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[CFD STUDIES ON STRATUM VENTILATION INSTALLED WITH A
VRF/VRV SYSTEM FOR TROPIC BUILDINGS]

ABSTRACT

In buildings, air conditioning and mechanical ventilation (ACMV) systems are the
major shareholders of overall energy consumption. Energy-efficient designs of the
ACMYV systems for building applications are therefore needed. While designing an
efficient ACMV system, consideration must be given to the growing concerns of
enhanced thermal comfort and improved indoor air quality (IAQ). The variable
refrigerant flow (VRF) system is a widely adopted alternative to the existing building
cooling systems due to the higher energy efficiency and individualized temperature
control feature. However, it suffers from shortcomings such as no outdoor air induction
for ventilation and higher initial cost. Therefore, this work was intended to design the
variable refrigerant flow (VRF) integrated stratum ventilation/air distribution systems
for tropical buildings. Performance evaluation of different configurations of the
integrated design is carried out in this study. To obtain an efficient air distribution
terminal device for large tropical applications, different devices were experimentally
and numerically investigated and compared. This study also presents the development
and validation of a simplified nodal model that predicts the vertical temperature profile
of the integrated design for large domain. The energy simulation models of the VRF-SV
hybrid system using TRNSYS software were also developed in this study to compare
the annual energy consumption of the fully integrated and decoupled designs of the
VRF-SV system with multi-split AC systems and standalone VRF system. Lastly, the
air distribution performance of the architecturally designed high-capacity linear diffuser
in a large tropical atrium building is also evaluated in this work as a case study.

Following a suitable design approach, the combined system provides better thermal
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comfort with enhanced indoor air quality and improved energy savings to relatively
large space building. This system has also shown an excellent potential to be installed in
any building regardless of the size and heat load. With a fully integrated design
approach, a horizontal air jet at head level, a slight and reverse thermal gradient between
the head and foot levels (ATis01 = -2.85°C), and a low percentage of thermally
dissatisfied people (<25%) are noticed under this investigation. The configuration 5
(wall exhaust configuration) showed overall good results in terms of thermal comfort
indices. The doubled deflection grille was found most efficient air terminal type for
providing throw to a larger distance. A good match is also observed in the simulated and
modified nodal model’s calculations. Therefore, this model can be used for energy
calculation and in practical engineering design. The TRNSY'S simulation results of the
energy use analyses of the ACMV system in the tropical building revealed that the
decoupled design of the VRF-SV hybrid system could save a significant amount of
energy compared to the other investigated systems. Results obtained from the case study
revealed a relatively longer airflow jet at 0° blade angle through the high-capacity
diffuser. Based on the above outcomes, the VRF-SV hybrid system was found as an

energy efficient substitute of the conventional ACMYV systems for tropical buildings.

Keywords: VRF integrated stratum ventilation system, computational fluid

dynamics, tropical buildings, thermal comfort, energy analyses



[KAJIAN CFD MENGENAI PENGUDARAAN STRATUM YANG DIPASANG
DENGAN SISTEM VRF/VRV UNTUK BANGUNAN TROPIK]

ABSTRAK

Sistem penghawa dingin dan pengudaraan mekanikal (ACMV) merupakan faktor
utama dalam penggunaan tenaga keseluruhan dalam sesebuah bangunan. Oleh itu, pelan
sistem ACMV yang menyediakan penggunaan cekap tenaga dalam bangunan amat
diperlukan. Apabila mereka bentuk sistem ACMV yang cekap, pertimbangan harus
diberikan kepada keselesaan terma dan peningkatan kualiti udara dalaman (IAQ) yang
semakin diberi keutamaan. Disebabkan kecekapan tenaga yang lebih tinggi dan ciri
kawalan suhu individu, penyejukan aliran berubah (VRF) dalam sistem penyaman udara
adalah alternatif yang kerap digunakan dalam membina sistem penyejukan. Tetapi, ia
juga mempunyai kelemahan seperti kekurangan induksi udara luar untuk pengudaraan
dan kos permulaan yang lebih tinggi. Oleh itu, kajian ini mereka bentuk sistem
pengudaraan stratum / pengagihan udara bersepadu dengan penggunaan penyejukan
aliran berubah (VRF) dalam sasaran bangunan tropika yang besar. Penilaian prestasi
pelbagai konfigurasi reka bentuk bersepadu telah dijalankan. Untuk mendapatkan
peranti terminal pengedaran udara yang cekap untuk aplikasi tropika yang besar, peranti
yang berbeza telah disiasat dan dibandingkan secara eksperimen dan berangka. Kajian
literatur menunjukkan bahawa suhu udara bekalan, kelajuan aliran udara dan corak
aliran adalah parameter paling utama untuk dioptimumkan dalam pelan sistem
pengedaran udara kerana ia sangat mempengaruhi penggunaan tenaga keseluruhan
sistem. Oleh itu, untuk mendapatkan peranti resapan udara yang cekap dalam aplikasi
tropika yang besar, peranti bekalan udara yang berbeza disiasat secara eksperimen dan
dibandingkan. Kajian ini juga menunjukkan pembangunan dan pengesahan model nod
dipermudah yang meramalkan profil suhu menegak reka bentuk bersepadu untuk

domain besar. Dengan pertimbangan penuh mekanisme pengudaraan stratum dan kesan



penghantaran haba sampul surat, profil suhu menegak dalam sistem VRF-SV di
kemudahan runcit besar diramalkan. Melalui pelan yang sesuai, sistem gabungan
memberikan keselesaan terma yang lebih baik kerana ia menyediakan kualiti udara
dalaman dan penjimatan tenaga yang lebih tinggi kepada ruang yang agak besar. Sistem
ini juga menunjukkan potensi yang sangat baik untuk dipasang di mana-mana bangunan
tanpa mengira saiz dan beban terma. Dengan pendekatan reka bentuk bersepadu,
pancutan udara mendatar pada paras kepala, kecerunan terma rendah dan
penyongsangan antara paras kepala dan kaki (ATis-01 = 2.85°C), didapati hanya
peratusan yang rendah dalam kalangan mereka yang tidak berpuas hati dengan terma (<
25 % ) Dalam kajian ini. Konfigurasi 5 (konfigurasi ekzos dinding) menunjukkan hasil
keseluruhan yang baik dari segi indeks keselesaan terma. Jeriji pesongan berkembar
didapati jenis terminal udara yang paling cekap kerana ia memberikan lontaran pada
jarak yang lebih jauh. Padanan yang baik juga diperhatikan dalam pengiraan model nod
simulasi dan pengubahsuaian. Oleh itu, model ini boleh digunakan untuk pengiraan
tenaga dan reka bentuk kejuruteraan praktikal. Keputusan analisis simulasi TRNSYS
penggunaan tenaga sistem ACMV di bangunan tropika mendedahkan bahawa reka
bentuk decoupled sistem hibrid VRF-SV boleh menjimatkan sejumlah besar tenaga
berbanding sistem lain yang disiasat. Keputusan yang diperolehi daripada kajian kes
menunjukkan pancutan aliran udara yang agak panjang pada sudut bilah 0o melalui
peresap berkapasiti tinggi. Berdasarkan keputusan di atas, sistem hibrid VRF-SV
didapati sebagai pengganti cekap tenaga untuk sistem ACMV konvensional untuk

bangunan tropika.

Kata Kunci: Sistem pengudaraan stratum bersepadu VRF, pengiraan dinamik

bendalir, bangunan tropika, keselesaan terma, analisis tenaga
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CHAPTER 1: INTRODUCTION
1.1 Research Background
1.1.1 World Energy Situation
According to a comprehensive report published by the World Energy Council (WEC,
2013), the worldwide energy generation would increase between 123% to 150% by
2050, if the current trends continue. Therefore, improving energy efficiency and
lowering energy demand are commonly regarded as the most cheapest, promising and

fastest ways to combat with the climate change implications (Sorrell, 2015).

Malaysia, being one of the signatory countries of the Kyoto Protocol, pledged to
adopt regulations to reduce excessive carbon emissions. As a result, Malaysia is strictly
implementing the energy policies to reduce energy use and minimize the environmental
impacts. Furthermore, the country's energy policies have emphasized on energy

efficient system designs and renewable energy powered applications.

1.1.2 Energy in Building Sector

The substantial development in building sector has resulted in an increase in
worldwide energy demand. Buildings account for over 40% of the total global annual
energy use, and the total energy demand in buildings is expected to rise by 45% in 2025

(Bakker, 2013).

Buildings are responsible for over 30% of the total primary energy supply in the
Southeast Asian region. This is due to the dominating use of the air conditioning
systems to provide space cooling for the building's occupants in the hot and humid
environment of the tropics. The energy breakdown of the typical buildings in the tropics
and the ACMYV systems used in such buildings are presented in Figure 1.1 and Figure

1.2, respectively.



Figure 1.1: Energy breakdown in typical buildings in the tropics (Katili et al.,
2015)

Figure 1.2: Energy breakdown of the ACMYV systems in typical buildings (Katili
et al., 2015)

Energy-intensive chiller based vapour compression ACMV systems account for more
than 50% of the energy consumed in buildings, rising to 80% at peak times
(Ahmadzadehtalatapeh, 2011; Saber, Tham, & Leibundgut, 2016). These are considered
as the most common and largely used air conditioning technology installed in buildings.
This technology is popular because it has good performance stability, a long functional
life, and is simple to regulate. It does, however, consume a lot of electricity as well as
require a large space for the system installation (Katili, Boukhanouf, & Wilson, 2015).

The component wise energy use of the entire chiller plant is shown in Figure 1.3.



Furthermore, in hot and humid tropical climate, ACMYV systems need to handle
the indoor air humidity by lowering the air temperature below the dew point
temperature, resulting in temperatures that are much lower than required,

thus wasting energy even more.

Figure 1.3: Component wise energy use of the entire chiller plant (Katili et al.,
2015)

The general distribution of energy use in building sector in Malaysia is shown in
Table 1.1. In commercial building such as offices and shopping malls, more than 90%
of the energy is consumed by only ACMV systems and lighting applications
(Ahmadzadehtalatapeh, 2011). Therefore, it is obvious to take energy efficiency
measures by implementation of energy recovery technologies for high demand

applications.

Table 1.1: Energy consumption distribution in the Malaysian buildings (%)

Lighting Air-Conditioning Total

Residential Buildings 253 8.3 33.6
Hotels 18 38.5 56.5
Shopping Malls 51.9 44.9 96.8
Office Buildings 42.5 51.8 94.3




This data indicates that there is a huge need and opportunity for energy-saving
measures in Malaysian buildings. A substantial amount of energy can be saved by
implementing energy-efficient solutions. Moreover, the operating energy cost of the
ACMV systems accounts for more than half of the entire energy bill. Therefore, a
considerable amount of energy can be saved with the dvelopment in efficient ACMV

system designs.

1.1.3 Air Conditioning in Large Tropical Buildings

The current economic stability and developing modern urbanization in several
tropical countries like Malaysia, Brunei and Singapore have pushed the population to
live and work in modern style, tightly packed high rise buildings. Due to uncomfortable
outside thermal conditions, the air conditioning and mechanical ventilation (ACMV)

systems have become the crucial part of such buildings.

On the other hand, the exigency towards more energy conservation and improved
indoor air quality is also being critically considered in Air conditioning and mechanical
ventilation (ACMV) systems’ designing, specifically for large buildings. Mechanical
ventilation and air distribution methods are important in buildings for indoor thermal
environments and air quality. Effective distribution of airflow for indoor built
environments with the aim of simultaneously offsetting thermal and ventilation loads in
an energy efficient manner has been the research focus in the past several decades
(Yang et al., 2019). The ACMV system typically combines an air conditioning system
that removes the excess heat from the air in the room and the ventilation system
replaces the contaminated air with fresh air to provide better indoor air quality (IAQ)
(T. Yao & Z. Lin, 2014a). The two systems account for more than 60% of the overall
energy utilization in buildings (Department of Energy, 2015). Many countries have

adopted several techniques to cope with the energy needs of these systems (Zheng et al.,



2018). The traditional ACMYV systems commonly used in tropical buildings are the
central all-air systems, which uses a central chiller plant to supply chilled water to air
handling units, that serve multiple thermal zones. Variable or constant air volume
(VAV/CAV) systems regulated by user-controlled thermostat control the flowrate of the
supply air which maintains the desire temperature in each thermal zone (Saber et al.,
2016). The main drawback of these chiller based ACMYV systems is that, they consumes
enormous amount of energy. Therefore, a lot of development in the design and control
strategies of energy efficient ACMV systems for tropical buildings have been made in
recent years (Azad et al., 2018; Chiang, Wang, & Huang, 2012; Saber et al., 2016; Hua

Yin et al., 2020).

In order to fulfill the individual thermal comfort requirments, a VRF system was
introduced in more than thirty-five years ago as a viable substitute of the traditional
central air conditioning systems. Since its introduction into the global HVAC arcade,
the VRF system is being used in almost 1/2 of the medium-size and around 1/3 of the
large commercial buildings (Goetzler, 2017; Park, Yun, & Kim, 2017; Yonghua Zhu,
Xingiao Jin, Zhimin Du, Xing Fang, & Fan, 2014; R. Zhang, Sun, Hong, Yura, &
Hinokuma, 2018). The detailed hierarchy of the central HVAC systems is presented in

Figure 1.4.



Figure 1.4: Hierarchy of the central HVAC systems

1.14 Ventilation Air Distribution in Large Tropical Buildings

Ventilation air distribution is an important factor need to be considered for energy
efficient buildings. Uniform air distribution contributes to improve indoor air quality,
which significantly affects the well-being of the occupants and improve the living
quality and work productivity (Giama, 2022). Various ways of room air distribution
have been developed and adopted in different types of buildings, such as shopping
malls, atriums, railway stations and offices (Hua Yin et al.,, 2020). Some of the
conventional methods are still used in buildings, such as mixing ventilation (MV) and
under floor air distribution (UFAD) (Yau, K. S. Poh, & A. Badarudin, 2018). However,
new air distribution strategies are currently being implemented for evaluation in wider
applications, such as the impinging jets (IJ) and the confluent jets (CJ) air distribution

systems (Awbi, 2015). Despite recent breakthroughs in building ventilation, complaints



about poor indoor air quality have significantly increased in recent years. In order to
satisfy building occupants and meet new building energy requirements, it is necessary to
examine existing building ventilation methods and design ventilation systems capable of
providing high IAQ in energy efficient manner. For this purpose, the unconventional
room air distribution methods must be encouraged in buildings to deal with the IAQ and

thermal comfort issues (Awbi, 2015).

1.2 Formulation of Problem

To address the ventilation deficiency, the VRF systems have been integrated with
different mechanical ventilation systems for complete ACMV solutions for buildings
(Aynur, Hwang, & Radermacher, 2010b; Laughman, Bortoff, & Qiao, 2018; Wan, Cao,
Hwang, & Oh, 2020). Most of the studies adopted decouple design integration for
independent control of temperature and humidity, particularly under hot and humid
climates (Yonghua Zhu et al., 2014; Zhao, Jianbo, Haizhao, & Lingchuang, 2017).
Some designs incorporated outdoor air processing systems (W. Kim, Jeon, & Kim,
2016), whilst the systems designed for moderate or cold climates used energy recovery

ventilators for fresh air ventilation (Aynur, Hwang, & Radermacher, 2008a).

However, several issues in adopting these systems still exist, such as higher initial
cost, complex integrated control, and the lack of fresh air provision for ventilation
(Goetzler, 2017; Park et al., 2017; K. Yu, Cao, & Liu, 2017). To provide an adequately
dehumidified fresh air for ventilation, Aynur et al. (Aynur, Hwang, & Radermacher,
2010a) integrated an innovative vapour compression heat pump (HP) desiccant system
with the VRF system. The integration proofed to provide significant energy savings,
enhanced IAQ and improved thermal comfort. Yonghua Zhu et al. (2014)
accommodated the VRF system with the variable air volume (VAV) controlled outdoor

air processing (OAP) unit. The results showed a substantial reduction in the combined



system’s energy consumption without sacrificing thermal comfort and IAQ. Having
observed significant leverage over all other ACMV systems, the HVAC industry, yet
inconvenient with the integration and the obscured control configuration of the
ventilation integrated VRF system due to higher capital cost, benightedness with the
advance technology and most importantly by the safety issues associated with indoor
refrigerant leakage. Therefore, research in the integration of the VRF system with a
separate mechanical ventilation system is required to be carried out to provide a suitable

ACMYV system for large buildings in the tropics.

1.3 Research Aims and Objectives

The first aim of this study is to design the stratum ventilation integrated variable
refrigerant flow (VRF) system for large tropical buildings considering multiple design
choices. The second aim is to investigate the performance of different configurations of
the designed system in terms of thermal comfort and indoor airflow pattern. It is
anticipated that analyzing the different design configurations will further improve the

realization of getting suitable ACMYV system for tropical buildings.

The third aim is to explore the most efficient air supply terminals which can throw
and diffuse the air to a large distance, since the integrated design uses stratum
ventilation system for room air distribution. The fourth aim is to carry out the annual
energy use analyses of the hybrid system when installed in a large tropical building.
Hence, the design could be made fully adoptable for practical use if all the targets set in

this research are achieved.

The following scopes were set to accomplish the desired goal of this study:

1. To integrate the stratum ventilation (SV) air distribution with the variable refrigerant

flow (VRF) system and to



investigate the performance of different design configurations of the combined
system using CFD simulations and experimentations.

To optimize the performance of VRF-SV hybrid system using different types of air
supply terminal devices.

To develop and validate a simplified nodal model for prediction of vertical
temperature profile in a large application installed with VRF-SV hybrid system and
to evaluate the energy use analyses of the hybrid system using TRNSYS.

To evaluate the ventilation air distribution performance of the HCLSD in a large

tropical atrium (case study).

14 Significance of the Study

The findings and conclusions of this research work will contribute to the following:
The VRF system was successfully integrated with the stratum ventilation system
using two-wheels configured DOAS system for a large tropical building (i.e., retail
shop). The hybrid system could be used in tropical buildings as an energy efficient
alternative of the conventional all air system.

A detailed design guidelines of the VRF-SV hybrid system with coupled, decoupled,
and fully integrated design approaches were successfully developed. The guidelines
will help the design engineers to construct the integrated system which combines the
VREF system with different mechanical ventilation systems.

The air distribution and thermal comfort performance of the VRF-SV hybrid system
under different design configurations were numerically evaluated. The findings
revealed a good potential of the fully integrated design of this hybrid system in large
tropical buildings.

The performance of the hybrid system was optimized by investigating five air

supply terminal devices (ASTDs), including bar grille, double deflection grille, jet



slot, perforated and drum louver diffusers. The findings of this study will help the
building services engineers to select the most suitable ASTD for ACMV systems.

* The energy audit was performed for the VRF-SV hybrid system (decoupled and
fully-integrated designs) and their annual energy consumption in the retail shop
building was compared with the VRF only and multi-split type AC system. The
results suggest that the VRF-SV hybrid system can saves more energy when
compared with the VRF or split type air conditioning systems.

» The performance of the architecturally designed, vertically-oriented high capacity
linear slot diffuser (HCLSD) in a large atrium was also studied as a part of this
thesis using numerical simulations and physical experimentation. More than 33%
increase in the air velocity due to the 0° deflector angle of the HCLSD is noticed.
Which indicates that an optimization of the diffuser design is a must for
improvement in air distribution system.

1.5 Outline of the Dissertation
This thesis consists of ten chapters. The main contents of each chapter are briefly

summarized as follows:

Chapter 1 is about the introduction of the research carried out. It includes the
research question, aim and objectives and research significance.

Chapter 2 is the literature review of the current topic being studied. General
overview of the VRF system and commonly used mechanical ventilation/air distribution
methods are presented there in. It also encompasses the detailed insight of the studies
involving VRF and mechanical ventilation design integration and their performances in
the built environment.

Chapter 3 introduces the methodologies applied in this research which include the
establishment of guidelines for designing the VRF-SV hybrid system. To enhance the

broad application of the integrated design, different design approaches were presented
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in this chapter. The parametric analyses were also presented to investigate the effect of
varying indoor design conditions on the combined system capacity.

Chapter 4 discusses the performance evaluation of the novel system which combines
the VRF system with the stratum ventilation system in six different configurations for a
large retail facility. This chapter presents the series of numerical simulations conducted
by employing a validated computational fluid dynamics (CFD) model to investigate the
performance of the combined system in terms of temperature field distribution and
airflow patterns for all the designed configurations. The experimental work performed
in a scaled environmental chamber for further validation of the numerical method was
also elaborated in this chapter.

Detailed thermal comfort performance of the designed system was then evaluated
using standard indices. The results obtained through thermal comfort study are
presented and described in Chapter 5.

Chapter 6 discusses the experimental investigations of the effects of different types
of ASTDs on the performance of a novel VRF-SV hybrid system. The investigations
performed in two steps. The first step was to study the impacts of top, side and bottom
orientations of plenum collars on jet outflows from the ASTD. In the second step, the
effects of five different types of ASTDs on the thermal comfort and air distribution
performances of the VRF-SV hybrid system were investigated.

Chapter 7 is composed with the numerically investigations of the effects of different
types of ASTDs on thermal comfort, indoor air quality (IAQ) and air distribution
performance when installed with the novel VRF-SV hybrid system.

