 8 0 2 4 6 8
Temperature [T-Ts] ("C) Temperature [T-Ts] (*C) Temperature [T-Ts] (°C) Temperature [T-Ts] (°C)
DV200_ DV300_ PU200_ PU200_ PU200_
Ex1 Ex1 DV200_Ex1 DV100_Ex1 Ex1
Tex 2.77 2.77 Tex 1.88 3.35 2.49

a. In DV only cases b. In PDV unit + DV cases
Figure 3.12 Temperature vertical distribution of Group-1: Varied DV supply flowrate

Regarding the PM distribution, for the DV-only cases, despite showing no effect on the temperature
distribution, increasing the DV flowrate to 300 m3/h has notably increased the particle count at 2450 mm height,
Figure 3.13a. However, looking at the total volume distribution, this increase shows to be not that significant
but it can be an indication of turbulence causing particles to disperse instead of flowing upwards. In addition,
the count at lower heights was slightly decreased. Secondly, the combination cases, Figure 3.13b, decreasing
the DV flowrate had the foreseen effect of increasing the particle count and volume. The increase was not
confined to the higher heights but extended to the 1700 mm height. Lower heights had almost no particles even
with the DV turned off. Regarding the particles at the hot air supply port, the total volume in all cases is small
which can be explained by the fact that the count is only high at the 0.3um-0.5um and 0.5um-1.0pm categories.
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Figure 3.13 Particles vertical distribution of Group-1: Varied DV supply flowrate

3.3.4. Effect of Changing PDV unit’s supply flow rate

The effect of changing the PDV unit’s supply flowrate at constant DV supply is investigated. Hot air supply
as well was set at a constant value. Table 3-4 is a summary of the cases used in this comparison.

Table 3-4 Summary of varient supply flow rate cases

Group 2: G
Group 2: gsm - ¢:200
DV200_Ex1

DV200_PU100_Ex1 DV200_PU200_Ex1 DV200_PU300_Ex1

Group 2: gsm - ¢:300
DV300_Ex1

DV300_PU300_Ex1

3.3.4.1. Results and Discussions

To investigate the effect of operating the PDV unit in the room, cases of varying PDV unit supply flowrate

0 ~ 300 m®h at constant DV flowrate are compared in Figure 3.14 Comparing the DV-200 cases, Figure 3.14a,
it can be observed that cases with PDV unit have a different vertical distribution. In the lower part of the room,
the temperature has decreased while the top part, over 2300 mm, a significant raise in temperature is seen.
Since the hot-air flowrate was set constant to 200 m*/h in all cases, the PU_100 was the only case to have a
larger exhaust temperature, and to have a exceeded the upper part temperature of the DV-only case. The larger
PDV unit flowrate is the lower the overall temperature and especially the upper temperature peak becomes.
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Regarding the DV-300 cases, Figure 3.14b, only two cases are compared, PDV unit 0 and 300 m%h. While in
the DV-200 cases the horizonal distribution was almost uniform, the DV-300 case showed Pb, the pole nearer
to the PDV unit, to have a stronger gradient than the other measurement poles.
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Figure 3.14 Temperature vertical distribution of Group-2: Varied PDV unit supply flowrate

Regarding the PM distribution, for the DVV200 cases, increasing the PDV unit supply flowrate caused an
almost linear decrease in temperature. As for particles distribution, Figure 3.15, although increasing the unit’s
flowrate from 100-200 m®/h caused a matching reduction of the particle count, two more observations can be
noted. First, comparing the no-PDV unit case to the 100 m*h case shows that turning on the unit causes a
surge in the upper zone particle count, however, in terms of volume, not much effect was found. As for the hot
air supply, Chm, as mentioned above the size distribution peaks at the 0.3um-0.5um diameter category.
However, one observation that applies for all cases but is especially clear in this figure is that Cny is higher
than the vertical distribution curve interpolation at their height. Since the hot air is originally taken in from the
higher suction port, it can be seen that the larger particles have evaporated resulting in a decrease in the larger
particles count and a steep increase in the smaller ones.

Secondly, further increasing the flowrate from 200 m*/h to 300 m*/h breaks the inverse relation between
flowrate and particle count as it caused particles especially the bigger sizes to increase at the height 2450 mm.
Comparing with and without PDV unit in the DV300 case, operating the PDV unit reduced the particles count
and volume following the temperature distribution. A general observation for both DV200 and DV300 cases
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is that operating the PDV unit reduces the exhaust particle count, especially the larger particle sizes, and

volume.
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Figure 3.15 Particles vertical distribution of Group-2: Varied PDV unit supply flowrate

3.3.5. Effect of Changing Total flow rate

Cases of fixed total supply flowrate are compared in this section viewing the PDV unit as a

complementary system. This comparison was carried out to test the unit’s performance as a replacement system
despite the fact that it does not affect the room’s total inflow rate. Table 3-5 enlists the cases used in this
investigation.

