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AN ABSTRACT OF THE DISSERTATION OF

Alain Hanna Makhoul  for Doctor of Philosophy
Major: Mechanical Engineering

Title: Fresh Air Personalized ventilator Systems for Occupant-Controlled
Microenvironment

The project aims towards integrating more than one air distribution system by
separating the fresh and recirculation air supply system in an effort to lower fresh air
needs and to substantially reduce the air conditioning system energy consumption. The
study investigated two different scenarios for the integration of the personalized
ventilation (PV) systems: Displacement ventilation systems (DV) assisted by desk-
mounted PV modules, and ceiling-mounted PV nozzles with an innovative air delivery
system. A simplified numerical model was developed to assess the importance of the
PV systems in improving the 1AQ and reducing the energy consumption of the DV
systems. The particularity of this model is that it allows for different zone temperatures
within an air layer in contrary to the homogeneous air mixing that is considered in most
of the literature models. The improved predictive model was validated experimentally
and then applied to practical cases in order to assess the energy saving potential and
associated thermal comfort.

On the other hand, an innovative air delivery system consisting of a coaxial nozzle and
angled return air was proposed and was not only used for the effective supply of fresh
air to the occupant’s breathing zone (as it is the case with most of literature studies) but
also to localize the conditioned air to the immediate surroundings of the occupant via
the angled flow of the return diffuser. The air delivery design provided the occupant
with the opportunity to control his own microenvironment. This work is the first to
investigate the effectiveness of the coaxial nozzle in delivering fresh air when mounted
in the ceiling and is also the first to consider the use of such integrated air delivery
system for localizing the occupant’s needs for air conditioned environment in an open
space and for allowing the occupant to control his own microenvironment. The
performance of this proposed air delivery system was investigated in terms of air
quality, energy consumption and thermal comfort. Optimization of the flow localization
was also performed using desk-mounted fans for the control of the convection plumes.
The system showed a high potential in reducing the energy consumption in office
spaces while maintaining an improved air quality and acceptable comfort level.
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CHAPTER 1

INTRODUCTION

The energy consumption in the building sector accounts for 50% of the total
worldwide energy produced. In an effort to reduce the building energy consumption
and the resulting carbon emissions responsible for the global warming of the
environment, scientists have researched three areas in their studies of energy efficient
buildings: the building envelope material, efficiency of the air-conditioning system
devices and the use of hybrid air-conditioning systems powered partially/totally by
renewable energy resources. Extensive research have been done on the building
fabric/envelope such as the proper insulation selection, applying air sealing to the
building shell and the use of glazing with dynamic shading to reduce the overall heat
transmission across the building [1-2]. In addition, researchers worked on improving
the mechanical and operational efficiency of the air-conditioning devices [3-6]. Heat
exchangers of small size but with enhanced heat transfer capability are used; the set-
points of the operational variables are optimized for the selected control strategy.
Integrated hybrid air-conditioning devices equipped with storage systems that utilize
both electric and renewable energy have been exploited in many studies [7-9]. In other
studies, scientists applied the above mentioned techniques simultaneously, i.e. the
building fabric is properly selected [2], efficient air-conditioning systems are used and

operated by optimized control strategies [11-12], and renewable energy resources are



utilized in the building operation [13-14] in an attempt to reduce considerably the
dependency of the building operation on fossil fuel energy resources. Despite of all the
above-mentioned research efforts and the building’s design technological
advancements; the success in pursuing a zero net energy building was very limited. In
fact, the energy consumption in buildings can be further reduced by a very substantial
margin and it can possibly approach zero, if it is spent only when and where it is
needed. One of the key ways to reducing the building energy consumption is to identify
the locations inside the building that requires energy resources, such as occupants spots,
and then to evaluate the required energy and finally to deliver these resources for a
period of time during which they are needed. This approach will definitely reduce the
energy consumption but it will result in a space characterized by a non-uniform air

temperature and indoor air quality.

The conventional air-conditioning techniques rely on the concept of maintaining
the space at a constant temperature whether it is densely occupied or sparsely occupied
as the case of office buildings and most of the residential buildings. In many
engineering practices, the open building spaces are conditioned by a mixed fresh-return
air distribution system and are controlled by a single thermostat [15-16]. The result is
an unnecessary increase in the consumption of energy needed to deliver the
environmental control resources such as heating, cooling and ventilation required to
keep the partially occupied building at a uniform temperature and homogenous indoor

air quality. The concept of controlling the environmental zonal conditions in an open
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space without the need to erect physical barriers between these zones has been applied
in different applications. The research work in this field varied from the ability of
dividing open spaces into two main air zones to the ability to control the microclimate
environment conditions in the direct vicinity of the occupants. Isothermal air curtain
was used by Rydock et. al. [17] to prevent the mixing of air between the smoking and
non-smoking zones in an open space restaurant without having a physical partition
between the two areas. This study demonstrated that recirculation of smoke air into the
smoking free area can be significantly reduced by using air curtains and that it can
appreciably decrease the ventilation rates required in the non-smoking zone.
Displacement ventilation air-conditioning system (DV) is also used to divide the open
space into two areas: a lower occupied fresh air zone and an upper contaminant zone
above the breathing level of occupants [7,18-19]. In the DV system, the fresh air is
supplied to the occupied zone at a very low velocity of less than 0.2 m/s near the floor
level at temperatures greater than 18 °C. The air motion of a DV system is mainly
triggered by buoyancy forces and as the air gets heated it rises towards the exhaust
outlet located at high level picking in its way the contaminant from the occupied zone.
The high air supply temperature compared to the conventional supply air temperature of
12-14 °C of the mixed air conditioning system limits the applicability of the DV system

to low cooling loads of less than 40 W/m?.

Other research attempts were conducted to supply air locally to isolate air zone

within the occupied zone for an open space office. Overhead supply air distribution

3



system consisting of angled supply jets at its periphery and a central return vent is
employed by Lo and Novoselac [20] to limit the spreading of the conditioned air. This
air-conditioning system forms like a localized air canopy around the localized zone and
its success in isolating the selected zone greatly depends on the supply jet angles to
minimize the air entrainment and mixing with adjacent air. In such air system the
Coanda effect which is dominant in typical mixing air distribution system is not present,
and the air mixing is minimized. The work of Lo and Novoselac [20] showed that the
use of multiple slot supply diffuser with central return can contain the air flow within
the isolated occupied zone and that it can prevent thorough mixing. However, the heat
isolation was not as profound as the flow isolation and only showed a 2 °C temperature
difference between the occupied and unoccupied zone. In other studies, personalized
ventilation air modules installed in reachable places near the occupant (desk, furniture)
or directly mounted in the floor are used to provide localized ventilation and to allow
occupants to have control over the flow rate and direction of air supplied to their work
space in offices. The personalized ventilators are usually designed with underfloor air
distribution system where it could easily direct the conditioned air from the underfloor
through concealed ducting systems in the furniture to locations close to the occupant.
The privilege offered to the occupants by controlling their own local microclimates
using task ventilation guarantees improved thermal comfort and increased worker
productivity. The prominent factor contributing to the improved thermal responses is
the personalized comfortable climate in addition to the simple idea of giving the

occupant the option to fully control his microenvironment. In summary there are two air
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distribution systems that can be used in isolating an area within the occupied zone, the
overhead diffuser with central return and the UFD with task ventilation. The overhead
diffuser can offer localized air flow isolation with no individual control of the micro-
climate, in the other hand the UFD offers personal control but poor air flow isolation

[26-28].

Existing literature on localized air-conditioning and personalized ventilation
aims at improving the air quality or enhancing the perceived thermal comfort but none
of the existing works targeted both air quality and thermal comfort simultaneously and
in an efficient way. Actually, most of the research works focused on providing the air-
conditioning needs by considering the space as one entity and the supplying the
conditioned air through a centralized system. Even when personalized ventilation was
applied, it was implemented as an integrated part of the homogeneous air distribution
system. Developing a localized air distribution design concept to minimize the building
energy consumption by delivering the environmental control resources only in the
immediate surroundings of the occupant was not tackled due to several challenges. The
limited performance of the PV systems at increased nozzle-occupant distances render
challenging to improve their performance with minimum energy and fresh air
requirements. The proposed environmental distribution systems should isolate both the
temperature and air flow in the localized zone with the option of controllability to adapt
its operation in accordance with the occupants needs during transient conditions. The

idea of delivering the environmental resources only when and where needed to
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approach the net zero energy building might seem quite simple; however applying it
requires revolutionizing the concepts of building air-conditioning design. This would
require an innovative concealed air distribution that is dispersed throughout the space;
this entails close coordination with architects to compartmentalize the delivered

conditioned air in the micro-climate of the occupant where s/he could be located.

1.1. Dissertation Objectives

In this PhD thesis, an investigation of the performance and applicability of the
personalized ventilation systems, for given baseline thermal load and room conditions,
is proposed using two different air conditioning systems: DV and mixed ventilation. The
DV systems are known for providing better IAQ but handle low thermal loads while the
mixing systems are capable of removing higher cooling loads. The simplified modeling
approach will be applied to the DV system assisted by desk mounted PV nozzles
through a multi-layer numerical model capable of predicting the different air layers
temperatures and assessing the perceived thermal comfort by coupling with a Bioheat
model. This simplified model permits to evaluate the contribution that the PV nozzles
bring to the DV systems in terms of energy saving potential and environmental thermal
comfort. The CFD modeling approach will be applied to investigate the usage of the
coaxial PV nozzles placed in the center of the circulating supply diffusers in order to
study the interaction between the recirculation diffuser flows and the coaxial flows. The

proposed system constitutes one integrated air delivery system that can be easily
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installed in the false ceiling of office buildings. The study will not be limited to the
effectiveness of coaxial nozzles in delivering high quality air and in allowing the
occupant to control his microclimate but will also consider the use of the angled
recirculation air diffuser to form a canopy around the occupant to localize his needs for
both fresh and conditioned air. The flow localization will take advantage of the
buoyancy forces of the lower temperature of the supplied air and the flow issuing angle
to create a comfortable region surrounding the human body while maintaining the rest
of the space at a higher air temperature [21]. This difference in temperature between the
occupant’s microclimate and the surrounding air, in addition to the reduced amount of
fresh air required for healthy environment constitutes a potential for reducing the energy
consumption of the proposed air distribution system compared to a conventional mixed
ventilation system. To study the possible thermal response of the human body, a bio-
heat thermal model will be coupled with the CFD model which is one of the major
contributions of this work. The interfacing of the two models will permit to predict
more accurately the temperature distribution and induced comfort under certain
parameters. Finally, since the reliability of any localized ventilation system relies on its
performance under different environmental conditions, both gaseous and particulate
pollutants were considered when assessing the inhaled air quality achieved. Since most
of the load in office buildings is generated internally from electrical equipment and
occupants, cooling is needed most of the time in moderately tempered climates.

Therefore, the dissertation objectives could be summarized in the following points:



o A simplified numerical model will be developed to assess the
importance of the PV systems in improving the 1AQ and reducing the energy
consumption of the DV systems. The particularity of this model is that it
allows for different zone temperatures within an air layer in contrary to the
homogeneous air mixing that is considered in all of the literature models.

o Evaluate the thermal comfort and the associated energy
saving potential of the combined DV/PV system. This entails coupling the
developed model with a bioheat thermal model to predict the human thermal
response under different operating conditions.

o Design of a ceiling-mounted low-mixing PV nozzle with an
innovative air delivery system using numerical CFD modeling. The proposed
innovative air delivery system consisting of a coaxial nozzle and angled
return air will not be only used for the effective supply of fresh air to the
occupant’s breathing zone but also to localize the conditioned air to the
immediate surroundings of the occupant via the angled flow of the return
diffuser. The air delivery design would also provide the occupant with the
opportunity to control his own microenvironment.

o Investigate the performance of the ceiling-mounted coaxial
PV nozzle by assessing the thermal comfort and the potential energy savings.
In addition, to being able to deliver good air quality, the proposed system
should be able to maintain an acceptable comfort level and that at equal or

reduced energy consumption.



o Optimize the performance of the above-mentioned system by
controlling the convective plumes rising around the human body using desk-
mounted fans. This will require a parametric CFD study to determine the
best combination of jet flow rate and supply temperature to evaluate the
extent of mitigation of the occupant thermal plume flow rate and the
effectiveness of fresh air delivery when desk mounted fans are used.

o Evaluate the performance of the innovative PV system in
delivering improved air quality when particulate pollutants are considered.
Assessing the performance of PV jet and the created canopy using the
peripheral diffuser in preventing the migration of particles from one region
to the other is important to classify the innovative system as capable of
reducing cross-contamination and improving general health in office spaces.
This was achieved using the numerical Lagrangian approach to model the
discrete particles phase, generate and track their trajectories and therefore

estimate the particles distribution.



CHAPTER 2
PERSONALIZED VENTILATION AS A MEANS FOR
IMPROVED AIR QUALITY AND THERMAL COMFORT IN

OFFICE SPACES

The purpose of any air-conditioning system is to provide the occupants with
their comfort needs and achieve a good indoor air quality. The more stringent
requirements on air quality rendered this process more energy consuming especially in
hot climates. Many challenges face current engineers in order to come up with air-
conditioning systems that are capable of meeting these requirements without consuming
excessive energy. Some of the adopted systems were able to provide enhanced air
quality with little increase in the building’s electrical bill among which we cite
personalized ventilation (PV) systems. In this chapter, a literature review on the
performance and applications of PV systems when used alone or combined with other

ventilation systems.

2.1. Traditional air-conditioning systems limitations

The energy consumption in the building sector has been in recent years focused
to provide a higher energy-efficient building design while maintaining comfortable
indoor environment. Considering the significant amount of consumed energy for

building maintenance consisting 39% of the total primary energy use, the portion of
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building ventilation, which is a major component in building service, is one of the
important aspects to consider. Many efforts were made to improve the buildings’
efficiency and reduce the energy consumption related to air conditioning applications by
means of reducing the building area and increasing the occupational density. However,
even though these methods resulted in better efficiency, they were tackled by the advent

of the sick building syndromes.

The traditional approach in air-conditioning is to maintain the space at a
constant temperature and homogenous air quality by a mixed fresh-return air
distribution system [22-23]. Overhead air outlets mounted on the ceiling delivers a
supply of recirculated and fresh air mixed in proportions determined by the number of
people, 8.5 L/s per person as recommended by ASHRAE. The air temperature of the
entire space served by this overhead air distribution system is controlled by a single
thermostat whether the space is densely or sparsely occupied. Such a system have been
a standard in many engineering practices in commercial and residential buildings
because of its simplicity and ease of integration with the predicted mean vote (PMV)
model of Fanger [24]. However, this system despite its simplicity and applicability tend
to suffer from short circuiting especially when the air outlets (supply and return) are
poorly distributed resulting in poor air temperature distribution and indoor air quality;
and in many cases it fails to satisfy the thermal comfort and indoor air quality needs of
all occupants in an open space since it is controlled by a single thermostat. It also

suffers from unnecessary increase in the consumption of energy needed when delivering
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conditioned air to a partially occupied open space to keep it at a uniform temperature

and homogenous indoor air quality.

2.2. Displacement ventilation as a possible alternative to mixing ventilation
systems

The concept of controlling the environmental zonal conditions in an open space
without relying on the practiced mixing of recirculated and fresh air have been applied
in different air conditioning systems. The engineering work in this field varied from the
ability of dividing open spaces into two main air zones to the ability to control the
microclimate environment conditions in the direct vicinity of the occupants.
Displacement ventilation air-conditioning system [25-27] and underfloor air distribution
system [28-29] mitigate contaminants in the breathing zone by creating a lower fresh air
zone and an upper mixed zone. In displacement ventilation, the cooler air entering the
room at the floor level displaces the warmer room air that rises due to its natural
buoyancy effect. Consequently, the bottom occupied zone contains the fresh cool air
with no recirculation flow while the heat and contaminants produced by the room
activities rise to the ceiling level where they are exhausted [25, 30]. Yuan et al. [25]
indicated that the maximum load that can be removed from the occupied zone by a
displacement system is approximately 40W/m? of floor area. The relatively small
cooling capacity of the DV system is dictated by the constraint of thermal comfort in
tolerating cold air draft in the occupied zone. In these air conditioning systems, the fresh

lower air zone extends over the entire occupied area which dictates the need of a large
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amount of fresh air in comparison to an air conditioning system that restricts the supply
of fresh air to the vicinity of each occupant and that provides the occupant the option of

controlling his own microclimate.

For higher cooling loads, underfloor air distribution system (UFAD) with air
outlets located in the raised floor are used since it permits to deliver conditioned air at
higher air velocity. However, the higher supplied air velocity, if associated with a low
air temperature, might cause thermal draft when the UFAD air outlet is blowing close to
occupants [31]. In addition, the high supply air flow rate, characteristics of UFAD,
entrains space air and enhances mixing in the occupied zone in comparison to the DV
system. Both the DV and UFAD air systems can achieve to a certain extent, with more
success in the DV system, a non-mixing zonal air distribution and can mitigate
contaminants in the breathing zone [32]. However, the two non-mixing air zones
created by the DV and UFD air distribution systems are restricted to a lower occupied
zone and an upper contaminant zone. The two air distribution systems have not so far
been used in isolating an area within the occupied breathing zone which could be quite

difficult with a DV air distribution system.
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2.3. Personalized ventilation systems for enhanced air quality and better flow
localization

The air conditioning system that can successfully provide the occupant with the
privilege of controlling his microclimate, temperature and air quality is personalized
ventilation air modules installed in reachable places near the occupant (desk, furniture)
or directly mounted in the floor. The concept of personalized ventilation relies on
transporting and delivering the conditioned fresh air directly to the breathing zone of the
occupant. This will give the occupant the opportunity to control his own microclimate
by varying the supplied flow rate according to his thermal comfort needs. Melikov et al.
(2002) [33] investigated the performance of PV systems using five different air terminal
devices. Tracer gas was used to assess the inhaled air quality using a breathing manikin.
They reported that the best air quality conditions were achieved using a vertical desk
grill and that the PV may significantly decrease the percentage of people dissatisfied by

improving the air quality.

According to the US Department of Energy (DOE) [34], the task ventilation
system will guarantee improved thermal comfort for individual occupants by allowing
personal control of the local thermal environment. Improved occupant satisfaction and
increased worker productivity is a result of offering the individuals the privilege to
control their own workspace environments. A review article by Charles [35] claimed
that occupant responses could be improved simply by having the option for personal

control whether it is used or not. In a recent study by Melikov et al. (2012) [36] on
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headrest-incorporated personalized ventilation, it was reported that a dramatic
improvement of the inhaled air quality was achieved with a decreased risk of airborne
cross-infection. In a similar study investigating the use of chair-based personalized
ventilation, it was found that the fresh air supplied by the PV nozzle could constitute up
to 80% of the inhaled air (Niu et al. 2007) [37]. It was reported also that the cool head
feeling associated with the usage of PV modules could increase thermal comfort in
comparison with mixing ventilation. Moreover, the energy performance of the PV
system was recently studied by Schiavon et al. [38] who reported 51% energy saving for
an air conditioning system that employs PV modules compared to a mixed air

conditioning system.

2.4. Displacement Ventilation systems assisted by Personalized Ventilation

The use of personalized ventilation with displacement ventilation may extend
the feasible load range for use of the DV system. Displacement ventilation systems have
been modeled using simple nodal model reported by Rees [39], which represents the
space by a network of nodes upon which heat and mass conservation equations are
applied, is more general than the semi-empirical approach and is computationally less
expensive than CFD approach. However, the interaction between the different nodes
depends on pre-calculated air flow rate that should be obtained experimentally or by
CFD simulations for the particular geometries under consideration. Other modeling
approaches considered plume-multilayer as in the work of [26, 40-42]. A multi-layer

simplified numerical model can be integrated with personalized ventilators (PV) to
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reduce load associated with pre-conditioning 100% fresh air systems to improve energy

performance of DV systems while providing thermal comfort.

Li et al. (2010) [31] studied the thermal comfort and air quality associated with
PV systems integrated with UFAD. The evaluation of the combined system performance
was based on human subjects’ responses that had undergone controlled experimental
procedures. The results obtained from the study revealed an improvement acceptability
of the inhaled air quality and improved thermal comfort with the usage of the combined
system and that compared to the UFAD system alone. In addition, Cermak et al. (2006)
[43] reported that PV in conjunction with DV systems will enhance the inhaled air
quality with regard to pollution emitted from the floor covering. The air quality with
regard to human-produced contaminants such as viruses and bacteria could be improved
as well. However, the improvement will depend on the efficiency of the PV module to

supply clean air and on its ability to promote mixing.

Since localized air conditioning devices produce non-homogeneous thermal
conditions, it becomes necessary to use thermal bio-heat modeling and local thermal
comfort assessment methods to predict human comfort state. The segmental heat loss
from the human body and local skin temperatures associated with the usage of PV
modules combined with DV and mixed convection systems are crucial factors for the
determination of the thermal plumes around the human body and the ability of the jet

flow to penetrate it. Since the local air conditioning is being considered here, the local
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thermal comfort is important and the human sensation is used to predict the eventual
thermal draft and to assess the overall comfort associated with a certain jet flow. Several
multi-node segmental bioheat models have been reported in literature by [44]. Ghali et
al. model [45] is computationally less expensive than 3-D models and will be proposed
for using in this work. The model of Ghali et al. [45] is based on a modified version of
the two-node model of Gagge [46] There model consists of 17 body segments and will
simulate the thermo-regulatory human body system. It will deliver the skin temperature,
sweat rate, the sensible and latent heat losses. In addition, the bio-heat model integrates
the thermal comfort model of Zhang [47-49] and allows estimating the segmental
thermal comfort of the occupant under the calculated environmental conditions. Zhang’s
model permits to predict an 8 point scale thermal sensation and thermal comfort while
taking into account the transient variation of the skin and core temperatures [47-49].
This would make the model more robust when accounting for local segmental comfort

in transient conditions.