Chapter 8 summarizes the two studies, the first was to develop the simplified nodal
model of the VRF-SV hybrid system when installed in a large retail shop in the tropics.
The second was to develop the TRNSYS simulation model of the VRF-SV hybrid

system and to compare the annual energy consumption of the fully integrated and
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decoupled design configuration of the hybrid system with multi-split AC systems and
standalone VRF systems.

In the last part of this research and as a case study, the evaluation of the performance
of architecturally designed, vertical oriented, high capacity linear slot diffuser (HCLSD)
under a low-level wall mounted air distribution system in the atrium building is
presented. To avoid the computational complexities in using the actual atrium model, a
simplified model of the atrium building was initially developed and the verification and
validation of the commonly used turbulence models were performed against
experimental data. The results of this study is discussed in Chapter 9.

Chapter 10 concludes the findings obtained from all the studies and their significance, as

well as discussion on some recommendations for future research.
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CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

Statistics indicated that 30% of the global generated power is consumed by the
building sector only, while ACMV systems being the biggest contributor in buildings
energy consumption which take half of that share. The increasing demand for energy to
operate ACMYV systems in buildings has made the engineers realized the improvement
in the design of the energy-efficient HVAC systems without compromising the IAQ and
thermal comfort. In response to that, many strategies have been developed and

investigated for the built environment.

A variable refrigerant flow (VRF) system was introduced more than thirty-five years
ago as an energy-efficient substitute for conventional air conditioning systems. Studies
reported the VRF system as more energy-efficient among all ACMYV systems due to the
part-load performance and individualized temperature control features (Zhou, Wu,
Wang, & Shiochi, 2007). As the indoor units in VRF system are directly connected to
the outdoor unit by refrigerant lines, it lacks in providing fresh outdoor air for
ventilation into the conditioned environment (Aynur et al., 2010b). Significant work has
been carried out on VRF systems in the last 20 years, covering almost every aspect of
the system from system configuration to its development in terms of components,

performance, technology and applications.

In order to address the ventilation deficiency, the VRF systems have been integrated
with different mechanical ventilation systems for complete ACMV solutions for
buildings (Aynur et al., 2010b; Laughman et al., 2018; Wan et al., 2020). Most of the
studies adopted decouple design integration for independent control of temperature and
humidity, particularly under hot and humid climates (Yonghua Zhu et al., 2014; Zhao et

al., 2017). Some designs incorporated outdoor air processing systems (Electric, 2018;
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W. Kim et al., 2016), whilst the systems designed for moderate or cold climates used
energy recovery ventilators for fresh air ventilation (Aynur, Hwang, & Radermacher,
2008b; Shaik Gulam Abul Hasan, Syeda Saniya Fatima, & Kumar, 2015). Thus, a
comprehensive review of all those studies involving integration of the VRF system with
different ventilation systems can explore the opportunities for further improvement in

the design and performance of the combined system.

No review study is known to have combined and compared the design integration of
VRF and ventilation systems. Therefore, this review chapter is written to bridge this
knowledge gap. This chapter is broadly structured into five sections. The introduction is
given in Section 1. Section 2 highlights the thermal comfort standards and criteria for
buildings under different climates. Section 3 provides a brief overview of the VRF
system, its applications, prospects and challenges. Mechanical ventilation systems and
air distribution design are contrastively discussed in section 4. In section 5, the past ten
years studies on the design integration, performance evaluation and energy utilization of
the VRF and ventilation combined systems are critically reviewed. Concluding remarks

are also presented at the end.

2.2 Thermal Comfort

Realizing thermal comfort is not only imperative in designing buildings, but also
plays a decisive role in formulating the complete air conditioning and ventilation
solutions for buildings’ occupants. Thermal comfort is such a condition of mind, which
indicates pleasure of indulgence with the thermal settings (Raish). Due to its
adaptability, thermal comfort criteria vary with persons, places, and climates (Nicol &

Roaf, 2017).

Macpherson (Macpherson, 1973) has characterized six variables, which influence

thermal sensation. These variables are ambient temperature, mean radiant temperature,
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relative humidity, air motion, clothing insulation and metabolic rate. The understanding
of these variables is foremost in making a decision when planning, selecting or
designing an air conditioning and ventilation system for indoor environment (Raish). In
ASHRAE standard 55-2020 (ASHRAE, 2020), the thermal comfort requirements for

large commercial buildings are mentioned as in Table 2.1.

Table 2.1: Factors to be considered for buildings’ thermal comfort

Temperature Humidity Clothing Air Velocity Metabolic Rate
Insulation
The allowable Dew point Depends <50FPM 1.0 (sedentary) to
temperature temperature upon (cooling) 1.3 (casual
gradient between <62.2 operative movement).
<30FPM
head and ankle temperature .
(heating)
<5.4F

Thermal comfort analyses have been carried out in different types of environments
(e.g. indoor, outdoor or semi-outdoor) (Hirashima, Katzschner, Ferreira, Assis, &
Katzschner, 2018; Shang, Huang, Zhang, & Chen, 2019; Sookchaiya, Monyakul, &
Thepa, 2010). If we look only at the indoor thermal comfort, the modern researches
focus on two main approaches. The first approach is based on the model of heat balance
in the air-conditioned spaces developed by Fanger in 1970s (Fanger, 1970). Fanger’s
approach predicts the percentage of dissatisfaction with the thermal settings and the
mean vote of a group of people, asserted by the Predicted Mean Vote-Predicted
Percentage Dissatisfied (PMV-PPD) index (Fanger, 1970). This approach is also
adopted by the international standards in thermal comfort design guidelines for
prescribing the ideal thermal comfort for buildings (55-2004, 2004; CR-1752, 1999;
EN-15251, 2006; "International Standard Organization (ISO-7730 ) -Ergonomics of the

thermal environment," 2005).
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The second approach is the adaptive model, developed after De dear and Brager
(Brager & de Dear, 1998) challenged the universal applicability of previously
formulated standards (based on Fanger’s model). The adaptive approach
states that, people react differently to restore their comfort when there are variations
occur that cause discomfort (Fergus Nicol, Michael Humphreys, & Susan Roaf, 2012;
RJ & GS, 2002). These variations in indoor thermal comfort exist due to change in
seasons, culture and climates (Nicol & Roaf, 2017). According to Nicole et al. (1999),
90% of Japanese feel comfortable in an indoor environment with a temperature range of
18°C to 28°C, whereas for office workers in Pakistan is 21-30°C. The literature reveals
that, different acceptable temperature ranges in different regions heavily rely upon the
individual’s liberty to alter the condition such as the provision to change clothing or
activity. However, in commercial buildings, it is not possible for office workers to
change the activity level or clothing type according to their local thermal environment.
The thermal neutral sensation for different countries represents different climatic zones

is presented in Figure 2.1.

Thermal neutral temperature for
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Figure 2.1: Thermal neutral temperature for countries under different climates
221 Thermal Comfort Studies in Different Climates
Different parts of the world have different climatic conditions (Felix & Elsamahy,

2017). These climates have very strong influence on the human thermal comfort
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(Hirashima et al., 2018). The simple classification divides the whole world into six
climate zones, which includes, Equatorial (tropical), Arid (desert/subtropical),
Mediterranean (hot/dry summer & cool winter), Snow (hard winter), Polar (coldest),

and Temperate (moderate climate) (Koppen, 2012).

The tropical climatic regions are distinguished as extreme rainfall, ample sunshine,
and highly humid. These features of tropical climate have an adverse impact on the
building’s thermal environment (Jamaludin, Mohammed, Khamidi, & Wahab, 2015).
Many studies have been conducted on thermal comfort assessment using
mechanical/natural control of indoor environments under different climatic conditions
(Daghigh, 2015; Mallick, 1996; Rupp, Véasquez, & Lamberts, 2015). Humphreys and
Hancock (2007) reviewed 36 studies under a variety of climates and found a statistical
dependency of thermal neutrality on mean indoor temperature. These studies support the
hypothesis that the people in a naturally controlled environment are less sensitive to
indoor temperature change than those in air conditioning (Dennis, 2017). Another field
investigation by Dear et al., (1991) in a multi-story building in Singapore highlighted
that the indoor climates of naturally ventilated spaces do not satisfy the ISO standards
and caused thermal discomfort to the occupants. A field study in Thailand suggested the
room temperature of 26°C, RH at 50-60% and the air movement of 0.2 m/s with
clothing 0.5 clo are the conditions of thermal comfort standard for air conditioned
spaces (Yamtraipat, Khedari, & Hirunlabh, 2005). A study of office environment in
Hong Kong on Chinese sedentary subjects found the neutral temperature around 25.4°C
with clothing insulation 0.55 clo, air speed 0.2 m/s and metabolic rate of 1 met (Chow,
Fong, Givoni, Lin, & Chan, 2010). The distinct values of thermal comfort parameters
for air conditioned environments under a variety of climatic conditions are presented in

Table A.1 in Appendix A.
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Ricciardi and Buratti (2012) conducted a comparison test for actual (sensational) and
predicted (Fanger’s model) thermal comfort in a controlled office environment in Italy.
They found a weak relation between both and concluded that, it is due to the lack of
adaptive thermal control, low air movement and thermal dissatisfaction due to high
thermal gradient between head and foot levels. In a similar study performed in
Singapore found overcooling as the main reason for weak correlation. The occupants
preferred elevated operative temperatures (A. Chen & Chang, 2012). In another study,
conducted under ASHRAE comfort range (ASHRAE, 2010) in 20 office buildings in
the US (Choi, Loftness, & Aziz, 2012), the authors recommended a 2°C raise in summer

indoor temperatures for improved thermal satisfaction by the occupants.

2.3 Overview of the Variable Refrigerant Flow (VRF) System

VRF systems are large capacity variants of ductless multi-split AC systems. They
consist of an outdoor unit containing one or more variable speed inverter/stepped
compressors, condenser, accumulator, receiver, expansion device and controls,
connected to a variety of indoor units containing a fan, evaporator, expansion device
and controls (Olanrewaju et al., 2019). At least two indoor units (at most 64 (Goetzler,
2017)) and one outdoor unit and a remote or central controller are included with each
VREF system (Olanrewaju et al., 2019). The outdoor unit and multiple indoor units are
connected directly through refrigerant lines (Goetzler, 2017; Zhai & Rivas, 2018), as
illustrated in Figure 2.2. Due to demand-controlled capacity and flexibility in adjusting
the refrigerant volume, VRF system has become a hot choice in many European
countries. It has also been widely adopted by several Asian countries (D. Kim, Cox,
Cho, & Im, 2018), but still new in Southeast Asian countries (Suhafizudin Bin Zainal
Anuar, Mohamad Suhaimi Bin Yahaya, Jusnan Bin Hasim, Suhilah Binti Mohd Ali, &
Shamsuddin, 2016). Since its emergence in japan in 1982 by the trademark name VRV,

this system is being used in almost 50% of the medium-size and around 30% of the
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large-size commercial buildings (Goetzler, 2017). In the open literature the VRF/VRV
is also called multi-split VRF (Z. Li et al., 2017), multi-evaporator AC system (Elliott &
Rasmussen, 2013). The VRF systems are broadly sorted by their capability of attending
a heat recovery function among [Us, and with this primary difference, they are named as
the heat pump type VRF (i.e. HP VRF, two pipe system) and the heat recovery type
VRF (i.e. HRVRF, three pipe system) (X. Lin, Lee, Hwang, & Radermacher, 2015).
The VRF system utilizes the second most efficient refrigerant after ammonia, R410A
(Saab, Al Quabeh, & Hassan Ali, 2018). A recent study (Devecioglu & Orug, 2020)
conducted using R466A refrigerant in the VRF system recommended its use over
R410A, as it provides higher COP. The ability of supplying the refrigerant at varying
rate according to heating and/or cooling load not only enables the system to use
different capacities of indoor units in combination with single outdoor unit, but also
addresses the issue of having separate control of the thermal environment to each zone,

concurrent heating and cooling in different zones of the same building (N.Aynur, 2010).

Figure 2.2: Design schematic of a typical VRF system (Modified based on
reference (Devecioglu & Orug, 2020))
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23.1 Application of the VRF System

The VRF system is undoubtedly an efficient and time demanding alternative to the
centralized HVAC systems globally due to many reasons, such as less space required
for installation, best under part load operation and zone-wise temperature control. In a
recent study conducted by Alahmer and Alsaqoor (2018) in a hotel in Amman, Jordan,
found that the VRF could be the best option, especially in small rooms due to its part-
load energy efficiency. The VRF system is a good substitute of conventional central AC
systems in areas where scarcity of water and/or space is dreadfully high. Since its
inception into the world’s HVAC market, the engineers are looking for its wide
application in high performance buildings (Goetzler, 2017; Saab et al., 2018; Zhu, Jin,
Du, Fang, & Fan, 2014). As no ductwork is required, the VRF systems can also be

installed in the existing buildings by minor retrofitting (I1I, 2017).

2.3.2 Prospects and Challenges of the VRF System

Due to the part-load attainment, the VRF system has potential to save a huge amount
of energy (about 30% or higher compared to the other HVAC systems (Suhafizudin Bin
Zainal Anuar et al., 2016), thus, reduces the carbon emission (Afify, 2008). This
promising feature may lead the employer to become a hot candidate for LEED
certification (Lojuntin, 2017). An important aspect of the VRF system is its
simultaneous accomplishment of the heating and cooling loads by heat recovery via 3-
pipe design (Zhai & Rivas, 2018). The noise level of the VRF system is also very low,
which makes it suitable to operate in the night or in a quiet office environment
(Suhafizudin Bin Zainal Anuar et al., 2016). Unlike through ducts in the conventional
central AC systems, the VRF system provides sensible cooling or heating to each zone
through refrigerant lines, which makes it ideal to be installed in structures where the
ductwork is arduous and costly (Zhai & Rivas, 2018). Note that the maintenance,

operation and commissioning costs for the VRF systems are lower than that of the
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standard chilled water systems. Besides these key advantages, a heavy transportation is
also not needed in shifting the components of the VRF system from one place to
another, in contrast, it is must require in the case of a chiller or other conventional

central air-conditioning systems (Suhafizudin Bin Zainal Anuar et al., 2016).

Apart from the benefits presented above, the VRF system comes with many
shortcomings. The main barrier in installing this system with every demanding
application is its higher initial cost (X. Lin et al., 2015). The long refrigerant lines with a
large number of joints could result in the refrigerant leakage, which is not only difficult
to diagnose, but also causes safety and repairing issues (Ammi Amarnath & Morton
Blatt, 2008). The refrigerant pipe length can be a restricting factor in designing VRF
systems, especially for the high-rise buildings (III, 2017). As the VRF system does not
provide fresh outdoor air in conditioned spaces, a separate ventilation system is required
to meet the latent load and better IAQ in the occupied zone. Hence, it certainly adds up

the initial cost of the entire system.

24 Stratum Ventilation System

Recent high-speed growth in modern developments in the building sector
accentuated the pairing of mechanical ventilation with all types of air conditioning
systems to satisfy the standard thermal comfort requirements as well as the reduction in
the total energy utilization of these systems. Researchers (A. Melikov, Ivanova, &
Stefanova, 2012; Seppénen, 2008), pointed out that the grievances related to IAQ have
increased and the indoor environmental issues associated with the tightly packed

modern style buildings have become so critical in recent years.

Lin et al., (2009) in 2009, proposed stratum ventilation (SV) to cope with the
elevated indoor temperature requirements implemented by Southeast Asian countries

(Kam, 2006; National Development and Reform Commission (NDRC)). The fresh air in
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SV is supplied directly into the occupied zone from the head level supply terminals (T.
Yao & Z. Lin, 2014a, 2014b). As air is provided directly into the breathing zone, SV
creates a relatively younger air layer than other ventilation methods. The logic behind
the development of this novel strategy was to save the energy that consumes in
maintaining the thermal comfort and IAQ beyond the breathing zone. A lot of research
is being continuously carried out using the stratum ventilation in HVAC systems.
Comparative studies on the SV with other ventilation strategies have also been
conducted by many researchers to understand its airflow behavior under different
climates and variety of spaces (Ameen, Choonya, & Cehlin, 2019; Z. LIN, 2014; Navid

& Maerefat, 2015).

2.4.1 Comparison Studies with other Mechanical Ventilation Systems

Selecting an appropriate ventilation strategy with the HVAC system can improve the
IAQ while reducing energy consumption. For last many years, scientists and researchers
have been involved in determining the best possible ventilation solution for modern
buildings. Figure 2.3 shows the schematic layout of the most common mechanical

ventilation systems.

Zhou et al., (2018) performed a comparative study to investigate the performance of
mixing and displacement ventilation in terms of air temperature, relative humidity,
contaminant concentration and energy consumption, subjected two adjacent classrooms
of a university in Australia. The results unexpectedly shown more energy consumption
by the DV than the MV since the DV exhibited a better efficiency in the control of

humidity and contaminant concentration.

Zhang et al., (2011) have compared the annual energy performance of the three most
efficient ventilation systems using TRNSYS software in an office, a retail shop and a

classroom in the sub-tropical Hong Kong. They concluded that in comparison with the
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MYV and DV, the stratum ventilation (SV) offered great energy saving potentials. By
reducing the ventilation and transmission loads and increasing the chiller COP, the
stratum ventilation can save up to 44% and 25% annual energy than mixing and

displacement ventilation respectively.

Fong et al., (2015) experimentally investigated the acceptable thermal conditions and
the energy use of mixing, displacement and four different configurations of stratum
ventilation systems. Tests were performed in a specially designed in a medium size
classroom on forty-eight college-aged human subjects. It was concluded that the stratum
ventilation with inlets and outlets located at a similar height on opposite walls can
satisfy human thermal comfort needs with the least value of power consumption. Table
A.2 in appendix A presents the comparison of some important studies performed using

aforementioned mechanical ventilation systems.

Figure 2.3: Design layout of the different mechanical ventilation systems (SA=

Supply air; RA/EA= Return air/Exhaust air)
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2.5 Ventilation Integrated VRF System (Combined System)

The VRF integrated mechanical ventilation systems have many advantages over
existing central air conditioning systems. Several studies have been conducted on the
design, control optimization and performance assessment of VRF and ventilation
combined systems. The combined system with temperature and humidity independent
control (THIC) is preferred in large applications in hot and humid regions, whereas the
chilled ceiling or radiant cooling based on the VRF systems are mostly adopted in
small-to-medium residential or commercial buildings (Zhao et al.,, 2017). The
combination of packaged terminal air conditioner (PTAC) and VRF systems is another
very popular integration solution seen today in the hospitality industry. In these
solutions, PTAC units support the individual spaces, while VRF systems manage the
living areas, the lobby and small offices. Integrating a VRF system with many other
heating, ventilation and air-conditioning (HVAC) systems is now much simpler with the
large variety of manufacturer’s products and kits (Technologies, 2014). Most of the
studies reviewed focused on the improvement in control methods of the combined

systems due to their complex design structure and components settings.

2.5.1 Design Strategies of the Combined System

According to the ASHRAE design guide for dedicated outdoor air system (DOAS),
there are broadly three methods to deliver outside air for ventilation into the conditioned
environment, coupled (integrated), decoupled and direct (ASHRAE, 2015), as
illustrated in Figure 2.3. Depending upon their application in different climatic

conditions each of these methods come with some pros and cons.
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Figure 2.4: Schematic diagram of the VRF ventilation design (a) Integrated
design (b) Decoupled design and (c¢) Direct design (RA=Return air; OA=0utdoor
air) (Technologies, 2014)

2.5.1.1 Coupled/Integrated Design

In this design, the outdoor air is preconditioned through DOAS or ERV system
before delivering to the occupied space. Preconditioning is done to remove both the
sensible and latent load from OA. In this method, after pretreatment the air can be
delivered directly to the space or into the return duct of air handler/fan coil units
(Technologies, 2014). Unfortunately, not all the VRF fan coil units are structured to

integrate with the direct air connection (Electric, 2018).

2.5.1.2 Decoupled Design

To supply fully treated outdoor air, this method utilizes a DOAS or air processing
equipment. The conditioned outdoor air is supplied to the space through grill or
diffusers. During cooling operation, the air processing unit conditions the outdoor air to
the dew point temperature (saturation) lower than the desired space humidity ratio

(SHR). In results, the dry and cold air if supplied to the space can partly offset the space
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sensible load, which in turn reduce the terminal capacity of the indoor system (Electric,
2018). This method is recommended to be considered in design for hot and humid

environment where the fresh air requirement is high.

2.5.1.3 Direct Design

This design is considered as the cheapest option available for the ventilation
integration with the VRF system, as it does not require a separate air processing
equipment. The untreated outdoor air directly supplies to the space through a dedicated
duct. The terminal system capacity must therefore be capable enough to bear the space
as well as outdoor air heating/cooling loads (ASHRAE, 2015). One negative of the
direct design method is that, unconditioned outdoor air is supplied to the space, which
may create thermal discomfort until the room thermostat activate the terminal
heating/cooling coil (Electric, 2018). By using this method, it is also important to
consider the filtration of outdoor air before supplying to the indoor space. In tropical
environment this design is not recommended for ventilation integration due to humid

outdoor air.