Group 3: ¢+Gm

Table 3-5 Summary of varient Total flow rate cases

Group 3: gl 200

DV200_Ex1

DV100_PU100_Ex1

PU200_Ex1

Group 3: gl 300

DV300_Ex1

DV200_PU100_Ex1

DV100_PU200_Ex1
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3.3.5.1. Results and Discussions

Cases of fixed total supply flowrate are compared in this section viewing the PDV unit as a
complementary system. This comparison was carried out to test the unit’s performance as a replacement system
despite the fact that it does not affect the room’s total inflow rate. Figure 3.16a shows the cases of Qitai-200. At
all measurement poles, the DV200 case displayed the lowest temperature in the upper zone. The PU200 case
and DV100_PU100 case showed very close results, slightly lower temperature below 900mm and an increase
in the upper part temperature that reaches 4°C. However, the exhaust temperature was only higher in the
DV100_PU100 case. This high increase in temperature might be caused by the drop in the room inflow/outflow
rate. With two occupants in the room, an inflow rate below 200m?h can be seen as not enough Therefore, the
Outa-300 cases might be a better representative of the PDV unit capability to partially replace the DV system.
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Figure 3.16 Temperature vertical distribution of Group-3: Varied total supply flowrate

Secondly, the PM distribution results are to be reviewed. Agreeing with the temperature profiles, the
effect of compensating the reduction in DV flowrate by the PDV flowrate was dependent on the total flowrate
value. As shown in Figure 3.17, reducing DV flowrate at the ¢ww=200 m?/h causes an increase in the top zone
particle count and volume. However, the reduction in the gww=300m?h cases showed a reduction in the
particles count at all heights in the DV200_PU100 case. This can be an indication of the limit of the PDV unit
to act as a complementary ventilation system.

98



Chapter 3 Displacement Ventilation Performance Enhancement using a Novel Portable Cooling Unit with
Air Purification Function

I, Count by partide size [N

Total Volume 03um~0.5um 05um~1.0um 1.0gm~5.0um
3000 | e e 3000 Total Count 3000 3000 3000 3000
2500 2500 2500 2500 2500 2500
E 2000 2000 2000 2000 2000 2000
E 1
o 1500 1500 1500 1500 1500 1500
<7}
T
1000 1000 1000 1000 1000 1000 DV200_Ex1
DV100_PU100_Ex1
500 500 500 500 500 500 PU200_Ex1
o 0 0 0 o 0 |
00 1,000.0 2,0000 0 200 400 600 0 100 200 W] 100 200 0 100 200 0.0 0.1 0.2
umym® x10° Caunt/m® x10° Count/m* X10° Count/m* X10° Count/m® X 10° Count/m® x10°
a. 200 m’/h

I Count by particle size NN

Total Volum 0.3pum~0.5um
3000 Dt/olﬁl—e 3000 3000 3000 3000 3000
2500 2500 2500 4 2500 2500 ! 2500 |
/ '
2000 2000 2000 2000 / 2000 / 2000 /

£
= y )/ ) )
S |
S 1500 1500 / 1500 1500 1500 / 1500 |
a
T / [
1000 d 1000 1000 1000 | 1000 |
I 1000 | | I I —O— DV300_Ex1
1 | s X DV200_PU100_Ex1
500 | 500 500 500 500 500 DV100_PU200_Ex1
0 0 0 0 0 0
0 1,000 2,000 0 200 400 600 0 100 200 0 100 200 0 100 200 00 01 02
pm¥m’ x10° Count/m® x10¢ Count/m® x10° Count/m® x10° Count/m* x10° Count/m* x10°
b. 300 m/h

Figure 3.17 Particles vertical distribution Group-3: Varied total supply flowrate

3.3.6. Effect of Changing Exhaust location with respect to PDV unit

The effect of changing the exhaust location, Ex1: far and Ex2: near, with respect to the PDV unit. The cases
are enlisted in Table 3-6.

Table 3-6 Summary of varient Exhaust location cases

Group 4: Ex
Group 4: Ex-PU+DV
DV300_PU300_Ex1 DV300_PU300_ Ex2 DV200_PU200_Ex1 DV200_PU200_Ex2

3.3.6.1. Results and Discussions

Observing the temperature profiles in Figure 3.18, it can be concluded that the exhaust location as almost
no effect on the temperature distribution in both cases DV200_PU200 and DV300_PU300. However, in the
high flowrate case, DV300_PU300, a limited increase in the upper zone temperature can be seen especially in
Pb, the pole closest to the PDV unit. In both comparisons, the nearer exhaust cases, Ex2, had a higher exhaust
temperature as shown in Figure 3.18
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Figure 3.18 Temperature vertical distribution of Group-4: Varied exhaust location

Figure 3.19 shows the PM distribution plots for all cases. Regarding the effect of changing the exhaust
location with respect to the PDV unit, for temperature, negligible change was seen. As for the particles’
distribution, as shown in Figure 3.19, it can be seen that it depends mainly on the flowrate. For the smaller
flowrates DV200_PU200, the effect was minimal. However, for the 300 m%h cases, having the near exhaust
caused the count to increase significantly at the top zone although the exhaust count and lower zone count was
not affected. This observation might as well be caused by turbulence caused by opposing flows, flowing out
of the PDV unit and towards it to be exhausted in Ex2 positioned just above the unit.
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Figure 3.19 Particles vertical distribution of Group-4: Varied exhaust location
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3.3.7. Heat Balance Calculation

Since the PDV unit operated using separate systems, the heating and cooling capacities at each case were
calculated using equations (3-5) and (3-6).
Cm=CppGsm (Tv-Tsm) = 0 (3-5)

G = Cppghm (Tom-Tu) =0 (3-6)

where Qs is the cooling capacity and O is the heating capacity of the PDV unit.
3.3.7.1. Results and Discussions

The temperature readings used in this calculation are summed up in in Table 3-7 and the calculation
results are shown in Table 3-8. The calculation shows that despite setting the heater’s power to 450W and
monitoring it using the watt meter, the actual heat gain was not constant in all cases. Most of the cases had a
lower heating capacity. Reviewing the temperature readings in Table 3-7, although the supply temperature was
calculated to be lower than the outdoor temperature, it can be noticed that the outside temperature To was
below the supply air temperature. The low To temperature can be the result of the experiments building
envelope’s thermal capacity. The colder To means that given the long ducts connections, that include the
uninsulated ultrasonic anemometer, heat seems to have been lost before arriving at the hot air supply port.