2.5. Ceiling-mounted personalized ventilation systems

For the combination of the personalized ventilation devices with mixing
ventilation systems, Bin [50] suggested the use of ceiling mounted personalized
ventilators for offices in tropical climates, thus eliminating the need to extend ducting
system of the task ventilators into the occupied zone, i.e. the raised floor system is not
required. The personalized ventilator (PV) supplies fresh air while the conventional

diffuser handles the recirculation of the space air. The performance of ceiling PV
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(thermal comfort, air quality and energy consumption) was studied by [50] by
performing CFD simulations and conducting experimentations. The study reported 5%
energy savings (for an occupant located directly beneath a PV nozzle delivering 4.5 I/s
of fresh air) when compared to a mixed ventilation system that maintains an average
room temperature of 23.5°Cand uses the same fresh air quantities of 4.5 I/s, [51]. The
relatively low-reported energy savings is mainly attributed to the reason of not
considering the ventilation effectiveness when comparing the energy consumption of
the two air conditioning systems (ceiling PV nozzle and mixed ventilation system) and
therefore one should not conclude that the energy savings of a ceiling PV nozzle is low.
In spite of this limitation, the study gives insight into the feasibility of using ceiling PV

nozzles and into the effect of the amount of fresh air on the operational energy savings.

However, the study reported a 50% decrease in the energy saving (i.e. increased
energy consumption) when the fresh air flow rate was increased to 9 L/s for the same
occupant location beneath the PV ceiling nozzle. This finding is a major drawback of
the ceiling PV nozzle since it is inevitable to use higher flow rates for the case when the
occupant is not located directly beneath the nozzle. For the ceiling PV nozzle to be
effective the fresh air of the PV system should reach the occupant’s breathing zone with
minimal entrainment of polluted room air and it should have sufficient terminal velocity
to penetrate the occupant’s free convective plumes. However, the shear stress emanating
between the ceiling-mounted PV fresh air nozzle and the surrounding room stagnant air

reduces the effective distance between the PV nozzle and the occupant and makes it
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doubtful for having a successful ceiling mounted PV system with a design and operating
conditions similar to what is used in an office task ventilators. A successful ceiling-
mounted PV nozzle requires having a wide circular fresh air jet to cover the entire
occupant’s breathing zone with a substantial supply of fresh clean air which might
exceed the ASHRAE ventilation standards [52] and therefore negates the advantages of

using ceiling mounted PV system.

However, the jet entrainment and mixing problems can be circumvented by
using a coaxial nozzle (primary nozzle surrounded by a concentric secondary nozzle)
suggested by Khalifa et al [53-54] and placed in the center of the supply ceiling
diffuser. The primary nozzle supplies fresh air and the secondary nozzle supplies
recirculated air and both flows travel at nearly equal velocity to reduce the shear
stresses and mixing between the fresh and the polluted room air. Such a design will
allow smaller amounts of fresh air to reach the occupant’s breathing zone through a
substantially larger distance with less mixing with room air and sufficient momentum to
penetrate the thermal plumes. The coaxial nozzle achieved 3 to 4 times better
ventilation effectiveness when mounted on office desks comparing to a conventional
nozzle delivering the same amount of clean air in TVS applications. Since, the coaxial
nozzles could contribute to substantial reduction in the clean air flow rates while
maintaining a good 1AQ, the potential of these nozzles in reducing energy consumption

is worth to investigate when they are installed in the ceiling. In addition, the coaxial
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nozzle can provide the occupant with the mean to control his microclimate to satisfy his

thermal comfort needs.

2.6. Gaseous and particulate pollutants in rooms equipped with personalized
ventilation

Indoor air quality in ventilated office spaces is a major concern when it comes to
maintaining healthy working environments. Two types of pollutants generally affect the
quality of the air in conditioned spaces: gas and particulates [55]. The behavior and
distribution of these two types differ considerably when they are present in free
convective flows where temperature gradients play a major role in the airflow
movement. The gaseous pollutants are treated as a continuum and they diffuse and are
dispersed easily throughout the entire space. This type of pollutants could be generated
internally by the occupants such as CO, or by some electrical equipment containing or
involving the usage of chemicals (printers, photocopiers). However, these pollutants
that could be hazardous in certain cases, do not contribute to the transport of airborne

contaminants that constitute the most prominent factor for infectious diseases [56].

On the other hand, generated particles are larger and heavier than gas particles
and they have a mutual interaction with the airflow in ventilated rooms. Their behavior
differs according to their size, density, etc. and they are affected by the velocity and air
temperature distribution. Ultrafine and fine size particles are generally treated as passive

contaminants that are carried by the flow without affecting the flow field. Airborne
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viruses and bacteria are carried and transported by suspended particles, thus
contributing to the spread of infectious diseases. In addition, most respiratory diseases
are caused by fine particles deposing in the lungs. As people spend about 90% of their
lifetime indoors [57-58], indoor particulate matter can have great impact on human
health. Thus, a good understanding of particle transport is crucial for creating healthy

indoor environments.

Two popular approaches are available for modeling numerically the particles
distribution in ventilated rooms: the Eulerian and the Langrangian approach. While the
Eulerian approach treats the particles phase as a continuum and calculates its
concentration on a control volume basis, the Langrangian approach treats the particles
as a discrete phase and calculates and tracks the trajectory of each individual particle.
By evaluating the statistical distribution of the particle trajectories, the Lagrangian
method is also capable of calculating the concentration in each control volume. The
Eulerian method is widely used in the literature and is known to be computationally
cheaper and reliable in predicting particle concentrations especially for small particle
sizes [59-62]. Choosing between the two mentioned methods depends on the nature of
the problem involved and on the desired outcome. The two approaches were described
and compared in the literature through different perspectives [63-65]. Zhang et al. [66]
reported that both the Eulerian and Lagrangian methods were accurate in predicting
particle distribution in steady-state conditions, however, the Lagrangian approach was

more reliable in predicting transient particle concentrations.
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Recent advancements in CFD modeling made it more accessible to simulate
complex particles concentration and distribution in ventilated spaces. Zhang et al. [67]
investigated the particle dispersion and distribution in ventilated rooms using the
Lagrangian tracking method. Three ventilation systems have been studied and compared
for their performance, including ceiling and side wall supply systems and an underfloor
air distribution (UFAD) system. Zhao et al. [68] modeled particle dispersion in
personalized ventilated rooms using CFD. They reported that conventional personalized
ventilation, supplying air horizontally via PV modules mounted on desks, is not always
the best option for particle removal as different particles with various sizes could
behave differently and have different dispersion characteristics. Rim et al. [69] and
Hathway et al. [70] both used the Lagrangian particle tracking approaches to model
transport of particulate pollutants in the vicinity of a human body. Slight human body
movements were considered in the simulations and the predicted results agreed well
with the measurements suggesting that particle tracking is appropriate for transport

predictions.

2.7. Proposed improvements to the personalized ventilation systems

Based on the preceding, personalized ventilation systems are considered as a
promising and performing means for improving the air quality in office spaces. In
addition, by giving the occupants the privilege to control their own micro-climates,

these systems could achieve an enhanced comfort level according to the occupants’
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needs. The PV systems are most widely used in conjunction with displacement
ventilation as they could be easily integrated due to the proximity of the air supply to
the occupant’s breathing zone. However, predicting the performance of this combined
system requires some numerical modeling efforts in order to combine these two systems
together with all their complexities. Despite the usage of the plume-multilayer models
to predict the flow field associated with displacement ventilation systems, the
assessment of the performance of the combined DV/PV system was limited to

experimental procedures.

Therefore, in the present thesis work, a modeling procedure for the combined
DV/PV system is proposed where the PV modules are fully integrated with the DV
systems. An improvement to the plume-multilayer model is proposed by considering the
source and wall plumes separately and subsequently integrating the PV flow rates and
temperatures. Contrary to the models available in the literature, this model achieves an
increased accuracy and reliability in predicting the temperature distribution in the
conditioned spaces. Thereby, this will permit to obtain the predicted comfort and
thermal sensation levels more accurately. This work was covered in section 3.1 and 3.2
of Chapter 3 where the modeling procedure was extensively described and then applied

to a test case for energy consumption and comfort evaluation.

Though the integration of the PV modules with the displacement ventilation

systems was proven effective in improving the indoor air quality, it has a limited
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efficiency in terms of energy savings due to the increased energy consumption of the
displacement ventilation systems supplying 100% fresh air. Besides, the PV modules
mounted on office desks require massive ducting, which may present a problem in
offices with limited area. For this reason, integrating the PV modules with the
conventional overhead mixing systems was considered and which requires minimal

retrofitting for the office equipment.

Section 3.3 of Chapter 3 describes the integration of a low-mixing coaxial PV
nozzle mounted in the ceiling with a mixing ventilation system. The performance of the
integrated system in terms of air quality was investigated. Section 3.4 investigated the
usage of desk-mounted fans for the optimization of the system performance by
controlling the convective plumes around the human body. The induced thermal
comfort and the associated energy consumption for this innovative system are studied in
section 3.5 and section 3.6. Finally, in section 3.7, the indoor air quality associated with
the usage of the ceiling-mounted PV module is investigated when particulate matter is

involved.
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CHAPTER 3

ANALYTICAL AND NUMERICAL METHODS

This chapter describes the numerical and analytical methods that were used to
develop simplified (when possible) or detailed models using two different
configurations for the PV modules: desktop-mounted and ceiling-mounted. The major
assumption that was applied when considering the desktop-mounted PV module
integrated with a DV system was that the PV jet merged with the rising thermal plume
without disturbing it. This assumption permitted to develop a simplified model for the
combined DV-PV system using the laws of thermodynamics and conservation of energy
and mass. The space was divided into several layers and conservation equations were
applied to each layer as seen in Fig.3.1. By manipulating these equations and
considering the assumptions mentioned above, it was possible to predict the velocity
and temperature distribution throughout the entire space. Knowing the flow
characteristics allowed, via coupling with a bio-heat model, to predict the thermal
response of any potential occupant subject to the predominant environmental
conditions. The application of the developed model to a case study was later described
in section 3.2 where the performance of a combined DV-PV system was shown in terms

of induced thermal comfort and energy saving potential.
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Fig.3.1: Schematic of the space model air layers for the integrated displacement
personalized ventilation system.

However, when ceiling-mounted PV systems were considered, the relatively
complex interaction occurring between the rising thermal plumes and PV jet acting
downwards rendered the modeling process more complicated which lead to the adoption
of CFD as was described in section 3.4 of this chapter. The computational domain is
shown in Fig. 3.2 along with the proposed geometry of the ceiling-mounted PV nozzle
integrated with a modified peripheral diffuser. By modeling the proposed system using
CFD, it is possible to capture accurately the mixing occurring at the interface of the

clean core region and the surrounding stagnant air. It also permits to capture the
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interactions between the rising thermal plumes emanating from the occupant and the
fresh air jet delivered by the PV module. The performance of the proposed coaxial
nozzle was compared to that obtained with a single core PV nozzle assisted by desk-
mounted fans. The fans are supposed to control the convective plumes and thus allow
more effective delivery of fresh air. The comparison of the two systems was described

in sections 3.4, 3.5, and 3.6.

Finally, most of the indoor pollutants are composed of volatile particulate matter
that is generated by office equipment (printers, photocopiers, etc.) or as infectious
viruses and bacteria that become airborne and constitute a major health concern in
offices. These particulate matters could significantly impact the productivity of
employees by increasing the risk of infectious diseases. However, the behavior of these
agents differs from the gaseous pollutants due to complex interaction with the carrying
medium, which is air. For that reason, it was necessary to investigate the performance of
the ceiling-mounted PV in reducing the propagation of the airborne particles. The
modeling technique was described in section 3.7 with details on the discrete phase-
modeling and the particle distribution assessment. The model permitted also to
determine the deposition rate of particles on solid surfaces in the vicinity of the
occupant which constitutes an important factor for the prevention of cross

contamination.
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3.2 DV-PV model formulation

To assess the air vertical temperature gradient and the resulting energy consumption
for a PV system in conjunction with a DV system, a mathematical model that can
simulate the transient air temperature and flow rates of the thermal plumes and of the
surrounding air was developed. Two air volumes are identified, rising thermal plumes
(heat source and walls) and the surrounding air, as shown in Fig.3.1. The space wall
surfaces are assumed to be isothermal [40-42]. In addition, the air movement inside the
space is restricted to the rising thermal plumes. Any other movements or possible
temperature gradients are neglected and thus the space air is divided into horizontal air
layers. In each layer, the temperature inside the rising plumes is different than the
homogenous surrounding air temperature zone and from the wall plume air temperature.
The air flow of the PV could disturb the buoyant plume air flow and it might create
some mixing with the surrounding air zone especially if the PV air is injected at high air
velocity or if the resulting mix temperature between the thermal plumes and the
surrounding air is lower than the surrounding air temperature forcing the rising air
plume to descend. Such conditions could result in the destruction of the thermal plume
rising profiles and would make the use of any thermal plume model unsuitable for
predicting the physical and thermal parameters of the integrated DV/PV system air flow.
So to be able to consider the rising plumes throughout the different air layers, the PV air
flow velocity is assumed to be low enough when reaching the thermal plume so it will
not destroy its rising profile and the resulting temperature mix should be also higher

than the surrounding air temperature. The effect of the PV air flow will be only on the
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plume air temperature and flow rate. Under these assumptions, the mathematical model

was developed and coupled with a thermal space model as described below.

3.2.1. The thermal space model

A thermal space model was developed to simulate the indoor environmental
conditions of a space for given outdoor weather data. The model takes as input the
outdoor air conditions, wind velocity, and solar radiation. It computes the hourly
external convection coefficients, and uses them to compute the internal and external
wall temperatures through conduction, convection and radiation heat transfer. The wall
temperatures generated by the thermal space model are useful to calculate the wall
thermal plume flow rates and the internal convective coefficients which will be used in
the energy balance equation defined in the next section. The internal vertical walls

convection coefficients are calculated using the equation

h, =1.823 AT *** /L (3.1a)

While the adopted correlation for the floor or ceiling is that of Min et al. [71] given
by

0.31

he ; = 2.13(AT) (3.1b)

3.2.2. The Displacement Ventilation and Personal Ventilation model
Once the internal walls temperatures are calculated, they serve as input for the DV

and PV model to simulate the internal air temperature. The air movement is assumed to
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be unidirectional through the vertical direction. Thus, the space is divided into 7
horizontal layers. Each layer is characterized by three homogenous air temperatures:

T,, air temperature inside the wall plume, T_ air temperature inside the hot body

thermal plume and T, a surrounding air temperature (see Fig.3.1). The first 3 levels are

designed according to the human body segments sizes as shown in Fig.3.1. The last four
levels are divided equally for the remaining distance. The human body is considered to
be in the seated position and it is represented by a vertical cylinder of diameter D = 0.47
m (1.54 ft) and height H = 1.1 m (3.61 ft) so that the total cylinder area would be equal

to the average human body surface area of 1.8m? (19.37 ft?).

3.2.2.1. Thermal plumes

The axisymmetric plume flow rates that result from the occupants will be calculated
using the properties of an equivalent thermal plume generated by a virtual point source.
The model developed by Elisabeth Mundt [41] will be adopted to calculate the
temperature inside the rising human body thermal plume and the asymmetric wall
plumes characteristics (flow rate and temperature) will be calculated using the wall-air

temperature difference [72].

According to Mundt [41], the profile of the vertical velocity for the heat source
plume is assumed to be similar at all heights and can be represented by a Gaussian

profile with U ; the velocity at the plume centerline:
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e*[ﬂ (3.2)

The flow rate of a plume generated by a heat source of flux Py in a space with

temperature gradient {Z—QJ outside the plumes can be calculated by the following steps
z
[71]:
s -5
q, = 2.38><10_3pPk“([;—9J8 m, (3.3)
z

Where m, and z;are non-dimensional terms defined by:

m, = 0.004 + 0.039 z, + 0.382] — 0.062 z, (3.4)
K
GIAE
2.86(z + ZV)(J
0z
Zl = 1 (3'5)
pe

Where z and z, represent the plume height and the virtual point source height

respectively.
Eckert et al. [72] proposed the following velocity profile for the wall plumes having

a maximal velocity U __ and a boundary layer of thickness s

(1_1] (3.6)
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Whereas the wall plumes flow rate is given by Jaluria [73] and Etheridge and

Sandberg [74] as

. 3

q, =2.87 x10 *p(A6, )az*Y (3.7)

wherey is the wall width and A ¢, is the wall-air temperature difference.

3.2.2.2. Plumes Temperatures

Similar to the plume velocity profile, the rising plume-air temperature difference,
ABsp, between the plume air temperature and the surrounding ambient air temperature

for the heat source plume can be represented by a Gaussian profile:

AO, =AO, e_(Ej (3.8)

In an environment with a vertical temperature gradient, the plume-air temperature
difference is given in terms of the non-dimensional plume-air temperature
differenceas,, ,, [41] as:

 0.819a.°F, ‘G*
B9

A6

sp,0

AQ (3.9

sp,01

£ aP,

p

and G = ﬁg(%j

Where F,and G are respectively defined as F, = -
zZ

This would result in an expression of ABs as
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Fig.3.3: Schematic of the air layer control volume with the temperatures and flow rates
of the thermal plumes and the circulated air mass.

However, Ao the non-dimensional plume-air temperature difference, can be

sp,01 !

written in terms of the non-dimensional variables f and m, as

AO =

sp,01

(3.11)

o
ml

From equation (3.4) and from the relation o _ —m, , the non-dimensional plume-air

0z,

temperature difference can be expressed as function of z, alone and becomes:

1-0.004z, -0.0195z7 - 0.12662z’ +0.0155z,

A - -
0.004 +0.0397, +0.382 —0.0622;

(3.12)

sp,01 =
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This procedure will make equation (3.10) calculable at every height.
For the wall plumes, the plume-air temperature difference is function of the

boundary layer thickness 6 and of y the distance from the wall [72]:
Ab,, = Aew[l [lJ J (3.13)

A0, is the wall-air temperature difference.

3.2.2.3. Plumes heat flux

The space is divided into seven horizontal layers with adjacent wall segments and k
corresponds to the air layer index. Each layer interacts with the adjacent side wall
segments. The DV air supply enters from the side wall into the floor air layer (k =1) at

flow rate m and temperature T, and the exhaust air leaves from the side wall of the
upper air layer at T,(7). The flow rates resulting from walls and heat sources are

denoted by q, (k) and q,(k), respectively. The net circulated mass M at each

boundary (interface surface between two adjacent air layers k and k + 1) will be

calculated (see Fig.3.3). The enclosure mass balance equation is given by:

M (K)=M,=>q,(k)-> qa, (k) (3.14)

To solve the energy balance equations of the enclosure air layers, the values of the

airflow rates passing from one layer to the other due to the generated plumes from the
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heat sources and the walls are calculated from the plume equation for the sources and

using the wall plume model tested in this work.

Having found the plume-air temperature difference as a function of the height and
the heat source flux, the principle of conservation of energy for each layer can be

expressed as

Q+Y mh -y mh =0 (3.15)

Witho= o + thiAAHW

Heatsource ]
Convective heattransfer

This energy balance equation is applied to each air layer k representing the control

volume. The m, and h, terms represent the flow rates and enthalpies of the air flows

entering the layer k (including the wall plumes, heat source plumes and the circulated

mass). Similarly, m_and h, represent the flow rates and enthalpies exiting the air layer.

Q represents the external and internal heat sources acting on the control volume. The

term @ represents the internal heat sources that are the human body segments present at
a certain layer and generating a heat flux. The “convective heat transfer” term represents
the convective heat flux transferred from the walls area to the control volume through
convection. Also the mass flow rate of the circulated mass could be easily calculated
from equation (3.14) and its enthalpy easily evaluated since the circulated mass
temperature is homogeneous. However, the other terms on the LHS of equation (3.15)

involving enthalpy of the moving fluid for the thermal plumes are space-dependent and
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follow the Gaussian temperature and flow rate profiles. So the aim of the following is to

calculate the enthalpy rate of the thermal plumes defined as H = mh using infinitesimal

calculation.

Assuming an infinitesimal mass flow rate denoteddm , the elementary amount of

heat transferred with this flow rate having a certain enthalpy h is given by:
dH =C Tdm (3.16)

Since the velocity has a Gaussian profile and the flow rate is directly proportional to
the velocity and to the elementary cross-sectional areadA , the elementary flow rate
dm could be expressed asdm = pUdA . Since the density variations at a given height are
neglected comparing to the velocity variations, the density is assumed to be constant.
By grouping the constants and renaming them as c and c,, the elementary flow rates
could be written as:

For the source plumes:

7[%] rdr (3.17)

{1_1j dy (3.18)

. y
de = 1;87pYU ma (EJ

—~
Cy
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To find the constantsc, and c, in terms of the flow rates q_and q,, , we apply the fact

that the total mass flow rate is equal to the summation of the elementary flow rates

R 5

expressed in the following equations: q, = [dm, and q, = [dm, .
0 0

This yields to
832 : ) {5
w 26533_%[1) (1—1) dyandam, - — 2% ¢ g rdr (3.19)
5 5 )

)

If a dimensional analysis is performed, it is clear that the dimensions of the
elementary flow rates are consistent.