2.5.2 Combined System Design Studies
2.5.2.1 VAV Integrated VRF System

It is the integration of two most energy efficient air conditioning systems, namely
VAV and VRF. Targeting the benefits of both, the combined system was investigated
by many researchers (Karunakaran, Iniyan, & Goic, 2010; Yonghua Zhu et al., 2014;
Zhu, Jin, Fang, & Du, 2014). The design schematic covering all the control features of
the VRF-VAV combined system is shown in Figure 2.4. The VAV system, consisting
outdoor air processing (OAP) unit and VAV box is basically designed to deliver better
IAQ and good thermal comfort performance at reduced energy consumption and less

maintenance requirements (Zhu, Jin, Du, Fan, & Fang, 2014). It cools and dehumidifies
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the outdoor air through the cooling coil and the enthalpy wheel of the OAP unit
(Yonghua Zhu et al., 2014). The treated air is then supplied to the indoor spaces, where
the flow in each zone is controlled by VAV box. Whereas, the VRF system modulates
the refrigerant flow according to the sensible load requirements of the indoor
spaces/zones (Technologies, 2014). Karunakaran et al. (Karunakaran et al., 2010)
proposed a VRF-VAV combined AC system to analyze the enhanced energy efficiency
performance over constant air volume (CAV) AC system. The proposed design when
compared with conventional AC system exhibited enthralled benefits, which makes it

suitable to be installed in modern HVAC applications.

A simulation study on the combined design model is performed by Zhu et al.
(2014). The results showed that the VAV system operates more dynamic than a VRF
system in combined system and offers the best OA supply temperature set point to
optimize the energy consumption of the combined system. Foregoing studies (Yonghua
Zhu et al., 2014; Zhu, Jin, Du, Fan, et al., 2014; Zhu, Jin, Du, Fan, & Fu, 2013; Zhu,
Jin, Du, Fang, et al., 2014; Zhu, Jin, Fang, et al., 2014) revealed that the integrated
system could maintain the multi zone environment efficiently regardless of the variation
in thermal load in each zone. It can greatly solve the ventilation shortcoming of VRF
system. Moreover, this design is found suitable for both heating (Yonghua Zhu et al.,
2014) and cooling (X. Yu, Yan, Sun, Hong, & Zhu, 2016) seasons. In these studies,
each IU of the VRF system controlled the zonal temperatures of the multi zones, while
the zones’ IAQ and humidity were monitored by the treated air using the VAV system.
This strategy causes over ventilation in some whilst under ventilation in other zones
during attaining the significant changes in the cooling/heating loads of the conditioned

spaces.
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Figure 2.5: Decoupled design of VRF-VAV AC system (Modified based on
references (Zhu et al., 2013; Zhu, Jin, Du, & Fang, 2015; Zhu, Jin, Fang, et al.,
2014))

2.5.2.2 DOAS Integrated VRF System

The dedicated outdoor air system (DOAS) integrated VRF system was introduced to
handle the sensible and latent loads separately. OA is treated standalone and makes no
share with the air conditioning system in the combined strategy. It further improves the
IAQ due to the more and more provision of the fresh air while limiting the energy
consumption of the combined system (W. Kim et al., 2016). A simple schematic design
of the VRF-DOAS combine system is shown in Figure 2.5. Unlike VRF-VAV system,
DOAS in this design is used to handle the full latent load and even some portion of the
sensible load of the indoor spaces by cooling and dew point dehumidification of the
outdoor air. The rest of the load (sensible) is efficiently managed by the VRF indoor
units (Feit, 2019; Milind Vishwanath Rane, Deepa M Vedartham, & Niranjan Bastakoti,

2016).
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Figure 2.6: Decoupled design of VRF-DOAS AC system (Modified based on (W.
Kim et al., 2016))

Kim et al., (2016) proposed an integrated design of VRF system and a DOAS system
to cut down the energy cost associated with the HVAC system without sacrificing the
IAQ. The system yielded a significant reduction in energy consumption with a
substantial increase in the IAQ and thermal comfort. Rigorous design strategies and
control methods have also been investigated to achieve the optimum performance and
maximum benefits of these assorted system combinations (Laughman et al., 2018; Zhu

etal., 2013; Zhu et al., 2015; Zhu, Jin, Fang, et al., 2014).

2.5.2.3 OAD Integrated VRF Radian Cooling System

The above presented combined systems are designed keeping in mind the wide
application of the VRF systems for large scale high performance buildings (Electric,
2018). On the other hand, small-to-medium scale residential or office buildings are still
common place for conventional chilling dehumidification systems (Han, Zhang, Wang,
& Niu, 2013). To explore the combined system performance, Zhao et al., (2017)

developed a novel house-hold VRF based independent temperature/humidity control
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AC system for small-to-medium scale residential or office buildings. The sensible
cooling in this hybrid design is provided by the radiant cooling terminal whereas, the
latent load is attained by the outdoor air humidifier (OAD). Both the radian cooling
system and OAD are connected to the VRF system with separate refrigerant loops. The
plate type heat exchanger is adopted in this study to exchange the heat between
refrigerant circuit and cooling water circuit. For better understanding, the schematic of
the system is shown in Figure 2.6. This combined system provides much simpler
configuration to cope with the higher latent loads in hot and humid regions, as well as
enhanced IAQ and thermal comfort. The results of this study suggested promising
performance of the system in applications where independent control of humidity and

temperature is needed.

Figure 2.7: Decoupled design of OAD-VRF radiant cooling system (Modified
based on reference(Zhao et al., 2017)
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2.5.24 FAP Integrated VRF System

Fresh air processor integrated variable refrigerant flow system was initially
developed by Tu et al., (2011). As a new air handling unit, the Fresh Air Processor
(FAP) integrated VRF system utilized coupled design strategy for the provision of clean
air, elimination of indoor air contaminants and improvement in IAQ. The characteristic
of this hybrid system is that the static pressure variable can be realized by controlling
the damper in the pipe. The air flow rate can therefore be adjusted to fulfill the fresh air
needs of various spaces of varying sizes and distances. The simple diagram of the

combine system is shown in Figure 2.7.

Figure 2.8: Coupled design of VRF-FAP system (Redrawn and modified based
on reference (Tu et al., 2011))

253 Performance Evaluation of the Combined System

The core objective of all the studies performed with the combined system was to be
benefitted with the VRF system without sacrificing the IAQ and human thermal

comfort. The effect of combining the ventilation system with the VRF system was
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initially studied by Aynur et al., (2008a). They performed an experimental study using a
heat recovery ventilator (HRV) as the ventilation system and stated that the ventilation
does not affect considerably the indoor thermal environment, and thus the efficiency of
the VRF system. Instead overloads the system by increasing the indoor humidity ratio.
The results were then verified through simulation work (Aynur et al., 2008b). For a
schematic drawing of the VRV-HRV combined system please refer (Jiang, Ge, &
Wang, 2013), the HRV system provides fresh outdoor air into the conditioned space,
and thus it is not suitable to be introduced in the humid environment. To provide a
dehumidified outdoor air as supply air, a novel vapour compression heat pump
desiccant (HPD) system was integrated with the VRF system (Aynur et al., 2008b). This
integration showed a better result in terms of energy conservation of the combined
system with the acceptable level IAQ and thermal comfort. The structural diagram of
the system can be found in reference (Aynur et al., 2010a). The energy consumption of
this integrated system increases with the increase in outdoor air temperature and
humidity, because of the more dehumidification operation. So, less considerable in

relatively hot and humid regions.

To continue the research in this direction and to thoroughly solve the ventilation
shortcoming, Zhu et al., (2014) evaluated the performance of VAV ventilated VRF
system, hereinafter called VRF-VAV combined system. The outdoor air processing
(OAP) unit with VAV box was used in this system to treat outdoor air to meet the IAQ
requirement. The results were positive with the significant reduction in energy
consumption of the combined system without sacrificing the thermal comfort and IAQ.
After the introduction of the strict policy regarding maintaining proper IAQ based on
ASHRAE standard 62.1 (ASHRAE, 2013), the VAV system was viewed as
inappropriate in the changed scenario. Rane et al. (Milind Vishwanath Rane et al., 2016)

introduced the VRF-DOAS combined system for the attainment of sensible and latent
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loads of the conditioned spaces separately. DOAS system treated the OA and made the
combined system enable to supply that air in increased quantity to meet the IAQ

standard.

Park et al., (2017) investigated the performance of a VRF system with three different
configurations, namely VRF without ventilation, with ERV and with DOAS. The
experimental and simulation results were very similar with a mean difference in the
value of the monthly energy consumption under summer and winter design conditions
was 3.3% and 3.6% respectively. The indoor thermal comfort data provided by the VRF
without ventilation system was not well falling within the ASHRAE comfort zone under
both seasons. Contrarily, 93.9% and 83.8% of the indoor air condition data achieved by
VRF-DOAS combined system fulfilled the standard comfort requirement in the winter
and summer seasons respectively. Although these values for VRF-ERV system were
76.8% in winter and 65.7% in the summer, this reduction in percentage is due to the
high humidity control of the VRF-DOAS system than VRF-ERV system. In terms of
energy consumption, the VRF-ERV system consumed 16.8% and VRF-DOAS system
consumed 26% less energy than VRF without ventilation system. However, the saving
in energy can never be compromised with the IAQ and thermal comfort requirements,
and thus VRF-DOAS was recommended as a best combination among others. The more
relevant data in-line with the energy saving and performance studies are briefly

summarized in Table 2.2.

Despite that the ventilation integrated VRF systems have lots of benefits over all
other ACMV systems, the HVAC industry still feels unease in the application,
integration and the complex control configuration of the VRF and ventilation combined
systems. The reason is the higher initial cost, lack of familiarity with the advanced

technology and most importantly, the safety issues with the refrigerant leakage
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associated with VRF systems. To come up with the solutions of these highlighted issues

can be a new inside in this emerging AC system.

Table 2.2: Summary of the energy saving studies on the combined system

Author (Year) HVAC System Season Control Strategy Energy
conservation/
Simulation
accuracy
(Karunakaran et al., VRV-VAV Summer | Intelligent fuzzy 37%
2010) combined system | /Winter logic controller (summer/FV)
(FLC) 44%
(summer/DCV)
63%
(winter/DCV)
(Qiuetal., 2011) VRF-FAP Winter Ordinary control Improved the
integrated system method reliability of
energy savings
(Zhu et al., 2014) VRF-VAV Winter Load allocation 5.17%
Combined system optimization
technique
(Zhu et al., 2014) VRF-VAV Summer | Load ratio based 2.47% (winter)
combined system | /Winter optimization 32.17% (summer)
control
(Zhu et al., 2014) VRF-OAP unit Winter DCV & 12.45%
system Economizer cycle
technique
(Zhu et al., 2015) VRF-VAV Summer Model based 6.27%
combined system online control
strategy
(Kim et al., 2016) VRF-DOAS Winter | Model-based multi 20.4%
combined system objective optimal
control using GA
& RSM
(Lee et al., 2017) VRF-DOAS Experimental 15-17%
combined system | ------ based control
strategy
(Laughman et al., VRF combined | Summer | Modelica language 27%

2018)

with
DOAS/FCU/ERV
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2.54 Energy and Economic Audit of the Combined System

Ventilation integrated VRF systems have the potential to be an effective solution to
improve the IAQ and human thermal comfort requirements. However, the ventilation
system itself is a major contributor of energy consumption, especially in densely
populated spaces. Studies have been conducted to investigate the overall energy
consumption and construction cost of the integrated systems. Abe et al., (20006)
highlighted that the ERV with VRF systems found in most of the application, but this
integration could consume extra energy due to the constant rather than demanded supply
of OA into the conditioned zones. In the VAV integrated VRF system, developed by
Karunakaran et al., (2010) the OA flow can be adjusted, but it does not fully utilize the
energy efficient features of the VRF system. However, due to its demand controlled
ventilation with the aid of VAV dampers and efficient control optimization, the
significant energy can be conserved (Zhu, Jin, Fang, et al., 2014). By optimizing the
supply air temperature in a VRF-OAP system developed by Im et al., (2016), Lee et al.,

(2017) found the energy reduction of 15-17% at 100% load, and 4-20% at a 75% load.

Furthermore, due to the integration of two systems i.e. ventilation system
(ERV/DOAS/VAV) and air-conditioning system (VRF), the combined system initially
costs significantly higher in construction and installation. However, it could be paid off

by minimized the running cost through efficient use of the ventilation system.

2.6 Summary

The studies cited above clarify that there is an opportunity to improve thermal
comfort in office buildings by appropriately control the indoor air temperature and
velocity, this strategy could also reduce the energy consumption by AC systems. Most
of the studies based on field experiments in the tropics/sub-tropics not complying with

Fanger’s model suggested a value for the neutral temperature to be above 24.5°C for air-
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conditioned offices and non-commercial buildings, as recommended by ASHRAE

standard 55.

The appealing energy efficiency and promising features have made the VRF system
popular among contemporary HVAC systems. Due to having a modular capacity
enhancement, VRF units are widely adopted in high-rise buildings. Different
mechanical ventilation and air distribution methods have been discussed in this chapter.
Their performances were investigated using experimental and numerical approaches.
Most of the studies highlighted better performance of new ventilation techniques over
existing traditional methods. Stratum ventilation showed good potential under elevated
indoor temperature settings. Different layouts for SV have been designed to meet with
the variety of space requirements. Therefore, scientist and researchers are encouraged to
explore the new hybrid air distribution designs with improved energy conservation and

enhanced thermal comfort targeting small-to-large size buildings.

In this chapter, different ventilation integration solutions with VRF system are also
discussed, their performances are compared and their schematics are presented. Various
design approaches provided significant improvement in IAQ and thermal comfort by the
combined systems. Performances of the combined systems were also evaluated based on
thermal comfort and energy consumption. To the best of the authors’ understanding, it
is evident that a suitable VRF and ventilation design could not only address the outdoor
air deficiency of the VRF system but also improves the energy efficiency of the
combined system. In other words, inadequate ventilation integration either results in
more energy consumption and degraded thermal comfort with poor TAQ. It is
misfortune that most of the research pursued in past 10 years on VRF and ventilation
designs aimed at using different air processing devices and control optimization

techniques, no data is available with different air distribution techniques.
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CHAPTER 3: DESIGN AND DEVELOPMENT OF THE VARIABLE
REFRIGERANT FLOW INTEGRATED STRATUM VENTILATION SYSTEM:
VRF-SV HYBRID SYSTEM

3.1 Introduction

The VRF system is gaining popularity in most Asian countries as a new HVAC
technology compared to traditional ones (Enteria, Cuartero-Enteria, & Sawachi, 2020).
However, several issues in adopting these systems in the region still exist, such as
higher initial cost, complex integrated control, and lack of fresh air provision for
ventilation (Aynur et al., 2008a; Goetzler, 2017; Park et al., 2017; K. Yu et al., 2017).
To overcome the ventilation issue, the VRF systems are being integrated and installed
with different mechanical ventilation systems in buildings (Technologies, 2014). The
reviewed literature reveals that the research in this direction is being carried out to
explore the new hybrid air conditioning systems in terms of higher energy savings and
improved thermal comfort performance (Khan et al., 2021; Z. Lin, Lee, et al., 2011;

Park et al., 2017).

Therefore, this study was aimed to design the most energy-efficient ACMV solution
for tropical buildings. A novel attempt was made in this study by integrating the VRF
system with the stratum ventilation system. The conceptual diagram of the integrated
system is illustrated in Figure 3.1. To enhance the broad application of the integrated
system, different design approaches were adopted in this study. The proposed system is
designed as a case study for a large retail facility located in the tropics to understand the
design guidelines. The parametric analyses were also carried out to investigate the effect

of varying indoor design conditions on the combined system capacity.
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Figure 3.1: Concept of the novel VRF-SV system

3.2 VRF-SV Hybrid System Design
3.2.1 Decoupled Design

In this design method, the two systems are combined in a way to achieve their tasks
separately, as seen in Figure 3.2. The VRF indoor terminal unit caters to the sensible
load, whereas the OAP unit treats the OA. The fully conditioned air is then supplied into
the space through grilles or diffusers for attaining the latent load. During cooling
operation, the air processing unit conditions the OA to the dew point temperature
(saturation) lower than the desired space humidity ratio (SHR). However, if the dry and
cold air is supplied to the space, it could partly offset the space sensible load, which in
turn reduces the terminal unit capacity of the VRF system (Electric, 2018). This method
is recommended to be considered in the tropical environment where the fresh air

requirement for ventilation is high.
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Figure 3.2: VRF-SV system design using decoupled method. (Stage 1: outdoor
air; 2: air after enthalpy wheel; 3: air after cooling coil at DP saturation; 4: supply
air; 5: return air; 6: air after sensible wheel)

3.2.2 Coupled/Integrated Design

In this approach, the OA is pretreated through DOAS before delivering to the
targeted space. Preconditioning removes both the sensible and latent loads from the OA.
The pretreated air from the DOAS is then delivered into the return air duct of the VRF
terminal units (DAIKIN, 2019), as shown in Figure 3.3. Improved IAQ, enhanced
thermal comfort, increased energy efficiency and low-cost system installation are some
of the benefits provided by this method. One major drawback of this method is that if
the failure occurs in the air handling equipment, the terminal system must be capable

enough to bear the extra load of the OA to avoid any loss in the controlled thermal

environment (Electric, 2018).
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Figure 3.3: Typical VRF-SV system design using coupled method. (Stage 1:
outdoor air; 2: air after enthalpy wheel; 3: air after cooling coil at DP saturation;
4: partially conditioned air; 5: return air; 6: air after sensible wheel)

323 Fully Integrated Design

Figure 3.4 shows the new method of integrating the VRF system with the DOAS
system to supply fully conditioned air directly into the space through stratum ventilation
air distribution strategy. The conditioned air at elevated temperature is provided to cater
to the complete load of the space. No separate VRF indoor terminal is required in this
design method. This design approach reduces the overall system capacity and
overcomes the large installation space requirement by the ACMV systems in tropical

countries like Malaysia and Singapore.
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Figure 3.4: Typical VRF-SV system design using the fully integrated method.
(Stage 1: outdoor air; 2: air after enthalpy wheel; 3: air after mixing with return
air in mixing chamber; 4: air after cooling coil at DP saturation; 5: supply air; 6:

return air; 7: air after sensible wheel)
33 Overview of the Case Study Building
This study employs the aforementioned design methods to integrate the DOAS with
the VRF system for stratum ventilation air distribution to be installed in a large retail

shop located at the ground floor of a building in Kuala Lumpur, Malaysia (see A.3 in

Appendix A). Table 3.1 presents the detailed description of the retail shop facility.

For a proper selection of the design conditions, ASHRAE stipulates three OA design

data sets:

1. Peak WB with mean coincident DB temperature.

2. Peak DB with mean coincident WB temperature.

3. Peak DP with mean coincident DB temperature.

These data sets are used to determine the peak total cooling load, peak sensible
cooling load and peak latent cooling load, respectively. The second data set was
selected in this design, considering the removal of the excess heat and moisture

contained in the OA stream by the DOAS enthalpy wheel, as seen in Table 3.2.
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Table 3.1: Basic design details for the retail shop

Region Asia/Pacific (Kuala Lumpur, Malaysia)
ACMV system VRF+SV system
Retail Shop Area 346 m? (3724 ft?)
Ceiling Height 2.7 m (91t)
Occupancy 6.2 m? per person
Activity Sales
Occupant load Sensible: 73.2 W per person

Latent: 58.6 W per person

Roof U-value

No sunlit roof (Ground floor)

Lighting load 33.7 W/m?
Equipment Load 9 W/m?
Minimum ventilation 7.5 cfm per person (3.5 X 1073 m’s™! per
Requirement person)
0.12 cfm. ft? (6.1 X 10™* m’s™! per m? floor
area)
Assumptions e No infiltration,

e No latent heat generation source except people
e Adiabatic condition
e No sunlit wall

Table 3.2: The data of the outdoor design conditions

Data set Design Enthalpy
Condition
Kuala Lumpur, Malaysia (annual percentile 0.4)

Peak WB, 27.3°C WBT 104.06 kJ/kg
MCDBT 31.5°C DBT

Peak DB, 35.0 °C DBT 106.06 kl/kg
MCWBT 27.8 °C WBT (selected)
Peak DP, 26.2 °C DPT 102.43 kl/kg
MCDBT 29.2 °C DBT
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3.3.1 Heat Load Calculation

Based on the basic design data provided in Table 3.1 and the outdoor/indoor design
conditions, the sensible and latent loads for the retail shop are calculated. The minimum
ventilation required for the space is estimated by following ANSI/ASHRAE standard
62.1-2019 (ANSI/ASHRAE-62.1, 2019). Table 3.3 shows the cooling load components

and the minimum ventilation rate required for the case study building.