Table 3-7 Temperature readings with respect to DV supply temperature (T - Ts)
To Ts Tsm Thm Tu Tex Ths Qs Osm  (hm
DV200_ Ex1 -1.05 0 - - 289 277 9.66 198 0 0

DVonly  hv300 Ext 034 0 - ; 280 277 93 309 0 0
DV200_PUL00 ExI -1.08 0 -021 1210 603 394 937 104 104 200
DV200_PU200 Exl -337 0 -046 103 54 188 895 193 193 201

el DV200_PU300 Exl -1.97 0 -054 1007 39 118 835 189 288 197
DV100_PU200_ Exl -0.76 0 -0.56 11.05 415 335 913 119 200 196
DV100_PU100_Exl -143 0 -0.35 1283 6.62 554 938 108 98 201
DV300_PU300_ Exl -1.54 0 -049 991 319 159 884 299 282 198

PUonly PUZ200_EXI 202 - 0 1336 763 249 98 0 199 201
DV300 PU300 Ex2 232 0 07 95 327 236 835 292 284 196

Ex2 DV200_PU200_Ex2 0.35 0 -0.28 1091 494 3.6 9.23 188 198 199

Table 3-8 PDV unit cooling and heating capacity
sm th
DV200_ Ex1 - -
DV300_ Ex1 - -
DV200_ PU100_ Ex1 217 411
DV200_ PU200_ Ex1 379 329
Far DV200_ PU300_ Ex1 428 407
Exhaust DV100_ PU200_ Ex1 316 454
DV100_ PU100_ Ex1 228 417
DV300_ PU300_ Ex1 348 445
PU only PU200_ Ex1 507 385
DV300_ PU300_ Ex2 377 410
DV200_ PU200_ Ex2 345 397

DV only

Near Exhaust
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3.4. CFD Validation
3.4.1. CFD Modeling Method

As a first step, CFD validation for the thermal performance of the PDV unit was carried out. One
experiment case was chosen for this analysis, DV200_PU200_Ex1. The room was modelled in Stream
software as shown in Figure 3.20. The analysis model included the person simulators, DV diffuser, and PDV
unit components. The connecting ducts were modeled as well since there relatively big size can affect the air
flow in the room. Another reason for modelling the ducts is to test their thermal effect on the surrounding air.
The experiment room materials and field measurement readings were input as fixed conditions including all
supply temperatures, flowrates, surface temperatures, and heat generation power. Analysis conditions and
boundary conditions are summarized in Table 3-9 and Table 3-10.

Figure 3.20 Experiment room CFD model

Table 3-9 Analysis conditions Table 3-10 Boundary conditions
Analysis software  Stream v.22 Thermal Boundaries
Turbulence model  RNG k-g model Heat transfer condition
Analysis type Steady St"_ite_ Solid- Fluid Case-1: log law transfer
Calculations gilef)?lﬁs{ gglatlon, and Case-2: Coefficient of heat

Mesh settings External surfaces Adiabatic
Default size 20 mm Internal surfaces Fixed temperature
Growth rate 1.15 Construction
Cells count ~1M Walls, floor, ceiling Wooden board: 2=0.18W/(m.K)
Emissivity 0.9
Heat Generation
Heat load 100 W /person simulator
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3.4.2. Results and Discussion

The CFD results were evaluated by comparing the temperature vertical distribution at the three poles,
Pa~c,, Figure 3.21 The wall surface temperatures were also plotted to compare the CFD results and
experimental measurement as a check that the inputs are correctly processed. Three cases were analysis in
which conditions were slightly changed in order to achieve best results. In case-1, the heat transfer from inner
surfaces, i.e. walls, floor, and ceiling, was set to logarithmic law. Viewing the results in it can be seen that the
air temperature was much lower than the actual measurements. The difference reached 2 °C at Pa.

Since the boundary surfaces temperature is higher than the air temperature, it was deduced that the heat
transfer, especially from floor and ceiling, was not calculated correctly. Therefore, in Case-2, the floor and
ceiling heat transfer condition was changed to coefficient of heat transfer of a relatively high value, 20 W/m?2.K.
As shown in the temperature distribution have to come to match the experiment readings with small differences
at the lower part of Pc and near the ceiling at Pa and Pc.

Finally, in Case-3, the simulation was carried out without the connecting ducts. This step was needed
validate the simulation of the ductless PDV unit and thus make its placement in different spaces at different
conditions possible. Minimal difference was found comparing cases 2 and 3. Hence, in the application section,
the ductless model of the PDV unit will be used.