Now replacing in equation (3.16) and integrating

H, =q,C,(0.684T,, +0.316T,) (3.20a)

w

H, =q,C,(0.75T, +0.25T, ) (3.20b)

The centerline plume temperature T, is calculated from equation (3.10) and the
wall temperature T, is obtained from the thermal space model which leaves equation

(3.15) in terms of T, only which we will be solving for at different layers.

3.2.2.4. Integration of the PV module

For the air layer at the PV module nozzle, the fresh air jet will penetrate the rising
thermal plume at a low velocity without disturbing it. The cool air from the PV module

will merge then with the pre-existing plume and will reduce its temperature. The new
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plume flow rates and temperatures will be calculated by adding the flow rates and
performing an energy balance on the plumes control volume respectively. Admitting
that the energy balance equation for the air layer including the PV module is of the

following form:

H! =H_ +H,, (3.21)

With H_, =q,,C JT., and Hthe enthalpy rate of the mixture.

The enthalpy rate of the rising plume merged with the PV flow becomes

H!=0q,C,(0.684T

S S

+0.316T,)+q,,C,T,, (3.22)

sp,0
Using equation (3.22), the new centerline plume temperature associated with the

layer including the personalized ventilation module becomes

q,(0.684T, , +0.316T,)+q,,T
Tl o= ( P2 ) Tox - 0.462T, (3.23)
0.684(q, +q,, )

The heat exchange between the plume air and the PV air is assumed to be
instantaneous. Thus, in order to calculate the heat source plume temperature at the
following layers above the PV nozzle, the virtual height z'associated with the plume

temperature T is calculated at the layer including the PV module. A correction factor
equal to the difference between the actual height and the virtual height is
introduced (z - z") . This correction factor is used to obtain the virtual height at the

following layers and the heat source plume temperature is calculated using the newly
obtained virtual heightz’.
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However, this model has some limitations when it comes to the integration of the
PV module. Since the heat source plume is assumed to be rising in the vertical direction,
the flow rate of the PV should be low enough not to disturb the plume. Moreover, the
buoyancy forces responsible for the plumes displacement are triggered by the density
difference in the air. Therefore, when the PV air temperature is too low comparing to
the plume temperature, this density difference may vanish and the model would not be

able to predict the flow rates and temperatures accurately.

3.2.3.  The Solution Methodology
Since at each air layer, the energy balance equation is only dependent of the

preceding and the following layer, the system of equations At = d is of the form:

(1)

T, d,
T.(2) d

2

( @ e
| I | |
| : I : =] & |
| _Cnl— nI1|ITa I |d |
L e ) ()

;____*/______

(3.24)
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Fig.3.4: Flowchart showing the connections between the different parts of the numerical

In order to be able to solve this system, the wall temperatures generated by the
thermal space model are required. So an iterative method is required since the DV-PV
model and the thermal space model are dependent on each other. As a first step, all the
model parameters are initialized and the boundary conditions set (including the outdoor

weather conditions, the DV supply flow rate and temperature and the human body heat
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flux). The wall temperatures are generated using these initial conditions and the system

could be solved for T, .

Since A, the solving matrix of the system is tridiagonal, then the system could be

solved for T_ using the tri-diagonal matrix algorithm (TDMA) in one dimension. Having
solved for the circulating air temperatureT, , and for the plume temperatures T_and 7, _,

the thermal properties of the air volumes in the space are defined and the wall
temperatures could be updated accordingly and a new iteration could start. The
convergence criterion and the number of iterations are dependent on the tolerance factor

of the residuals which is taken in this case to be of the order of 10°° (see Fig.3.4).

3.3. Real case study

The simplified combined DV-PV model permits to predict the environmental
characteristics in a space equipped with a DV system assisted by personalized
ventilation. In addition to the experimental validation of this model described in Chapter
4, it is important to apply this model to a real case scenario and investigate the
performance of this combined DV-PV system in terms of thermal comfort and energy
saving potential. The interfacing with a bio-heat model is an essential step towards an
accurate prediction of the induced thermal comfort. It is important to note that any
energy savings assessment when comparing with conventional air-conditioning systems

should be done on an equal thermal comfort basis.
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3.3.1. Interfacing with the bio-heat model

A Dbio-heat model developed at AUB by Ghali et al. [75], which is based on a
modified version of the two-node model of Gagge [46], is used to complete the
sequence. Having calculated the air and wall temperatures in the DV/PV model, the
mean radiant temperature is calculated and they will serve as inputs for the bio-heat
model. This model consists of 11 body segments and will simulate the thermo-
regulatory human body system. It will deliver the skin temperature, sweat rate, the
sensible and latent heat losses. The segmental heat losses from the bio-heat model are

used in the DV/PV model to generate the thermal plumes flow rates.

In addition, the bio-heat model allows estimating the segmental thermal comfort of
the occupant under the calculated environmental conditions. Zhang’s model permits to
predict an 8 point scale thermal sensation and thermal comfort while taking into account
the transient variation of the skin and core temperatures [47-49]. This would make the
model more robust when accounting for local segmental comfort in transient conditions.
The local or segmental sensation is a function of local skin, mean-skin and core
temperatures and their rates of change [76]. The local- and mean-skin temperatures
represent the response to stable conditions, and the derivatives of skin temperature and

core temperature represent response to transients as is described by Equation 3.25:

aT.,. = —
skin,i ,Tskin: chore \ (325)
dt dt J

(
Local Sensation = f LT

skin,i?
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While the local comfort is expressed in terms of a logistic function based on the local

and the maximum comfort of the local body as described by Equation 3.26:

Local Comfort = LogisticFunction (S, + offset)+ maxcomfort (3.26)

S1 represents local thermal sensation; the “offset” is the local sensation at which
maximum comfort occurs; the “maxcomfort” indicates the maximum comfort level of
local body, which may shifts to the left or right based on the whole body thermal state
and would be higher than comfort level in neutral conditions when the local sensation is

ZEro.

The heat loss from the human body in conjunction with the DV-PV and the thermal
space model are crucial factors forth determination of the thermal plumes around the
human body and the ability of the jet flow to penetrate it. And since the local air
conditioning is being considered here, the local thermal comfort is important and the
human sensation is used to predict the eventual thermal draft and to assess the overall
comfort associated with a certain jet flow. Also, the effect of the jet flow in bringing
comfort to the upper human body segments can be predicted. Thus, the segmental and
overall thermal comfort will serve as reference when comparing the energy

consumptions of the DV system and the combined DV/PV system.

3.3.2.  Building location and weather data
The simulated building is an open office space located in the coastal area of Beirut.

The climate is characterized to be Mediterranean with warm to hot summers and the
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weather data for a typical day of July were retrieved from the American University of

Beirut (AUB) weather station records.

3.3.3.  Description of the office

The open-office has an 8 m x 8 m square shape with a floor area of 64m? and a
ceiling height of 2.8 m. The external wall thickness is 0.17 m and is composed of 0.15
m heavyweight concrete and 0.02 m of expanded polystyrene. The internal walls are
composed of 0.15 m heavyweight concrete without insulation. The walls are divided
into north, south, west and east walls in addition to the ceiling and floor according to
their orientation. The ceiling, floor, north wall and east wall are considered internal and
adjacent to conditioned space while the south and west wall are external. The concrete
properties are 2800kg/m? for the density, 1000J/kg-K for the specific heat capacity and
1.13W/m-K for the thermal conductivity. Similarly for the expanded polystyrene:
950kg/m? for the density, 1000J/kg-K for the specific heat capacity and 0.05W/m-K for
the thermal conductivity. To account for the radiation effect, the emissivity and
absorptivity of the walls material are used. The walls are considered as gray surfaces
and the emissivity and absorptivity for long wave radiation are considered to be equal to
0.93 while the absorptivity for short wave radiation is equal to 0.7. The view factors of

the different walls with respect to each other are also calculated.

45



3.3.4. Occupancy and Internal heat gains

At full occupancy, 6 occupants dressed in typical office clothing of trousers and
long-sleeved shirts would be present in the office and would contribute to both sensible
and latent heat load. The insulation of this typical clothing ensemble is 0.61 clo [77].
The occupants would be considered exercising light office work and their metabolic rate
according to ASHRAE Fundamentals would be 1.1 met for typing activity [77] (Imet =
58.15W/m?). The human body heat losses can be computed and determined by the
Bioheat thermal model according to the environmental conditions. The occupants’

presence in the room during 24 hours would vary according to the profile inFig.3.5.
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Fig.3.5: The occupancy profile

This occupancy behaviour profile was obtained from the European standard,
EN15232 [78]. The fraction of full occupancy is defined as the ratio between the actual
numbers of occupants to the maximum number of occupants that could be present in the

office. The internal heat gain from office equipment is taken to be 6W/m? which
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corresponds to the light load office of the ASHRAE Fundamentals [77]. The equipment
heat gains would follow closely the occupancy schedule. In addition, a lighting load of

10W/m? is considered.

3.3.5.  Description of the DV and Personalized Ventilation System

The main air conditioning system for the office is a displacement ventilation system
delivering air at a certain temperature and flow rate on the sidewall at the floor level
while the return vent is located in the wall near the ceiling. The air is water cooled by a
conventional chiller having a performance of 0.6kW/ton. The aim of this system is to
provide the cooling needed for the air outside the microclimate of the occupants. This
could be achieved by controlling the flow rate of the supplied cold air at a certain
temperature ranging between 18°C and 20°C according to the recommendations of the
REHVA Guidebook [79]. While this DV system is in charge of the major part of the
cooling load, it will supply 100% fresh air as in the conventional DV systems. On the
other hand, the personal ventilation system will be installed and mounted on the office
desks and directed towards the occupant’s upper body part according to the schematic
shown in Fig.3.6. The PV modules can be controlled manually according to the
occupant’s needs by modulating the flow rate at a certain fixed temperature (21°C -
23°C) and allow conditioning of air in the vicinity of the human body known as the
occupant’s microclimate. The system can deliver 100% fresh air at the human upper
body and the breathing level to improve air quality. Individual fans having a nominal

power consumption of 15W to deliver a flow rate of up to 10 L/s. The air conditioning
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system of the office can be operated by a standalone DV system delivering air at a
constant temperature with a variable flow rate. When operating the PV modules, the
temperature of the DV is maintained constant while its flow rate can be varied
automatically and the PV flow rate can vary according to the occupant’s needs. The DV
and PV systems are operated simultaneously to keep the occupant in an acceptable

comfort level.
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Fig.3.6: The simulated HVAC system consisting of an AHU for cooling the air of the
Personal Ventilation modules and DV fan coil is dedicated to control the room air
temeprature. The AHU controls the PV supply air temeprature while the flow rate can be
regulated manually by the occupant
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3.3.6. Internal temperature and ventilation

The internal temperature of the office will be controlled through a fixed set point
temperature. In order to study more accurately the occupants’ thermal comfort this set
point temperature is based on the operative temperature of the space (referred to as
“temperature” in the rest of the paper). Because of the vertical temperature gradient
characterizing the DV systems, the set point temperature is measured at a height of 1 m
from the floor away from the human body. The DV system would be in charge of
maintaining this set room temperature by a variable supply flow rate. The system would
turn on during potential occupancy hours (5:00 — 24:00) and the flow rate would vary
according to the deviation of the room actual temperature from the set point
temperature. While maintaining the ambient air temperature at the reference set point,
the PV modules air flow rate would vary to maintain a neutral thermal sensation and an
acceptable comfort level in the occupants’ microclimates. The microclimate zone is
considered to be formed of layers adjacent to the upper body part of the occupant, i.e.,
the occupant’s microclimate parameters including the terminal PV air temperature and
velocity are obtained by taking their respective mean values in this zone. The maximum
air flow rate supplied by the PV modules is 10 L/s per occupant (~20CFM per occupant)
according to the ventilation recommendations of ASHRAE Standard 62.1-2009[80].
The total amount of fresh air supplied would vary according to the occupancy level and

the number of occupants present in the office at a time.
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3.3.7.  The simulated cases

As stated previously, the DV system is in charge of reaching the desired room
temperature by varying its flow rate at a given supply temperature which was chosen to
be 20°C. However, the PV modules flow rates are under the control of the occupants
while their supplied air temperature is preset. The energy need of personalized
ventilation system compared to a conventional displacement ventilation system was
studied for three different parameters of the supply personalized ventilation air
temperature. The energy saving potential of these parameters is also studied. In total, 9
simulation cases including 3 personalized air supply temperature strategies: 20°C, 21°C
and 22°C, and three allowed air temperatures: 26°C, 27°C and 28°C were simulated. In
addition, the personalized air supply flow rate was variable and regulated to maintain a
neutral thermal sensation of the human body. The PV flow rate was bounded by a
minimum of OL/s and a maximum of 10 L/s. The simulated cases are summarized

in Table 3.1.

In order to identify each simulation case apart, an identification code of two parts
was defined and labeled. The personalized air temperature was identified using the
notation t20, t21 or t22. Similarly, the maximum allowed room air temperature was
identified using the notation r26, r27, and r28. For example the case t21-r27 would
means that personalized air temperature of 21°C would be supplied to a room with a
maximum allowed room air temperature of 27°C. To compare the results and evaluate

the energy saving potential, a reference case was simulated. In this reference case, the
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displacement ventilation system was operating alone and supplying the necessary

amount of air according to the occupancy. The supply air flow rate was regulated

automatically to keep the temperature of the space around 24°C. To evaluate the energy

need of the office, the electrical energy consumption of the various components was

estimated: i.e., Ecooling, the electrical energy consumption of the chiller and Eaps, the

electrical energy consumption of the individually controlled PV fans.

Table 3.1: The simulated cases with the corresponding temperatures in °C

case Ref. [t20-r26 [t21-r26 [t22-r26 [t20-r27 [t21-r27 [t22-r27 [t20-r28 [t21-r28 [22-r28
Room

24 | 26 26 26 27 27 27 28 28 28
Temperature
PV

N/A | 20 21 22 20 21 22 20 21 22
Temperature

3.3.8.  Air flow rate and temperature control

In the system considered, the occupants do not have control over the PV air supply

temperature. This temperature is meant to be set automatically or by the manager of the

building according to the external or the internal air temperature. In order to test how

this set temperature could affect the energy savings of the system and the comfort of the

occupants, three different PV air supply temperatures were considered as indicated in
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the previous section. However, the occupants could control the PV air supply flow rate.
To simulate this option, an air flow rate PID controller was developed and which
regulates the flow rate every 15 minutes according to the overall thermal sensation of
the occupant. This controller would regulate the PV flow rate in order to reach a neutral

overall thermal sensation that is believed to be the desired thermal state of the occupant.

This controller was tuned according to Ziegler-Nichols method [81] while assuming
that the volumetric personalized air flow rate can vary between the limits of 0 L/s (PV
shut-down) and the maximum of 10 L/s (which corresponds to the maximum output a
PV can deliver). In addition, this flow rate is proportional to the overall thermal
sensation deviation from neutral state. The occupants’ behaviour and their use of the
personalized ventilators are expected to be similar to that predicted by the controller
because it supplies a higher flow rate as the surrounding temperature or the task

ventilator air temperature would increase.

In addition, the DV system air supply temperature was fixed to 20°C to exclude any
feeling of cold draught. Thus, the maximum allowed room air temperature could be met
by regulating the DV air flow rate. In order to simulate this strategy in a realistic
manner, a PID controller was set and tuned according to Ziegler—Nichols method [81]
in order to regulate the room air temperature to the predefined one with a time step of

five minutes.
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3.4. CFD modeling of a ceiling mounted low-mixing PV nozzle

The desktop-mounted PV nozzle showed a promising potential in providing
good breathing air quality with reduced fresh air supply. This improved air quality was
achieved while providing enhanced thermal comfort and providing significant reduction
in electrical energy consumption. However, the requirement to install a raised floor with
extensive ducting and massive retrofitting might render the installation of this system
difficult to achieve. As mentioned previously, the usage of coaxial ceiling-mounted PV
nozzles might constitute an efficient alternative that can provide similar or better
ventilation effectiveness. However, simplified modeling is not possible when the usage
of ceiling-mounted PV modules is considered due to complex flow interactions

(buoyancy, turbulence, etc.), hence the recourse to CFD.

Fig.3.2 shows schematics of (a) the ceiling co-axial nozzle and diffuser and (b)
the conditioned workspace with the occupant in seated position below the diffuser. The
air distribution system is composed of a primary central nozzle for fresh air delivery, a
secondary annular nozzle delivering recirculated cool air to surround the fresh air core
region and reduce shear and mixing, and a peripheral angled diffuser to form a canopy
for localizing the flow around the occupant and maintain the room macroclimate

temperature.

To assess the performance of the proposed coaxial nozzle and diffuser, 3-D

detailed numerical simulations will be performed using commercial software such as
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ANSYS Fluent [82].The flow and thermal fields will be obtained as well as
concentration field of carbon dioxide for a typical space. The findings of the numerical
model will be validated by experimentation using a heated cylinder placed inside a
controlled climatic room. The experimental results will also be used to determine the
effectiveness of the proposed air distribution system. The validated numerical models
will then be used to perform a parametric study to determine best performance operating
parameters of the co-axial diffuser that include jets flow rates, temperatures, and

diffuser angle.

Since this study is targeting the 1AQ, a full-scale computational domain
representing a typical office chamber measuring 3.4 m by 3.4 m by 2.6 m will be
considered (see Fig.3.2-b). Once the CFD model is validated experimentally using the
thermal cylinder, a detailed multi-segment manikin will be considered for the CFD
simulations as part of the parametric study. The seated thermally heated manikin is
included in the middle of the room in the workspace. The manikin has a height of 1.2 m
and a total surface area of 1.78 m? and the dimensions of each segment will be
determined according to the data provided by Gagge et al. [83]. The ceiling mounted
nozzle integrated with a slot diffuser is centered over the manikin’s head in addition to
the two symmetrically installed return vents and exhausts. A desktop computer
generating 93W [84] was placed on a desk in front of the manikin representing an
occupant performing light office work and that is generating 70W [84] of sensible heat.

In addition, a typical lighting load of 12 W/m?will be used [85]. The remaining load is
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assumed distributed equally as heat flux through the walls so that the total room load is

around 60 W/m? of room area.

3.4.1. Airflow modeling

It is important to use a detailed CFD model that can accurately predict the
entrainment and mixing between the ceiling-mounted PV nozzle and the surrounding air
and can capture the interaction between the nozzle jet and the rising thermal plume from
the manikin representing the human body. Consequently, proper modeling of flow
physics is critical: turbulence models, buoyancy effects, and boundary layers. Besides,
the grid resolution in some critical areas is important to capture accurately the shear-
layer entrainment process and the different thermal plumes as well as the fluid/thermal
boundary layers around the heated manikin. The commercial CFD solver, ANSYS
Fluent [82], is used for numerical modeling to solve for the airflow, thermal, and
species concentration fields in the room. We can make use of the symmetry in room
shown in Fig.3.2, where a plane passing cuts through the center of the manikin, nozzles,
and return vent allowing consideration of one-half of the room when numerically

modeled.

To develop a CFD model that can capture the air jet properties accurately,
several methods can be considered such as the box and momentum methods that rely on
describing the diffuser’s resulting airflow. Since the primary concern of this study is the

resulting airflow delivered by the diffuser away from its outlet, the momentum method
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was selected. In addition, the velocity profile and turbulent intensity of the primary and
secondary nozzles are of great importance for accurate modeling of the mixing rate
between the two jets. The velocity and turbulence intensity data will be obtained from
experimental measurements of the flow characteristics at the outlet of the co-axial
nozzle shown in Fig.3.2-a as will be explained later in Chapter 4. The experimentally
obtained nozzle jet characteristics will provide the necessary boundary conditions to the

CFD model.

Once the nozzle’s jet characteristics are determined experimentally, the nozzle is
incorporated into a computational domain that represents a typical office. A tetrahedral
unstructured grid is generated using different element sizing for the boundary faces and
element size of 5 mm is chosen for the nozzles resulting in 9000 elements. In order to
resolve the boundary layer, the surface grid for the manikin is created with elements of
1 cm. The total number of elements on the half surface of the manikin is around 20,000
as shown in Fig.3.7. An inflation boundary layer was created around the manikin with a
first layer thickness of 1.5 mm, a growth rate of 1.2 and total of 4 layers. The
corresponding y* values ranged between 0.8 and 4 on the manikin’s surface. In order to
limit the number of cells and reduce the computational time, a grid independence test
was performed for the mesh until the grid independent limit was reached. The resolution
of the mesh in the critical regions was refined until the CO, concentration in the

breathing zone, chosen as the criteria for the test, was stabilized. This lead to a total
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(see Fig.3.7). It is important to note that the total number of cells is controlled by the
grid size in the mixing region and not by the manikin’s surface grid or the size of the

domain.