Table 3.3: Heat load components and minimum ventilation requirement for the

space
Sensible | Latent No. of Min. OA for Total OA Total
Load Load Occupants ventilation for outdoor SA
(By components) ventilation quantity
V . Vo
(Vo) Vsatotal = —
21.16 3.28 56 420 cfm (0.19m>/s) 867 ctm 619 cfm
kW kW (Person) (0.41 m%/s) | (0.29 m’/s)
447 cfm (0.21m?%/s)
(Floor area)
34 Design Guidelines of the VRF-SV System (case study)

There is no existing guideline for designing this novel hybrid system. This section

provides the details to assist the HVAC engineers with the complete road map of
developing the VRF-SV system using different approaches. Figure 3.5 highlights the
key steps involved in the design, while the description of each step is given in the

subsequent sections.
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[ VRE-SV System Design Steps
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Figure 3.5: Flow chart of the complete design process of the VRF-SV system

Step (1): Check the applicability of the system

As mentioned in the SV design guidelines (Z. Lin, Yao, Chow, Fong, & Chan, 2011),
the airflow path should not exceed 9 m, restricting its application to only small and
medium-size spaces. In comparison, the VRF-SV design provides HVAC engineers
with a relief to supply the air to even large spaces. The coupled and decoupled designs
of the VRF-SV system can be installed to any size of the large buildings as they come
with separate indoor terminal units for sensible cooling. However, there is a limitation
in the applicability of a fully integrated design. In this design type, the total heat load of
the space is catered by the conditioned air supplied through wall-mounted diffusers

from two opposite walls.

Step (2): Determine IA/OA design conditions
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The DOAS in this design reduces the enthalpy of the OA by the enthalpy wheel.
Therefore, the OA design condition is determined among the data sets with the highest
OA enthalpy value. Thus, the peak dry-bulb (35°C DBT) and the mean coincident WBT

(27.8°C WBT) data set was considered under this study.

The Malaysian standard (MS1525) recommended minimum DBT is 23°C, and RH is
50% -70% for air-conditioned spaces. Therefore, 24°C DBT and 55% RH are selected

as the space conditions for the current hybrid system design for buildings in the tropics.

Step (3): Determine the preliminary SA temperature for SV

Due to the head level air supply directly into the breathing zone, the suggested
comfort temperature for stratum ventilation is between 20-23°C (Z. Lin, Yao, et al.,
2011). In a study conducted on SV integrated hydronic radiant cooling system in a
residential application, the recommended supply air temperature was 19°C (66.2 °F)
(Navid & Maerefat, 2015). Thus, considering a similar design approach and to cater to
the maximum sensible load of the space, 19°C temperature was selected as a

preliminary value for the SV air supply.

Step (4): Determine the SA temperature for VRF (Coupled/Decoupled design)

Considering the limitations with airflow rate capacity in different VRF indoor
terminals, the VRF unit supply temperature was determined based on the target sensible
cooling load. The load is calculated by deducting the sensible load attained by the SV
from the total sensible load of the space (using Equations 3.1 and 3.2). For this design,
the chosen temperature was 15°C (59 °F), which also fulfils the condition that the coil
surface temperature must be higher than the room DP temperature in the hybrid HVAC

system design (Jae-Weon Jeong & Stan Mumma, 2006).
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Qsen,SV = pcpvsa(Tsp— Tsa) =12 Vsa(Tsp— Tsa) (3.1

Qsen,VRF = Q- Qsen,SV (3.2)

where

Q sen,sv) = SV supply air cooling load, kW
Q (sen, vRF) = VRF system cooling load, kW
Qs = Space sensible cooling load, kW

Vs, = Supply air flow rate, m’/s

Tsp = Space DB temperature, °C

Tsa = Supply air DB temperature, °C

p = Density of air (1.202 kg/m?)

Cp = Specific heat of air (1.00g kJ/kg.°C)

Step (5): Calculate total airflow rate required
Flow rate of ventilation

The required ventilation rate for the studied space is approximated using ASHRAE
standard 62.1-2019 guidelines. According to that, a retail shop (sales) requires 3.5x107
m?/s per person and 6.1 X 10™* m3s™! per m? floor area (as seen in Table 3.3). The
calculated value was felt inadequate for the uniform supply of ventilation air through
SV air distribution. Thus, the following strategy was adopted to add extra ventilation

load for each of the designed method.
Decoupled Design

The sufficient amount of air to be supplied through SV air distribution is initially
approximated in the decoupled design. The approximation is made by calculating the

total airflow rate required to be supplied through diffusers for the uniform distribution
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of air into the domain. In this case, 5 bar grille diffusers were selected, each requiring
297.2 cfm (0.14 m?/s) of air to supply at a distance of 9.5 m with 2.5 m/s face velocity
and 0.25 m/s terminal velocity. The total amount of supply air required was 1,486 cfm
(0.70 m?/s). To fulfil this requirement, an extra amount of 867cfm (0.41m>/s) of OA was

added into the minimum required ventilation load.

Coupled/Integrated Design

In the coupled design method, the extra amount of air needed to be supplied
uniformly through the SV air distribution system was achieved by the return air from
the VRF ducted unit. The estimated minimum ventilation air (as per ASHRAE 62.1)
after preconditioning through the DOAS was supplied to the return air duct of the VRF

ducted unit.

Due to the limitations in using a certain percentage of the ducted type VRF unit out
of the total VRF indoor unit, the rest of the space sensible cooling load is attained by the

separate non-ducted VRF units (DAIKIN, 2019).

Fully-Integrated Design

In this novel approach, the VRF and DOAS systems are integrated in way so that no
separate VRF indoor units are required for sensible cooling. Unlike the coupled method
where the separate VRF ducted units are used to achieve the adequate ventilation air
supply, this method utilized the VRF cooling coil installed inside the DOAS system to

fully treat the required amount of supply air (OA+RA).

The required supply air quantity for the studied space is estimated first by
considering the supply air temperature and total sensible cooling load. The initially

calculated minimum OA for ventilation (0.29m?/s) is supplied into the mixing chamber
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in the DOAS system after passing through the enthalpy wheel. To fulfil the supply air
requirement, the remaining amount of air obtained from the return air duct is also
directed to the mixing chamber. The mixture of both air streams is then cooled (at
saturation point) by the VRF cooling coil and reheated by the sensible wheel before

supplying through the SV diffusers.
Step (6): Check SA conditions

In the VRF-SV system, the supply air from the DOAS must be dehumidified enough
to meet the target space requirement. For the studied space, the supply air dryness is

determined using equation (3.3) (Jac-Weon Jeong & Stan Mumma, 2006).

W, =W, ——2% (3.3)

SP 1.202xQuapxVsa

where,

Wsa = Supply air humidity ratio, kg water/kg dry air
W, = Space humidity ratio, kg water/kg dry air

Qr. = Space latent load, kW

Vs, = SA flowrate, m’/s

Qyap = Latent heat vaporization (2,454 kJ/kg)

Step (7): Calculate enthalpy wheel effectiveness and DOAS cooling coil load

The designed DOAS cooling coil capacity can be determined once the enthalpy of
the OA leaving the wheel is known. To estimate the enthalpy value at stage 2, the
enthalpy wheel leaving supply air DBT and HR need to be calculated using equations
3.4 and 3.5 (ASHRAE, 2015). The prerequisite for this calculation is the DBTs and HRs
of the OA and EA streams at the wheel entrance and the latent and sensible

effectiveness of the enthalpy wheel.
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_ _ (mcp)min
T, =T, — & oty (3.4)
W, =W, — g, m;?‘:“ (W, — W) (3.5)

where,

T;, T,, and Ty = DB temperatures at stage 1, 2, and 6, °C

W;, W,, and Wy = Humidity ratios at corresponding stages, kg/kg
(Cp) min = Min. capacitance flow rate between SA and EA, W/°C

Mmpy,in = Min. flow rate between SA and EA, kg/s

€s and g, = Sensible and latent effectiveness of the enthalpy wheel, respectively.

The EW effectiveness values can be obtained from the manufacturers’ data or
through online software with the help of some known parameters, wheel material,
entering air conditions, entering velocity, airflow ratio (ratio of the SA to EA) (Jae-

Weon Jeong & Stan Mumma, 2006).

However, in this study, the empirical enthalpy wheel effectiveness correlations
described by Jeong and Mumma (2005) are adopted. These correlations approximate the
required effectiveness values for the silica gel or molecular sieve coated enthalpy wheel
using six known parameters, including wheel entering SA and EA DBTs and RHs,

entering velocity and airflow ratios.

The OA and EA flows are assumed to be the same at the wheel entrance; thus, the
airflow ratio equals 1. The design entering velocity of the air is taken as 2.5 m/s. The
other four parameters have already been calculated in the previous steps. A MATLAB
program was developed to carefully calculate the respective values of sensible and

latent effectiveness for both of the wheel types in all design conditions (MATLAB,
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2005). The silica gel enthalpy wheel provided greater sensible and latent effectiveness

values in all the designed cases, thus selected in the design approaches.

Once all the psychrometric properties of the SA before and after the cooling coil are
known, the DOAS cooling coil capacity is calculated using equation (3.6). The average
density (p) of the SA before and after the cooling coil is approximated to 1.202 kg/m?

for all designed cases (ASHRAE, 2015; Jae-Weon Jeong & Stan Mumma, 2006).

Qec=p X Vsa,t (hy —h3) (3.6)

where

Qcc = cooling coil capacity, kW
p = SA density, kg/m’

Vsat = SA flowrate (total), m/s

h, & h; = SA enthalpy at stages 2 and 3, kl/kg

Step (8): Calculate sensible cooling load for the VRF terminal unit

In the decoupled and coupled design approaches, the separate VRF terminal units
installed in the room must accommodate the rest of the sensible load not met by the
supply air through the SV method. The difference between the total sensible load and
the sensible cooling capacity of the SV supply determines the load required to be

achieved by the VRF terminal units.
Step (9): Determine VRF system capacity

The VRF system capacity for attaining the rest of the sensible cooling load in the
coupled and decoupled design methods is determined from the manufacturer’s catalogue

or using a system selection software.

Step (10) Select supply air diffuser (size and numbers) for SV
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In summer design conditions at all design airflow rates, the ratio of the diffuser’s
throw to the length of the supply path is used in the selection process to achieve an
acceptable air distribution performance index (ADPI). A higher ADPI value is desirable
as it relates to higher thermal comfort. Based on the ADPI, the following procedure is

adopted to select diffusers for the SV air distribution.

1. In the SV system, the diffuser(s) are positioned on the wall(s) at 1.3 m or 1.9 m
height from the floor depending on the occupants’ activities, i.e., sedentary or
standing. The walls for installing diffusers are selected, which are more likely to
be faced by the occupants under normal situations.

2. The air supply path, usually called characteristic length (L), is the distance from
the diffuser to the wall or the mid-plane between diffusers (Hout, 1998).

3. Select the prescribed To.zsi ratio as shown in Table 3 ("ASHRAE Handbook-
Fundamentals," 2017).

4. The throw value can be determined by multiplying the ratio To2s1 by L.

Once the size of the diffuser is determined, the required number of diffusers for the
space can be estimated by dividing the airflow rate required for each diffuser by the

total airflow rate.

3.5 Different Design Configurations of the VRF-SV Hybrid System

Keeping in mind the four different air terminal layouts recommended for stratum
ventilation (Yao & Lin, 2014a), and the large size of the retail facility together, only two
air terminal layouts were considered in this study. The selected air terminal layouts are
(1) return at the low level of the same wall and (2) return at the ceiling. Based on these
two layouts and coupled/decoupled design strategies, a total of six configurations for the
combined system were designed, numerically modeled and simulated. The schematic

design for these configurations is shown in Figure 3.6. The prior four configurations are
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designed with separate VRF indoor units for sensible cooling along with the SV air
distribution system. The configurations 1 and 2 are designed with the four-way cassette
type VRF indoor units, whereas configurations 3 and 4 include with the floor standing
console type VRF indoor units. In these configurations, the temperature of 19°C was set
for the SV supply (Morovat & Maerefat, 2013) and 13.5°C for the VRF terminals. The
supply air velocity was also calculated separately for both the systems. To comply with
the minimum ventilation requirement based on ASHRAE 62.1 (ASHRAE, 2019) and to
target the smooth air delivery to the entire domain, an optimized number of customized
bar grilles were used. The 2.5 m/s inlet velocity was calculated considering the grille’s
neck area and the supply airflow rate. The VRF supply velocity was calculated by
dividing the airflow volume by the slot area of the terminals, which is 1.7 m/s. The last
two configurations employed an integrated or coupled approach, in which the VRF
cooling coil was installed inside the air processing unit and the space is conditioned by
the SV system only. The customized bar grille type diffuser is used in all the
configurations to supply conditioned air into the space due to its long airflow throw
with desired face velocity. The bar grilles are installed on the opposite walls at 1.9m
above the floor because of the standing occupancy in the retail shop (Z. Lin, Yao, et al.,
2011). The return/exhaust terminals are positioned at 0.33m above the floor in
configurations 1, 3 and 5, whereas for the configurations 2, 4 and 6, the terminals are
installed on the ceiling. The explanation and specifications of the individual components

used in different configurations are also provided in Table 3.4.
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Figure 3.6: Schematic design of all six (6) configurations
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Table 3.4: Details of the individual components used in different configurations

Supply diffuser Return/Exhaust
Conf. Design Return/ Type (Flowrate) terminal VRF FCU
Exhaust position Size(mm) Size(mm) Type (Flowrate)
(SV) Nos. Nos. Nos.
1 330 mm Bar grille (0.14m>/s) 210%500 4-way cassette (0.25m>/s)
(same walls) 210x500 5 6
5
2 Bar grille (0.14m?/s) 750x350 4-way cassette (0.25m>/s)
T Ceiling 210x500 2 6
S 5
3 § 330 mm Bar grille (0.14m>/s) 210x500 Floor standing console
A (same walls) 210%500 5 (0.25m?s)
5 5
4 Bar grille (0.14m>/s) 500x500 (1) Floor standing console
Ceiling 210%500 370x370 (2) (0.25m?/s)
5 5
5 - 330 mm Bar grille (0.22m?/s) 300x500
= (same walls) 300x500 17 L
%1:) 17
6 R Bar grille (0.22m?/s) 650%650
8 & Ceiling 300%500 6 -
8 I-T:-,c 17




3.6 Parametric Analyses of the VRF-SV Hybrid System

The parametric analyses were carried out to investigate the overall capacity of the
combined system with different design methods under various indoor design conditions.
Table 3.5 presents the details of the different scenarios considered in these analyses.
The outdoor design conditions such as 35°C DBT and 27.8°C WBT were assumed

unchanged for all the case scenarios.

Table 3.5: Parametric details of the 27 cases of the VRF-SV combined system

Cases Design Indoor design Supply T
Method(s) condition O
1 24°C DBT/ 55% RH 19
2 24°C DBT/ 55% RH 20
=
3 2 | _ | 24°CDBT/55% RH 21
5|8 £
4 = | g | & | 25°CDBT/55% RH 19
Sl 5| g
5 2 | 2| 5| 25°CDBT/55% RH 20
= s | =
= = =]
6 8 | B | ™ | 25°C DBT/55% RH 21
8| g
7 3 26°C DBT/ 55% RH 19
8 26°C DBT/ 55% RH 20
9 26°C DBT/ 55% RH 21

3.6.1 Effect of SA Temperature on Combined System Capacity

The impact of the supply air temperature on the overall system capacity is analyzed
at 24°C/55% RH indoor design conditions for the studied space. It was observed that the
coupled design method for designing the VRF-SV system was found not suitable

because of the higher capacity demands due to the induction of separate ducted unit.

It can be seen in Figure 3.7 that the supply air temperature of SV has a greater impact

on the overall system capacity. The increase in the supply temperature in a decoupled
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strategy decreases the DOAS cooling coil size and thus reduces the overall system
capacity. On the other hand, a negative impact was seen with the coupled design

approach.

As no separate VRF indoor terminal is required in the fully integrated approach, the
DOAS cooling coil size defines the overall system capacity, which increases slightly
due to the increase in the supply air temperature. However, the least overall system
capacity was achieved with this design method. Thus, recommended to be installed in

large applications in the tropics.

Figure 3.7: Effect of the SA temperature on the total system capacity @ 24°C
DBT/55% RH of the targeted space conditions

A similar trend was observed in the system capacity size when varying the targeted
space conditions, as seen in Figures 3.8 and 3.9. The highest system capacity was
calculated for the coupled design method at 21°C supply air temperature under 25°C
DBT/55% RH targeted space conditions. The lowest total capacity was found with the
fully integrated design at 19°C supply temperature in 24°C DBT/55% RH indoor design

conditions.
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This parametric study concluded that there is no significant impact of the supply air
temperatures on the total system capacity of the VRF-SV system when designed with a
decoupled or fully integrated approach. In contrast, the coupled design method showed
a considerably higher impact on the system capacity with the variation in the indoor

design conditions.

Figure 3.8: Effect of the SA temperature on the total system capacity @ 25°C
DBT/55% RH targeted space conditions
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Figure 3.9: Effect of the SA temperature on the total system capacity @ 26°C
DBT/55% RH of the targeted space conditions

3.7 Summary

This chapter was aimed to present an integrated design of the variable refrigerant
flow integrated stratum ventilation (VRF-SV) system for tropical buildings using
coupled, decoupled, and a newly proposed fully integrated approach. The VRF-SV
hybrid system was designed for a fictitious retail shop building located in the tropics. A
detailed design guidelines of the VRF-SV hybrid system with coupled, decoupled, and
fully integrated approaches were successfully developed in this study. The designing
procedure was figured out with the help of computed data and numerical investigations
of the sample case studies. The parametric analyses were also carried out to investigate

the effect of varying indoor design conditions on the combined system capacity.
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CHAPTER 4: NUMERICAL SIMULATIONS OF THE VRF-SV SYSTEM

PERFORMANCE IN A CASE STUDY BUILDINGS IN THE TROPICS
4.1 Introduction

The ACMV system typically combines an air conditioning system that removes the
excess heat from the room air and the ventilation system replaces the contaminated
room air with fresh air to provide better indoor air quality (IAQ) (Yao & Lin, 2014b).
The two systems account for more than 60% of the overall energy utilization in
buildings (Department of Energy of US, 2015). Many countries have adopted several
techniques to cope up with the energy needs of these systems (Zheng et al., 2018). Some
tropical/subtropical countries proposed that an increment in indoor air temperature can
significantly reduce the energy needs of the building sector (Z. Lin, Tian, Yao, Wang, &

Chow, 2011).

A few studies have also been reported studying the integration of the VRF system
with the ventilation system in different climatic conditions. Taking the advantages of
both, the combined system performance was found outstanding in terms of improved
thermal comfort (TC), more energy saving, and better indoor air quality (IAQ) (Aynur
et al., 2010b; Yonghua Zhu et al., 2014). Novel combined systems have been proposed
for the South Korean buildings under heating conditions that use demand control
ventilation (DCV) and dedicated outdoor air system (DOAS) together with the VRF
system to reduce the building energy consumption while improving the [AQ with
minimum OA. Furthermore, the DOAS allows the flexibility in controlling the IAQ by

separating the latent load from sensible load (W. Kim et al., 2016).

Literature revealed that the investigations of the ventilation integrated VRF systems
have been largely focused on the design integration (Milind Vishwanath Rane et al.,

2016), control optimization (Chung, Yang, Lee, Lee, & Moon, 2017; W. Kim et al.,
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2016; Laughman et al., 2018; Yonghua Zhu et al., 2014), actual energy use and energy
saving potential (Karunakaran et al., 2010; J. Kim et al., 2020) of the combined system.
To the best of authors knowledge, a very few studies have been conducted on the
combined system performance evaluation in the tropical climatic conditions and the
studies that have been reported actually investigated the combined systems that were
installed with the overhead air distribution system for fresh air ventilation. In view of
this, the current study was designed to integrate the VRF system with a DOAS installed
with a novel air distribution system; stratum ventilation, to provide an efficient ACMV

solution for large buildings in the tropics.

This novel study combines the VRF system with the stratum ventilation system in six
different configurations for a large retail facility (refer Figure 3.6). A series of
numerical simulations are conducted by employing a validated computational fluid
dynamics (CFD) model (Coussirat et al., 2008; Gebremedhin & Wu, 2003; Rohdin &
Moshfegh, 2007; Stavrakakis, Koukou, Vrachopoulos, & Markatos, 2008) to investigate
the performance of the combined system in terms of temperature field distribution and
airflow patterns for all the designed configurations. The experiments in a scaled
environmental chamber were performed for further validation of the numerical method.
The comprehensive details on the system configurations, design and simulation setup

will be elaborated in the subsequent sections.

4.2 CFD Models of the Designed Configurations

In order to come up with the efficient solution for the VRF-SV hybrid system in
large tropical applications, the aforementioned configurations of the combined system
were designed using coupled and decoupled strategies for a large retail facility located
in the tropics. Figure 4.1 shows the detailed physical illustration of configuration 1 and

2 in the large retail facility.