The temperature contours of Case-2 vs Case-3 are shown in Figure 3.22. Despite the fact that air currents
in the room are affected by the presence of ducts, the difference in temperature distribution is minimal as heat
exchange from the insulated ducts is negligible. One major observation can be made from the contours of both
cases is that the hot air supply is short-circuiting to the suction port directly.
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3.5. Chapter Discussion and Limitations

Zonal model

In this study a novel portable DV unit with air purifying feature was proposed supported by zonal model
calculation. Exploring the PDV unit specification and operation settings, the effect of key variables, i.e. DV
supply flowrate, PDV unit flowrate, COP, and input wattage were investigated for two-occupants case. The
calculations showed that increasing the supply flowrate of the PDV unit exponentially increases the upper zone
temperature as it requires higher input power. Increasing the hot air flowrate was found to decrease the
exhausted air temperature, thus this relation can be studied further as it can have a great effect on the
temperature gradient and the turbulence.

Since the zonal model does not cover some important variables, such as the PDV unit filtration capacity,
and to verify the effect of the studied factors, further investigation using full-scale experiment was carried out.

Experiment

From the experiment results, it was found the proposed PDV unit can efficiently enhance the temperature
stratification and reduce the particle count in the occupied zone. However, higher particle count accumulated
at higher levels. The flowrates of both DV and PDV unit were found to cause significant effect changing
between 100 and 200 m%h. On the other hand, increasing the flowrate further caused turbulence, undesirably
mixing the particles at lower heights.

One major finding from this experiment was that without operating the ventilation system, the novel PDV
unit can work as a replacement. However, the efficiency and the application limitations need further study.

Although it was expected for the nearer exhaust opening to reduce the accumulated heat load from the
PDV unit, the results showed increased temperature at the exhaust, especially, in the high flowrate case, 300
m3/h. One explanation for this increase is that turbulence caused by the opposing horizontal flow from hot air
supply and exhaust air. A similar conclusion was reached by Yang et al., they found that increasing the flow
rate higher than 180m?3/h.person does not increase the efficiency of the contaminant removal but rather, the
supply air was found to exit the room without aiding in the room temperature stratification [24].

Regarding the particle emission and distribution, the following observations were found. Using a
nebulizer for particles emission, the decrease in the fluid by time caused the decrease in generation rate which
was especially visible after 30 minutes of emission. However, except for this slight drop, the emission rate was
relatively steady.

Comparing all the particle count measured at the experiment to the PDA measurement, it can be seen that
the particles had already evaporated and or settled even before reaching the closest point of measurement at
Pd. As for the particles’ distribution, since larger particles tend to evaporate or settle on the surfaces, their
count was found to be higher at Pd than at the exhaust and than the return air at the hot-air port. Finally, given
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the current setting of hot air supply post and suction ports, the particles re-emitted from the hot air supply were
higher than the interpolated value at the same height. This is caused by the fact that the suction port, being
higher, takes in air that contains more particles. Not passing through filtration, the particles evaporate so the
size distribution is shifted to the smaller diameter ranges. Although the current settings made it possible to
recognize the effect of heating on the return air particle count and volume, filtration of the return air might
have been a more efficient option to further investigate in future work.

For design development, two main changes are suggested to the current design. First, the position of the
hot air supply relative to the suction port should be reconsidered. Placing the suction port above the hot air
supply might have reduced the heat dispersion in the room through the short-circuiting, however, extra load
was put on the PDV unit. For better performance of the machine, especially in rooms with high ceiling, the
suction port is recommended to be placed lower than the hot air supply. Secondly, the current arrangement
with the HEPA filter installed for the cool air supply alone was decided to minimize the energy consumption
of the machine. However, the unfiltered hot air supply has shown to have a considerable effect on the air
quality. Therefore, it is recommended for the filter to be installed for both cool and hot supply air diffusers.

3.6. Limitations:

1) The particle count’s vertical distribution was only measured at one point in the space which does not
reflect the horizontal distribution.

2) Ducts connecting the PDV unit components although limited to the wall side, their existence in the
room must have affected the air flow. Being insulated their thermal effect might have been small,
but still must have influenced the surround air temperature.

3) The experiment room, due to space limitation, is rather small which might limit the generalization
of the findings

4)  The effect of changing PDV unit and exhaust port relative location cannot be generalized due to the
room size.

5) Validation of the PM distribution was not carried out which limits the reliability of the CFD
simulations in terms of air quality. It is planned in the further study plan.

3.7. Nomenclature

I: PDVU Input power (W)
n: COP (-)
gsm: PDVU supply flow rate (ms/h)
Tsm: PDVU supply temperature (°C)
ghm: PDVU hot air flow rate (ms/h)
Thm: PDVU hot air temperature (°C)
gs: DV supply flow rate (ms/h)
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3.8.