Boundary conditions employed in the CFD model were similar to the conditions
obtained in the experimental setup. A velocity profile obtained experimentally will be
used for the primary and secondary jets with three different airflow rates ranging
between 5 L/s and 10 L/s. The velocities are assumed normal to the outlet of the coaxial
PV nozzles resulting in a vertical jet. However, the peripheral diffuser has an angled
velocity with respect to the normal vector and a pressure outlet is used at the return vent
with a value of zero gage. Three different air temperatures are considered for the
primary jet while the secondary jet temperature is considered equal to the recirculated
room air temperature. Heat fluxes are applied to the boundary of the walls, lighting,

computer and thermal manikin surface.

The commercial solver, ANSYS Fluent [82] has several options for the
turbulence model. Among them, the Realizable k-¢ model is selected along with the
enhanced wall treatment and the full buoyancy effect options. One of the main
advantages of the Realizable k-¢ model is that it predicts more accurately the spreading
rate of planar and round jets and that it provides superior prediction for flows involving
separation and recirculation [86-87]. The enhanced wall treatment option will allow

switching between the two-layer model and the enhanced wall functions according to
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the grid size. In regions where y* is of the order of unity, the two-layer model is used
and the laminar sublayer is resolved. However, in regions where the boundary layer is
not fully resolved (3<y’<10), an enhanced wall function is used. Besides, the full
buoyancy effect option enables to include the turbulence generation due to buoyancy on

the € term.

To account for the buoyancy effects the incompressible ideal gas law was used
for the density. The species transport equation is also enabled to compute the
concentration of the CO, and assess the indoor air quality (IAQ) in the domain. In
addition, a second-order upwind discretization scheme is employed to solve for the
momentum, K, &, and energy equation as well as the species transport equation, and the
“PRESTO!” scheme is used for the pressure. Numerical convergence is judged using
several criteria: 1) scaled residuals reported by Fluent should reach a minimum value of
107°; 2) the net heat flux of the computational domain should be below 1% of the total

heat gain; and 3) the CO, concentration in the breathing zone is stabilized.

Since this is a mixed convection problem, the ratio of Grashof number (Gr) to
Reynolds squared (Re?) determines which form of convection dominates. Knowing the
dimensions of the cylindrical manikin (1.2 m height and 0.54 m diameter) and the flow
velocity at the outlet of the PV nozzle being 0.78 m/s for the lowest flow rate, Gr and
Re numbers could be estimated to investigate if natural convection unsteadiness affects

the simulated steady state results as will be explained later.
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3.4.2.  Air Quality Modeling

In addition to solving for the velocity, pressure, density, turbulence, and
temperature fields, the convection-diffusion species transport equation is also solved for
distribution of carbon dioxide. Analyzing the species transportation and air mixing in
this study provides information on the effectiveness of the proposed system in reducing

CO, concentration in the breathing zone and provide better 1AQ.

To investigate the level of mixing between the supplied fresh air and the
stagnant contaminated (recirculated) room air, the ventilation effectiveness is assessed
by usingCO,as a tracer gas. The fresh air nozzle in the ceiling has a CO, concentration
of 400 ppm while the surrounding nozzles have the same CO, concentration as the
return vent air. The amount of fresh air supplied to the room is equal to the amount of
room air exhausted thus preventing the build-up of CO, in the space. The ventilation
effectiveness, also known as the air quality index (AQI), at the breathing zone is defined
as

~C,-C,
c, -cC,

gV

(5.1)

where C; is the CO, concentration at the return vent, C, is the CO, concentration
at the breathing level, and C; is the fresh air nozzle CO, concentration. The higher the
ventilation effectiveness is, the better the air quality would be at the breathing zone.

Researchers adopted the concept of the breathing zone to estimate the amount of

contaminants in the inhaled air. The concept relies on the idea that the concentration in
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the breathing zone is homogeneous that any point within this zone represents the
inhaled air by the occupant [88]. In an experimental investigation on the concept of the
“breathing zone”, Liden et al [89] recommended to reduce the radius of the hemisphere
representing the breathing zone from 30 cm to 10 cm. In addition, many studies [54, 90-
91] have adopted the concept of small sphere near the mouth representing the breathing
zone. For that reason, the breathing zone CO,concentration is defined as the volume
average concentration in the spherical volume of 2 cm diameter placed at 2.5 cm from
the manikin’s nose. The species transport equation is solved to compute the
concentration of the pollutants and their distribution in the room. An average value of
turbulent Schmidt number of 0.95 is used to calculate the turbulent diffusivity for

species transport [92].

3.5. Integration of desk-mounted fans for the control of convective plumes
when using single core ceiling-mounted PV nozzles

As reported in the literature, coaxial PV nozzles have a high potential for
effective delivery of fresh air with remarkable ventilation effectiveness, however, the
coaxial configuration might require additional effort for installation and operation.
Besides, using single core PV jets mounted in the ceiling might not be as effective in
providing fresh air to the breathing zone of the occupant. Therefore, the objective of the
integration of the desk-mounted fans with a ceiling-mounted personalized ventilator is
to control the convection flow resulting from the rising thermal plumes generated by the

human body. This will enhance the performance of the PV nozzle that supplies cool
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fresh air downwards at acceptable velocity to reach the occupant providing individual
thermal comfort and good air quality zone. Fig.3.8shows schematics of the conditioned
workspace with the occupant in seated position below the diffuser. In addition to the
flow localization, a fan delivering a nominal flow rate of 10 L/s is mounted under the
desk to control the convection plumes around the occupant. The “fan boundary
condition” was used at the inlet of desk-mounted fan with a predefined pressure jump in

order to obtain the desired flow rate.

Return vent —— T

]
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|
Thermal Maniki
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Fig.3.8: The computational domain including the PV nozzle and the desk-mounted fans.
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3.6. CFD, bio-heat, and comfort models coupling

To determine the appropriate flow and thermal parameters of the coaxial nozzle jets
that are capable in providing comfort and air quality, the bioheat model of Salloum et al.
[44] and the comfort models of Zhang et al. [47-49,93] were integrated with the CFD
code to predict the human thermal response and segmental and overall thermal
sensation and comfort. The findings of the numerical model were validated by
experimentation on human subjects casting their votes inside a controlled climatic
laboratory equipped with the retrofitted fresh air distribution system to estimate the
perceived thermal comfort and sensation under specific climatic conditions. The
experimental results were also used to determine the effectiveness of the proposed air
distribution system in providing thermally comfortable environments when proper
conditions are applied. The validated numerical models were then used to perform a
parametric study to determine best performance operating parameters of the co-axial

diffuser that include jets flow rates, temperatures, and diffuser angle.

Although the CFD model predicts airflow, space thermal response, and
contaminant transport for given ventilation and supply conditions, additional
development is needed to couple the bio-heat thermal model with the CFD model to
predict accurately the human segmental surface temperature and thermal response. The
CFD model allows assessing the human thermal response by coupling the CFD results
with bio-heat and thermal comfort models. The main contribution in the modeling

methodology is the interfacing of the CFD tool with the bio-heat thermal model, which
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requires additional communication modeling between them. Note that all parameters
that affect the PV-diffuser localized system performance inevitably affect human
thermal response and human thermal comfort. For that reason, it is important to study

the interaction between space flow and thermal field and human thermal model.

The CFD model was coupled with the Bioheat model [44] to assess the thermal
comfort of the occupant and to get the segmental skin temperatures of the different body
segments that in turn influence the rising thermal plume. The coupling process
described in Fig.3.9 is composed of three major components: a) the CFD modeling
tools, b) the interfacing with a bioheat model [44], and c) the assessment of the
occupant’s segmental and overall body thermal comfort. The bioheat model divides the
body into 11 segments (head, chest, back, abdomen, buttocks, upper arm, lower arm,
hands, thighs, calves and feet) to simulate the physiological responses of each body
segment for predicting later its state of thermal comfort based on Zhang’s model [47-
49,93] in a high transient thermal environment. This interdependence between Fluent
and the bioheat model [44] is important to capture accurately the flow characteristics
and the human thermal response. The CFD model integrated with the thermal manikin
was initialized with estimated values for the manikin’s segmental skin temperatures.
The corresponding convection coefficients and air temperatures obtained from Fluent
were then used as inputs to the bioheat model to update the skin temperatures as
described by Cropper et al. [94]. This procedure was repeated until the manikin skin

temperature no longer change along with the converged solution of the flow, thermal,
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and species concentration fields in accordance with the set criteria described previously

in section 3.3.2. Generally, four iterations between the CFD and bioheat model were

sufficient to minimize the residuals and reach a steady state solution.

CFD Model

Boundary Conditions

[For coaxial PV nozzles,
Returnvents, Exhaust,
Walls, thermal manikin...]

[Turbulence (k-¢), species
transport, Energy
equation...]

Solution Methods

Pressure scheme

discretization methods
(second order upwind)...]

3.7.

Bioheat Model

Environmental Conditions

[Temperature, velocity,

convective coefficients,

relative humidity...]

[Clothing materials with
corresponding thickness
andinsulation]

Metabolic rate

[Metabolic rate set fora
light office work]

Thermal Comfort Model

Fig.3.9: Simulation models diagram.

Energy Analysis

Bioheat Properties

[Skinand core
temperatures with the

Models Iterating Clothing Ensemble corresponding change
H —» | rate]

Regression Coefficients

[Regression coefficients
orweight factors for each
body segment]

One of the main advantages of the proposed system is its ability to provide a good

inhaled air quality with less amount of fresh air. In addition, it permits having a higher
room macroclimate temperature while maintaining an acceptable thermal comfort due
to the personalized ventilator jet that creates a comfortable localized air region around
the occupant. These two characteristics of the system imply a high energy saving

potential when compared to the conventional mixing ventilation systems where the
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fresh air is mixed with the recirculated air before being supplied through the ceiling
diffuser. In order to evaluate the energy savings associated with the operation of the
proposed system, an energy analysis was performed in order to estimate the cooling
loads for selected cases. The calculations were based on equal thermal sensation so that
the occupant will have nearly the same sensation in the mixing ventilation system and
the ceiling-mounted PV system. In addition, the equivalent amount of fresh air that
gives the same inhaled air quality for each case was calculated and used in the analysis.
The ventilation effectiveness or AQI values were retrieved from the work of Makhoul et

al. [95] on the performance and air quality of the nozzles.

A fully occupied office including 6 persons and having an 8 m x 8 m square
shape with a ceiling height of 2.8 m was considered for the energy calculations. The
office exchanges heat with the outdoor air having a temperature of 32°C and 75%
relative humidity representing typical summer conditions. The external walls thickness
is 0.17 m and are composed of 0.15 m heavyweight concrete (thermal conductivity 1.13
W-m™.K™) and 0.02 m of expanded polystyrene (thermal conductivity 0.05 W-m™.K™).
The resulting overall heat transfer coefficient for the external walls was 1.05 W-m2-K™,
while the ceiling and floor were considered as internal partitions adjacent to conditioned
spaces. A chiller COP of 5 was assumed to obtain the electrical loads from the
calculated cooling loads. For the PV system, and according to the measured power
consumption of the typical fan used in the experiments to supply the air through the

primary and secondary nozzles, an additional nominal fan power of 30 W was added to

66



the chiller electrical load. Having calculated the electrical energy consumption for each
case separately, it was compared with the energy consumption of the equivalent mixing
ventilation case delivering conditioned air at 14°C with variable air volume for

assessment of potential energy savings.

3.8. Performance assessment of ceiling-mounted PV modules using particulate
matter.

The ceiling-mounted PV module was shown to be effective in providing good
air quality when gaseous pollutants are considered. However, most of the hazardous and
contagious pollutants are composed of particulate matter that has a different behavior
than gaseous pollutants. In this section, the performance of the ceiling-mounted PV
modules will be investigated in terms of particle transport and distribution in ventilated

spaces.

3.8.1. Effects of canopy and PV jet on particles dispersion

Since the considered ventilation system includes a central PV jet for effective
delivery of fresh air and a peripheral diffuser allowing to form a canopy around the
occupant, separate evaluation of the performance of each component in terms of particle
transport and dispersion is necessary. For that reason, separate locations for the
particulate pollutants sources were considered and the performance of the ventilation jet
in preventing the particles from reaching the occupant’s breathing zone was

investigated. The effectiveness of the system was determined by evaluating the intake
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fraction that represents the proportion of the emitted volume of pollutants that is inhaled
by the occupant. The intake fraction could be expressed as:

cV
IF=—-+ 3.27
oy (3.27)

sVs

C, and Cs represent the concentration of particles at the breathing zone and
pollutants source, respectively. While V, and Vs represent the flow rate in m*/s of the
inhaled air by the occupant and the flow rate supplied by the source, respectively. A
breathing rate of 0.1 L/s was adopted for this study as it was shown to give good results
compared to cyclic inhalation [96]. Lowering the intake fraction will indicate the
effectiveness of the system under construction. Typical intake fractions for indoor
emissions in office buildings were of the order of 10 to 10[97]. Smith [98] reported

intake fractions of 2.5x10° for rooms equipped with vented stoves.

Two source locations were considered in the study: one source located in the
macroclimate zone outside the canopy, and another source located in the vicinity of the
occupant in the microclimate zone. The external and internal sources locations were
chosen to simulate pollutants moving toward an occupant and pollutants generated near
the occupant, respectively and similarly to the configuration used by Rim et al. [69].
The external source permitted to test the blockage effect of the canopy to demonstrate
its capabilities in preventing the pollutants emanating from distant sources from
reaching the occupant’s breathing zone. The internal source simulated pollutants

generated in the vicinity of the occupant (from another person or from existing
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equipment) and allowed to assess the performance of the PV jet in moving the
pollutants away from his breathing zone. For each of these two locations, pollutants
concentrations were sampled in several locations in the breathing zone and on the office
desk. The breathing zone sampling location permitted to evaluate the amount of
pollutants that reached the human breathing level and were eventually inhaled. The
other sampling location situated on the office desktop permitted to assess the deposition
rate of the pollutants that are in direct contact with the occupants hands. It is known that
most of the infections are caused by touching infected surfaces and moving the

contagious agent to the sensible parts of the face.

3.8.2.  Discrete phase modeling

Particles are generally treated as passive contaminants that are influenced by the
flow pattern with little effect on the flow itself. Therefore, it is important to accurately
model and predict the flow behavior in order to simulate particle distribution and
transport in ventilated rooms. However, in addition to the influence from the flow field,
the other most prominent factors that influence particles dynamic behavior are the
particle size and size-related forces (such as drag force and gravity). Particle sizes are
generally categorized into three modes [99]: ultrafine (smaller than 0.1 pm);
accumulation (0.1-2 pum); and coarse (larger than 2 pm). Since this study aims at
studying the transport and distribution of indoor generated particles susceptible causing
health problems, particle sizes of 0.01 pum and 1 um were considered. The ultrafine

particles (0.01 um) can be generated by indoor office equipment (printers,
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photocopiers), are easily carried by the flow, and can penetrate and depose in the lungs
and veins [56]. Particle sizes of 1 um are responsible of spreading diseases and causing
cross-contamination since most of the airborne bacteria and viruses fall in the

accumulation size range (0.1-2 pum) [100].

The Lagrangian particle tracking method is used to calculate individual trajectories
by solving the momentum equation. The momentum equation, relating the particle

inertia to the external forces, can be expressed as:

S=F,(u-u,)+———"+F (3.28)

In Eqg. (3.28), the left-hand side represents the inertial force per unit particle mass

(m.s?), where Ep u, is the particle velocity vector. The first term on the right hand side

is the drag force per unit mass, where Fp is the inverse of relaxation time (s™); the

second term represents the gravitational and buoyancy forces, where p and p, are the
density of air and the particles, respectively; and 1_3'El |5a is used to incorporate additional

forces (per unit mass) that may be important. In the current study, and as stated
previously, the drag force is the most important force and it follows the Stokes-
Cunningham drag law:

18u

Fo = —
d p,C,

D

(3.29)

Where x is the molecular fluid viscosity, d, and p, respectively the particles

diameter and density and C. the Cunningham correction factor which is computed from:
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C,=1+ 2—1(1.257+0.4e(1'1d"/“)) (3.30)

p

with A the molecular mean free path.

Other forces such as the Basset history, Brownian motion, thermophoretic and
shear-induced lift forces are negligible or of second order compared to the Stokes drag
force. The Basset history force is negligible compared to the drag force when particle
distribution in air conditioning applications is considered. The Brownian,
thermophoretic and Saffman’s lift forces are generally two magnitudes smaller than the
Stokesian force in ventilated rooms. However, they may become comparable to the drag
force when fine particles are considered in a flow field [101]. The Brownian and
Saffman’s lift force may become stronger and affect the particles motion especially near
the walls in the turbulent boundary layer as reported by Li and Ahmadi [102]. In
addition, they may play an important role in the deposition process [103-105]. Since
taking these forces into consideration does not add significant computational cost to the

numerical solution, they were considered in the study.

While modeling particles transport and distribution in a turbulent flow it is
important to include the effects of local turbulence intensities on the path of particles.
The discrete random walk model (DRW) uses a stochastic approach in modeling particle
trajectories [106]. The instantaneous fluid velocity is composed of a time-averaged flow
velocity o, , and fluctuating velocity u; . The DRW model generates a normally
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distributed randomly generated number ¢ to derive the turbulent fluctuations from the

local turbulence quantities as expressed in Eq. (3.31). The extent of that fluctuation is

reflected by the amount of turbulence and local turbulence.
u=¢ /% (3.31)

The present study used FLUENT to solve for the airflow equations and calculate the
Lagrangian trajectories. However, the particle concentrations could not be directly
calculated using the Lagrangian approach. Therefore, and in order to be able to evaluate
the particle distribution in the domain, it was necessary to correlate the concentration
with the trajectories for each computational cell. This could be accomplished using the
particle source in-cell scheme based on the following equation for the concentration:

rhzn: dt(i, j)

c=—1=2 3.32
v (3.32)

]
Where i and j represent the trajectory index and cell index, respectively. C is the
concentration obtained in cell j, m is the number flow rate associated with each
trajectory, dt is the residence time, V;is the volume of cell j, and n is the number of

trajectories.

3.8.3.  Boundary conditions
The particles escape the domain when they reach air exhaust outlets and their

trajectories terminate. However, when rigid bodies are present, when reaching a rigid
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object, particles may either attach to or rebound from the object’s surface when they get
in contact. Particles in a ventilated room are most likely to attach to the surface since
they usually cannot accumulate enough rebound energy to overcome adhesion [107].
However, sometime the results overpredict the deposition rate of particles due to the
over-predicted particle-wall collision frequency. When near-wall mesh is not
sufficiently fine, the CFD model will over predict the viscous sub-layer kinetic energy
and increasing fluctuating velocities in this region will cause the particles to collide with
the walls more frequently. Nevertheless, when DNS simulations were performed, the

trap treatment worked well since the near-wall grid was sufficiently fine [104,108].

In this study, since an inflation boundary layer was applied to the walls with
sufficient mesh refinement, the particle-wall collisions should be predicted accurately
and the trap treatment could be applied. However, in regions where the PV jets attains
higher velocities (near the human body and desk), the particles might accumulate
enough energy to regain the flow and to get re-suspended. In order to evaluate the
energy required to overcome the adhesion force between the particles and the solid
surface, Braaten [109] conducted wind tunnel experiments on the re-entrainment of
particles. He used several kinds of particles with sizes ranging between 18 um and 34
pum that were deposited on the walls of a wind tunnel constructed of stainless steel. The
experiments permitted to obtain the threshold velocity that was necessary to detach the
particle from the wall. According to his measurements, the minimum required velocity

for resuspension varied between 2.71 m/s and 7.51 m/s. It was shown that the smaller
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the particle diameter is, the higher the threshold velocity would be. This implies that
even higher velocities are required to detach smaller particles when they get in contact
with solid surfaces. The velocities reported in the work of Braaten [109] are outside of
the conventional range of velocities encountered in ventilation applications even when
personalized ventilation is involved. Therefore, the resuspension of particles in
ventilation systems could be neglected and the assumption made by Hinds [107] and
Bowling [110] about the difficulty for the particles to accumulate enough energy to

overcome adhesion is confirmed.
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CHAPTER 4

EXPERIMENTAL METHODS

The performance of a numerical model is measured by its accuracy in predicting
the actual response under specific environmental conditions. Hence the importance of
the experimental measurements that allow comparing the measured values with those
predicted numerically. The experimental setup not only allows for the model validation
but it also provides the necessary tools for the measurement of the boundary conditions
that are used as inputs in the numerical models (like the turbulence intensity at the
nozzle’s outlet). As two different configurations are considered for the PV nozzles as
described previously, the experimental methods will be divided into multiple sections

describing the experimental setup and procedure adopted for each configuration.