60



Figure 4.1: Illustration of configurations 1 & 2 for large retail facility

4.3 Experimental Work

The experiments were carried out in the air terminal testing laboratory at Prudentaire
Engineering Private Ltd. The laboratory was located at the core of a building under
controlled ambient conditions. A small scale simplified model was set up in the
laboratory to resemble a portion of the retail shop with dimensions 6 m (L) x 5.4 m (W)
x 2.74 m (H). The similar layout of the entities was setup in the laboratory as arranged
in the selected portion of the actual retail shop model. Due to the lack of technical
resources, only the VRF-SV fully-integrated design (configurations 5 and 6) was
selected for validation of the numerical study. The schematic diagram of the
experimental arrangement is illustrated in Figure 4.2. The experimental setup was
established by installing three bar grille diffusers on the side wall of the laboratory at
height of 1.9 m from the floor, while the return grilles were installed on the ceiling or at
low level (0.33m from floor) of the supply wall. To verify the numerical model used

and to validate the simulation results obtained, the smoke test was also performed along
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with the measurement of velocity and temperature at measuring locations. The bar grille
diffusers of dimensions 300 mm x 500 mm were used in the experimental setup. The
insulated flexible ducts of diameter 200 mm were connected to the oval-shaped neck of
the plenum boxes attached to each bar grille. The plenum boxes were sized according to
the size of the bar grilles. A ceiling concealed VRF ducted unit was employed to supply
the conditioned air through the stratum ventilation air distribution system. To adjust the
airflow for uniform supply through all the terminals, the VAV dampers with actuators
were installed in each supply duct in the experimental setup. The supply air temperature
was monitored by adjusting the off-coil temperature settings. The room temperature was
controlled by the wall mounted wired thermostat. The smoke was supplied into the
flexible duct connecting the bar grille after controlling the flowrate through the VAV

damper.

Figure 4.2: Schematic diagram of the experimental chamber
4.3.1 Measurement Methods and Equipment
The detailed environmental conditions of the laboratory were measured before the

testing started. The temperature of all the internal surfaces was checked by using the
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HI147 HANNA temperature adjustment tool. The ZTH-VAYV Belimo tool was used to
adjust the airflow rate required. The small scale simplified model [indicated in Figure
4.3(a)] is used to verify the numerical model in the present work and the Alnor 440-A
hot wire hand-held anemometer [shown in Figure 4.3(b)] was employed to measure the
indoor air temperature and velocity distributions. The accuracy of temperature, velocity
and relative humidity for the measuring equipment is +0.3°C, 0.05 m/s and + 3%
respectively. The actual measurements were recorded after ensuring the steady state

conditions in the laboratory environment.

There was no possibility for the installation of the return grille in the laboratory
chamber as it is positioned in configuration 6 in the actual retail shop model. Hence, the
assumption was made by positioning the return grilles on the ceiling at the farthest
distance from the supply during the experiments by considering the insignificant effect
on the flow pattern with the said arrangement (Sun & Smith, 2005). The indoor air
temperature and velocity are measured along 11 sampling lines (i.e., L1 - L11) at
thirteen different heights above the floor as shown in Figure 4.3(c). For each height
along the vertical lines, five testing samples were taken and the average values of the

variables were recorded for comparison with the simulation results.
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Figure 4.3: (a) Retail shop model (configuration 5&6) with selected corner and
experimental setup (b) hot wire anemometer (c) Measurement locations

4.4 Computational Fluid Dynamics (CFD) Simulation
4.4.1 Background Theory

The temperature field distribution and airflow motion in the studied domain are
completely governed by the laws of conservation of mass, momentum, and energy. The
mathematical models for these three laws are solved in this study using a commercially

available CFD program, ANSY'S fluent. The models are as follows:
Conservation of mass:
dp/ ot + 0 (pu)/ox+ 9 (pv)/dy + 0 (pw)/0z = 0 4.1
Conservation of momentum:

X-momentum,

D
pD—l; = doxx/ 0x + Otxy/ 0y + Otzx/ 0z + ) F,(body forces) (4.2)
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y-momentum,
p% = dwxy/ 0x + doyy/dy + dtzy/ dz + } Fy(bodyforces) 4.3)
z-momentum,

p% = dtxz/ 0x + doyz/ dy + dtzz/ dz + Y F,(bodyforces) 4.4)

=1

where, oxx, Oyy and oz are the stresses due to normal viscous components acting

perpendicular to the dimensions.
Conservation of energy:

DE DE DE DE
p === /ex [42E] +00 [AE] 6/ [”E] — 8 (up)/ox—0 (vp)/Oy — B (wp)/oz+

(4.5)

where, ¢ is the function that shows energy dissipation work done on the fluid,

later converted into thermal energy.

4.4.2 CFD Model and Boundary Conditions

In this work, the RNG k-¢ (2-equation) model was applied to accurately predict the
indoor airflow distribution. This model has been widely validated for internal airflow
and heat transfer simulations (Hussain & Oosthuizen, 2012a; Yao & Lin, 2014b; Yau et
al., 2018). The governing equations mentioned above, have been discretized with the
SIMPLE algorithm using a second-order upwind scheme. To obtain the flow properties
near-wall region, a standard wall function was employed in the present study. The
Boussinesq model was used in studying the buoyancy effect. The solution was
considered to be converged when the residual values reach 107 except for the energy

residual which was set at 10°. The under relaxation factors (URF) for density, pressure,
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energy, momentum, turbulent viscosity, turbulence dissipation rate, and kinetic energy
(respectively) were set to arrive at the converged solution. Simulations were carried out
using two Workstations, each equipped with Intel Xeon(R) CPU E3-1240 v5 3.5GHz
processor, 32GB RAM, Windows 7 Professional 64-bit operating system that required
roughly 48 h to 96 h to reach at the solution completion for the generated grids. To
produce meaningful results and to set up the fluent program, a proper set of boundary

conditions was finalized, which can be found in Table 4.1.

Table 4.1: Boundary conditions setup of the CFD simulation

Boundary Simulation setup
Stratum ventilation (ventilation)

SV air inlet 2.5m/s, 19 °C
SV air outlet 0 pa gauge pressure, 24 °C

VRF air-conditioning (air-conditioning)
VREF air inlet 1.7m/s, 13.5 °C
VRF air return 0 Pa gauge pressure, 24 °C

VRF-SV hybrid (ventilation + air-conditioning)

Supply air inlet 2.5m/s, 19 °C
Exhaust/Return air outlet 0 pa, gauge pressure
Ceiling/Floor/Walls Adiabatic walls
SV diffuser grille 19 °C (Adiabatic)
VRF terminal panel 13.5 °C (Adiabatic)
Plenum box 19 °C (Adiabatic)

4.4.3 Mesh Sensitivity Analysis

Due to the geometrical similarities between configurations 1 & 2, 3 & 4, and 5 & 6,
except their return/exhaust positions, the mesh independence tests were performed only
for configurations 1, 3, and 5 to discover the grids independent of mesh size for the
present study. The global mesh control using size function was used to generate the
mesh with greater control (Control., 2020). A very small element size was selected for
the SV/VRF supply and exhaust air terminals, due to their complex and delicate design

features. The rest of the fluid domain and boundary surfaces were then discretized with
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unstructured tetrahedral mesh elements of different qualities (coarse to fine) by varying
the elements and wall/surface sizes. As shown in Figure 4.4, the meshes generated are
highly unevenly characterized by higher cell density near walls and the locations, such
as in between the floor and ceiling, where more temperature and velocity gradients are
expected due to the thermal stratification. It is also based on the reason that the supply
airflow rate has a strong connection with the supply air momentum flux, which
significantly affects the vertical temperature gradient of the indoor environment from

floor to ceiling (Lin & Tsai, 2014).

Figure 4.4: A mid plane sectional view of the studied domain with uneven grid

The details of the grids used in domain discretization of configuration 5 are shown in
Table 4.2. Principally, in the grid independence studies, the mesh incremental step of
1.5 from the coarser mesh is usually considered for refining the mesh globally (Bhatia;
Control., 2020). However, this incremental step may not be feasible in cases where the
total number of grids are higher than 3 x 10° elements (Yau et al., 2018). It is because
the higher number of elements require greater computational time and power.
Therefore, to run the simulation uninterruptedly under computational limitations, a low
incremental step up to 1.07 is used in the current study to generate the refined mesh.
The mesh refining was continued until the volumetric average indoor temperature for
consecutive mesh sizes dropped below 0.01°C. The higher incremental step of 1.47 was

also used to super refine the Mesh- IV (Table 4.2) in order to assess the results accuracy
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and independency at very large number of grids. The consistency in the volumetric

mean of the space temperature values for successive mesh sizes led the authors to

consider the mesh independence at coarser mesh (Mesh- III), as seen in Figure 4.5.

Further analyses were performed using the selected mesh settings.

) ) Mesh Mesh Increment
Mesh Mesh Details and size
element nodes step
Global element
1.5m
size
I 29,546,967 5,620,305
Surface size
0.5m 1.07
(Wall)
Global element
0.5m
size
11 31,799,046 6,047,202
Surface size
(Wall) 0.1m
a
1.14
Global element
0.1m
size
111 36,513,027 6,850,217
Surface size
0.1m
(Wall)
Global element 1.03
0.05m
size
v 37,655,173 7,065,997
Surface size
0.1m
(Wall)
Global element
0.0lm 1.47
size
\Y 55,462,143 10,388,112
Surface size
0.1m
(Wall)

Table 4.2: The mesh details on grid independence study (configuration 5)
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(a)

(b)

(©)

Figure 4.5: Volumetric mean temperature at different grid sizes (a)
configuration 1 (b) configuration 3 (c¢) configuration 5
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4.5 Performance Evaluation Criteria

The only purpose of installing the ACMV system in space is to produce an
environment with acceptable thermal comfort and better IAQ. Thus, this study
investigates the performance of the different configurations of the combined system

using the following indicators:

1. Temperature field distribution

2. Airflow pattern

3. Energy utilization coefficient (EUC)

4. Quantitative assessment of the temperature and velocity

EUC is an energy performance coefficient used to evaluate the energy utilization
efficiency of air distribution systems (W. Liu, Lian, & Yao, 2008). It represents the
usefulness of energy utilization in air distribution to the occupied zone in order to
achieve an acceptable level of indoor thermal comfort (Ga, 1995). The zone from the
floor to 1.8m height and 0.15m distance from the side walls is considered as the
occupied zone (W. Liu et al., 2008). According to the definitions available in the
literature (Ga, 1995), the EUC is not only influenced by the condition of the air supplied
and extracted from the occupied zone, but also affected by the occupancy pattern and
the air distribution system configurations. Therefore, given the provided conditions for
designed configurations of the VRF-SV system, this index can be used to evaluate their
air distribution performances quantitatively. A high value of EUC indicates the efficient
use of energy by the air distribution system with an acceptable indoor environment. It

can mathematically be expressed as follows:
Ts

EUC=T‘1L

4.6
Toz_ Ts ( )
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where, Tuz, Toz, and Ts are the temperatures at unoccupied zone, occupied zone and

supply inlet respectively.

This equation could only be applied to the cooling mode. The Toz and Tu. values are
calculated by taking the volumetric mean temperature for the occupied and unoccupied
zones, respectively. The separate arbitrary volumes were created using volume by
surface method in the ANSYS post processing module. The rest of the volume of the

CFD domain was considered as the volume of the unoccupied zone.

For stratum ventilation, the thermal comfort is considered acceptable, when the
airflow velocity in the occupied zone is not more than 0.8m/s (Yao & Lin, 2014b). As
this study integrates the two advanced systems (i.e., SV and VRF), the need for the
performance judgment is crucial. The aforementioned three indicators can finely

evaluate the system performance in the designed configurations.

4.6 Results and Discussion

For the measurement of air temperature and velocity distribution, the evaluation
strategy put forward by Zheng et al., (2018) is adopted. Both the air temperature and
velocity are directly extracted on the contour planes. On the bases of these two

parameters the thermal comfort analyses are carried out for designed configurations.

4.6.1 CFD Model Validation

To validate the employed model, a small-scale experimental setup was established in
the current study as detailed in the previous section. Following the similar settings as
that in the simulations, the CFD predicted air velocities and temperatures are compared
with the experimental measurements. In general, the simulated air temperatures and
velocities have shown almost the similar profile variation as those of the experimentally

measured values (Figure 4.6). Nevertheless, some discrepancies were observed with
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temperature distribution at certain locations (as can be seen in Figure 4.6 (a) and (b)).
This may be due to some assumptions made in mimicking the retail shop in the

laboratory chamber, as already discussed in section 4.3.1.

The differences can also be attributed to the errors in measurement methods, which
includes the difficulties in maintaining the experimental boundaries in steady state and
the low accuracy of the measurement using a handheld anemometer device due to low
air velocities at certain locations (A. K. Melikov, Popiolek, Silva, Care, & Sefker,
2007). Similar findings have also been reported in other studies (Z. Lin, Tian, et al.,
2011; S. Zhang et al., 2019; Zheng et al., 2018). Those results are comparable with the
presented data with no consideration to specific geometry type. In this study, the mean
absolute deviations (MADs) of the air temperature and velocity values between the
simulated and the experimental measurements for configuration 5 are 0.2°C and 0.05
m/s, respectively. For configuration 6, the MADs are 0.02°C and 0.01 m/s. The highest
value of velocity and the lowest air temperature are observed at the height of 2 m from
the floor in both the CFD predictions and experiments. It is because of the good throw
performance obtained by the bar grille diffusers installed at 1.9 m height from the floor.
The large differences in velocity and temperature values are noticed at almost all the
locations (L - L11) near the floor and ceiling heights (y/H), which may be caused by the
reasons just discussed above. Overall, a satisfactory agreement between the predictions
and experimental results’ profile has been observed. Thus, the model adopted is

considered valid for further studies.
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(a)
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(b)

Figure 4.6: Comparison of experimental and simulated results for two
configurations (a) Configuration 5 (b) Configuration 6 (Note: L2 / LS are two
sampling lines) [y/H= Height from floor to ceiling]

4.6.2 Temperature Field Distribution

The thermal distribution within the studied domain is presented and compared
between configurations 1 and 2, configurations 3 and 4 and configurations 5 and 6.
These configurations are paired based on their similar design layouts, except for the

return air terminal position. The air temperature diffusion on the selected sectional

planes (X= 9.8 m, Y= 16.8m, Z= 0.9 m) is numerically illustrated in Figures 4.7, 4.8
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and 4.9. The supply air temperature for SV in all configurations is set to 19°C, as
recommended by (Morovat & Maerefat, 2013) and the refrigerant evaporating

temperature for the VRF cooling coil in configurations 1-4 is set to 13.5°C.

As shown in the Plane XZ in Figure 4.7(a), the temperature dips down more deeply
as compared to Figure 4.7(b), it is due to the low pressure at the ceiling exhaust terminal
in configuration 2. There is no significant change seen in the temperature stratification
for both of the configurations at plane XZ, except the colder air reaches a little far in
configuration 2 than in configuration 1. An obvious uniformity in temperature
distribution for configuration 1 can be seen on Plane XY. The temperature was slightly
lower at the bottom under the configuration 1. A poor thermal distribution performance
on all the planes in configurations 3 and 4 can be observed in Figures 4.8(a) and (b),
respectively. Both of these configurations employed floor-mounted console units. An
added plane at Y= 5 m is also created to illustrate the thermal field performance of these

units.

Figures 4.9 (a) and (b) captured the better thermal distribution performance rendered
by configurations 5 and 6, respectively. Both these designs supply the conditioned air
through the wall-mounted inlets, whereas, no separate VRF indoor terminal units were
employed. While comparing the performance, configuration 5 was found most efficient
amongst all in terms of uniform thermal distribution within the breathing zone of the
domain. To verify the thermal uniformity of the VRF-SV coupled design, the results of
this study can be compared with the studies under stratum ventilation in a variety of

environment (Z. Lin, Yao, et al., 2011; Yao & Lin, 2014b, 2014c).
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Y=16.8m

X=9.8m

(a) 7Z=0.9m (b)

Figure 4.7: The temperature distribution in the retail shop (a) configuration 1 (b)

configuration 2
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Y=16.8

Y=5m

X=9.8m

(a) 7=0.9m (b)

Figure 4.8: The temperature distribution in the retail shop (a) configuration 3
and (b) configuration 4
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Y=16.8m

X=9.8m

(a) 7=0.9m (b)

Figure 4.9: The temperature distribution in the retail shop (a) configuration 5
and (b) configuration 6
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4.6.3 Airflow Pattern

The airflow pattern created by different ventilation strategies has great impact on the
indoor thermal comfort (Tian, Lin, & Wang, 2011), therefore the indoor airflow under
designed configurations were extracted and shown in Figures 4.10, 4.11, and 4.12. The
sectional planes drawn in the previous section were used to study the airflow
distribution inside the retail shop. A similar fashion with respect to airflow pattern was
observed when compared to the configurations 1 & 2 and configurations 3 & 4, except
some eddies that are generated near the VRF indoor unit supply due to reversed airflow

towards return outlets.

As seen in Figures 4.10 and 4.11 (Plane XY), a strong airflow throw came into view
for both of the configurations. This was because of the good throw performance of the
bar grill diffuser with the desired face and terminal velocities. The Plane XZ in Figure
110 (b) showed the airflow direction moving upward after exiting the SV air supply.
This is due to the fact that exhausts were positioned on the ceiling in that configuration.
This air short-circuiting is avoided in configuration 5, using low-level wall mounted
exhaust terminals. The cooled air after exiting the SV supply air terminal went straight
towards the center and it then fell down due to gravity. This is why the airflow field in
the breathing zone was more stable and uniform within the specified range of wind
speed (Z. Lin, Yao, et al., 2011). Because of the shelves and occupants, several eddies
are formed in all the configurations. Overall, the mixing of the cooled supply air and
indoor air in the lower zone in configuration 5 was higher, that makes the occupied zone

more thermally comfortable (Zheng et al., 2018).
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Y=16.8m

X=9.8m

(a) Z=0.9m (b)

Figure 4.10: The airflow distribution in the retail shop (a) configuration 1 (b)
configuration 2
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Y=16.8

Y=5m

X=9.8m

(a) Z=0.9m (b)

Figure 4.11: The airflow distribution in the retail shop (a) configuration 3 (b)
configuration 4
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Y=16.8m

X=9.8m

(a) Z=0.9m (b)
Figure 4.12: The airflow distribution in the retail shop (a) configuration 5 (b)
configuration 6
4.6.4 Energy Utilization Coefficient (EUC)
The comparison of the EUC values for the studied configurations is given in Table

4.3. The supply temperature for configuration 1 to 4 is determined by taking the
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weighted average of the SV and VRF supply temperatures based on the volume of the
air supplied. Owing to its greater mixability, the heat exchange between the supplied air
and the air in the occupied zone found better in configuration 5. Though, configuration
1 gives a slightly higher value of EUC than configuration 5, but it does not provide a
uniform distribution of temperature and velocity in the entire breathing zone (as seen in
figures 4.7 and 4.10).

Table 4.3: The EUC values for studied configurations of the VRF-SV hybrid

system

S. No. Ts, °C Tuz, °C Toz, °C EUC
Configuration 1 15.47 22.95 22.87 1.01
Configuration 2 15.47 22.80 22.92 0.98
Configuration 3 15.47 21.24 21.52 0.95
Configuration 4 15.47 21.55 21.76 0.96
Configuration 5 19.00 21.34 21.36 0.99
Configuration 6 19.00 21.66 21.72 0.98

4.6.5 Quantitative Assessment

Considering the better outcome obtained with configuration 5, a detailed
investigation was also carried out to further examine its design suitability for large
tropical applications. For detailed analyses, the temperature and velocity distributions
are measured at 7 different locations (A-G) as shown in Figure 4.13. These locations are
marked randomly to obtain the results at every part of the studied domain. Few
locations were chosen near to the supply diffusers, whereas location C was selected at
the geometric center of the domain. Along the vertical lines drawn at these locations, 10
measuring heights at a distance of 0.27m each from the floor to the ceiling were points

to record the temperature values.
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Figure 4.13: Selected measuring locations (A-G) and their coordinates
Figure 4.14, delineated the indoor temperature distribution at described locations. A
positive thermal gradient between the head and foot level, a good temperature
stratification and a uniform temperature distribution of about 20.5°C - 21.7°C in the
occupied zone were observed. The temperature values in the entire zone found within

the ASHRAE comfort range.

Figure 4.14: Temperature distribution along vertical lines at selected locations
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The airflow movement was also recorded at these locations to evaluate the high draft
risk issue in the occupied zone. For configuration 5, the indoor air velocity values at
given locations within the breathing zone were also found under acceptable range as per
ASHRAE standards 55 (ASHRAE, 2020) (see Figure 4.15). The higher velocity values
of about 0.60 - 0.75 m/s were noticed at location G for the entire breathing height. The
airflow velocity within the occupied zone has not exceeded the value 0.8 m/s. This
ensures the high percentage of thermally satisfied people in the space due to the air

draft.

Figure 4.15: Airflow distribution along vertical lines at selected locations

4.7 Summary

The airflow performance of the VRF-SV hybrid system under different design
configurations was numerically studied for a large retail facility. Two ventilation
integration design strategies (i.e. coupled and decoupled) were adopted for an in-depth
understanding of the combined system performance. The decoupled design with
configurations 1 to 4 has provided a non-uniform temperature and velocity distribution
in the occupied zone, whereas the last two configurations served by the VRF-SV
coupled design shown that the thermal comfort can be uniformly realized in the entire

occupied zone. The results revealed from configurations 5 and 6 confirmed a good
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potential of the VRF-SV integrated design to be employed in large ACMV applications
in the tropics. Nonetheless, the excessive supply airflow should be avoided because it

may create a draught risk problem to the occupants near the supply locations.