(8]
[9]

[10]

[11]

[12]

[13]

[14]

Ts: DV supply temperature (°C)

Tu: Upper zone temperature (°C)

Tl: Lower zone temperature (°C)

Tex: Exhaust air temperature (°C)

Hs: Heat from different sources (W)

n: ratio of heat ascending to upper zone
Qsm: PDVU cooling capacity

Qnm: PDVU heating capacity
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Chapter 4 CFD Application: Operating the Portable
Displacement Ventilation Unit in the Large Lecture
Hall

4.1. Introduction and Research Purpose

Throughout this study, weaknesses of the case-study’s DV system has been observed using CFD analyses
and field measurements. Findings were supported by literature evaluating the DV performance in large spaces
[1-5]. With the DV disadvantages in mind, a novel portable DV unit was proposed, designed and with the help
of field measurements, the PDV unit potential was revealed. Similar to multiple research work, this is aimed
at stimulating the installation of the portable unit in targeted large space. In terms of air filtration effectiveness,
Qian et al., for one, simulated portable air purifier to assess its performance in a hospital ward [6]. Zhai et al.
carried out a similar study focusing on reducing the COVID cross-infection risk [7]. They adopted RNG k-¢
turbulence model. However, in those studies, the filtration analysis was not simulated using particles as the
application space is too big, the calculation requires massive computational power. Instead of particles, tracer
gas was used as a more feasible option. As previously mentioned, tracer gas is widely used as representative
for droplet nuclei and small droplets [8-10]. In their 2022 study, Karam et al opted to used tracer gas to assess
the air cleaner’s efficiency. RNG k-¢ turbulence model was adopted as well [11].

In this chapter, the effectiveness of the novel PDV unit in large spaces is tested. Tracer gas was chosen
to represent the small particles supported by the aforementioned literature. The unit’s efficiency at balancing
the flow in the 3-sides diffuser lecture hall is assessed as well as its effect on the temperature and contaminant
concentration in the occupied zone.

4.2. CFD Modeling of the Portable Displacement Ventilation Unit in the Large Lecture Hall
4.2.1. Analysis Conditions

It has been deduced from the field measurements and visualized by CFD that the 3-sided diffusers
installation cause an asymmetric air distribution lowering the air quality at the back section of the hall
especially. Hence, the effect of balancing the air supply using the PDV units is examined in this chapter. To
simulate the actual PDV unit function, the hot air supply temperature was calculated using user defined
function, dependent on the cooling power required for the machine to provide the supply air at 20 °C. Thus,
equation (4-1) was used to get the input power, I, in terms of Ty, which is measured at the suction port during
the analysis. Afterwards, Thm Was calculated using equation (4-2) in terms of | and T, as formulated in equation
(4-3). The COP, n, was assumed 3.5, gsmand gsm were set equal.
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Qsm =nl= Cpp CIsm(Tu' Tsm) (4'1)
O = (n+ 1) 1= Cp p gon (Tim-To)  (4-2)
Tim =Tu+ ((n+ 1) I/ Cp p qim) (4-3)

In the fully occupied room, two scenarios of DV operation mode were analyzed. First Cases-A, the regular
full capacity mode, measured and validated in chapter 2. Two PDV unit arrangements were compared to the
base-case to assess the effect of operating PDV units in a large lecture hall. Secondly Cases-B, the effectiveness
of using PDV units as complementary ventilation system was investigated. The DV supply flowrate was
reduced to the minimum, 30 m3/h.person and the supply flowrate of the PDV units was set to complement the
flowrate per person to 103 m3/h.person provided by the DV system in the base-case. The analysis and boundary
conditions are summarized in Table 4-1 and Table 4-2

Due to the hall’s size and limited computational capacity, tracer gas generation was simulated to
represent the contaminant particles. The Sources position in the field measurement was copied in this
simulation, Figure 4.1.

Table 4-1 Analysis conditions Table 4-2 Boundary conditions
Analysis software  Stream v.22 Thermal Boundaries
Turbulence model  RNG k-g& model Heat transfer condition
Analysis type Steady state _ External surfaces Adiabatic
Calculations Heat, rgdlatlon, and diffusion Floor and ceiling  Coefficient of heat transfer 30 W/m2K
Mesh settings - -
Default size 50 mm Other internal Fixed temperature
Growth rate 1.15 Emissivity 0.9
Cells count ~5M Heat Generation
Heat load 100 W /person simulator

Figure 4.1 Lecture hall plan with source occupants highlighted

Based on Chapter 3 conclusion, two changes were made in the PDV unit’s settings. The position of hot
air supply and suction port was reversed having the hot air diffuser on top as shown in Figure 4.2. The second
change was the filtration of the hot air. The suction port was set to take out the contaminants, however, both
supply diffuser and hot air diffuser were set to supply no contaminants.
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For cases set-A, the base-case, with no PDV units, is compared to using 4 units and 8 units cases. The
units were placed in order to balance the horizontal flows observed in the lecture hall simulation in Chapter 2.
Cases details are shown in Table 4-3. Regarding cases set-B, the DV supply flowrate and the total flowrate of
the PDV units were set constant. Individual units flowrate changed based on the number of units per case. One
extra case of 16 PDV units was added with the settings shown in Table 4-4.

ghm + gqsm
ghm
;@qsm

a. Experiment settings

Tu
Thm
Tsm

m
;@qsm

Figure 4.2 PDV unit settings

. Table 4-3 Cases set-A attributes

gh
ghm + gsm

b. Altered settings for application

Case-A-OPU Case-A-4PU Case-A-8PU
@ ] e a
- R .uun .lﬂ‘ﬂﬂm. T DO e EHSE.EUH.FVEHH
e e R ==t =i el——
| | [ I | | [ I
Number of PDV units 0 units 4 units 8 units
PDV units location - Back side, center Back side, center
DV flowrate gs (m?/h) 8400 m3/h
PDV unit supply o o
temperature Ts (°C) 20 °C 20°C
PDV unit flowrate/ unit 3
Qsm, Jhm (m3/h) 200 m*h
Total PDV units flowrate 3 3
Gom G (M%) 800 mé/h 1600 m3h
PDV unit supply ) 20

temperature Tsm (°C)