4.1. Experimental validation of the combined DV-PV model

To validate the results generated by the numerical model described in section 3.1 of
Chapter 3, a PV module was installed inside a climate chamber equipped with a DV
system. The experimental setup, shown in Fig.4.1, mainly consisted of twin climatic
chambers of inner dimensions 2.5 m x 2.75 m x 2.8 m. The rooms walls thermal
conductance is 1 + 0.1 W/m?K. The grills for supply and return air of the DV system
are of cross-sectional area of 1.91 m (width) x 0.32 m (height). The supply grill lower
edge is at about 0.4 m above floor level. The PV module is a circular duct of 0.05 m
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diameter installed at 0.85 m above the floor and it is equipped with an axial fan at its
inlet which sucks the preconditioned air from the adjacent chamber. The fan is capable
of delivering air at flow rates up to 8 L/s. However, the PV flow rate could be regulated
manually by the using the installed damper. The twin climate chambers are installed
indoor and so the weather conditions were restricted to indoor constant temperature of
26°C. The DV system supply air temperature is regulated to the desired value using a
PID controller. The model was tested using the experimental cases summarized in Table
4.1 in the following ways:

o Setting the DV flow rate to 60 L/s and setting the DV air
temperature to two different values of 18°C and 20°C with two different
values for the PV module air temperature of 20°C and 22°C and a PV flow
rate of 4 L/s or 7 L/s and making comparisons between the measured and
predicted ambient air column temperatures.

o Using the same parameters defined above to make
comparisons between the measured and predicted plume-air temperature

difference at the plume’s centerline.

The estimated load on the chamber is 300W so a DV flow rate of 60 L/s is
chosen to remove this load and typical values for the PV flow rate of 4 L/s and 7 L/s
were chosen. The upper limit of 7 L/s was chosen to be close to the ASHRAE
ventilation recommendations for a typical office and the lower limit of 4 L/s was chosen

to maintain a minimum velocity and keep the occupant in thermal comfort [52]. The
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experimental test was run on a heated cylinder of diameter 0.47 m and height 1.1 m as
seen in Fig.4.1. The aim of the experiment was to show the ability of the numerical
model to predict the column air temperature and thus the vertical temperature gradient

as well as the thermal plume temperature and the effect of the personalized ventilation.
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Fig.4.1: Schematic of the experimental setup.
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Table 4.1: The DV and PV Flow Rates and Temperatures for the Experimental Cases

Case l

|

DV flow rate, L/s DV Temperature, °C PV flow rate, L/s PV Temperature, °C
Al 60 (127 ft3/min) 18 (64.4°F) 4 (8.47 ft3/min) 20 (68°F)
A2 60 (127 ft*/min) 18 (64.4°F) 4 (8.47 ft*/min) 22 (71.6°F)
A3 60 (127 ft3/min) 18 (64.4°F) 7 (14.83 ft3/min) 20 (68°F)
Ad 60 (127 ft*/min) 18 (64.4°F) 7 (14.83 t3/min) 22 (71.6°F)
A5 60 (127 ft3/min) 20 (68°F) 4 (8.47 ft3/min) 20 (68°F)
A6 60 (127 ft*/min) 20 (68°F) 4 (8.47 ft*/min) 22 (71.6°F)
A7 60 (127 ft3/min) 20 (68°F) 7 (14.83 ft¥/min) 20 (68°F)
A8 60 (127 ft*/min) 20 (68°F) 7 (14.83 ft3/min) 22 (71.6°F)
4.1.2. Measuring Equipment

4.1.2.1. Temperature measurement

In order to measure the temperature of column of air, thermocouples are placed at

required locations on wooden rods as shown in Fig.4.1. The thermocouples are K-type

made by Omega with an accuracy of +0.1°C. Two other thermocouples are used to

measure the dry bulb and wet bulb air temperatures at the outlet of the DV supply. The

thermocouples are connected to a data acquisition system to collect the data.

4.1.2.2. Airflow rate measurements

Airflow rates delivered by the PV module and the DV system are estimated using

anemometers made by Omega with an accuracy of +5% and which are installed in the

fans downstream. The anemometers will measure the velocity and the flow rate is

calculated using the cross-sectional area. The fans RPM is adjusted to meet the desired

flow rate.
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4.2. Experimental Setup for validation and field-measurements using ceiling-
mounted PV

A ceiling-mounted low-mixing PV nozzle that is capable of providing good air
quality was modeled using CFD as described in section 3.3 of Chapter 3. The
performance evaluation of the proposed coaxial nozzle and diffuser for the effective
localization of thermal comfort and indoor air quality was investigated experimentally.
A heated cylinder of 0.5 m diameter and 1 m height is used to represent the human body
with an approximate surface area of 1.8 m® The aim of the experiments is to validate
the predicted velocity, temperature, and CO, concentration around the heated body
subject to the ceiling cold jet and to provide measurements on the boundary conditions
at the outlet of the nozzle. Extensive measurements will be recorded of the flow

characteristics in the vicinity of the nozzle outlet and around the heated cylinder.

The validation process took place in the space area of an experimental room (3.4
m x 3.4m x 2.8m) constructed of highly insulated walls with an internal layout for one
working office station as shown in Fig.4.2. The cooling load of the experimental space
was mainly due to internal loads such as lighting (12 W/m?) and the heated cylinder (70
W) in addition to the external load through the walls exposed to an outer air temperature
of 32°C representing typical outdoor summer conditions. The air conditioning of the
space is served by two Honeywell (2.6 kW) air-handling units: one conditioning the
recirculated air and the other supplies conditioned fresh air. The recirculation air-

handling unit delivers the conditioned recirculated air to the peripheral ceiling diffuser
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and to the secondary nozzle of the personalized coaxial PV nozzle and the control of the

recirculation airflow is accomplished via motorized dampers.
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Fig.4.2: (a) Frontal and (b) top view of the experimental setup for the validation
process.
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The proposed ceiling nozzles were designed according to the results obtained
from the CFD simulations. The primary nozzle of the coaxial PV was supplied from the
fresh air handling unit while the secondary coaxial nozzle and the peripheral diffuser
nozzle was supplied with recirculated conditioned air (see Fig.4.2).The temperatures
and flow rates of the flows are controlled by installed dampers and in-flow electric
heaters. To reduce the flow turbulence intensity and airflow mixing, both the primary
and secondary nozzles were fitted with honeycomb flow straighteners and two screens.
The honeycomb holes diameter is 4 mm while their thickness is 30 mm such that the
thickness over diameter ratio (/D) is equal to 7.5, which is in the recommended range
for optimal results [111]. Two screens with 60% porosity were installed upstream and
downstream of the honeycombs. The cylinder surface was heated using electric heaters
generating 70 W (=39 W/m®) of heat, which is equivalent to the average sensible heat
generated by a sitting persons [77]. The base of the cylinder was insulated to prevent
any heat dissipation through the floor. It was placed below the PV nozzle and at 10 cm
away from the desk. The heated cylinder permits testing the ability of the fresh airflow
of the coaxial nozzle to penetrate the buoyant cylinder plumes. The success of the
proposed air distribution system relies on the concept that the terminal velocity of the
fresh air jet should be above 0.3 m/s [112] to reach and offset the free upward

convective flows around the heated object.
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Fig.4.3: Validation of CFD diffuser jet profile with experimental data

The experimental setup allows for variations in the room temperature, fresh air
temperature of the primary PV coaxial nozzle, airflow rates and the issue angles for the
coaxial PV and angled flow peripheral diffuser. The velocity and turbulence
measurements at the outlet of the PV nozzle were taken using omni-directional hot-wire
anemometers manufactured by TSI. The anemometers sensing head diameter is 3 mm,
has a + (3% + 2d) accuracy and was calibrated for low velocity range measurements (<2
m/s). They were placed on a horizontal rod directly at the outlet of the nozzles (with £1
mm positioning accuracy) and were triggered to measure the air velocity and turbulence
intensity every 5 mm from the center of the primary nozzle to the external wall of the
secondary concentric nozzle. In order to prevent jet disturbance and obstruction, the
measurements were done in two staggered stages where half of the sensors were
installed at distances of 10 mm from center to center in the first stage and then displaced

horizontally 5 mm in the second stage while keeping the separation distance of 10 mm.
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Similarly, to validate the simulation results of the peripheral diffuser jet, the velocity

was measured at nine different points labeled on the jet profile of Fig.4.3.

The velocity and turbulence intensity measured at the outlet of the PV nozzle
were later used as inputs to the CFD model to define the nozzles boundary conditions.
The velocity measurements showed steady amplitude at the nozzles outlet that
decreased when approaching the walls representing a “top hat” profile as seen
in Fig.4.4. The zero velocity at the nozzles walls indicates a no-slip condition regarding
the airflow movement in the viscous sub layer. In addition, Fig.4.4 shows that the
turbulent intensity increases close to the nozzle walls due to the decrease in the velocity
in the wall boundary layer where the ratio of the velocity fluctuations to the mean flow
velocity is higher. Values of the turbulent intensity varied between 2.4% and 3%, which

resulted in adopting the value of 2.7% for the CFD simulations.

In addition, CO, sampling tests were conducted. The CO, concentration was
measured using CO, sensors manufactured by Alphasense installed at a rake passing
over the heated cylinder. The heated cylinder was placed underneath the nozzles while
the return duct was seeded with 0.0035 L/s flowrate of CO, to mimic indoor pollutants
(see Fig.4.2). Since the response time of the CO, sensor is less than 30 s, and since only
steady state results are sought, the CO, sensors were triggered to measure the CO,
concentration every 40 s. At steady state, the data was compared with CO,

measurements taken at the inlet of the return vent and the air quality was evaluated
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using the ventilation effectiveness equation. It is important to note that the CO, sensors
were calibrated at the outdoor conditions before starting the data sampling. The
difference in the CO, concentration between the breathing zone and the macroclimate is

required to assess the 1AQ.

# Primary Vel
B Secondary Vel

Primary Tl

O Secondary Tl

Velocity [m/s]
Turbulence Intensity [%]

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 E.O

Distance from center [cm]

Fig.4.4: Velocity and turbulence intensity measurements at the PV nozzles outlet.

Since this study focuses on the inhaled air quality while maintaining acceptable
comfort conditions, it is important to validate the thermal flow field around the thermal
cylindrical manikin by taking temperature measurements. A set of 9 T-type
thermocouples with £0.3°C accuracy manufactured by Omega were distributed around
the cylinder as shown in Fig.4.2-a to monitor the variations in the temperature field.
These thermocouples were connected to an OMEGA DaqgPro datalogger to store the
data. The measurements were taken at steady state, which is assumed to be reached
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when the monitored temperatures reach nearly constant values with variation within
+0.3°C. Since this study does not address the reliability and sensitivity of the CFD
model in predicting accurately the far flow field since its values are not crucial for the
validation of the obtained 1AQ and microenvironment conditions. According to Chen et
al. [113] and Srebric et al. [114], validating the flow properties obtained at the
boundaries (diffusers and nozzles outlets) are the most important for accurate
predictions in ventilation problems. For that reason, the predicted velocities at the outlet
of the diffuser and PV nozzle were validated with those obtained experimentally.
However, in addition to the near body field temperature measurements of the PV jet
velocity at different distances from the PV outlet were recorded and compared with
numerical data. This was accomplished by measuring the velocity, using the hot-wire
anemometers, at 11 points aligned at three distances (0.4 m, 0.8 m and 1.2 m) away

from the PV nozzle outlet.

For the validation process, several experiments were performed for a typical
office where 3 different fresh air flow rates (5 L/s, 7.5 L/s, 10 L/s) were tested in
addition to 3 associated temperatures (24°C, 20°C, 16°C) resulting in 9 test cases. A
performance study of the proposed system was performed for the fresh airflow rates
with a 9 cm diameter primary nozzle. The secondary nozzle had a diameter of 15.5 cm
and the peripheral diffusers delivered air at 45° from the ceiling plane at a temperature
of 16°C. The CFD simulations have shown that a peripheral supply angle of 45° is

optimal to obtain a localized flow around the occupant. The CO, concentration in the air
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was measured at the horizontal rake that is situated at 1.2 m from the floor. The height
of the ceiling was 2.6 m, thus the distance separating the inhaled air quality
measurements from the nozzles supply is 1.4 m. The room air temperature was

controlled by the peripheral diffuser airflow rate that maintained the room air at 26°C.

4.3. Field-measurements with desk-mounted fans installed

The heated cylinder representing the human body was placed on a supportive
base at a distance of 10 cm from the desk where the fans responsible for controlling the
convection flow around the cylinder are installed. The AC motorized (220V) fans have a
nominal power of 10W and were operated at their maximum capacity of 10 L/s flow
rate. The fans were installed in a wooden short tunnel and fixed to the internal upper
part of the desk as shown in Fig.4.5 to direct the flow away from the occupant and
suppress any interference or recirculation that might occur in the vicinity of the fans.
The outlet of the fans was kept free and away from any obstruction to ensure effective
operation. Measurements of air temperature, velocity and CO;, concentration
distributions were done in a way similar to what was described in section 4.2 but with

desk fans installed.

4.4, Experimental setup for validation of Bioheat-CFD models coupling.
The performance evaluation of the proposed air conditioning system for the
effective localization of thermal comfort at minimal energy cost in an open office

setting was investigated by experimental studies on human subjects performing light
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office work in the seating position in a climatic chamber. The aim of the
experimentation process was to validate the predicted thermal comfort results and that
the mutual interaction between the human body and the surrounding environment is
properly modeled. This was achieved by recording and analyzing the subjects collected
votes about their perceived thermal comfort and their preferences for the PV jet air
velocity and temperature. The experimentation assessed the thermal response of the
participants when subjected to different combinations of PV air temperature and
velocity in addition to the surrounding ambient air temperature.

The aim of the experimental process was to study the impact of the different
operating conditions on the thermal comfort of the occupants by recording their
perceived comfort sensations. The chosen parameters for the experiments were based on
the recommendations of the CFD parametric simulations performed by Makhoul et al.
[95] in a study targeting the delivered air quality. For this reason, the experimentations
were conducted on a total number of 10 participants (5 males & 5 females) that had
been continuously residing for the six months preceding the experimentation. Each
human subject participated in three experiments that involved different operating
conditions thus ending up with 30 samples. Participants were required to complete an
informed consent statement prior to participating in any testing. To minimize variations
due to differences in clothing, subjects were asked to wear the typical office-clothing
ensemble. The typical clothing for man is long sleeved shirts with long trousers having
a clothing insulation of 0.6 clo while a similar clothing could be worn by women or they

may have a knee-length skirt with long-sleeved shirt that have a clothing insulation of

87



0.67 clo. Two questionnaires adapted from the work published by de Dear Candido et
al. [115] were used to evaluate the thermal comfort of the subjects. The first is for the
whole body thermal comfort and it is the 9 point scale ballot ranging between -4 for
very uncomfortable and +4 for very comfortable. The perceived comfort and air quality
scales are shown in Table 4.2. The subjects casted their votes at steady state. Another
questionnaire was used to measure the local thermal body segmental comfort.
Participants were also asked to indicate their perception and preference for the inhaled
air quality, air movement and thermal comfort. During experimentation, the participant
performed light office work in the sitting position for at least half an hour to make sure

that his body conditions are at steady state.

Table 4.2: Comfort, air movement and air quality scales.

Overall Comfort

Perceived Air
Quality

Perceived Air
Movement

Preference for Air
Movement

Very
Uncomfortable (-4)

Very Bad(-3)

Very High(-3)

Much Less Air
Movement(-2)

Uncomfortable (-3)

Bad(-2)

High(-2)

A bit Less Air
Movement(-1)

Uncomfortable (-1)

Good(0)

Low(0)

Moderately . . .
Uncomfortable (-2) Slightly Bad (-1) Slightly High (-1) No Change(0)
Slightly Neither Bad nor Neither High nor A bit More Air

Movement (+1)

Much More Air

Comfortable (+2)

Excellent(+3)

Very Low (+3)

Neutral(0) Slightly Good (+1) Slightly Low (+1) Movement (+2)
Slightly
Comfortable (+1) Good(+2) owt+2)
Moderately

Comfortable (+3)

Very Comfortable
(+4)




resh
air duct

A

a—
/ Recw;uﬂote [—

Z{ air duct ? 45°
xhoust

Horizontal rake for CO,

sensors installation B

\ ]
Temperature
measurements<——+ ® T —
® /fan
a } AHU
©)

Fig.4.5: Frontal view of the experimental setup for the validation process.

For the model validation, each subject underwent three experiments that were a
combination of PV air temperature, flow rate, and room macroclimate temperature.
Accordingly, the chosen experimental parameters were (16°C, 5 L/s, 26°C) — (20°C, 7.5
L/s, 27°C) — (24°C, 10 L/s, 28°C). The CFD simulations have shown that a peripheral
supply angle of 45° is optimal to obtain a localized flow around the occupant. The
height of the ceiling was 2.6 m, thus the distance separating the human head from the
nozzles supply is 1.4 m. The macroclimate air temperature (which is considered the
temperature of the air away from the human microclimate) was maintained at 26°C for
all the simulated cases. It is important to note that the experiments were focused on
validating the coupling of the CFD and Bioheat models by comparing the predicted

thermal comfort values with the human participants’ votes.
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CHAPTER 5

MAIN RESULTS

The modeling process started with the description of the modeling methodology,
the experimental setup for field measurements and validation and culminated with the
conclusive results. In this chapter, the main results, obtained from the different models
developed and described in Chapter 3 with the corresponding experimental procedures,
are summarized. These results permit to evaluate the performance of each of the
proposed systems using different criteria that are relevant to the concerned fields of

application.

5.1. Performance of the combined DV-PV model

Varying the DV temperature at a desired flow rate while by regulating the PV
module flow rate and temperature at the values set in Table 4.1 is an effective method to
test the applicability of the model to realistic cases. The layer where the PV air is
injected was chosen to be at the upper body part since it has the largest body area
fraction and it is located near the occupant breathing level for better air quality. Two
different typical PV temperatures were chosen to mimic real situations where PV is

involved in energy savings.
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Fig.5.1 shows the effect of varying the DV and PV flow rates and temperatures on
the surrounding air temperature outside the plume. In part (a) the effect of varying the
DV temperature alone while maintaining the same PV conditions is examined. The
impact of varying the DV temperature from 18°C to 20°C on the macroclimate air
temperature is clear on all heights although it is amplified on the lower levels where the
DV supply is installed. The agreement between the predicted and measured
temperatures was good with an error ranging from -1°C at the supply level to +0.5°C at
the return. The predicted and measured temperatures obtained from varying both DV

and PV temperatures are plotted in Fig.5.1(b).

Although the difference is clear between the cases A3 and A8, the curves in (b) are
close to the ones in (a). This might evoke the dominating effect of the DV temperature.
To stress more on this issue, the PV temperatures and flow rates variations with a
constant DV temperature of 20°C are singled out in Fig.5.1 (c). A minimal effect of
0.2°C variation on the surrounding air temperature is observed especially at the layers
adjacent to the PV location. This result is expected since the PV flow is assumed to
merge with the rising plume and affect its temperature more than the surrounding air
temperature. In parts (a), (b) and (c) the predicted and measured results present a good

match although the model lightly underestimates the lower layers air temperature.
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Fig.5.1: Predicted and measured surrounding air temperature with: (a) varying DV
temperature, (b) varying DV and PV temperatures, (c) varying PV flow rate and
temperature. (d) Plume centerline temperature and surrounding air temperature for
experimental case A2.

In Fig.5.1 (d), the inner centerline plume temperature and the surrounding air
temperature are plotted for the heights ranging from above the cylinder till 2.6 m: the

maximum height reached by the plume (corresponding to a non-dimensional height
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2;=2.8 m). The intersection between the surrounding air temperature and the plume
temperature corresponds to the height were the buoyancy forces vanish. The model
predicted a zero-density-difference at a height of 1.85 m while the measured was at 2.18
m. The model is good in predicting the plume centerline temperatures below this point
with a maximum error of £0.6°C and gives lower values above it with an error that could
reach -1.1°C because it assumes a constant temperature gradient at all heights while in

reality it is not the case.

However, since this model has the specificity of predicting the plume air
temperatures in conjunction with the personalized ventilation, some measurements for
the plume centerline air temperatures above the human body were conducted and the
results expressed in terms of the plume-air temperature difference. The plume-air
temperature difference is defined as the difference between the centerline plume
temperature and the air temperature outside the plume. Fig.5.2 shows the comparisons
between the measured and the predicted data. As seen in these figures, the plume-air
temperature difference decreases with height until it reaches zero where the buoyancy
forces vanish. Above this point, the thermal plume will continue to rise because of the
inertial forces. In parts (a) and (b), the PV flow rate is maintained at 4 L/s and the PV
temperature varied between 20°C and 22°C, respectively. At this relatively low flow
rate, the results predicted by the model matched those measured especially at lower
heights that are closer to the PV module. However, when the PV flow rate is increased

in part (c) to reach 7 L/s with a temperature of 20°C, the difference between the
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predicted and measured temperatures was larger above the occupant head (at 1.2 m
height) with an error of +0.6°C. In part (d), the same flow rate of 7 L/s is maintained
but with a higher PV temperature of 22°C. In this case, the error is lower at the height of
1.2 m and it reaches +0.4°C. This shows that the model accuracy close to the PV module

is decreased when the PV flow rate is increased and its temperature decreased.

Although the difference is clear between the cases A3 and A8, the curves in (b) are
close to the ones in (a). This might evoke the dominating effect of the DV temperature.
To stress more on this issue, the PV temperatures and flow rates variations with a
constant DV temperature of 20°C are singled out in Fig.5.1 (c). A minimal effect of
0.2°C variation on the surrounding air temperature is observed especially at the layers
adjacent to the PV location. This result is expected since the PV flow is assumed to
merge with the rising plume and affect its temperature more than the surrounding air
temperature. In parts (a), (b) and (c) the predicted and measured results present a good

match although the model lightly underestimates the lower layers air temperature.