The indoor air velocity was modest in the work zone of the retail facility and has not
exceeded 0.8 m/s throughout the zone, and thus, it complies with the standard ASHRAE
55-2020 (ASHRAE, 2020). The thermal gradient was found positive and under an
acceptable range between the head and foot level for standing occupants. Both the
simulation results and experimental assessment suggest that the thermal environment
created in the occupied zone by the VRF-SV integrated design can be treated as uniform

with energy saving potentials.
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CHAPTER 5: THERMAL COMFORT ASSESSMENT OF THE VRF-SV
HYBRID SYSTEM: CFD SIMULATIONS
5.1 Introduction
The variable refrigerant flow (VRF) air-conditioning system is a widely adopted
alternative to the existing building cooling systems due to the higher energy efficiency
and individualized temperature control feature. In the VRF system, the refrigerant is

modulated based on the capacity requirement, and thus, energy saving is achieved.

In previous chapter, the air distribution performance of the VRF-SV hybrid system
under different design configurations was numerically studied for a large retail facility.
The results revealed from configurations 5 and 6 confirmed a good potential of the

VRF-SV integrated design to be employed in large ACMV applications in the tropics.

To extend the research in this direction and thoroughly evaluate the performance of
the VRF-SV hybrid system the study in this chapter was aimed to numerically
investigate the thermal comfort performance of the selected configurations
(Configuration 5 and 6). Based on standard thermal comfort indices, the extended
performance of the selected configurations was evaluated. The parametric analyses were
also carried out to investigate the effect of varying indoor design conditions on the

combined system capacity.

5.2 Thermal Comfort Assessment: CFD Simulations
5.2.1 Physical Models of the Studied Domain

The present study investigated different design configurations of the VRF-SV hybrid
system for a large retail shop in the tropics. Figure 5.1 illustrates the typical design
configurations with coupled, decoupled and fully integrated methods. A series of
numerical simulations were conducted using all the designed configurations to obtain

sufficient information for evaluation of thermal comfort standards.
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(a)

(b)

Figure 5.1: CFD model of the VRF-SV system (a) fully integrated approach (b)
decoupled or coupled approach

5.2.2 Governing Equations

The temperature and airflow field distributions in the studied domains are governed
by the conservation laws of mass, momentum and energy. The momentum equation is
solved by inducing the buoyancy effect, whereas the air density is treated as
incompressible, obeying the ideal gas law. The mathematical models for these three
laws (as expressed in section 4.4.1) are solved in this study using a commercially

available CFD program, ANSYS fluent.
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5.2.2.1 Mathematical Model

The RNG k-€ model is employed in the numerical simulations in this study. This
model is a variant of the standard k-e model and is derived using the renormalization
group (RNG) theory. This model has an additional term in the € equation, which further
refines the accuracy of the solution. The effect of swirling in the turbulent flow is also
included in this model (Kubicek et al., 2009). The transport equations for the RNG k-€

model can be defined as,

— (Pk) t o (Pkul) = a_X(akUeffa ) + Gx + G, — pe — Yy + Sk (5.1)

P (pe) + (pqll) = (aGUeffa ) + Cle Kk (Gk + C3eGb) C2€p Kk Re + Se

(5.2)

The values for constant terms used in the RNG k-e model are given as follows:

Cie = 1.42,Cy = 1.68,C,, = 0.0845,0y = 6, = 1.39,0, = 0.85

5.2.3 Numerical Scheme and Boundary Conditions Setup

In this research, the turbulence k-¢ (2-equation) model was applied to predict indoor
airflow distribution. The governing equations have been discretized using a second-
order upwind scheme with the SIMPLE algorithm. A standard wall function was
employed in the present study to obtain the flow properties near-wall region. The
Boussinesq model was used in studying the buoyancy effect. The solution was
considered converged when the residual values reached 107 except for the energy
residual, which was set at 10°. Simulations were carried out using two workstations.

Each specifies with Intel Xeon(R) CPU E3-1240 v5 3.5 GHz processor, 32GB RAM,
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Windows 7 Professional 64-bit operating system that required roughly 48 h to 96 h to
reach the solution completion for the generated grids. To evaluate the thermal comfort
indices, a user defined function (UDF) code was written and compiled with the
commercial CFD program, Ansys Fluent (Ansys, 2015). The UDF code written for this

study is presented in appendix G of this thesis.

To produce meaningful results and to set up the fluent program, a proper set of
boundary conditions was finalized, which can be found in Table 5.1. Further details of

the CFD simulations are same as presented in Chapter 4.

Table 5.1: Boundary conditions setup for the CFD simulation

Boundary Simulation setup
SV supply air 2.5m/s, 19 °C (fully-integrated
inlet )
VRF terminal 2.7m/s, 16 °C
inlet (coupled/decoupled)
Exhaust air 0 pa, gauge pressure, 24°C
outlet
Equipment load 64.54 W/m?
Lighting load 1514.8 W/m?
Nostrils 0.00672 Kg/s, 34°C
Shelves 25.0 °C, surface temp
Human body Constant energy source
Ceiling/Floor/W Adiabatic walls
alls
SV diffuser 19 °C (Adiabatic)
grille
Plenum box 19 °C (Adiabatic)

5.2.4 Experimental Setup for Validation Study
The experiments were carried out in the air terminal testing laboratory located at the

core of a building in Prudentaire engineering, Kuala Lumpur, Malaysia. A small scale
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simplified model was set up in the laboratory to resemble a portion of the CFD model of
the retail shop with dimensions 6 m (L) x 5.4 m (W) x 2.74 m (H). Similar experimental
methods was adopted in this study for the validation of simulation results as presented

in details in the previous chapter.

5.2.5 Evaluation Criteria

The functional performance of an HVAC system can be judged through the provided
thermal comfort, IAQ and power consumption. Thermal comfort is evaluated by the
thermal field distribution and effective draft temperature (EDT). The EDT for stratum
ventilation was already developed by Zhang Lin (2011), which is calculated using
Equation 5.3. For IAQ, the most effective evaluating parameter is the mean age of air in
the conditioned environment. The system’s power consumption is directly related to the
ventilation rate required and the room temperature distribution. Thus, to thoroughly
investigate the thermal comfort performance of the combined system, the following
parameters are evaluated by incorporating user-defined functions (UDF) into the CFD

program, Ansys Fluent.

» Thermal field distribution

» Airflow pattern

= EDT

* Predicted mean vote (PMV)

= Percentage dissatisfied due to draft (PD)
= Mean age of air

= Carbon dioxide (CO2 concentration)

The EDT equation developed for stratum ventilation is mentioned here as (Z. Lin,

2011),
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Bear = (Tx = T.) — (O — 1,1); —1.2K < B4 < 1.2K (5.3)

where,

B4t = effective draft temperature for SV, K

Ty = local air DBT, °C

T, = Room air average DBT, °C

94 = Local air centerline velocity, m/s

5.3 Results and Discussion

5.3.1 Validation of the Numerical Model

This study utilized the RNG k-¢ turbulence model for numerical simulations of the
studied cases. This model has been extensively verified and validated for stratum
ventilation in a variety of environments (Z. Lin, 2011; Z. Lin, Tian, et al., 2011; T. Liu,
Liu, Li, & Zuo, 2015; T. Yao & Z. Lin, 2014a). In this study, it is further validated for
the studied cases. Limited by length, only few results obtained through experiments and
simulation in a fully integrated design are compared. Figure 5.2 demonstrates the
validity of the numerical model by comparing the results in terms of velocity and
temperature at the selected locations. The slight disagreement between the experimental
and simulated values at different line locations is maybe due to the measurements
performed using a handheld anemometer device. However, the overall trend between
both of these approaches seems uniform; thus, the model was considered to be used for

detailed simulations studies.
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(a) (b)

Figure 5.2: Experimental validation of the CFD results at measuring line
locations (at 1.1m height) (a) Temperature comparison (b) Velocity comparison

53.2 Temperature Field Distribution

Figure 5.3 shows the temperature field distribution on the sectional planes of A, B
and C at Z=2m, Y=1.02, and X=9.65m, respectively. The temperature in the lower or
occupied zone is significantly lower than the unoccupied zone of the case study
building. A reverse thermal gradient is also noticed within the occupied zone. The lower
temperature is seen at the head level and a bit higher at the foot level, which prevents
the occupants from thermal discomfort (Tian et al., 2011). The temperature contour at
plane C shows that the supply air reaches the central part of the space, thus reduces the
zone temperature to 22.15°C, which also justifies the suitability of the VRF-SV system

for large applications.
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Figure 5.3: Temperature distribution in the retail shop (K)

5.3.3 Airflow Pattern

The air velocity could be a key factor for human thermal comfort assessment in
indoor spaces. For good thermal comfort, the mean value of the air speed should not be
greater than 0.15m/s in the entire breathing zone. Due to the elevated supply
temperature in SV, this limit is further relaxed to 0.8m/s (Z. Lin, Yao, et al., 2011).
Therefore, the airflow field distribution on the above mentioned three planes in the retail
shop is presented in Figure 5.4. After exiting the VRF-SV supply air terminal, the
cooled air went straight towards the centre of the domain then dipped down due to
gravity. This is why the airflow field in the breathing zone was more stable and uniform
within the acceptable range of wind speed. Overall, the mixing of the cooled supply air

and indoor air at the lower zone was higher.

94



Figure 5.4: Airflow distribution in the retail shop (m/s)
5.3.4 Effective Draft Temperature for SV

The effective draft temperature (EDT) distribution in this chapter is determined using
the formula developed by Zhang et al., (2011). The good thermal stratification with the
VRF-SV system created a lower EDT in the occupied region than that of the upper
zone, as seen in Figure 5.5. The largest values of the EDT occur near the supply jets due
to the elevated face velocity in the VRF-SV system. Therefore, the selection and

positioning of the supply terminals should be planned carefully.
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Figure 5.5: EDT distribution in the retail shop (K)
5.3.5 Predicted Mean Vote (PMYV)

The PMV value represents the mean value of the votes of a group of people (0.6
clothing insulation) in the thermal environment on seven scale points between 3(Hot)
and -3(Cold). While the midst 0 represents the thermal neutral condition. Except for the
zones near the supply jets, as shown in plane A (Figure 5.6), the overall occupied zone
comes between -0.5 to 0.5 scale. Thus, good occupant satisfaction was observed in the

occupied region with the VRF-SV system.
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Figure 5.6: PMYV distribution in the retail shop (standard scale)
5.3.6 Percentage of Dissatisfied People Due To Draft (PPD)

According to the CR-1752 1998, the PPD for a class C indoor thermal environment
must not be greater than 25% (Z. Lin, 2011). Figure 5.7 shows the values at different
planes, and all come under the acceptable range except for some locations near the
supply diffusers. The PPD forms a direct relationship with the supply air velocity: the
lower the velocity value, the more insignificant the percentage of the PPD. Even on
plane A (supply plane), the PPD values are less than 25% in most regions, thus

satisfying the performance of the VRF-SV system in the large domain.
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Figure 5.7: PPD distribution in the retail shop (%)
5.3.7 Local Mean Age of Air

The local mean age values for the indoor air is illustrated in Figure 5.8. The supply
air is younger near the inlet and older at the center of the domain. The mean age of air is
around 165 seconds at the retail entrance where supply air is not reaching properly.
Between 90 to 150 seconds, the local mean age is observed within the entire occupied
space, which also validates the IAQ performance of the VRF-SV system in large

domains.
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Figure 5.8: Mean age of air distribution in the retail shop (second)
5.3.8 Carbon Dioxide (CO:) Concentration

The CO2 concentration in the retail shop is shown in Figure 5.9. The initial CO2
concentration in the retail shop was 385ppm, and the concentration in the supply air was
382ppm. The COz2 breath out by each occupant within the domain was 36000ppm. The
lower value of CO2 concentration is seen in the breathing zone while on the plane near

the head level of the occupants and near the supply air jet, the CO2 was higher.

Figure 5.9: CO:; concentration in the retail shop (Mass fraction)
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5.4 Validity of the CFD Results

To validate the CFD results presented, this study was compared with a relevant
study (Z. Lin, Yao, et al., 2011). Limited by length, the comparisons were made only for
airflow pattern and temperature distributions. Figure 5.10 (a) and (b) show the airflow
pattern generated under this study and the reference study, respectively. The contours of
these two parameters were generated on a vertical sectional plane (normal to the supply
diffuser) for both studies. The velocity distribution on both of the contours was similar.
However, higher velocity values were seen at some locations in the VRF-SV system, as
seen in Figure 5.10(a). This is because of the higher airflow rate at the supply inlet. The
similar results were also seen for the temperature distribution contours in this study and
the reference study, as shown in Figures 5.11 (a) and (b), respectively. Due to the low
supply air temperature, i.e. 19°C (292.15 K) in this study, the temperature values at

most locations are lower than the values found in the reference study.

Figure 5.10: Comparative analyses of the airflow distribution on the vertical
plane (a) VRF-SV system in retail shop (b) SV system in classroom
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Figure 5.11: Comparative analyses of temperature distribution on the vertical
plane (a) VRF-SV system in retail shop (b) SV system in classroom

5.5 Summary

Compared with the so-called stratum ventilation (SV), the opposite walls supply and
low-level exhaust return configuration of the VRF-SV system in large retail shops
provided better performance in terms of all thermal comfort indicators. The acceptable
range of the air velocity (less than 0.8m/s) was seen in the occupied space. Further
investigations revealed that, with a fully integrated design approach, a horizontal air jet
at the head level, a slight and reverse thermal gradient between the head and foot levels
(AT1.5-01=-2.85°C), and a low percentage of thermally dissatisfied people (<25%) were
noticed. Compared with the limitations of the stratum ventilation system designed for
small-to-medium spaces only, the VRF-SV hybrid system was found suitable for even
large tropical applications. Considering the energy-efficient design, increased IAQ and
enhanced thermal comfort performance, the VRF-SV hybrid system has a great

potential to be employed in large tropical buildings.
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CHAPTER 6: EFFECTS OF AIR SUPPLY TERMINAL DEVICES ON THE
PERFORMANCE OF VARIABLE REFRIGERANT FLOW INTEGRATED
STRATUM VENTILATION SYSTEM: AN EXPERIMENTAL STUDY

6.1 Introduction

Increasing concerns about high indoor air quality (IAQ) and excessive energy use in
built environments (Baglivo, 2021; Ejaz, Jamil, & Ali, 2022) demand continuous
development of efficient air conditioning and mechanical ventilation (ACMYV) systems.
ACMYV systems in buildings are utilized to remove excess heat from indoor spaces and
to replace polluted indoor air with fresh outdoor air. As the major shareholder of a
building’s energy consumption, an ACMV system is comprised of two different
systems: the air conditioning system and the mechanical ventilation system (H. Chen,

2014).

The literature study revealed that airflow patterns generated by ACMV systems have
a huge impact on room [IAQ and occupant TC (Nada, El-Batsh, Elattar, & Ali, 2016;
Y.H. Yau, K.S. Poh, & Badarudin, 2018). Furthermore, the airflow pattern in a room is
driven by many factors, such as the ASTD type and number, position layout, building
envelope, flowrate and temperature of the supply air (Z. Lin, Chow, Tsang, Fong, &
Chan, 2005; Said et al., 2021; Sui & Zhang, 2012a). A great deal of research work has
been carried out to investigate the impact of the geometry of the air terminal devices on
the airflow pattern (Szczepanik-Scislo & Schnotale, 2020). Nielsen (Nielsen, 2000)
worked on the airflow distribution in a room to ensure the occupants’ thermal comfort.
The findings concluded that the room airflow pattern, originated through an air terminal
device, influenced thermal comfort significantly. A similar study was performed by
Kalmar (2015) under personalized ventilation using different types of ASTDs. The
results suggested that the adaptation of different geometries for ASTDs improved the

thermal conditions of the ventilated zone. Hu (Hu, 2003) investigated the airflow
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characteristics of the vortex diffuser using experimental and numerical methods. The
study revealed that the flow pattern near the diffuser was 3-dimensional and highly
turbulent. It also showed that a vortex diffuser had a higher room entrainment ratio than
a circular type multi-cone diffuser. Entrainment ratio is a jet characteristic, commonly
used to evaluate the airflow throw from the diffuser face (Zhivov et al., 2001). In
another study, Nastase et al., (2011), using the mixing ventilation method, compared a
lobed grille with a standard grille. They found that the lobed grille provided better
airflow distribution, and thus improved indoor thermal comfort. Other studies reported
the impacts of lip and blade angles of different types of diffusers on the room airflow

pattern (Sajadi, Saidi, & Mohebbian, 2011; Sun & Smith, 2005).

The studies reviewed above highlighted the importance of the ASTD type on the air
distribution performance of the ACMV systems. Furthermore, ASTDs are usually
selected based on jet throw data provided by the diffuser manufacturers. The
manufacturers collect the data by treating the uniform jet outflow from the diffuser.
However, the air jet flows from the diffuser are affected by many factors. In most cases,
the diffusers are connected to the ventilation duct by plenum boxes (Villafruela, Sierra-
Pallares, Castro, Alvaro, & Santiago-Casado, 2018) installed above the suspended
ceilings or outside of the side walls, depending on type of the diffuser applied. Plenum
boxes are designed with top, bottom or side collars for air supply inflow (Smoljan,
Balen, & Hr, 2010). For ceiling-mounted diffusers, the air outflow from the diffuser
created better room entrainment when the collar was attached at the top surface of the
plenum box compared to when the collar was at the side surfaces. This was due to the
creation of large numbers of air vortices in the plenum box with side collar orientation;
they provided a uniform jet throw. However, the selection of the plenum and the collar
orientation is usually performed by looking at the installation space, which may affect

the uniformity of the jet outflow (Smoljan et al., 2010).
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To the best of authors’ knowledge, only very limited studies on the effects of ASTD
types, geometry and layouts exist in the open literature for SV air distribution system
(Ting Yao & Lin, 2014; T. Yao & Z. Lin, 2014a; Yong CHENG, Zhang LIN, Weiqin
WU, & YAO, 2014; H. Zhao, Liu, & Zuo, 2015). No study found conducted research on
the effects of ASTD on air distribution performance when SV was combined with a
VREF system. This research was therefore designed with an aim to investigate the effects
of different types of ASTDs on the performance of a novel VRF-SV hybrid system.
This research had two main objectives. The first objective was to study the impacts of
top, side and bottom orientations of plenum collars on jet outflows from the ASTD. In
the second objective, the effects of five different types of ASTDs on the thermal
comfort and air distribution performances of the VRF-SV hybrid system were
investigated. Additionally, quantitative analyses of the hybrid system’s effective draft
temperature (EDT) and air distribution performance indices (ADPI) of the five ASTDs
were formulated. For the visualization of flow pattern driven by the selected ASTDs,
smoke tests were carried out. Thermal sensation votes and comfort surveys were also

conducted with different types of ASTDs installed in a meeting room environment.

6.2 Selection of Air Supply Terminal Devices (ASTDs)

In total, five types of commonly used air supply terminal devices were studied. These
are all shown in Figure 6.1. Different cases with these air terminal devices were studied
under constant airflow rate. Considering the fact that exhaust terminal type had an
insignificant impact on the airflow pattern (T. Yao & Z. Lin, 2014a), the bar grille
diffuser was used as an exhaust terminal in all studied cases. The supply air terminals
were installed on the side wall at 1.9 m height and the return/exhaust terminal at 0.33 m
height from floor. These heights were selected based on the design guidelines devised
for the stratum ventilation system (Z. Lin, Yao, et al., 2011). The indoor design

temperature and the walls’ internal temperatures were all set to 26 °C, which were
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strictly monitored and adjusted by the locally installed thermal sensor (room
thermostat). The detailed experimental parameters and the diffusers’ dimensions are

shown in Table 6.1.

(a) (b)

(©) (d)

(e)

Figure 6.1: Types of supply air terminals: (a) bar grille (b) perforated diffuser
(c) double deflection grille (d) drum louver and (e) jet slot diffuser

Table 6.1: Details of the initial/boundary parameters

Suppl Room
Diffuser Size PPy
Case Diffuser Type Airflow Rate| Témperature | Temperature
(mm)
0 0
1 Bar grille diffuser 500 x 300 | 0.25m%s | 18.7+0.3 26.0+0.1
2 Perforated diffuser 500 x 300 | 0.25m%s | 18.5+0.2 26.0+0.2

3 Double deflection grille | 500 x 300 | 0.25m%s | 18.5+0.1 26.0+0.1

4 Drum louver diffuser | 500 x 300 | 0.25m’s | 18.8+0.3 26.0+0.1

5 Jet slot diffuser 1000 x 135 | 0.25m’/s 19.0+0.1 26.0+0.1
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6.3 Experimentations

To investigate the effects of ASTDs installed with the novel VRF-SV hybrid system,
the experiments were carried out in an air diffuser testing laboratory at Prudentaire
Engineering Private Ltd. (Malaysia). The laboratory was located at the core of a
building with no boundary wall exposed to solar radiation. Thus, the walls’ internal
surface temperatures were controlled by adjusting the surrounding ambient temperature
to the same value, i.e., 26 °C (room design temperature), so that the adiabatic condition
was achieved with no heat flow in and out of the testing chamber. The laboratory was
6.0 m in length, 54 m in width and 2.74 m in height. The plenum box collar
orientations, experimental chamber and air conditioning system setup are shown in
Figure 6.2. Prior to starting experimentation, the heat load of the laboratory was

measured; the calculated details are shown in Table 6.2.