PDV unit hot air
temperature Trm (°C)

Dependent (UDF using eq. 4-3)
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Table 4-4 Cases set-B atributes

Case-B-0PU Case-B-4PU Case-B-8PU Case-B-16PU
1 1
a [ = - L] L e "
WY W W ‘Imlﬂu\'ﬂ TOTY oo Fritluu DEIE.EHU.‘I:IVEHH .mmrm.umm.‘nlaun:.
Y e o eoe D o —eee e = Cwa
[ | I [ |
Number of PDV units 0 units 4 units 8 units 16 units
. . Back side, Back side, Front, back, sides,
PDV units location -
center center center
DV flowrate gs (m?/h) 2430 m¥/h
PDV unit supply o
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4.2.2. Results and Discussion

For all cases, the temperature and contaminant concentration vertical distributions are assessed. To
compare to the lecture hall simulations, the same pole positions were used to plot the temperature and
contaminant vertical distribution. In addition, the cooling and heating power of the individual PDV units is
calculated, and accordingly, the total heat load exerted by the PDV units is determined.

4.2.2.1. Effect of Operating the PDV unit

To start with, the PDV unit output temperatures and cooling/heating capacities for each unit are shown
in Table 4-5. Hot air temperature, Tnm, is measured at the surface of the diffuser and Ty, is not the upper zone
temperature but the PDV unit’s local, measured at the surface of the suction port. From the results, it can be
observed that for both cases, the temperature at the suction port was only 1°C over the supply temperature.
Therefore, not much cooling power was needed, and accordingly, little heat was generated. Viewing the
temperature vertical distribution at poles a~j, shown in Figure 4.3, small local effect can be detected at poles
b, c, d, f, g, and h. Particularly at pole g and h, a decrease in the lower zone temperature and an increase in
that of the upper part can be seen. The temperature contours at z= 1100 mm, 1700 mm, and 2500 mm are
shown in Figure 4.4 and at longitudinal and cross-sections in Figure 4.5. The effect observed is overall minimal
except for the hot air plume from the PDV units.
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Table 4-5 PDV units temperatures and power for cases set-A

Tm(C) TuC) 1(W) COP  Qm(W) Qnm(W)

PDV unit _1 22.7 21.2 19.5 39 77 97
PDV unit _2 22.9 21.2 20.7 4.0 82 107
Case-A-4PU PDV unit _3 22.7 21.2 19.9 39 78 100
PDV unit _4 22.8 21.2 20.5 4.0 82 106
Total heat 411 W
PDV unit _1 22.6 21.2 18.9 4.0 75 96
PDV unit _2 22.6 21.1 18.5 3.8 71 97
PDV unit _3 22.6 21.1 18.2 3.8 69 99
PDV unit_4 22.3 21.0 16.7 4.1 68 82
Case-A-8PU PDV unit _5 223 21.0 16.7 4.1 68 85
PDV unit_6 229 21.2 20.6 4.0 82 107
PDV unit _7 22.6 21.1 18.8 4.0 74 95
PDV unit _8 22.8 21.2 20.2 4.0 80 107

Total heat 769 W

Z = 1100 mm Z = 1700 mm Z =2500 mm

Case-A-8PU

Figure 4.4 Tempearture contours for cases set-A, Plan view
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Figure 4.5 Tempearture contours for cases set-A, Longitudinal and cross-sections

Secondly, the effect on contaminant distribution is assessed through graphs of vertical distribution at the
poles and concentration contours. All concentration values are normalized by the exhaust concentration of the
base-case, Case-A-OPU. From the plots in Figure 4.6, a large difference in distribution between the three cases
can be noticed. The 4PU case seems to have almost no effect on the occupied zone concentrations, however,
the 8PU case was found to have lowered the interface level especially at the poles near the contaminant sources,
i.e. polesd, e, h, and i. Figure 4.12 and Figure 4.13 show the concentration contours in plan and section views
respectively. Visualizing the whole plan, it can be observed that the PDV unit cases have reduced the
concentration at 1100 mm in the back section of the room. It can also be noticed that in the upper zone, high
concertation clouds have formed in both 4PU and 8PU cases while in the base-case the concentration was
almost uniform.
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Figure 4.7 Contaminant concentration contours for cases set-A, Plan view

Observing the contaminants diffusion pattern in sections in Figure 4.8 together with the velocity contours
in Figure 4.10, the reduction in the backwards air flow can be seen. A slight opposing forward flow was
generated by the PDV units in the 4PU case and a stronger flow in the 8PU case.
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Assessing the effect on breathing zone air quality, the normalized contaminant concentration at mouths
the all non-source occupants are plotted in Figure 4.9. A significant reduction in the concentration of the middle
row occupants can be noticed comparing both PDV unit cases to the base-case. Case-4PU shows a forward
shift of the high concentration which implies its effectiveness in balancing the pre-existing backwards flow.
This reduction can be seen in the velocity contours, Figure 4.10
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Figure 4.10 Velocity contours for cases set-A

122



Chapter 4 CFD Application: Operating the Portable Displacement Ventilation Unit in the Large Lecture Hall

4.2.2.2. Effectiveness as a replacement ventilation system

In cases set-B, since the DV supply is lowered to minimum, the PDV units flowrate and thus heat load
increased compared to set-A. As shown in Table 4-6, the hot air temperature reaches 30 in some units and the
average heat load per unit is around 300 W. The effect of the increase heat load can be assessed by its effect
on the vertical distribution of temperature shown in Figure 4.11. The hot air causes in the adjacent poles only
and have no effect on farther points. However, a general uniform increase in the upper zone can be observed
at all poles in all PDV cases especially in 16PU case.