However, in all parts ofFig.5.2, a maximum error of -1.4°C is observed at heights

06

above 2.3 m. This is due to the uniform temperature gradient [
0z

J assumed while

calculating ABspo in equation (3.10) while in fact this temperature gradient varies at

different heights and is much smaller at the upper levels as seen inFig.5.1. In addition,
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some disturbance is observed in parts (c) and (d) in the plume temperature pattern when

the flow rates are increased comparing to the cases in parts (a) and (b).
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Fig.5.2: Predicted and measured plume air temperature difference at the plume
centerline for experimental cases: (a) Al, (b) A2, (c) A3, and (d) A4.
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5.2.

Application of the DV-PV model to a test case

The combined DV-PV model was applied to a test case (an office space) as

described in section 3.2 of Chapter 3. The cooling of the office space is the sum of the

PV modules cooling load which cools the fresh air to the supply temperature specified

and the DV system cooling load which is required to keep the room temperature at the

desired set point during the office hours as shown in the occupancy profile (from 5:00

hr to 23:00 hr). While the total energy need of the office space is the sum of the

electrical energy consumption of the chiller and the PV fans. The DV cooling load and

the PV modules cooling load are shown in Table 5.1 and graphically in Fig.5.3 while

the total energy need for the three set room temperatures is shown in Fig.5.4.

Table 5.1: All simulated cases with the corresponding comfort, cooling load and energy

savings
Average Average Total
Average DV CL PV CL CL Ecooling Efans  Etotal

Code Comfort [W] [W] [W] [W] [W] [W] Savings
ref. 1.47 2470.27 - 2470.27 42372 O 423.72 -

t20-r26 | 1.42 1560.68 132.92 1693.60 290.50 20.32 310.82 26.64%
t21-r26 | 1.41 1563.48 128.76 1692.24 290.26 2191 312.17 26.33%
t22-r26 |14 1573.16 123.17 1696.33 290.97 23.63 314.59 25.75%
t20-r27 1 0.96 1040.38 389.10 1429.48 245.19 59.49 304.69 28.09%
t21-r27 1 0.95 1100.04 352.58 1452.62 249.16 59.99 309.16 27.04%
t22-r27 |1 1158.41 312.81 1471.22 252.35 60.00 312.35 26.28%
t20-r28 | 0.89 746.01 392.43 1138.44 195.27 60.00 255.27 39.75%
t21-r28 | 0.87 781.57 352.62 1134.19 19454 60.00 25454 39.93%
t22-r28 | 0.85 820.73 312.81 1133.54 194.43 60.00 254.43 39.95%
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Moreover, to study the DV flow rate variation with respect to time and the
corresponding cooling load, an hourly graph shows in Fig.5.5 the DV flow rates for
different room temperatures. Since the PV flow rate is individually controlled by
varying the fan speed, the related PV flow rate variations for an individual person are
shown in Fig.5.6. Note that at 28°C, the PV flow rate reached its maximum and was

steady at 10 L/s.

Finally, to assess the impact of these energy saving strategies on human body,
the average thermal comfort (which is the time-averaged comfort over the simulation
period of one day) is shown in Table 5.1 and the segmental thermal comfort and thermal

sensations are shown in Table 5.2 and Table 5.3 for all simulated cases.

Table 5.2: Segmental thermal comfort for all simulated cases

1.54
1.49
1.49
1.49
1.58
1.58
1.60
1.78
1.80

Local Thermal Comfort

Case Head ‘ Chest | Back ‘ Abdomen | Buttocks ‘ U.arm ‘ L.arm ‘ Hands | Thigh ‘ Calves I Feet
ref. 0.94 2.04 1.48 1.64 1.56 1.76 2.15 1.70 1.84 1.32
t20-r26 1.22 1.81 1.38 1.84 1.62 1.37 1.14 1.44 191 1.22
121-r26 1.22 1.82 1.38 1.83 1.62 1.37 111 1.42 191 1.22
122-r26 1.22 1.82 1.38 1.82 1.62 1.37 1.09 1.40 191 1.22
t20-r27 1.00 1.83 0.85 1.93 1.42 1.06 0.30 0.73 1.65 1.14
t21-r27 1.01 1.86 0.86 1.94 1.43 1.07 0.29 0.73 1.69 1.19
t22-r27 111 191 0.75 1.83 1.34 1.17 0.45 0.90 171 1.19
t20-r28 1.43 2.34 -0.28 1.34 0.60 1.58 1.29 2.02 1.25 0.84
121-r28 1.40 2.36 -0.32 1.27 0.57 1.67 1.48 2.16 1.26 0.86
122-r28 1.37 2.37 -0.36 1.21 0.54 1.76 1.67 2.11 1.28 0.88

1.81
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Table 5.3: Segmental thermal sensations for all simulated cases

-0.44
-0.38
-0.38
-0.38
-0.14
-0.15
-0.15

0.11

0.10

Local Thermal Sensation

Case Head l Chest l Back lAbdomen I Buttocks l U.arm l L.arm l Hands l Thigh l Calves l Feet
ref. 0.54 -0.01 0.38 -0.07 -0.08 0.02 0.15 0.11 -0.09 -0.18
t20-r26 -0.86 -0.22 0.54 -0.13 0.02 -0.25 -0.45 -0.37 -0.04 -0.14
121-r26 -0.85 -0.21 0.54 -0.13 0.02 -0.25 -0.46 -0.38 -0.04 -0.14
t22-r26 -0.85 -0.20 0.54 -0.12 0.02 -0.25 -0.48 -0.40 -0.04 -0.14
t20-r27 -1.37 -0.30 0.91 -0.14 0.20 -0.45 -1.02 -0.87 0.22 011
t21-r27 -1.35 -0.28 0.91 -0.13 0.20 -0.44 -1.03 -0.88 0.19 0.06
t22-r27 -1.23 -0.22 0.94 -0.10 0.21 -0.37 -0.94 -0.81 0.18 0.06
t20-r28 -0.75 0.09 1.42 0.01 0.41 -0.11 -0.58 -0.55 0.49 0.50
t21-r28 -0.61 0.16 1.43 0.04 0.41 -0.04 -0.48 -0.46 0.48 0.48
t22-r28 -0.48 0.23 1.44 0.06 0.40 0.03 -0.38 -0.38 0.47 0.46

0.09

The reference case consumes more energy than the other cases because of the lower
set temperature for the room. This will generate higher cooling load on the DV system
air handling unit. However, when using the combined PV-DV system, both the DV and
PV cooling loads were lower than the reference case and thus the chiller energy
consumption was cut-down. As shown in Fig.5.3, the higher the room set temperature is
increased, the more the cooling load would be reduced. Fig.5.3 shows also the effect of
varying the PV supply air temperature on the cooling load. Therefore, the higher PV
supply air temperatures would result in lower total cooling loads and thus lower chiller
energy consumptions. However, the opposite is observed for the set room temperatures
of 26°C and 27°C, i.e. the chiller energy consumption decreased with a lower PV air

temperature. This could be explained as the following: when increasing the PV air
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temperature, the PV cooling load would decrease but the DV system cooling load would
increase since hotter air is supplied to the room. And since the PV air flow rate is
manually controlled by the occupant to achieve a comfortable thermal state, this flow
rate is variable. At higher PV air temperatures more flow rate is needed to reach thermal
comfort. So the total cooling load is stable, or show a slight increment change when the

PV temperature is increased.
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Fig.5.3: Energy need (PV cooling load and DV cooling load) generated using the
occupancy profile in Fig.3.5.

In order to examine more clearly the chiller energy consumption, Fig.5.5 shows the
hourly variations of the DV flow rates. The unsmooth pattern of the curves was due to
the use of occupancy profile and the variation in internal heat load. Comparing to the

relative amount of energy savings shown in Fig.5.4, Fig.5.5 illustrates the high amount
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of energy that could be saved at peak hour due to the reduced DV flow rate. In fact, due
to the increased room set temperature, the required DV flow rate at peak hour would
decrease substantially indicating a decrease in the cooling load on the chiller since DV
cooling load and flow rate are related. However, although the cooling load of the office
space is reduced when increasing the set room temperature and by using the PV
modules, the variation of the total energy consumption is not directly proportional to the

cooling load decline.
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Fig.5.4: Average effect of increasing the room temperature on energy needs

Fig.5.4 shows the little difference in energy saving potential which occurred
between room temperatures of 26°C and 27°C. In fact, the electrical energy

consumption of the PV fans had a large impact on the eventual savings. As seen
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in Table 5.1, at 26°C, the fans power consumption was in the range of 20W to 24W
since the PV flow rate was estimated to be around 4L/s (see Fig.5.6). So the
corresponding energy savings were around 26%. However, when the set room
temperature was increased to 27°C, the fan power consumption increased dramatically
since more PV flow rate (8.5 L/s to 10 L/s)was required to relieve the hot thermal
sensation of the occupants. This resulted in a slight increase or nearly the same energy
savings although the room set point temperature was increased by 1°C. So the increase
in the fans power consumption compensated the savings in the chiller power
consumption. Finally, for the 28°C cases, and since the PV flow rate was limited to
10L/s, no further increase in the fan power consumption was observed and more savings
could be achieved but with a degraded comfort level which would make this case

unsuitable for thermal comfort reasons.
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Fig.5.5: Hourly variations of the DV flow rates for the reference case and the three
simulated room temperatures.

However, the aim of any air conditioning system is to provide thermal comfort for
the occupants. So any energy saving potential must be accompanied by an ability to
provide thermal comfort. In Table 5.1, the overall thermal comfort state of the occupant
is indicated next to each simulated case, which varied from -4 for very uncomfortable to
+4 for very comfortable [47-49]. At the reference case, the best thermal comfort state
was obtained with a thermal comfort indicator of 1.47. This value corresponds to a
room temperature of 24°C with the task ventilator turned off. This value was decreased
to 1.42 for the case t20-r26. However, a similar or better thermal comfort state could
have been obtained with lower set room temperatures than 26°C in conjunction with
personalized ventilation. So the combined PV/DV system could be seen as achieving at
least the same comfort level of the DV system alone. However, a significant decrease in
comfort sensation was observed when increasing the room temperature. A room
temperature of 27°C might still be acceptable with an average value of 0.97 but when
the room temperature was increased further to 28°C, an average value of 0.87 was
attained for thermal comfort. In contrary, when varying the PV air temperature at the
same room temperature, the overall thermal comfort variation was unnoticeable

especially for the first three cases.
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Fig.5.6: The PV flow rate hourly variations for an individual occupant

Table 5.2 and Table 5.3 reveal more details about the segmental comfort and
segmental sensations. Similar to the thermal comfort scale, the thermal sensation varied
from -4 for very cold to +4 for very hot [47-49]. The largest variations in thermal
comfort and sensations were on the head, back, arms and hands. As seen in Table 5.2,
the thermal comfort of these body parts dropped gradually with an increasing room
temperature except for the last three cases corresponding to a room temperature of 28°C
where the local thermal comfort of the head, back and arms were enhanced. Table 5.3
shows that these thermal comfort variations were accompanied by a cold sensation on
the head, arms and hands and a hot sensation on the back. This was expected as a higher
temperature was maintained inside the room and the unexposed body segments,

including the back, were feeling hotter but the exposed body segments, including the
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head, arms and hands, were feeling colder because of the increased PV flow rate. This is
true until a room temperature of 28°C was reached and the PV flow rate attained its
upper limit: in this case, the cold sensation on the exposed body segments was reduced
and their local thermal comfort was enhanced. However, at this high room temperature
of 28°C, the overall thermal comfort was the lowest. Therefore, one can conclude that
the discomfort sensation was not only caused by the high room temperature but also by

the thermal asymmetry between the back and the frontal exposed parts of the body.

5.3. Performance of a low-mixing ceiling-mounted PV nozzle using CFD

This section describes the main results obtained using the ceiling-mounted PV
nozzle integrated with a peripheral diffuser. The PV nozzle is supposed to provide
effective fresh air delivery while the peripheral angled diffuser is supposed to create a
canopy of conditioned air to maintain acceptable comfort conditions in the vicinity of

the occupant.

5.3.1. Validation of the CFD model

It is important to ensure that the numerical results are stable and converged and
do not exhibit transient behavior due to instabilities in the buoyant flows. The
dimensionless ratio of Gr/Re’ ratio is calculated and a value of 0.209.Since the resulting
Rayleigh number is less than 108 and the magnitude of Gr/Re? is less than one, the
steady state calculations can be performed. To obtain a valid steady state solution in

presence of buoyancy forces, the under-relaxation factors are manipulated to dampen
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the flow oscillations that may arise. In addition, a transient simulation was run using the
steady state solution as initial conditions and no further changes were observed in the

flow and thermal results.

The Air Quality Index (AQI) was calculated for the three fresh airflow rates of 5,
7.5, and 10L/s at the fresh air temperatures of 24°C, 20°C and 16°C. The AQI values for
each PV fresh flow rate were independent of temperature. Fig.5.7 shows the numerically
predicted and experimentally determined AQI variation versus the horizontal distance
from the breathing level center point along a line in the symmetry plane at PV flow rate
of (a) 5 L/s, (b) 7.5 L/s, and (c) 10 L/s. The center point X=0 represents the center of the
line located directly above the center of the heated cylinder. It is observed that air
quality index increases with the increasing flow rate. The AQI reached a value of 0.44
for a PV flow rate of 10 L/s. In addition, the experimental results showed good
agreement with the CFD data and the matching was better for higher flow rates
especially for the case of 10 L/s. The difference between the predicted and the measured
value for the peak AQI did not exceed 0.05, which is slightly above the instrument
uncertainty. For some other points, the difference reached 0.11 and which might be due
to errors in the sensor positioning due to the large sensor head (diameter of 2.5 cm).
Actually, the sensor head measures the average CO2 concentration perceived by the
sensing part. This might lead to errors in the measurements when compared with
predicted CFD results. At the lower flow rate of 5 L/s, the AQI was less evident which

is due to the jet having a low momentum to overcome the rising thermal plume.

105



For the temperature field validation, the case where the macroclimate
temperature was maintained at 26°C with a fresh air flow rate of 7.5 L/s and
temperature of 20°C was considered. The results of these measurements are compared
to the predicted temperature values obtained through numerical simulations and are
shown in Fig.5.8. The experimental and predicted results agreed well and the noticed

error did not exceed the instrumentation uncertainty.

Since the momentum method was used to model the diffuser’s jet numerically,
experimental measurements of the diffuser’s velocity profile below the jet were
necessary to validate the predicted numerical values. Fig.4.3 shows the velocity
measured at several points within the jet and compares the data with the predicted CFD
values. The results show good agreement between the measured and predicted values
since most of the noticed differences are within the instrument uncertainty. This shows
that the considered diffuser with the corresponding geometry and grid density are

modeled accurately and can be used to simulate the jet behavior further in the study.

106



e e CoFlow 10L/s

045 Frommmmmmpoomomme e m e Tttt 0 Measured 10U/

085 oo CoFlow 7.5Ls

> Measured 7.5 Lfs

AQl

0.05

L CoFlow 5L/s

! ! ! A Measured 5 Lfs
[ e e e St BT e !

on o
T 7010 O .

- g Ny

Agl

(c)
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and (c) 10 L/s
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Fig.5.8: Validation of temperature profile in the vicinity of the heated cylinder with
experimental data.

Fig.5.9 shows the predicted and measured velocity at three different distances
away from the PV nozzle’s outlet (0.4 m, 0.8 m and 1.2 m). Notice the small decrease in
the peak velocity (from 1.2 m/s to 1.16 m/s) when moving from the 0.4 m distance to
the 0.8 m. This is due to the fact that the low-mixing effect of the coaxial nozzle is still
highly effective in this region close to the nozzle’s outlet. A sharper decrease in the
velocity is observed at the 1.2 m distance with a value of 0.96 m/s. At this distance, the
mixing between the fresh air and recirculated air jets is promoted and the increased
shear at the core jet boundary contributed to reducing its terminal velocity. Fig.5.9
shows also that measured values were very close (within 4%) to those predicted

numerically and all measurements were within the instrument uncertainty.

108



-0.3 -0.2 -0.1 0 0.1 0.2 0.3
‘ - %
S:"‘ = ;/fg
0.2 + "! /;I
= \\’ ://
e, I\ [y
.E. 04 ¢ \\v- i"
ﬁ 0 ‘i /| CFDO.4m
= N = P
& \ ;’/ O Measured 0.4 m
]
c 08 b ‘A _crposm
E - i’l / .
(=] -
2 17 ¥ M d0.8m
O] .,.\ / ) easured 0.
> N
12 ¢ T CFD1.2'm
Measured 1.2 m
_14 L

Fig.5.9: Velocity magnitude at three different distances away from the PV nozzle’s
outlet.

5.3.2. Parametric Study

The simulation procedure was divided into two parts: simulations of the system
performance for a human positioned directly underneath the PV nozzle and another set
of simulations for the case where the human has an angled position with respect to the
ceiling mounted PV. The performance of the nozzles was assessed by observing the
delivered air quality in addition to the flow localization estimated using the zonal
temperature difference. Different parameters will affect the performance of the nozzle
and the most prominent are the delivered airflow rate and temperature. For that reason,
nine simulations were performed for a typical office load of 60 W/m?atthreedifferent

fresh airflow rates in addition to three associated temperatures as seen in Table 5.4.
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Table 5.4: Matrix of simulations applied for the two human positions (aligned and
angled) and the three room macroclimate temperatures (26°C, 27°C and 28°C)

Primary Secondary
Flow rate | Temperature | Flow rate Temperature
[L/s] [°C] [L/s] [°C]
5 24 10 26°C, 27°C,28°C
5 20 10 26°C, 27°C,28°C
5 16 10 26°C, 27°C,28°C
7.5 24 15 26°C, 27°C,28°C
7.5 20 15 26°C, 27°C,28°C
7.5 16 15 26°C, 27°C,28°C
10 24 20 26°C, 27°C,28°C
10 20 20 26°C, 27°C,28°C
10 16 20 26°C, 27°C,28°C

This procedure was repeated for each room set temperature of 26°C, 27°C, and
28°C. The room set temperature was attained by varying the peripheral diffuser flow
rate while maintaining the temperature of the air it delivers at 16°C. A relatively low
peripheral diffuser temperature of 16°C was used so that the system will be able to
remove the cooling load of the room. For each simulation case, the room is divided into
two zones: the microclimate and the macroclimate. The boundary between the two

zones is represented by the vertical lines shown in Fig.3.7.
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Table 5.5: Average Temperature difference between the two zones for macroclimate
temperatures of (a) 26°C, (b) 27°C, and (c) 28°C.

Vertical Jet Inclined Jet
Macrocl.| Primary Primary Temperature Primary Temperature
Temp. [Flowrate] 24°C | 20°C | 16°C | 24°C | 20°C | 16 °C
5L/s 0.55 0.78 1.05 0.49 0.72 1.03
75L/s | 0.70 1.29 1.69 0.65 1.19 1.62
26 °C | 10L/s 0.84 1.27 1.97 0.81 1.20 1.66
5L/s 0.63 0.83 0.96 0.47 0.70 0.93
75L/s | 0.67 1.27 1.59 0.61 1.15 1.58
27°C | 10L/s 0.81 1.32 1.93 0.72 1.23 1.73
5L/s 0.52 0.85 1.14 0.53 0.75 0.97
75L/s | 0.75 1.35 1.79 0.64 1.18 1.66
28°C | 10LJ/s 1.84 1.36 1.91 0.78 1.22 1.71

5.3.2.2. Vertical PV jet

One of the main advantages of the proposed system is its ability to localize the
flow and restrain the cooling to the occupied regions of the office. In order to evaluate
this capability, the averaged temperature difference between the two zones (occupied
and unoccupied) that are defined as the occupants microclimate and the occupants
macroclimate are shown in Table 5.5. Temperature differences of the order of 2°C could
be achieved when the highest flow rate of 10 L/s associated with a PV temperature of
16°C are applied. Note that this temperature difference decreases with an increasing PV
temperature and a decreasing PV flow rate. The minimum achieved temperature
difference between the occupied and unoccupied region was 0.52°C corresponding to a
PV jet flow rate and temperature of 5 L/s and 24°C, respectively. The flow localization

could be visualized in Fig.5.10-a,b that show the temperature and velocity contours. The
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importance of this flow localization is that it allows attaining considerable energy
savings by creating a thermally comfortable zone, which is the occupant’s microclimate,

and allowing for higher air temperatures in the rest of the space.

The CO; concentration contours for a 10 L/s fresh air flow rate case with a
macroclimate temperature of 26°C are shown in Fig.5.10-c. The calculated AQI for the
inhaled air reaching the manikin’s breathing zone was 0.32. In order to assess the
performance of this system in terms of air quality, the AQI results are compared with
those of Yang [116] who conducted a similar study but with a ceiling mounted single jet
(without the secondary nozzle)using similar room height of 2.6 m and a fixed
macroclimate temperature of 26°C. The separating distance between the nozzles and
the measurement location was similar for both studies. Yang reported his results using
the personal exposure effectiveness - which has the same definition as the AQI - with
different combinations of jet air temperatures and room air temperatures. The results of
a single jet nozzle were not very promising in terms of inhaled air quality. The highest
flow rate of 16 L/s delivered by the nozzle achieved an AQI of 0.13 which was about
40% of the AQI achieved using the coaxial PV nozzle at a lower flow rate of 10L/s. At a
similar flow rate of 10 L/s, the AQI achieved by a single core jet was around 0.09;
therefore, the coaxial ceiling-mounted PV could achieve a 3.5 times better inhaled air

quality than a single core jet.
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Fig.5.10: (a) Temperature, (b) velocity, and (c) CO,contours for the vertical jet with 10
L/s fresh air flow rate and 26°C macroclimate temperature.