Front collar

plenum

N

Bottom collar

plenum

Top collar
plenum

Figure 6.2: Experimental chamber setup and plenum boxes with front, bottom
and top collar orientation
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Table 6.2: Calculated thermal Load

Other Heat Sources

Entity People
Computer| Equipment| Lighting
70 W
Testing chamber
=2 x 70
(for ASTD testing)
Heat =140 2x90=
500 w 100 W
Load 0W 180 W
Meeting Room
(6 . ) =10x70
or comfort surve
Y =700

In the air distribution side of the VRF-SV system, an insulated flexible duct of
diameter 200 mm was attached to the oval-shaped collar of the plenum box. The plenum
box was sized as per the geometry of the ASTD type. A smoke generator was also
employed to visualize the airflow pattern. The smoke was supplied into the flexible duct
after controlling the flowrate through the VAV damper. To comply with the principle of
comparison, all the cases were investigated under similar settings.

6.3.1 Measurement Methods and Equipment

Detailed environmental conditions of the laboratory were measured before the actual
testing started. The temperatures of all the internal surfaces were checked using the
HANNA HI 147-00 surface temperature measuring tool. The airflow rate at room level,
at the face of the ASTD was measured and monitored by ZTH-VAYV belimo device. The
Alnor 440-A hot wire anemometer (seen in Figure 6.3) was used to measure the indoor
temperature at different locations for the determination of the room average. The
accuracy of the anemometer was £0.3 °C for temperature, 0.015 m/s for velocity and
+3% for relative humidity (RH). The actual measurements were taken every 1 h after
the VRF began delivering air at full fan capacity with a fluctuation of less than 5%. At
the 4th hour of fan operation, the room achieved steady-state condition, when the mean
air temperatures at the supply inlet, return outlet, and at the center of the room did not

exceed more than 1 °C wvariation. The difference in the room’s internal surface
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temperatures was also recorded below 0.1 °C during that period. This was all done to
make the environment behave as nearly isothermally as possible. The experimental

setup in the testing chamber and the measuring line locations are shown in Figure 6.4.

(a) (b) (c)

Figure 6.3: (a) Alnor 440-A hot wire anemometer (b) HANNA HI 147-00 surface
temperature measuring tool (c) ZTH-VAYV belimo pressure adjustment device

Air supply terminal device

(a) Return grille (b)

Figure 6.4: (a) Experimentation in the testing chamber (b) The layout and
measurement locations.
6.4 Evaluation Criteria

This study investigated the performance of different air distribution terminals

(ASTDs) using the following indices:

» Temperature field distribution
»  Velocity distribution
» Airflow throw

= Effective draft temperature (EDT) and air distribution performance index (ADPI)
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= Airflow pattern
» Thermal sensation and comfort feedback

Koestel and Tuve investigated the effects of airflow velocity and temperature on
human thermal comfort. They also defined the air draft (Effective Draft) as any
localized feeling of coldness or warmth on any part of the body caused by the combined
effect of air velocity and temperature, while the humidity and radiation remained
constant. To determine the effective draft temperature (EDT, 0edt) for stratum

ventilation, Lin et al. (Z. Lin, 2011) developed an equation, shown as Equation (6.1).

Bear = (Tx — To) — (Vx — 1.1) (6.1)
where,

0.4t = Effective draft temperature, K

T, = Local air DB temperature, °C

T. = Mean DB temperature of the room, °C

V, = Local air stream speed, m/s

For stratum ventilation air distribution, the ranges defined for good and satisfactory
thermal comfort conditions at velocity <0.8 m/s were —0.6 k < 8.4, < 0.6 K and —1.2 K<
8.0 < 1.2 K, respectively. The ADPI was defined in percentages, in which the
measurements taken in an occupied space where the effective draft temperature found
within the range mentioned above to the measurements taken in total. The most
desirable condition for an efficient air distribution system occurs if the ADPI
approaches 100%, whereas the ADPI must not be less than 80% in a good air
distribution system (S. Liu & Novoselac, 2015). The expression for ADPI is given

below,

(Ng X 100)

ADPI(%) = ~

(6.2)
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where,
0.4t = Effective draft temperature, K,
Ng = Points measured in the occupied space that falls within —1.2 K< 0,4; < 1.2 K,

N = Total points measured in the occupied space.

The laboratory chamber was converted into the meeting room to conduct the thermal
sensation and comfort survey, as shown in Figure 6.5. The thermal load calculated for
the meeting room was presented earlier (Table 6.2). A total of 10 subjects (4 female and
6 male) were formally hired for the survey-based tests in order to investigate the effects
of ASTDs on human thermal sensation and comfort. All those subjects were from the
office staff and were young and healthy. They were all active in the discussion during
the meeting and did not do any tiring activity before the experiments started. The tests
were conducted during their break hours and took around 2 weeks for complete data
collection. The subjects all wore short or long-sleeved thin cotton shirts and trousers,
with a clothing value limited to 0.5 clo (0.078 m? K/W). Considering the meeting room
environment with discussion process going on, the activity level chosen was 1.2 met.
The complete anthropometric description of the subjects is presented in Table 6.3. On
average, 30 minutes after establishing the steady state conditions in the meeting room,
the experiments were conducted for selected ASTDs. The survey was completed by
adopting a questionnaire (Appendix A) containing two questions based on the
ASHRAE’s 7-point scale thermal sensation vote (TSV) and thermal comfort vote

(TCV), as mentioned in Table 6.4.
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Figure 6.5: Meeting room environment

Table 6.3: Details of the experimental parameters

Female (n =4) Male (n = 6) Total (n =10)
Index
Mean + SD Range Mean + SD Range Mean + SD Range
Age 279
26.5+2.0 25-30 28.8+2.8] 25-33 25-33
(years) +2.8
Height 1.62
1.55+0.04 1.5-1.62] 1.67+0.08[ 1.62—1.81 1.5-1.8
(m) +0.08
Body 62.5
57+ 1.4 55-58] 66.2+9.00 51-78 51-78
mass (kg) +8.3
BMI * 23.63
23.55+1.5| 21.5-25.8 23.7+29| 18.7-27.1 18.7-27.1
(kg/m?) +2.4
BSA ** 1.68
1.57+0.02 1.55-1.6 1.75+0.1f 1.53-1.94 1.53-1.94
(m?) +0.1

* Body mass index (BMI) = (W/H?) x 104.

** Body surface area (BSA) = (W0.425 x H0.725) x 0.007184
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Table 6.4: Details of the experimental parameters

TSV scale Meaning TCV Scale | Meaning
-3 Cold 0 Comfortable
-2 Cool +1 Slightly uncomfortable
-1 Slightly cool +2 Uncomfortable
0 Neutral +3 Very uncomfortable
+1 Slightly warm
+2 Warm
+3 Hot
6.5 Bias Uncertainty Analysis

Bias uncertainty analysis, sometimes known as error analysis, is a statistical
technique used to evaluate the amount of uncertainty present in any experimental data.
The bias uncertainty (Ax) is the deviation of the measured value from the true value and
calculated using Equation (6.3) (Y. H. Yau, K. S. Poh, & A. Badarudin, 2018a).

R
2

AX = (6.3)

where R is the range and can be determined by taking difference between

maximum and minimum values of the experimental data (x).

R= Xmax — Xmin (64)
The uncertainty between measured and true value can then be converted into

percentage uncertainty using Equation (6.5).

Percentage uncertainty (%) = (% %X 100) (6.5)

where X is the mean of the measured values for single experimental reading.
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The bias uncertainty analyses performed for the current study are presented in Table
B.1 (Appendix B). Restricted by the table length and width, the analysis was carried out
for two height locations (0.6 m and 1.1 m from the ground). The errors found in the
velocity and temperature measurements indicated that the uncertainty was there in the
collected data. However, the primary aim of this study was to evaluate the effects of
ASTDs on the VRF-SV system performance, so high precision in the collected data was
not the authors’ objective. Moreover, the data were collected at multiple locations in the
room and at different heights using a handheld measurement device. Therefore, bias
uncertainty analysis was essential to check the acceptability of the error present in the
collected data. The percentage uncertainty in the mean airflow velocity (as seen in Table
B.1) was in the range of 8.47% to 108.33% in the case with a bar grille, 9.61% to
95.45% in the case with double deflection grille, 11.53% to 150% with the perforated
diffuser case, 10.29% to 150% with the drum louver diffuser and 0% to 150% for the jet
slot diffuser case. The higher percentage of error in the collected data may be due to the
low airflow rate at the measuring locations, as Hashemian et al. (H. M. Hashemian, M.
Hashemian, & Riggsbee, 1995) determined that the low air velocity (<0.5 m/s)

significantly reduced the sensitivity.

The bias uncertainties calculated for temperature distributions at the measuring
locations were in the range of 0—0.85%, 0-7.51%, 0-7.44%, 0—1.39% and 0-1.29% for
the cases with bar grille, double deflection grille, perforated, drum louver and jet slot
diffusers, respectively. As seen in Table B.1, the bias uncertainty for all the diffuser
types was relatively insignificant. This may have been due to the more uniform
temperature distribution compared to the velocity distribution within the breathing zone.
However, these results suggested that low to high numbers of uncertainties were present

during field work measurements for all types of ASTDs.
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6.6 Results and Discussion
6.6.1 Effect of the Plenum Collar Orientation on Jet Outflow

As seen in Figure 6.6, the temperature and velocity distributions showed similar
patterns with front, top and bottom collar orientations at heights 0.1 m and 1.9 m from
the floor. This indicated that different types of collar orientation did not greatly
influence the regions near the floor and at the diffusers’ mid-level heights. Moreover,
the highest deviation in velocity values was noted with a front orientation at location 4,
which was around 33.3% and 50.0% higher than the top and bottom orientations,
respectively. Similarly, a maximum of 1 °C temperature difference was observed
throughout the measurement locations. However, at height y/H = 0.6 m and 1.1 m, a
non-uniform distribution of temperature and velocities was seen. The lowest
temperature of about 21.8 °C was recorded at location L4 (at 0.6 m height) with the
bottom orientation of the plenum collar. In terms of velocity distribution, the highest
deviation recorded for the case with the front collar was at location L7, which is about
0.12-0.45 m/s higher than the top collar and 0.16—0.5 m/s higher than the bottom collar
orientations. Similar results can also be found in reference (Halibart, Zwolinska,
Borowski, & Jaszczur, 2021) for the top and side entries of the plenum box. Therefore,
based on the obtained results, front collar orientation was considered in this study to

investigate the effects of ASTDs on the performance of the VRF-SV hybrid system.
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y/H=0.6m
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y/H=1.9m

Figure 6.6: Comparison of temperature and velocity values for different
orientations of the flexible duct collar along measured locations at heights 0.1, 0.6,
1.1 and 1.9 m from the floor

6.6.2 Effect of ASTDs on Air Distribution Performance
6.6.2.1 Effect on Temperature Field Distribution

Figure 6.7 (a) and (b) shows the temperature field distribution at different positions
(L1 to L7) at heights of 0.6 and 1.1 m, respectively. The higher temperature values of
22.8 °C to 24.8 °C were recorded at all the locations for the jet slot diffuser,
demonstrating the unsuitability of these types of diffusers in VRF integrated stratum
ventilation systems. Its poor performance may have been due to the horizontal
installation on the sidewall. The lowest temperature by these ASTDs was observed with
the perforated type diffuser at location L1 at the measured heights. After exiting the
supply inlet in the perforated diffuser, the air dipped down deeply into the room with
very low entrainment and momentum. It could be a reason for the lowest temperature
values of about 21.5 °C and 21.28 °C observed at the measuring heights at location L1.
However, at all other locations and on both the measuring heights, temperature ranges
of about 21.5-23.4 °C, 21.2-23.3 °C and 22.3-23.5 °C were noted for the drum louver
diffuser, double deflection grille and bar grille diffuser, respectively. Moreover, the bar

grille diffuser showed uniform temperature distribution at all locations. The value

116



fluctuated at about 22.5 °C, except location L4 at height 1.1 m, where the maximum

deviation was 1 °C from the mean.

()

(b)

Figure 6.7: Temperature distribution at Positions L1 to L7 at the height of (a)
0.6 m and (b) 1.1 m from the floor
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6.6.2.2 Effect on Velocity Distribution

The higher velocity value of >0.1 m/s was seen with a double deflection grille at 0.6
m and 1.1 m heights at location L1, as shown in Figure 6.8. All other ASTDs showed
lower values at this location, especially in the case with the drum louver diffuser, where
the velocity at height 1.1m at location L6 was measured highest, about 0.7 m/s. Due to
the low velocity values at all the locations and poor airflow distributions by the
perforated and jet slot diffusers, both were found unsuitable for VRF-SV hybrid system
applications. However, for other terminals, the effects of ASTDs on the VRF-SV
system performance in terms of velocity distribution was found to be less influential. It
was similar for all measuring locations except L6 and L7, where the deviations recorded
were 0.03-0.5 m/s and 0.01-0.46 m/s, respectively. Therefore, any of the remaining
three diffuser types can be installed with the VRF-SV hybrid system to obtain more

uniform airflow distribution.

(a)
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(b)

Figure 6.8: Velocity distribution at Positions L1 to L7 at the height of (a) 0.6 m
and (b) 1.1 m from the floor

6.6.2.3 Effect on Airflow Throw

To further explore the effects of ASTDs, Figure 6.9 presents the airflow throw
analyses for all the studied terminals. The measuring height selected for diffusers’ throw
analysis was 1.9 m from the floor. It was at the mid-height of the ASTD. The airflow
through different diffusers was measured at five different locations. These locations
were in front of the supply terminals in the throw direction. The skewedness in the case
with the jet slot diffuser at a 2 m distance from the diffuser face was due to the uneven
airflow from the jet slot diffuser. Air velocity at the diffuser center was low (<0.1 m/s)
and it was higher at both ends (>0.1 m/s). For double deflection grille, bar grille and
drum louvre diffuser, the jet of air decayed proportionally to the distance from the
diffuser. Among them, the airflow velocity of the double deflection grille case decayed
most rapidly at a distance of about 3 m from the grille face. In case of bar grille diffuser,
the jet of air almost vanished after 3m distance from the diffuser face. However, with

double deflection grille the jet of air lasted for 5 m distance from the diffuser face.
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Furthermore, the air jet through the drum louver diffuser also reached the same distance
achieved by the double deflection grille with even low face velocity than the former.
Therefore, these diffusers, i.e., bar grille, perforated diffuser, double deflection grille

and drum louver diffuser, were further investigated for smoke test analyses.

Figure 6.9: Comparison of airflow throw from different diffusers

6.6.24 Effect on EDT and ADPI

Equation (6.1) determined the EDT for VRF-SV hybrid system using selected
ASTDs, at different heights of 0.1, 0.6, 1.1 and 1.9 m from the floor. Limited by length,
only the values at 0.6 and 1.1m heights were presented, as seen in Figure 6.10. All the
EDT values of the bar grille case were found within the acceptable range of —1.2 k < Qedt
< 1.2 K, except one value (1.3 K) at line location 4 and height 1.1m found out of the
acceptable range. Most of the EDT values for the four diffusers (bar grille, perforated,
double deflection and drum louver) were found within the acceptable limits defined in
ASHRAE standards. However, the EDT values of the jet slot diffuser case were all
found to be out of the specified limits. This may have been due to improper distribution

of temperature and velocity by this type of diffuser. Based on the calculated values, the
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ADPI for all the ASTDs were determined, as presented in Table 6.5. In order to
properly distribute the temperature and airflow velocity and to comply with the
ASHRAE thermal comfort standards, the ADPI value must not be lower than 80% in
summer conditions ("ASHRAE Handbook-Fundamentals," 2017). The ADPI value
obtained for the case with bar grille diffuser satisfied this standard. Thus, this type of

diffuser can be recommended to be installed with VRF-SV hybrid systems in buildings.

(a)

(b)
Figure 6.10: Effective draft temperature, 0.4 at the height (a) 0.6 m & (b) 1.1 m
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Table 6.5: ADPI value for studied ASTDs

Perforated Double Drum Louver Jet Slot
ASTD| Bar Grille

Diffuser [Deflection Grille Diffuser Diffuser
ADPI 92.8% 78.6% 64.3% 71.4% 28.5%

6.6.2.5 Effect on Airflow Pattern (Smoke Test)

Airflow visualization testing is more commonly known as smoke testing. The smoke
tests rely on visual smoke generated in the cleanroom or laboratory environment. The
smoke tests visualize the supplied air in the room through ASTDs. Figure 6.11 shows
the visuals of different flow patterns through bar grille, double deflection grille,
perforated and drum louver diffusers. The longer airflow throw could be seen in the
case with double deflection grille, while flow in the perforated diffuser case was short
and highly diffusive. Weak entrainment was also observed with this type of diffuser. A
medium but strong air entrainment and momentum was observed with the bar grille

diffuser case.

Figure 6.11: Airflow pattern at 0° blade angle through different ASTDs (smoke
visualization)

122



6.6.2.6 Effect on Thermal Comfort (Subjective Test)

Figure 6.12 shows the responses of the subjects surveyed under the meeting room
environment to investigate the effects of ASTDs on human thermal sensation and
comfort. It was noted that all the ASTDs provided different levels of thermal comfort to
the occupants, which showed a significant effect of ASTDs on human thermal comfort.
The cases with bar grille and double deflection grille performed better than perforated
and drum louver diffusers. For the bar grille case, 70% of the subjects graded the
thermal sensation as slightly cool, whereas 60% rated the thermal comfort as
comfortable. In the case with a perforated diffuser, 20% of the subjects rated the thermal
sensation and comfort as slightly warm and uncomfortable. The low throw by this
diffuser prevented the subjects sitting far from the supply from feeling the cooling

effects.

(a)

123



(b)

Figure 6.12: Thermal sensation and comfort survey (Human subjects test) (a)
TSV and (b) TCV

6.7 Summary

In this study, the air distribution and thermal comfort performance of a VRF-SV
hybrid system with five types of ASTD were successfully investigated through
laboratory experiments. Under the air distribution aspect, airflow distribution, airflow
pattern, EDT and ADPI were evaluated. The thermal comfort performance delivered by
each ASTD was measured quantitatively by subjective assessments. Before the actual
experimental measurements, the uniformity of the axial airflow jet (that is, discharge
from different ASTDs and the effects of top, side and bottom collar orientations on it)
were briefly investigated. It was concluded that the plenum collar orientation had a
more significant impact on airflow velocity distribution than the temperature
distribution. The higher outflow was observed when the supply air entry was in line
with the flow direction with collar attachment on the front face of the plenum box

(Front collar orientation).

Based on the detailed experimental results, we concluded that:
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» Uniform temperature distribution at all locations was created with bar grille diffuser,

while the temperature value fluctuated at about 22.5 °C.

* Influential or distinct performance in terms of velocity distribution was not observed

with any of the studied diffuser types.

» The ADPI for the bar grille was calculated as 92.8%. The ADPI values for all other

ASTD types fell below the minimum required range.

* The thermal sensation and comfort survey suggested that the bar grille provided a
better thermal environment than all other diffuser types. For the bar grille case, 70%
of the subjects graded the thermal sensation as slightly cool, whereas 60% rated the

thermal comfort as comfortable.

The airflow visualization using smoke tests showed a longer airflow throw in the
case with double deflection grille, while the flow in the perforated diffuser case was
shorter and highly diffusive. The jet entrainment with the bar grille case was uniform

and moderate.

Above all, the VRF-SV system installed with the bar grille as ASTD provided better
thermal comfort, uniform temperature and velocity distribution within the space. Thus,
the bar grille can be recommended to be installed with VRF-SV hybrid systems in
building applications. The results of this study could also be used as an important guide
for optimization of the air distribution performance of the VRF-SV hybrid system in

buildings.

125



CHAPTER 7: A COMPREHENSIVE NUMERICAL STUDY OF THE EFFECTS
OF THE AIR DISTRIBUTION TERMINALS ON THE PERFORMANCE OF A

NOVEL VRF-SV HYBRID SYSTEM
7.1 Introduction

The room airflow pattern generated in the mechanical ventilation system has a
substantial impact on room [AQ and thermal comfort (Nada et al., 2016; Y.H. Yau et
al., 2018). There are many factors influence the airflow pattern in the room, including
the ASTD type and number, position layout, building envelope, flowrate, and supply air
temperature (Z. Lin et al., 2005; Sui & Zhang, 2012b; T. Yao & Z. Lin, 2014a). A
number of studies have looked into the impact of different types of ASTDs on the
varying performance of mechanical ventilation systems. S.C. Hu (Hu, 2003)
investigated the airflow characteristics of the vortex diffuser using experimental and
numerical methods. The study revealed that the flow pattern near the diffuser was 3-
dimensional and highly turbulent. It was also shown that the vortex diffuser has a better
room entrainment ratio than the circular type multi-cone diffuser. The entrainment ratio
is a jet characteristic commonly used to evaluate the airflow throw distance from the
diffuser face (Zhivov et al., 2020). In another study, Nastase et al., (2011) under the
mixing ventilation method compared the lobed grille with the standard grille. They
found that the lobed grille provided a better airflow distribution and thus, it has
improved the indoor thermal comfort. Some other studies reported the impact of lip and
blade angles of different type of diffusers on the room airflow pattern (Sajadi et al.,
2011; Sun & Smith, 2005). Conceicao et al., (2010) investigated the turbulent and the
mean airflow from the exit of the ATD around the occupant under personalized
ventilation. Using two different air speeds with upper and lower exit ATDs, different
tests were performed. It was concluded that the occupants found thermally comfortable

with the test when the airflow velocity at the upper exit of the ATD was higher. For
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stratum ventilation, very limited study is found in the open literature, in which, the
effects of ASTD types, geometry and layouts are investigated (Ting Yao & Lin, 2014;
T. Yao & Z. Lin, 2014a; Yong CHENG et al., 2014; H. Zhao et al., 2015). All these
studies were performed using supply air conditioned by the traditional chiller-based AC
system. After having a thorough investigation of the suitable layout for ATDs under
stratum ventilation, Yao and Lin (2014a) evaluated the performance of four different
types of ASTDs in a classroom environment. The results revealed that the types of
ASTDs have significant impacts on the performance of the stratum ventilation system
and recommended the circular diffuser for a better thermal comfort and IAQ. This study
is therefore designed to numerically investigate the effects of different types of ASTDs
on thermal comfort, indoor air quality (IAQ) and air distribution performance when

installed with the novel VRF integrated stratum ventilation system.