Table 4-6 PDV units temperatures and power for cases set-B

Tm(CC) Tu(CC) I (W) COP Qm(W) Onmm(W)
PDV unit _1 31.0 25.1 94.2 3.5 329 388
PDV unit _2 27.4 23.8 68.9 3.6 247 241
Case-B-4PU  PDVunit 3 31.0 25.1 948 34 326 386
PDV unit_4 29.6 24.4 80.4 3.6 287 345
Total heat 1360 W
PDV unit _1 29.2 24.1 74.6 33 248 337
PDV unit :2 27.0 23.1 56.7 3.4 191 255
PDV unit _3 29.3 23.8 68.6 3.2 219 365
PDV unit _4 26.8 23.4 61.3 3.2 199 228
Case-B-8PU PDV unit 5 28.2 23.8 69.1 3.5 245 290
PDV unit_6 27.9 23.8 68.6 3.6 244 274
PDV unit_7 28.1 239 71.0 3.6 253 277
PDV unit _8 28.1 23.8 70.0 3.6 249 278
Total heat 2304 W
PDV unit _1 30.6 25.0 91.8 2.7 252 373
PDV unit_2 29.4 24.5 83.1 2.7 222 324
PDV unit _3 30.8 25.1 94.6 2.3 221 376
PDV unit_4 29.8 242 76.2 3.6 274 369
PDV unit 5 30.3 24.6 83.9 3.6 301 378
PDV unit _6 29.1 24.5 82.1 2.5 207 302
PDV unit _7 30.3 24.3 78.5 3.6 283 400
PDV unit_8 30.0 244 81.0 3.6 290 365
Case-B-16PU PDV unit_9 28.8 24.1 74.9 3.6 266 313
PDV unit _10 29.8 24.3 79.2 3.6 282 360
PDV unit_11 29.3 242 76.2 3.6 271 337
PDV unit _12 30.2 24.5 834 3.6 298 372
PDV unit 13 29.6 24.3 79.2 3.6 281 347
PDV unit :14 29.2 24.1 75.5 3.6 270 337
PDV unit _15 29.8 243 78.2 3.6 278 365
PDV unit _16 30.0 24.3 78.0 3.6 280 376
Total heat 5695 W
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Figure 4.11 Temperature vertical distribution for cases set-B
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The temperature contours in Figure 4.12 shows that supplying hot air strengthened the temperature
gradient and effectively lowered the temperature at 1100 mm. Although the scarification height has risen
compared to the OPU case, it remains at sitting level, Figure 4.13.

The contaminant distribution, on the other hand, shows a distinct decrease at all heights as shown in the
vertical distribution graph, Figure 4.14, and contours, Figure 4.15 and Figure 4.16. The local air filtration is
found to be effective. The horizontal air flow problem was not entirely resolved as the back zone of the room
collects heat and contaminants in all PDV cases. The extra heat load might have contributed as well. The
velocity contours, Figure 4.18, shows the small backwards flow persisting in all cases

Z =1100 mm Z =1700 mm Z =2500 mm

25.00

NN O |
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21.25

[ |
20. 00

Figure 4.12 Tempearture contours for cases set-B, Plan view
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Figure 4.14 Contaminants concentration vertical distribution for cases set-B
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Figure 4.15 Contaminant concentration contours for cases set-B, Plan view
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Figure 4.16 Contaminant contours for cases set-B, Longitudinal and cross-section

The breathing zone concentrations are plotted in Figure 4.17. Normalized by the lowest exhaust
concentration, that of Case-16PU. It can be concluded that Case-4PU shows best results while Case-8PU and
Case-16PU showed significant improvement compared to the base-case, Case-OPU. Finally, Figure 4.18 shows
that the backwards flow is reduced in the 3 PDV unit cases especially the 8PU which calls for different
placement options to neutralize the flow in future studies.
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4.3. Chapter Conclusion and Discussion

In this chapter, application of operating the PDV unit in the lecture hall was carried out. Two sets of
simulations were carried out, once to evaluate the PDV unit performance in enhancing the DV system
performance and another to assess the use of PDV units as a partial replacement to the ventilation system.
Temperature distribution, contaminant concentration and horizontal air velocity results were analysed to
understand how effective the unit is. As an enhancement, the PDV units were found to locally reduce the
contaminant concentration in the occupied zone and raise the interface level as well as locally balancing the
horizonal flows caused by the non-uniform system supply. On the other hand, operating the PDV unit at
minimal DV flowrate renders it ineffective in enhancing the temperature gradient. Despite the fact that slight
improvement can be observed comparing to the minimal DV flowrate case with no PDV unit, viewing the unit
as a replacement system needs further investigations and optimization of the unit design and operation method..
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Chapter 5 Conclusions and Outlook