5.3.2.3. Inclined PV jet

A similar parametric study was performed for the inclined jet where the human
was moved a distance of 0.5 m from its original position: the distance separating the
nozzles from the occupant’s breathing zone became 1.49 m. This selected distance was

found to be the limiting distance beyond which interaction would occur between the PV
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jet and the angled peripheral diffuser jet of 45°. This study will permit to test the ability

of the jet to penetrate the thermal plume from an inclined position.
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Fig.5.11: (a) Temperature, (b) velocity, and (c) CO, contours for the inclined jet with a
10 L/s fresh airflow rate and 26°C macroclimate temperature.

The effectiveness of the system in localizing the flow around the occupant is
evaluated using the average temperature difference between the occupied and
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unoccupied zone. As seen in Table 5.5, the temperature difference is highly dependent
of the fresh air flow rate and temperature: a higher flow rate and a lower temperature
imply a larger temperature difference.However, this temperature difference is
independent of the macroclimate temperature since it is expressed in terms of the
difference between the two zones, i.e. a higher macroclimate temperature is
accompanied by a higher microclimate temperature but the difference between the two
is nearly steady. Temperature differences of the order of 1.73°C could be achieved at a
flow rate of 10 L/s which indicates that the system is still effective in providing a
localized flow even in the inclined PV jet position. This will give the system more
flexibilty when it comes to the occupants positioning inside the space with respect to the

PV nozzle’s outlet.

One of the main advantages of supplying the jet in an inclined way, is that it
reaches directly the breathing zone of the occupant without first spreading over the
head. However, mixing between the fresh and recirculated air increases with the longer
distance the PV jet has to travel to reach the human breathing zone. Therefore, when
examining the CO, concentration of the inhaled air, a very similar air quality is
observed for the inclined jet cases when moderate and high flow rates are
used, Fig.5.11-c. However, for the lower momentum jets corresponding to the low flow
rates of 5 L/s where the rising thermal plume has a larger effect on obstructing the jet,

the inclined jet has an advantage over the vertical one since it bypasses the vertical
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plumes. Therefore, a slightly higher inhaled air quality by 12% (AQI=0.24) is observed

when fresh air flow rates of 5 L/s are supplied with an inclined jet.

The importance of the studied PV coaxial nozzle is in its use in providing
comfort to the upper part of the body that governs the overall thermal sensation and
comfort of occupants. Any discomfort due to the low temperature jet directed to the
upper body parts can be minimized when surrounding macroclimate climate of the
human body is at higher temperature than usually recommended operative temperature

of 24 °C [47-49,93].

5.4. Nozzles Performance Comparison

The aim of this part is to compare the performance of three types of personalized
ventilation systems: a) the ceiling-mounted nozzle with desk fans turned OFF, b) the
ceiling-mounted nozzles with desk fans turned ON, and c) the low-mixing coaxial
ceiling-mounted nozzle. The performance of each nozzle type was assessed by
observing the achieved air quality, the perceived thermal comfort, the flow localization
and consequently the energy savings. Different parameters will affect the performance
of the PV nozzles and the most prominent are the airflow rate and temperature. For that
reason, several simulations were performed for a typical office load of 60
W/m?withthree different fresh airflow rates in addition to three associated temperatures
resulting in nine test cases as seen in Table 5.6.The room air temperature was

maintained at 26°C by varying the peripheral diffuser flow rate while maintaining the
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temperature of the air it delivers at 16°C. For each simulation case, the room is divided
into two zones: the microclimate and the macroclimate. The boundary between the two

zones is represented by the vertical lines shown in Fig.3.7.

A relatively low peripheral diffuser temperature of 16°C was used so that the
system will be able to remove the cooling load of the room. The Bioheat model was
coupled with the CFD model to generate the human response to the environmental
conditions. The skin and core temperatures and their rate of change are then integrated
into Zhang’s thermal comfort model [47-49,93] to generate the segmental and overall

thermal comfort and thermal sensation.

5.4.1.  Air Quality and Comfort Comparison

Table 5.6 shows the terminal velocity and terminal temperature, which are the
velocities and temperatures attained by the jet when it reaches the human head, in
addition to the ventilation effectiveness factor. It is clear that higher velocities (up to
0.58 m/s) and lower temperatures (a minimum of 24.63°C) are attained when the desk-
mounted fans are turned ON due to the reduced flow rate of the thermal rising plume.
Hence, less resistance is opposed to the PV jet and it can easier penetrate the mitigated
plume generated by the human body. In addition, it is important to note the effect of
reducing the PV air supply temperature on acting positively on the attained air quality
since the buoyancy forces generated by the cold jet will be acting downward.

Obviously, this will also allow an increased amount of fresh air to reach the occupant’s
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breathing zone: this can be observed when monitoring the variation of the ventilation
effectiveness index. In fact, a remarkable improvement is noticed in terms of indoor air
quality when the desk-mounted fans are turned ON. A ventilation effectiveness value of
22% could be reached with a fresh air flow rate of 10 L/s supplied at a temperature of
16°C and this is compared to an effectiveness of 10.4% obtained for the same
configuration when the fans are turned OFF. Similarly, Yang [116] reported an
effectiveness of around 10% for a ceiling PV nozzle integrated with a conventional
diffuser. On the other hand, a remarkable 11 times improvement in the ventilation
effectiveness (going from 1% to 11%) is observed when the fans are turned ON for the
5 L/s case with a supply temperature of 16°C. This finding highlights the performance
of the desk-mounted fans in suppressing the thermal plumes and permitting the PV jet to
provide the occupant with fresh air more effectively. However, when compared with the
coaxial PV nozzle, a better IAQ and higher ventilation effectiveness (up to 33%) is
observed for the latter that could reach a two-fold value for some cases. This brings to
the picture the high efficiency of the low-mixing coaxial nozzle in providing fresh air to
the breathing zone in an efficient way.

On the other hand, when examining the performance of an air conditioning
system, it is important also to check its ability in providing the occupants with the
desired thermal comfort. Fig.5.12-a and Fig.5.12-b show the overall thermal comfort
perceived by the occupant for different flow rate and temperature combinations when
the desk-mounted fans are turned OFF or tuned ON, respectively. It is clear that the

comfort increases with an increasing airflow rate and a decreasing air temperature.
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When comparing the effect of the desk-mounted fans on the induced thermal comfort, a

net improvement is observed when the fans are turned ON. This effect increases with

the decreasing PV supply air temperature letting the jet take advantage of the buoyancy

forces acting downwards and supporting the jet in penetrating the thermal

plumes. Fig.5.12 shows also a remarkable improvement in overall comfort especially

for the 5 L/s flow rate cases where the PV jet was so weak to effectively reach the

human body without the usage of the desk-mounted fans. However, Fig.5.12-c, which

corresponds to the ceiling-mounted coaxial jet, shows a remarkably improved thermal

comfort especially for the 5 L/s and 7.5 L/s cases. A nearly similar or slightly lower

comfort is observed for the 10 L/s case associated with a supply temperature of 16°C,

which is due to the thermal draft and cold sensation felt under these conditions.

Table 5.6: Comparison of the terminal temperature, velocity and ventilation
effectiveness for the different cases when the desk mounted fans are turned ON or OFF
and when using a coaxial nozzle.

Fans OFF Fans ON Coaxial Nozzle
Terminal|Terminal Terminal|Terminal Terminal | Terminal
Temp. | Velocity Temp. | Velocity Temp. |Velocity
Case [°’cl | [m/s] & [°’cl | [m/s] & [°c] [m/s] &
F5L/s,T24°C 26.53 0.26 0.13% 26.39 0.28 1.55% | 26.65 0.23 10.64%
F5L/s, T20°C 26.47 0.26 0.10% 26.33 0.31 1.61% | 25.85 0.31 | 21.09%
F5L/s, T16°C 26.42 0.27 0.94% 26.21 0.34 |11.14% | 25.32 0.40 | 21.48%
F7.5L/s,T24°Cl 26.06 0.33 0.03% 26.01 0.38 2.04% | 26.20 0.55 | 27.32%
F7.5L/s,T20°C| 26.00 0.36 0.38% 25.96 0.43 8.44% | 25.44 0.62 | 27.84%
F7.5Ll/s, T16°C| 2585 0.36 8.60% 24.72 0.48 |20.67% | 24.68 0.67 |28.12%
F10L/s,T24°C| 2568 0.40 0.84% 25.64 0.47 2.95% | 25.60 0.86 | 32.29%
F10L/s,T20°C| 2535 0.46 2.01% 25.23 0.52 14.56% | 25.16 0.90 | 32.66%
F10L/s,T16°C| 2517 | 048 |10.38% | 24.63 | 058 |22.05% | 24.22 0.93 | 32.98%
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In order to examine and analyze in details the perceived thermal comfort under
certain operating conditions of the PV jet, observing the segmental comfort of the
different body parts is important. Table 5.7 shows the segmental comfort and segmental
thermal sensation predicted by the Bioheat model for the different human body
segments. Notice that the most affected segments by the operation of the desk-mounted
fans are located in the upper body part (head, chest, back, and abdomen). The head is
the most highly affected since it is the first body part hit by the jet before it spreads over
the rest of the upper body. An improvement in the segmental comfort, accompanied by
a decrease in the thermal sensation, is noticed when operating the desk-mounted fans
comparing to a situation where the fans are turned OFF. This improvement in comfort is
accompanied by a decrease in the thermal sensation since the affected segments are
exposed to cooler air with higher velocity. The rest of the body parts are less affected
since they are exposed to nearly the same climatic conditions. The enhanced comfort
conditions are associated with up to 20% increase in the terminal jet velocity and with
reduction of up to 0.6°C in the terminal temperature for the case of 10 L/s supplied at

16°C (see Table 5.6).
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Fig.5.12: Overall thermal comfort with the desk mounted fans turned (a) OFF, (b) ON,
and (c) for the coaxial PV nozzle.
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5.4.2. Energy Analysis

One of the main advantages of the proposed system is its ability to provide a
good inhaled air quality with less amount of fresh air. The usage of the desk-mounted
fans will permit to reduce the blockage effect created by the rising thermal plumes and
thus allow for a more effective delivery of fresh air. In addition, it permits having a
higher room macroclimate temperature while maintaining an acceptable thermal
comfort due to the personalized ventilator jet that creates a comfortable localized air
region around the occupant. These preceding characteristics of the system could lead up
to a high energy saving potential comparing to the conventional mixing ventilation
systems where the whole room is maintained at a homogeneous air temperature and the
fresh air is mixed with the recirculated air before being supplied through the ceiling
diffuser. In order to evaluate the energy savings associated with the alternate operation
of the desk-mounted fans, an energy analysis was performed in order to estimate the
cooling loads for selected cases. The calculations were based on equal thermal sensation
bases for each simulated case separately so that the occupant will have nearly the same
sensation in the mixing ventilation system and the ceiling-mounted PV system
(see Table 5.8). In addition, the equivalent amount of fresh air that gives the same
inhaled air quality for each case was calculated and used in the analysis. A chiller COP
of 5 was assumed to obtain the electrical loads from the calculated cooling loads. For
the PV system, a fan of 15W of nominal power was assumed to supply the air through
the ceiling-mounted nozzle; thus, the electrical energy consumed by the fan is added to

the chiller electrical load. When considering the coaxial nozzle an additional fan of the
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same power is considered for supplying the recirculated air through the secondary
nozzle. Besides, the desk-mounted fan is assumed to have a nominal electrical power of
10W. Having calculated the electrical energy consumption for each case separately, it

was compared with the energy consumption of the equivalent mixing ventilation case

and the potential energy savings are assessed.

Table 5.7: Segmental thermal comfort for selected cases.

Case Head Chest

Back Abdomen Buttocks U.arm L.arm Hands Thighs Calves Feet Overall

QUComfort -1.34| 191 |-0.46| 0.43 0.23 136 [ 031031122 | 0.64 |1.82] 0.04
1
o
& ESSensation 233|119 |1.28 0.41 0.21 0.83 | 142 | 0.71 | 051 | 0.66 [0.69| 1.30
@)
%QUComfort 141 | 1.43 |-0.25| 0.66 0.66 130 {032 ] 0.73|1.18 | 0.65 |1.68| 0.59
wil-do
(e}
E:Sensation -0.60| 1.20 | 1.34 0.46 0.26 0.87 | 149 | 0.59 | 0.53 | 0.68 |0.71| 0.69
QUComeI’t 0.64 | 1.74 |-0.35| 0.61 0.50 1.36 {042 | 044 | 1.21 | 0.58 |1.73| 0.60
s
o
= EESensation 0.66 | 1.09 |1.34 0.42 0.25 0.83 | 141 0.73 | 052 | 0.73 |0.70| 0.91
@)
%QOComfort 1.17 | 1.66 |0.79 0.90 1.02 1.24 {034 | 085 | 1.18 | 0.57 |1.58| 0.86
W R
©
E:Sensation -1.28 | 0.61 |0.85 0.48 0.34 090 | 1.54 | 0.70 | 0.53 | 0.77 |0.69| 0.15
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Fig.5.13: (a) Temperature, (b) velocity, and (c) CO2 contours for the vertical jet with 7.5
L/s fresh air flow rate supplied at 20°C with a macroclimate temperature of 27°C.
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For each fans status (ON or OFF), four cases achieving high ventilation
effectiveness were chosen for the analyses. The corresponding thermal comfort and
thermal sensation are indicated next to each case as seen in Table 5.8. The savings
ranged between 5% and 13% for the single core jets depending on the fans status, while
it varied between 25% and 30% for the coaxial nozzle. When examining the cases
where the fans are turned OFF, the highest energy saving that could be achieved was
8.25% for a fresh air flow rate of 10 L/s and temperature of 16°C. These savings are
mainly due to the enhanced indoor air quality achieved with a reduced amount of fresh
air and to the improved thermal comfort comparing to the mixing ventilation systems.
However, for the same case and when the fans are turned ON, an increase in the energy
savings is obtained up to 13.25%. This improvement is due to the effective delivery of
fresh air and to improved induced thermal comfort when the desk-mounted fans are
turned ON. However, in spite of the benefits these fans bring, they consume additional
electrical energy when operating. For that reason, the energy savings associated with the
same case did not double when the fans were turned ON even though the ventilation
effectiveness itself doubled as seen in Table 5.8. However, when observing the energy
savings associated with the operation of the ceiling-mounted coaxial nozzle, a
remarkable improvement of up to two or three times is achieved for some cases with
savings that could attain values of 30%. This is due to the enhanced air quality and
better comfort that can be provided by the coaxial nozzle which imply effective
ventilation with reduced amount of fresh air and correspond to a lower mixing-

ventilation equivalent air temperature.
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Table 5.8: Energy savings at equivalent thermal sensation and inhaled air quality.

Mix Vent. Mix Vent.
Thermal  Thermal Equ. Flow Equ. Energy
Case Comfort Sensation &y [L/s] Temp [°C] Savings
o | F7.5LJ/s, T20°C -0.06 1.38 0.38% 7.53 25.88 4.67%
G | F75L/s, T16°C 0.52 0.83 8.60% 8.21 25.33 6.99%
fc F10L/s, T 20°C 0.04 1.3 2.01% 10.23 25.8 6.66%
F10L/s, T 16°C 0.59 0.69 10.38% 11.18 25.19 8.25%
> F75L/s, T20°C 0.38 0.99 8.44% 8.20 25.49 6.50%
a F75L/s, T16°C 0.67 0.27 20.67% 9.46 24.77 11.68%
E F10L/s, T 20°C 0.60 0.91 14.56% 11.73 25.41 10.51%
F10L/s, T 16°C 0.86 0.15 22.05% 12.86 24.65 13.25%
.%‘.’ F75L/s, T20°C 1.42 -0.78 26.59% 10.22 23.44 26.78%
g F75L/s, T16°C 1.19 -0.96 27.06% 10.29 23.08 24.93%
% F10L/s, T 20°C 1.12 -0.99 31.85% 14.71 23.02 30.08%
S F10L/s, T 16°C 0.79 -1.16 32.12% 14.76 22.68 27.08%
5.5. Performance of low-mixing PV nozzle when particle transport is involved

The validation of the numerical CFD model, described in section 3.7 and 4.4,
lead to the consideration of different scenarios to investigate the performance of the
system. However, before proceeding with the simulated scenarios, it was necessary to
determine the number of tracked particle trajectories that is statistically enough for
obtaining a stable solution. In fact, the Lagrangian scheme is a stochastic approach for
modeling the particles distribution and tracking trajectories. This will engender
variations in the calculated particle concentrations when a specific run is repeated for a
number of times. Increasing the number of tracked trajectories will reduce these

fluctuations and permit to obtain a more stable solution. The stability of the solution
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was assessed by monitoring the concentration in specific random control volumes
distributed in the computational domain and including the breathing zone. The criterion
used in this study to estimate the sufficient sample size (i.e. number of trajectories) is
that the concentration fluctuations in these control volumes does not exceed +10% of
the mean concentration obtained after 10 runs. It was found that 50000 particle

trajectories were sufficient to meet the aforementioned criterion.

Two source locations were considered when running the simulations: a source
S2 located in the macroclimate and a source S2 located in the microclimate near the
occupant as shown in Fig.5.14. For each source, two particle sizes of 0.01 um and 1 pm
were generated and simulated separately. The results obtained from the simulations that
included the coaxial PV nozzle were compared to a simulated reference case where a
mixing ventilation system was considered. In the reference case, the same sources

locations and amount of supplied fresh air were considered.

5.5.1. Performance of the peripheral diffuser

A point source labeled S1 and generating polystyrene particles of 1 um size was
placed in the macroclimate outside the canopy at a height of 1.2 m from the floor and at
0.2 m from the wall in the XY plane as seen in Fig.5.14. The polystyrene has a density
of 1050 kg/m?® and is an inert particle that contains less than 10% of volatile materials.
The source was generating particles with a mass flow rate of 2.986x10” kg/s with a

horizontal supply velocity of 0.15 m/s. 50000 particle trajectories were tracked for 1000
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s counting from the time they were released. The small size of the particles renders
them easily carried by the flow with a low deposition rate. Hence, they are considered
hazardous to the health since they easily penetrate the respiratory system and deposit in
the lungs and veins. The PV nozzle was supplying fresh air at a flow rate of 7.5 L/s and
a temperature of 20°C. Fig.5.15-a shows the mass concentration of the particles in
addition to the velocity vectors along a plane crossing vertically at the middle of the
room when particle size of 1 um is considered. The effect of the canopy created by the
angled peripheral diffuser in preventing the particle from penetrating the microclimate
of the occupants could be observed. The higher particles concentration in the
macroclimate comparing to the lower concentration in the microclimate indicates how
effective the canopy is in protecting the occupants breathing zone. Actually, two
important recirculation regions are created in the macroclimate and where the particles
are trapped delaying their transport and dispersion to the other regions of the space.
These regions of recirculation could actually be thought of as suitable locations for
placing the exhaust or return vents (with filtration). However, and as seen in Fig.5.15-b,
smaller particle sizes of 0.01 um render them more diffusive as they are more dispersed
in the space. The canopy has a limited effect in preventing these ultrafine particles from
migrating to the microclimate. In fact, the particles behavior is similar to that observed

with gaseous pollutants as reported in the work of Makhoul et al. [118-119].
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Fig.5.14: Schematic of the office layout showing the location of the injection sources.

Particle Mass Particle Mass
Concentration Concentration
[kg mA-3] [kg mA-3]
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1.05e-003 1.05e-003
9.82e-004 9.82e-004
9.12e-004 9.12e-004
8.43e-004 8.43e-004
7.74e-004 7.74e-004
7.04e-004 7.04e-004
6.35e-004 6.35e-004
5.65e-004 5.65e-004
4.96e-004 4.96e-004
4.27e-004 4.27e-004
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1.00e-005 1.00e-005

Fig.5.15: Particle concentration and velocity vectors at the XY midplane for (a) particles
of 1 um size and (b) particles of 0.01 um size.
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In order to evaluate the performance of the system quantitatively, the concentration
of the particles in the breathing zone was used to calculate the intake fraction defined in
equation 1. This procedure will permit to estimate the proportion of generated particles
that are inhaled by the human subject. Under the conditions described previously (PV
supplying 7.5 L/s of fresh air), the calculated intake fraction was of the order of
1.90x10™* for the 1 pum particles and 5.9x10™ for the 0.01 pum particles. When
comparing to a simulated mixing ventilation system with the same amount of fresh air,
intake fractions of 1.19x107 and 1.37x10 were obtained for particles of sizes 1 pm
and 0.01 um, respectively. Therefore, the coaxial PV integrated with the peripheral
diffuser was capable of achieving a reduction of up to 6 times in the proportion of
inhaled particles compared to a conventional mixing ventilation system. It is clear that
the canopy created by the peripheral diffuser was more effective in preventing larger
particles migration to the macroclimate as seen in Fig.5.15-a and Fig.5.15-b, which is

reflected by the lower intake fractions for the 1 um particles.