This study investigated DV system efficiency in large lecture hall. A special DV system installed in Osaka
university was first evaluated. The double wall flat diffuser system was initially simulated using CFD before
construction completion. Afterwards, experimental measurements were carried out. From the experiment
readings, CFD validation was carried out. Temperature results were in good agreement with the experiment
readings with the high coefficient of heat transfer settings. Logarithmic law condition and low coefficient
showed little heat transfer from the floor and ceiling surfaces which can caused by the software calculation
method. On the other hand, CO, distribution could not be adjusted to match the experiment readings. The
reason is thought to be attributed to two points in the experiment setup. 1. Only CO; gas was emitted, not
mixed with lighter gas such as helium, the emitted gas was to heavy to be entrained along the thermal plumes
even though it was heated. 2. Simulating the human heat generation, black lamps which have a relatively small
surface area were used. The narrow plumes, although strong, were less likely to entrain the contaminants
upwards.

In both investigations, CFD and experiment, multiple variables were studied; occupants seating pattern
including full-occupancy case and alternating-seats case which is similar to the social distancing seating
arrangement, Through CFD and field measurements, it was found that thermal plumes were weakened by
narrowing the interpersonal spaces. Alternating-seats case was found to achieve stronger temperature gradient
and cleaner occupied zone. Secondly, the effect of changing the contaminant source position on occupied zone
air quality and probability of cross-infection was investigated using steady-state and transient CFD analysis as
well as field measurements. Aggravated by the non-symmetric supply of the system, changing the position of
the source had a significant effect on the contaminant dispersion direction, range, and speed. Horizontal air
flows, despite being of minimal speed, together with downward draft caused by the cold double wall surfaces
played a major role in directing the contaminant spread. Based on these findings, the effect of changing the
diffusers position was studied in a CFD analysis. It was found that symmetric supply, either 2-sides, or
preferably 4-sides result in a more balanced flow and thus reduces the horizonal spread of the contaminants.

Concluding the DV system weaknesses, a proposal to enhance its performance in large spaces generally,
and the case-study lecture hall specifically, was investigated. A novel portable DV unit with air purification
feature was designed with the following attributes. Stand-alone heat pump with suction port above occupied
zone and supply diffuser near the floor. Being completely ductless, the hot air is exhausted in the space at high
level as not to affect the occupied zone. Hence, the unit is intended to boost the DV system performance on
three levels; 1- strengthening the temperature gradient by adding a heat source in the upper zone of the space,
2- balancing the supply flow by adding an extra mobile diffuser, and 3- improving the air quality through its
filtering feature. Parametric study using zonal model revealed the influence of the machine’s COP, input power,
flowrate and the DV system’s flowrate. Nevertheless, to assess the actual effectiveness of the proposed design,
a full-scale experiment was carried out in which a simplifies prototype of the PDV unit was built. In spite of
the experiment limitations mainly in terms of space size, some general conclusions can be derived. First,
operating the PDV unit in a DV space strengthens the temperature gradient, reduces the contaminant
concentration in the occupied zone. Secondly, the PDV unit has the potential to replace the ventilation system,
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In addition, placing the PDV unit under the exhaust outlet. It was found to cause conflicting air flows and the
turbulence mixes the contaminants to the occupied zone lowering the air quality. Two main recommended
design alterations were concluded when visualizing the experiment results using CFD simulation. One is
placing the hot air supply diffuser above the suction port was recommended as hot air was found to be short-
circuiting and directly sucked into the unit before diffusing into the room. In addition, adding filters for the
hot-air supply similar to the cool air supply, as the contaminants returning into the space through the hot air
was found to lower the air quality. The two recommendations along with the limitations of the unit’s operation
mode need further investigations. Optimizing the flowrate in order to maximize its effect and prevent the
formation of lock-up layer that can be caused by excess heat from the unit accumulating in the top layer or by
turbulence overpowering the buoyancy flow.

Finally, application of operating the PDV unit in the lecture hall was carried out. Two sets of simulations
were carried out, once to evaluate the PDV unit performance in enhancing the DV system performance and
another to assess the use of PDV units as a partial replacement to the ventilation system. As an enhancement,
the PDV units were found to locally reduce the contaminant concentration in the occupied zone and raise the
interface level as well as locally balancing the horizonal flows caused by the non-uniform system supply. On
the other hand, in some areas, lock-up layer of contaminants were spotted. As a replacement system, the air
purification function was found to effectively reduce the contaminant concentration in the occupied zone.
Thermally, however, the output heat compromised the performance of the units opening the door to further
optimization of the machine limits, specifications and design.

All in all, considering the double wall DV system, the weaknesses and strengths have been clarified
through simulations and measurements despite the limitations of both investigation methods. Regarding the
PDV unit on the other hand, the experiment and simulations revealed its potential, however, an optimum design
and specification could not be firmly concluded. Deeper investigation is needed to explore the parameters
thoroughly to optimize the design in terms of ports position, optimum supply flowrate, exhaust hot air flow
rate, and heat pump wattage. Exploration in various spaces with different functions, sizes, and shapes is needed
to give a better understanding of the machine’s potential and limitations. Furthermore, experimenting the use
of PDV unit in a non-DV space, e.g. mixed ventilation, could widen the use of the unit if positive effect on the
air quality of the occupied zone was found.
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