Table 5.9: Distribution of the deposited particles of 1 um size

Particle Fate Surface Deposition rate

Total Total Total Total

Deposited | Escaped |Suspended| Tracked Ceiling Walls Floor Desk Computer Manikin

Source| 14101 3412 32487 50000 | 1003 | 9977 | 2464 | 585 28 44

51 28.2% 6.8% 65.0% 100% | 7.1% |70.8% |17.5% | 4.1% 0.2% 0.3%

Source| 9411 3430 37159 50000 | 271 | 4422 | 2293 | 924 472 1029

52 18.9% 6.8% 74.3% 100% | 2.9% |47.0% | 24.4% | 9.8% 5.0% 10.9%

Since the hazardous effect of the particles is not restricted to the airborne

fraction, it is necessary to monitor the amount of particles that are trapped on solid
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surfaces near the human body. For that reason, the particles were tracked and their fates
represented by “escaped”, “deposited” and “suspended” were reported in Table 5.9
and Table 5.10. For the 1 um size, notice the high rate of deposited particles
representing 28% of the total tracked particles compared to 65% suspended in the space
and 6.8% that escaped the room. This high deposition rate can be explained when
examining the distribution of deposited particles shown in Table 5.9. The amount of
particles deposited on the walls represents 71% of the total deposited particles. This is
due to the proximity of the source S1 to the wall, which resulted in a high proportion of
particles being trapped by the walls surfaces as can be seen in Fig.5.16. This figure
demonstrates the distribution of the particles concentration at the solid surfaces in the
room. Notice the high concentration at the north wall where the source S1 is placed at a
distance of 0.2 m. Notice also that the canopy created by the peripheral diffuser is doing
a great job in preventing the particles from penetrating the microclimate. This is
expressed in the low concentration of particles at the solid surfaces in the vicinity of the
human body. Table 5.9 demonstrates that less than 5% of the total deposited particles
are trapped by the desk or the human being, which highlights the effectiveness of the
canopy in preventing the spread of particles. On the other hand, a lower deposition rate
of 13.9% is observed for the smaller particle size of 0.01 um as seen in Table 5.10.
When examining the deposition distribution, the walls still have the highest fraction
(44.3%) due to the source proximity, however, more particles have migrated to the
microclimate and deposited on the desk (11.3%) and manikin (1.0%). This reflects the

reduced effect of the canopy in preventing smaller size particles from migrating.
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Fig.5.16: Particles mass concentration contours (kg/m®) at the solid surfaces obtained
using source S1 for particles of 1 um size.

Table 5.10: Distribution of the deposited particles of 0.01 um size

Particle Fate Surface Deposition rate

Total Total Total Total

Deposited | Escaped |Suspended| Tracked Ceiling Walls Floor Desk Computer Manikin

Source] 6936 | 17005 | 26059 | 50000 | 1182 | 3071 | 1814 | 784 16 69
S 1 139% | 34.0% | 52.1% | 100% |17.0% |44.3% |26.2%|11.3%| 02% | 1.0%
Source] 5325 | 16740 | 27935 | 50000 | 141 | 1917 | 1246 | 1874 19 126
S2 | 107% | 335% | 559% | 100% | 2.6% |36.0% |23.4% [35.2%| 0.4% | 2.4%

5.5.2. Performance of the coaxial PV jet
Another source position located in the vicinity of the occupant was also

investigated. The source S2 was located at 0.2 m from the floor as shown in Fig.5.14.
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Similarly to source S1, source S2 is injecting polystyrene particles having sizes of 1 um
and 0.01 pm. Fig.5.17-a shows the particle mass concentration in addition to the
velocity vectors in the YZ symmetry plane for the 1 um particles. The highest
concentrations are observed in the recirculation regions where the particles are trapped
in loops. It is clear that the particles concentration in the microclimate is higher than the
concentration obtained using source S1, since source S2 is located in the vicinity of the
occupant. The velocity vectors in Fig.5.17-a show that the particles are entrained by the
thermal plumes generated by the human body. However, the PV jet is preventing the
particles from reaching the upper body segments and therefore the PV is still delivering
fresh air effectively to the breathing zone. A similar pattern is observed in Fig.5.17-b for
particles having a size of 0.01 um though more uniform distribution is observed in the
macroclimate due to a larger migrated fraction. The low particles concentration in the
breathing zone reflects the effectiveness of the PV jet in reducing the inhaled fraction.
The calculated intake fraction showed that a proportion of 2.95x10 of the total injected
ultrafine particles (0.01 um) is inhaled by the human subject. A similar intake fraction
of 3.6x10™ is obtained for larger particles having a size of 1 um. This result highlights
the performance of the PV system in preventing fine and ultrafine particles from being

inhaled.
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Fig.5.17: Particles concentration and velocity vectors at the YZ symmetry plane for (a)
particles of 1 um size and (b) particles of 0.01 um size.

In addition, and in order to highlight the performance of the coaxial PV jet in
reducing the amount of particles reaching the breathing zone and subsequently being
inhaled, the particles concentration at a horizontal rake passing through the jet was
examined. The rake is included in the symmetry plane at a height of 1.3 m from the
floor. Two configurations were tested for the particles concentration distribution: a
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single jet nozzle and a coaxial nozzle. Fig.5.18 shows that the coaxial jet is much better
than the conventional single nozzle jet in prolonging the clean air core region. A
ventilation effectiveness of up to 70% could be achieved with the coaxial nozzle
compared to 27% obtained with the single core nozzle. This increase in the ventilation
effectiveness for particulate matter when compared to gaseous pollutants is due to the
absence of diffusion for particles and which reduces significantly the migration of
particles from the annular to the central jet. On the other hand, when comparing to
conventional horizontal PV systems, the coaxial PV nozzle achieved an intake fraction
of 1.9x10 while He et al. [120] reported a value of 1.10x10™ for the same particle size
of 1um, and that for a mixing ventilation system assisted by PV supplying 15 L/s of
fresh air at 0.58 m from the breathing zone of the occupant. Therefore, with a reduced
amount of fresh air, the current system was able to achieve an equivalent intake fraction

compared to that obtained with desk-mounted PV.
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Fig.5.18: Comparison of the performance of a single core and a coaxial PV jet.
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In order to assess the proportion of the particles that were deposited on the
different surfaces present in the room, the particles were tracked until they were trapped
by a solid surface where adhesion forces prevails or deposited due to the effect of the
gravity. However, since these particles are of very small scale, most of them will be
trapped due to the adhesion forces. Table 5.9 shows fate of the 50000 particles of 1 um
size that were tracked: 19% deposited on solid surfaces, 6.8% escaped the space and the
remaining 74% were still suspended in the room air. Table 5.9 shows the number of
particles that were deposited on each surface type. Notice that 47% among the total
deposited particles were trapped by the vertical walls followed by 24% trapped by the
floor. It is obvious that the walls will get the highest proportion since they represent the
largest solid surface area in the room. 10% to 11% were deposited on the human body
and the adjacent desk due to the proximity of the emitting source. Fig.5.19 shows the
distribution of the particles concentration at the solid surfaces. Note that the highest
concentrations are localized on and near the human body (desk, computer, and floor).
This reflects the results obtained in Table 5.9 and that shows that most of the deposited
particles were in this region. The distribution of trapped particles of 0.01 um shown
in Table 5.10 reveals that the trapped fraction dropped to 10.7% compared to the 19%
obtained with larger size particles. In addition, the smaller particles are more uniformly
distributed on the room’s solid surfaces with a significant increase in the fraction

trapped by the desk (35.2%).
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Fig.5.19: Particles mass concentration contours (kg/m®) at the solid surfaces obtained
using source S2 for particles of 1 um size.
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CHAPTER 6

CONCLUSION

The building sector is a large energy consumer and constitutes one of the main
challenges to reduce the carbon and greenhouse emissions. The air-conditioning
systems are the principle agent responsible for this increased energy consumption due to
the increased productivity requiring more people to be spending more time indoors.
Therefore, improving the efficiency of the HVAC systems necessarily leads to an
improvement in the performance of the building sector with reduced energy
consumption. This thesis dissertation mainly focused on improving and enhancing the
air-conditioning systems effectiveness and proposed innovative ventilation techniques

that permitted to reduce further the required energy consumption.

6.1. An improved DV/PV model was developed

An improved simple numerical model was developed and which describes the flow
and temperature fields obtained with displacement ventilation assisted by personalized
ventilation systems. The model is based on separate plume and surrounding air
temperatures while accounting for the PV effect on the thermal plumes. The model
showed good accuracy in predicting the surrounding air temperature especially at higher
heights for different DV temperatures. The model is able also to predict the thermal

plumes temperatures and flow rates at all heights. It has very good accuracy in
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predicting the plumes temperatures close to the PV modules for moderate PV

temperatures and flow rates.

The development of this combined DV/PV model permitted to predict more
accurately the temperature distribution inside office spaces by integrating the PV jet
effect on the resulting thermal plumes. In addition to the local cooling effect the jet has
on the segmental body parts, it affects also the room temperature distribution especially
locally in the vicinity of the human body. This variation in the temperatures will lead to
a new thermal comfort state. By coupling the combined DV/PV model with a bioheat
thermal model, it was possible to predict the thermal comfort and thermal sensation

perceived by the human body.

6.2. Significant energy savings with proper control strategies

When using different scenarios to assess the performance of the combined DV/PV
ventilation system, it was found that at least a similar thermal comfort state could be
achieved comparing to that obtained using mixing ventilation systems. The main
advantage was that the thermal comfort was obtained at a higher room temperature of
26°C, which implies significant energy savings. However, the thermal discomfort
sensation at higher room temperatures was due to an increase in temperature and to the
high thermal asymmetry between the exposed and unexposed parts of the body to the

personal ventilation modules.
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The use of personalized ventilation resulted in a reduced energy consumption (up to
27%) when a control strategy based on increasing the set room temperature and using
manually controlled PV modules to maintain acceptable comfort conditions was
applied. Therefore, the manually controlled PV module and the ability to deliver fresh
air only when the occupant is present resulted in significant energy savings. However,
increasing the room set point temperature above 26°C had little benefit on the energy

saving potential.

6.3. Enhanced IAQ associated with ceiling-mounted PV nozzles

The personalized ventilation modules showed ability to provide the occupants with
improved air quality and potential to reduced energy consumption, however, they have
a major drawback regarding the necessity to retrofit and use massive ducting for the
installation. Mounting these PV modules in the ceiling was an alternative option to
provide the same benefits with little changes. However, the longer distance between the
PV module and the human breathing zone was a barrier that hindered the effective fresh

air delivery.

For that reason, an innovative low-mixing coaxial PV nozzle was considered and
integrated with a modified peripheral diffuser mounted in the ceiling. The reduced
entrainment due to similar velocities for the fresh air and return air jets resulted in
improved IAQ. A numerical (CFD) and experimental study of the system was

performed to assess its performance in terms of air quality and thermal comfort. The
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system has showed remarkable ventilation effectiveness values (up to 32%) compared
to single core jets (up to 12%) mounted in the ceiling. In addition, the system was also
able to localize the cool air around the occupant surroundings and achieved a

macroclimate-microclimate temperature difference of the order of 1.97°C.

6.4. Thermal comfort and energy performance of the coaxial PV nozzles

For the assessment of the thermal comfort associated with the usage of ceiling-
mounted PV nozzle, a coupling methodology was introduced between the CFD model
and a bioheat model to assess local thermal comfort of the human body and associated
microenvironments. The integrated system was shown to provide equivalent thermal
comfort values (up to 1.58 for the optimal design and operation parameters of the PV)
compared to conventional overhead mixing systems (up to 1.55). The ability of the
integrated system to localize the cool air around the occupant surroundings by creating a
canopy contributed to the achieved good thermal comfort conditions. The segmental
comfort analyses have shown that no thermal draft was perceived under normal

operating conditions.

When compared to a conventional mixing ventilation system, the proposed
system showed a high energy saving potential and permitted to obtain energy savings up
to 34%. Therefore, the implementation of this system in office buildings can have a
large impact on the comfort of the occupants and on the quality of the air inside the

space. Besides, it will allow the occupants to control their own microclimate according
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to their needs by varying the PV flow rate, which will contribute to reducing the

percentage of people thermally dissatisfied in office spaces.

6.5. Effect of the desk-mounted fans on the PV nozzle’s performance
Optimizing the operation of the ceiling-mounted PV nozzle was also considered
in this thesis work. By installing fans mounted on office desks, it was possible to control
the thermal convective plumes emanating from the human body. Evaluating the
performance of the single core PV nozzle with or without the presence of desk-mounted
fans was the starting point to estimate the effectiveness of the fans in providing
effective air delivery. It was shown that when operating the desk-mounted fans the
ventilation effectiveness almost doubled (22.05%) when compared to a case where the
fans where switched OFF (10.38%). With the aid of the desk-mounted fans, the system
was able to attain energy savings of 13% comparing to mixing ventilation systems.

These savings dropped to 8% when the fans were switched off.

However, the coaxial PV nozzles showed superior effectiveness compared to the
single core jets assisted with desk-mounted fans. They showed a higher ability to
provide good air quality to the occupants with increased values of ventilation
effectiveness up to 32%. The larger jet coverage provided by the primary and secondary
nozzles permitted to obtain improved overall thermal comfort when compared to the

single jet cases. This enhanced performance of the coaxial PV nozzles lead up to
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remarkable cut down in energy consumption (up to 30%) when compared to the mixing

ventilation system relying on a homogeneous temperature distribution in the space.

6.6. The particulate matter distribution

In addition to its performance in providing good IAQ when gaseous pollutants
are involved, it was necessary to evaluate the ability of the ceiling-mounted PV nozzle
in improving the inhaled air quality when particulate matter is present and transported in
office spaces. The system was investigated experimentally as well as numerically to
study its effectiveness in preventing particles entrainment into the breathing zone. When
assessing the performance of each component of the system separately, it was shown
that the canopy created by the peripheral diffuser was very effective in reducing the
intake fraction of inhaled particles to 1.90x10 and 5.9x10 for particle sizes of 1 pm
and 0.01 um, respectively. The reduced deposition rate of the particles on the solid
surfaces near the occupant (desk, computer) highlights the effectiveness of the created
canopy in reducing the spread of contagious diseases. This effect is reduced when
smaller size particles are involved due to their increased volatility and capability of

migrating to the microclimate.

In order to test the ability of the PV jet to reduce or prevent particles generated
in the proximity of the human body from reaching the breathing zone, another source
was placed near the occupant. Low intake fractions of 3.6x10“and 2.95x10* were also

observed for particle sizes of 1 um and 0.01 um, respectively and which reflects the
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effectiveness of the PV jet in moving away the particulate matter. However, due to the
nature of the diffuser flow tending to expand towards the macroclimate, the PV jet was
unable to prevent the migration of particles from the microclimate region. Besides, the
deposition rate of particles on the surfaces near the occupant was higher due to the

proximity of the emitting source.
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APPENDIX A

EXPERIMENTAL PROTOCOL FOR SUBJECTS

A.1. Consent to participate in a research study

Ceiling-Mounted Fresh Air Personalized ventilator System for
Occupant-Controlled Microenvironment

Investigator: Dr. Nesreen Ghaddar
Address:  American University of Beirut
Bliss Street
Beirut, Lebanon
Phone: (01) 350 000 ext 2513

Site where the study will be conducted:
AUB Scientific Research Building

You are being asked to participate in a research study
conducted at the American University of Beirut. Please take
time to read the following information carefully before you
decide whether you want to take part in this study or not. Feel
free to ask your professors if you need more information or
clarification about what is stated in this form and the study as a
whole.

1) Purpose of the research study and overview of participation
Items 1-6, 10-12 and 22-26 of the checklist

Bringing good air quality to the breathing zone of the office occupants is one of the
major concerns of the modern office designers. Optimal clean air amounts for reduced
energy consumption is a challenging task in common conditioned office spaces. The
main objective of this work is to test the performance of a newly designed ceiling
mounted personalized ventilation nozzle in providing good breathing air quality while
maintaining an acceptable comfort level. This will be achieved by testing and validating
a numerical CFD simulation integrated with a Bioheat/comfort model that will enable
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the understanding and qualification of the level of comfort. The students will couple the
CFD model with the AUB bioheat model (Al-Othmani et al. (2008) and with the
comfort model of Zhang (2003) to predict human thermal response to general
environmental conditions and assess the effect of these environments/climates on
human thermal comfort. Recommendations will be developed on optimal PV design and
conditions for providing comfort in office spaces at various environmental conditions
and human. The thermal comfort and sensation model will be validated by conducting a
survey on sedentary human subjects performing light office work following an
appropriate protocol and indicating the type of clothing worn. Ten subjects will be
asked to report on their thermal sensation (survey is attached) while simultaneously
measuring the environmental parameters (air temperature and humidity, wind speed,
CO, concentration and surrounding temperature). The subjective thermal comfort
levels reported in by the subjects will be compared with model predictions and with
different published outdoor thermal comfort models simulations and the recorded flow
characteristics around the human body will serve to validate the CFD numerical
simulations.

Experimental Protocol for Subjects

- The total number of subjects are 10, preferable 5 women and 5 men.

- They should be Beirut residence for at least a year.

- The ages could be from 18-28

- The subjects should have average height and weight

- The subjects will be notified on the date of experimentation before at least 3 weeks of the
scheduled experimentation date. In that notification it will be clear the time at which the
subject should be in the facility, and the time when the experiment will actually begin.

- The experimental study will be comprised of recording the environmental conditions while
reporting the sensory response of the students by completing a survey. The environmental
conditions that will be recorded are: air temperature near human body, CO, concentration
near the breathing zone, air velocity, relative humidity and surrounding temperature.

- The experiments will be conducted during the month of January in the environmentally
controlled chamber to mimic summer weather conditions.

- The thermal sensation and comfort of each student will be recorded in addition to the
perceived air quality.

- Information about the clothing of the students will be recorded.

- The subject will be asked to sit and perform ordinary office activity for 30 minutes and
then will be asked to complete the survey and then leave.

- The subject has the right to stop participation at any time.

2) Any risks as a result of participating in the study
There are no risks associated with reporting thermal sensation by survey.

3) Any benefits as a result of participating in the study
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A newly designed ceiling mounted PV nozzle for providing good 1AQ by supplying
clean air to the breathing zone of the occupants and maintaining thermal comfort will be
tested and it will enable understanding and qualification of the level of induced comfort
in terms of active human physiology and environmental variables. It is expected that
this research study will permit to give recommendations for
1) Acceptable clean air PV flow rates that permit to achieve a good 1AQ while
minimizing the cold draft sensation.
2) Acceptable range of surrounding air temperature for optimal thermal comfort
conditions
3) Improvements for the conditions of the working environment that would result
in enhancing the productivity and providing healthier surroundings.

4) Any alternative treatment
Not applicable

If you agree to participate in this research study, the
information will be kept confidential. Unless required by law,
only the study professor and designee, the ethics committee
and inspectors from governmental agencies will have direct
access to your medical records.

6) In case of any adverse event as a result of the study, there will be no
compensation to cover such expenses in case it is not covered by a third
party or governmental insurance.

Investigator’s Statement:

| have reviewed, in detail, the informed consent document for
this research study with (name
of subject) the purpose of the study and its risks and benefits.

| have answered to all the patient’s questions clearly. | will
inform the participant in case of any changes to the research
study.

Name of Investigator or designee
Signature
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Date

Subject’s Participation:

| have read and understood all aspects of the research study
and all my questions have been answered. | voluntarily agree
to be a part of this research study and | know that | can contact
Dr. Nesreen Ghaddar at ext 2513 or any of her designees
involved in the study in case of any questions. If | feel that my
questions have not been answered, | can contact the
Institutional Review Board for human rights at x 4910. |
understand that | am free to withdraw this consent and
discontinue participation in this project at any time, even after
signing this form, and it will not affect my care or benefits. |
know that | will receive a copy of this signed informed consent.

Name of Subject Signature
Date

Witness’s Name Witness’s
Signature

(if patient, representative or parent do not read)

Date
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A.2. Thermal comfort and air quality questionnaire

A2.1. Local Comfort

Please place a tick on the scale for each part of your body that reflects the most the local
thermal comfort feeling.

Very Very
Uncomfortable Neutral Comfortable
4 3 2 A 0 1 2 3 4
Head R N R AR R RS R EEE L R
4 3 2 4 0 1 2 3 4
Chest B R e R RS
4 3 2 A 0 1 2 3 4
Back e e [ B A S A A B IO B B
4 3 2 A1 0 1 2 3 4
Abdomen B e R R R o I O R
4 3 2 A 0 1 2 3 4
Buttocks R RRRR R R RN RN R RRRRR R RRRARARR
4 3 2 4 0 1 2 3 4
U.arm B B B I B I B e I I B e I
4 3 2 A1 0 1 2 3 4
Larm B B B I B I B e I I B e I
4 3 2 A 0 1 2 3 4
Hands A
4 3 2 4 0 1 2 3 4
Thighs B B B I B I B e I I B e I
4 3 2 A 0 1 2 3 4
Calves A
4 3 2 A 0 1 2 3 4
Feet A



Overall comfort and air quality

A.2.2.

Please circle the answer that most reflects your actual state or feeling
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