7.2 Brief Overview of the Novel VRF-SV System

Figure 7.1 shows a novel method of combining the VRF system with the DOAS
system to deliver fully conditioned air directly into the space using stratum ventilation
air distribution strategy. In the fully integrated method, the room is provided with 100%
conditioned air at an elevated temperature to not only meets the entire thermal load of
the space, but also to reduce the energy consumption of the system. This design solution
eliminates the need for a separate VRF fan coil unit. This design approach not only
reduces the overall system capacity, but also overcomes the large space requirement for

the HVAC system installation.
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Figure 7.1: VRF installed with the stratum ventilation system (VRF-SV system)
using a fully integrated approach

7.2.1 Air Supply Terminal Devices (ASTDs)

A total of four different types of commonly used air supply terminal devices is
investigated in the present study. Their models are designed and sketched using
solidworks software as shown in Figure 7.2. Note that for a constant supply airflow rate,
these ASTDs are evaluated in two different room settings for a better comparison of
their performance, i.e., laboratory room and a meeting room. Because of the less
significant impact of the type of exhaust terminals on room air distribution pattern, bar
grilles were employed as the return terminal for all of the supply terminal types. In all
the simulated cases the supply air terminal is positioned at 1.9 m height and the return

terminal is installed at the height of 0.33 m from the floor.

128



Figure 7.2: ASTDs assembly models using solidworks

7.3 Numerical Method

In this study, a series of simulations were performed to evaluate the air distribution
performance of four types of air supply terminal devices in a laboratory and meeting
room environments. Different numerical models, i.e., the standard k-¢ model,
renormalization group (RNG) k-e€ model and realizable k- models were adopted in the
simulation setup of the studied cases. The literature suggested that the RNG k-e model
is most suitable in predicting the indoor airflow with air-conditioning system
(Gebremedhin & Wu, 2003; Posner, Buchanan, & Dunn-Rankin, 2003; Zheng et al.,
2018). However, some other studies have also investigated the airflow behavior in
different spaces by employing the standard k-e, realizable k-¢ or SST k-o models
(Beggs, Kerr, Noakes, Hathway, & Sleigh, 2008; Hussain, Oosthuizen, & Kalendar,
2012; Nada et al., 2016). In order to select one that can give most accurate prediction of
the actual physical behavior, all the turbulence models were initially verified and
validated through experimental results using the bar grille as the supply air terminal in
the meeting room environment. The chosen model was then employed for the

simulation of all the other designed cases.

7.3.1 Studied Cases and Geometrical Models
The space under investigation has the dimensions 6m in length, 5.4m in width and

2.74m in height. The humans, personal computers, equipment and lighting lamps were
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modeled as internal heat generation sources. The thermal load for each physical model
is detailed in Table 7.1. Eight cases were designed for the complete simulation study
and the details for each case is presented in Table 7.2. The arrangements and the typical
layout of the physical models, i.e. the laboratory and meeting room can be seen in
Figure 7.3. The air entered the room through selected diffusers installed at the breathing
height and extracted from the bar grille terminal installed at the same wall at a low level
(about 0.33m from the floor). The bar grille, double deflection grille and drum louver
diffusers have the dimensions [0.5m (L) X0.3m (W)], whereas the dimensions for the jet
slot diffuser is [Im (L) X0.135m (W)]. The dimensions for the mannequin in the
laboratory environment are 0.3m in diameter and 1.7 m in length. The computers were
modeled as cubical boxes with 0.2m dimension. For meeting room case, the
mannequins present in the sitting positions are all containing equal surface area as that
present in the laboratory room setting. The floor to the center height for all the supply

and return terminal type is 1.9m and 0.33m, respectively.

Table 7.1: Details of the cases studied for both types of environments

Entity People Other heat sources

Computer Equipment Lighting

Laboratory 70 W= 2

room setting X70=140W
Heat 2X 90 = 500W 100W
Meeting 70 W= 10
Load 180W
Room setting | X 70= 700
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Table 7.2: Details of the simulated cases

Case Domain type Diffuser type Diffuser Supply Airflow rate Supply Room
. Air temperature temperature
Size .
velocity A o
O O

(mm)
1 Bar grille diffuser | 0.5m x 0.3m 3.08 m/s 0.25m%/s 18.7+0.3 26.0 +0.1
2 Double deflection | 0.5m x 0.3m 3.08 m/s 0.25m*/s 18.5+0.1 26.0 £0.1

ill
Laboratory/ gitie
3 Meeting room Drum louver 0.5m x 0.3m 3.08 m/s 0.25m’/s 18.8+0.3 26.0 £0.1
diffuser

4 Jet slot diffuser Im % 0.135m | 3.08 m/s 0.25m*/s 19.0+0.1 26.0 +0.1




(b)

Figure 7.3: CFD domain of the physical models (a) Laboratory room (b)
Meeting room

7.3.2 Governing Equations

Three-dimensional steady state model was selected in order to analyze the flow
pattern generated by the selected diffusers, i.e. bar grille, double deflection grille, drum
louver diffuser and jet slot diffuser in a laboratory and meeting room environment. The

temperature and airflow field distributions in the studied domains are completely
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governed by the laws of conservation of mass, momentum and energy. The momentum
equation is solved by inducing the buoyancy effect, whereas the density of the air in the
domain is treated as incompressible, obeying the ideal gas law. The radiation heat from
the internal heat sources and from the building envelope is not taken into consideration
in the current study. For a detailed understanding of the physical models, readers can
refer to reference (Ansys, 2015). Based on the assumptions made during the simulation
studies, the Reynolds-averaged Navier-Stokes (RANS), continuity and energy equations

can be modeled as,

ou;
o =0 (7.1)
a(pU;U;)  oP 9 —
o Tom = MV (P~ podgi + 5 (—puyty) (7.2)
0(PCpUiT)  ygp2p _ 0 ( ~ 71
o AVAT = 6xj( pCp1;0) (7.3)

where ;0 and ul_e are Reynolds stresses and turbulent heat fluxes. For studying the

buoyancy effect using Boussinesq hypothesis, these two terms can be defined as,

— W

PU;0; = = &;pk — 24¢Sy; (7.4)
— W _

pCpuiO +c_ta_xj =0 (75)

where Kk, y1; and Sj;are the terms representing turbulent kinetic energy, eddy viscosity
and strain-rate tensor. The latter can further be expressed as,
[ 0U;
S; = 0.5 (al + —’) (7.6)

an aXi
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7.3.3 Turbulence Modeling (k-€ Models)

This section explains the theoretical background of the numerical models adopted in
the present research work. Each model utilizes different methods for calculating
turbulent viscosity. The following subsections presented the transport equations and
methods for calculating the turbulent viscosity for each model. In addition, the model

constants are presented separately

7.3.3.1 The Standard k- Model

The standard k-e model falls under the category of two equations turbulence models.
It is based on model transport equations for turbulence kinetic energy (k) and the
dissipation rate (€)(Brauer, 1973). In its derivation, the effects of molecular viscosity are
considered negligible, and thus it is valid only for fully turbulent flows. The transport
equations for turbulence kinetic energy (k) and its dissipation rate (€) can be expressed

as follows (Ansys, 2015):

Ak, k) _ 0 e 9k o
ot oxi  0xj <(Il 3 ok) ax]-) + G + Gp — pe — Yy + Sk (7.7)
and,
o(pe) | 9(pewi) __ 0 ue) 9e € B e
ot T o ox ((” + oe) ax]-> + Ciei (G + C3eGp) — Caep -+ Se (7.8)

where Gy and Gyrepresents the turbulence kinetic energy generation due to the mean
velocity gradient and buoyancy, respectively. The term Yy, represents the effect of
dilation in compressible turbulence with the overall kinetic dissipation rate. The Prandtl
numbers for k and € are represented by o, and o, whereas Sy and S, are the source

terms. The C,, C, and C;, are constants terms having the following default values.

Cie = 1.44,C5 = 1.92,C, = 0.09,0 = 1,0, = 1.3
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For calculating the turbulent viscosityp, k and € are combined as follows:

k2
e = pcu? (7.9)
where Cu is constant.

7.3.3.2 The RNG k-€ Model

The RNG k-€ model is termed as a variant of standard k-€ model and is derived using
a technique called renormalization group (RNG) theory. This model has an additional
term in the € equation, which further refines the accuracy of the solution. The effect of
swirling in the turbulent flow is also included in this model (Kubicek et al., 2009). The
RNG k-€ model has a similar form of transport equations as presented for the standard

k-€ model,
2 (pk) + = (pk )—i( ﬁ>+G +Gp — pe— Yy + S 7.10
oc PR) + 50 (pkH) = 5o { Qierr 5, k + Gp — pe — Yy + S (7.10)

2 (06) + = (pep) = = 9¢) 4 C1e S (Gy + CacGp) — Caep S — R, + S, (7.11
ot pe 0X1 pel'll _aX] (X'El‘leffaxl 1€k k 3eYDb ZEpk € € ( . )

The values for constant terms used in the RNG k-e model are given as follows:
Cie = 1.42,Cy = 1.68,C, = 0.0845, 0y = 0, = 1.39,0, = 0.85

7.3.3.3 The Realizable k-¢ Model

In this model, the term realizable refers to some satisfaction with the mathematical
constraints on the Reynolds stresses. Neither of the above presented models are
realizable (Ansys, 2015). The realizable k-€ model together with the RNG k-e model
shown significant improvement in the accuracy of the results when compared with the
standard k-€ model for flow features include curvature, vortices and rotation. Since the
realizable model is still new, it is not strongly evident that in what cases this model

clearly outperforms the RNG k-e model (Ansys, 2015).
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The transport equations for this turbulence model are given as follows:

Ok

d d d ne) ok
= (pk) +a—xj(pkuj) = a?,((“ + —t) a—){}) + Gy + Gp — pe — Yy + S (7.12)

And

5 (00 + 5= (peu,)——<(u+ );)+pcls PCs e + Cret CacGuSe (7.13)

where,

k
C1 = max [O 43 —] n= S— S = ZSI]SI]

The other terms are the same as described in the previous models. The difference

between realizable k-€ model and other k-e€ models is that, the term C, is not constant

and can be expressed by equation (7.14),

1

Cy :AOTSR%*’ (7.14)
where U*= \/ SiiSij + Q0 (7.15)
Qi = Qi — 260k (7.16)
Oy = ﬁij — €jjk Wk (7.17)

where, the model constants A, and Ag are given by:
Ay = 4.04, A, =V6 cosd

where,

1 au, o
0x; 0x;

¢ = 2cos™ (VEW), W = MM 5 S5 s, =
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The values for constant terms used in the Realizable k-€ model are given as follows:
Cie =1.44,C, =19,0p, =1.0,0, = 1.2

7.3.4 Simulation Scheme and Boundary Conditions

In this numerical analysis, the turbulence k-¢ (2-equations) models were employed to
investigate their accuracy in predicting the indoor air flow distribution. The governing
and transport equations mentioned in the earlier sections, have been discretized with the
SIMPLE algorithm using a second-order upwind scheme. Simulations were carried out
using two workstations; each specifies with Intel Xeon(R) CPU E3-1240 v5 3.5GHz
processor, 32GB RAM Windows 7 Professional 64-bit operating system that required
roughly 12 h to 24 h to reach at the solution completion for the generated grids. The
boundary conditions set up to run the simulations based on this investigation are

presented in Table 7.3.

Table 7.3: Boundary conditions setup for the CFD simulation

Boundary Simulation setup
SV supply air inlet 3.08m/s, 18.7£0.3 °C
Exhaust air outlet 0 pa, gauge pressure, 26°C
Computer/Equipment Load Constant energy source
Lighting Load Constant energy source
Nostrils (CO2 exhalation) 0.89m/s, 0.0067 Kg/s, 34°C
Table Constant temperature of 26°C
Human Body Constant energy source
Ceiling 26.3°C (Adiabatic)
Floor 26.3°C (Adiabatic)
Walls 26.3°C (Adiabatic)
SV diffuser/grille blades 18.7°C (Adiabatic)
Plenum box 18.7°C (Adiabatic)
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7.3.5 Computational Grids and Sensitivity Analyses

In this study, the mesh module of the Ansys Fluent 20.1 was used to discretize the
whole domains into unstructured tetrahedral conformal meshes. A very fine mesh
strategy was adopted only for the supply air terminal devices in order to reduce the
number of elements of the entire domain. The mesh method for both of the studied
domains is the same and based on the varying element sizes (0.3 to 0.05) for the main
body. An example of the mesh size for the meeting room case installed with a drum
louver diffuser can be seen in Figure 7.4. The mesh size was refined significantly near
the wall regions to solve all the boundary layers. During this investigation, the near-wall
treatment used the enhanced wall function for all the cases with ASTDs. In most
locations of the computational domain, the Y+ of the initial grid was less than 1.0 in all
cases. The mesh sizes along with their respective volumetric mean room temperatures in

the laboratory environment for each mesh size are reported in Table 7.4.

The in-depth mesh sensitivity analyses were also carried out to obtain the results
independent of grid sizes. Figure 7.5 presents the temperature and velocity profiles of
the cases simulated using different mesh sizes on a vertical centerline (floor to ceiling),
which was drawn at the geometric center of the domain. The profile patterns with mesh
sizes, Mesh-IIT and Mesh-IV found very close with the maximum deviation recorded
was about 0.075m/s in velocity and 0.5°C in temperature. Therefore, to save the
computational time, the mesh size (Mesh-III) was selected in this study for further

investigations.
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Figure 7.4: Example of the computational grid (Meeting room, drum louver

diffuser case)

Table 7.4: Mesh sizes and corresponding volumetric mean temperature (Lab

room Case)
Mesh Body No. of No. of Mean Room Difference
size Elements Nodes Temperature (°C) ©C)
(m) (millions) (millions)
Mesh-I 0.3 1.07 0.22 22.98
0.6
Mesh- 0.2 1.08 0.25 23.67 ?
11
Mesh- | 0.1 153 0.28 24.14 0.47
111
Mesh- 0.05 6.45 1.11 23.97 0.20
v

139



Figure 7.5: Centerline velocity and temperature profiles for studied mesh sizes
(Mesh-I: Coarse, Mesh-11: Medium, Mesh-III: Fine, Mesh-1V: Super fine)

7.3.6 Performance Evaluation Criteria

The functional performance of the four air supply terminal devices was evaluated
through the provided thermal comfort, IAQ assessment and airflow pattern and
distributions. The airflow pattern in both of the studied domains was directly
determined through temperature and velocity field distributions using the fluent default
parameters. Whereas, thermal comfort is evaluated by the predicted mean vote (PMV)
and predicted percentage dissatisfied (PPD). The PMV and PPD were determined based
on equations 7.18 and 7.19 defined in ISO7730 ("International Standard Organization
(ISO-7730 ) -Ergonomics of the thermal environment," 2005). For the IAQ assessment,
the most effective evaluating parameters are the mean age of air and CO2 concentration
in the conditioned environment. In order to thoroughly investigate the performance of
different ASTDs installed with the VRF-SV combined system, the following parameters
are examined by incorporating user-defined functions (UDF) code into Ansys FLUENT
program. The comfort level and clothing insulation were set at 1.0 met and 0.6 clo,

respectively.
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* Flow pattern

» Thermal field distribution

= Velocity distribution

* Thermal comfort (PMV, PPD)

» JAQ (Mean age of air, CO2 concentration)

The mathematical model for the PMV index can be expressed as follows:
PMV = (0.303exp — 0.0336M + 0.028)
x {(M —W) —35x10"3[5733 — 6.99(M — W) — pa]
—0.42 (OM — 58.15) — 1.7 x 107> x M(5867 — pa)

—0.0014M (34 —ta) x 1078]

Where,

M=metabolic rate, (W/m?)

W=effective mechanical power, (W/m?)
Pa= water vapor partial pressure, (Pa)
ta = air temperature, (°C)

f. = clothing surface factor

tq = clothing surface temperature, (°C)
t, = mean radiant temperature (°C)

h.= convective heat transfer coefficient (W/m?2.K)

The PPD index defines the quantitative measure of the thermal comfort for indoor air

conditioned environment. The mathematical model is expressed as follows:

PPD = 100 — 95exp(—0.03353. PMV* — 0.2179. PMV?) (7.19)
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For the calculation of mean age of air and CO2 concentration, the UDF coding for the
user defined scalar and diffusivity sources were also introduced into the UDF code for

compilation into the fluent setup.

7.3.7 Measurement Method and Data Collection

Values for the air temperature and velocity were numerically and experimentally
recorded at different positions (L1 to L7) at heights of 0.1, 0.6, 1.1 and 1.9 m in both of
the studied domains. The measuring lines positions in the experimental setup are shown
in Figure 7.6. The experimental setup was arranged for the laboratory as well as a
meeting room by accurately mimicking the numerical settings. For each height along
the vertical lines (L1 to L7), five testing samples were taken during experimental
measurements and the average values of the measured variables were recorded for
comparison with the simulation results. The other evaluating parameters such as the
PMV, PPD, mean age of air and CO2 concentration were qualitatively recorded at
different planes within the studied domains. A horizontal plane (A) at Y=1.5m and a
vertical plane (B) at Z=1.75m, were created for both of the studied domains and the
contours for the aforementioned variables were captured on these planes for evaluating
the performance of different ASTDs. The qualitative results are compared and analyses

are presented in the subsequent result sections.

142



Figure 7.6: Measurement locations and the layout in the testing chamber

7.4 Results and Discussion
7.4.1 Model Verification &Validation

The models adopted in this study have been verified and validated first with the
detailed experimental measurements and numerical predictions under the bar grille case.
The airflow velocity and temperature profiles were generated for all of the above
mentioned positions (see Figure 7.6(b)). As shown in Figures 7.7 and 7.8, the
corresponding values of the velocity and temperature at each of the measuring lines (L1
- L7) were compared and presented at four different heights 0.1m, 0.6m, 1.1m, and
1.9m from the ground. Even after performing a series of experimental and numerical
work, the accurate match was not found between the measurement and predictions of
any of the adopted turbulence models at mentioned positions. The reason may be due to
the inconsistency and the transient behavior of the indoor environment in the
experimental chamber during experimental measurements. It could also be attributable
to measurement inaccuracies up to some extent. However, a relatively good agreement
between the measured and numerically predicted profiles was seen with the RNG k-€
turbulence model. Quantitatively, the maximum deviations at any location between

measured and simulated velocity values are found to be 0.28m/s, 0.5m/s, 0.26m/s for
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RNG k- ¢, Realizable k- € and Standard k- € models, respectively. Similarly, the largest
difference of 1.6°C in the temperature magnitude of the measured and simulated results
was recorded for standard k- € model. The above mentioned comparison implied that
the RNG k-¢ model could be considered accurate enough and the best fit to proceed

with the further investigations.

(L1) (L2) (L3)

(L4) (LS) (L6)
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(L7)

Figure 7.7: Measured and predicted velocity profiles at different positions (L.1-

L7)
(L1) (L2) (L3)
(L4) (L5) (L6)
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(L7)
Figure 7.8: Measured and predicted temperature profiles at different positions
(L1-L7)

7.4.2 CFD Simulation Results
7.4.2.1 Effects of the ASTDs on the Airflow Pattern

The room airflow pattern generated using four air supply terminal devices are
presented in Figure 7.9. The flow patterns are represented at the iso-surfaces with the
terminal velocity range of 0.8m/s. These figures were drawn based on the meeting room
environment settings, where the internal heat sources and four air supply terminal
devices were considered. According to Figure 7.9, the drum louver has provided the
longest jet throw of about 4m from the supply face, compared to all other terminal
types. Furthermore, the larger area with the iso-surface velocity of 0.8m/s was covered
in the case with double deflection grille. In the cases with the bar grille and the jet slot
diffusers, the flow which the velocities greater than 0.8m/s existed only in a small area
near the air supply location. The higher mixing rate and air entrainment are seen with
the double deflection grille, since it is designed, considering the combined effect of
vertical and horizontal blades, that together can greatly enhance the supply air
momentum. Though, the double deflection grille case created more favorable flow
pattern, however, it may cause a serious draught risk issue to the occupants due to a

strong airflow provoked in the major area of the space (almost 30%). Furthermore, the
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flow pattern generated by the bar grille device was found within the acceptable range
based on the ASHRAE standard(ANSI/ASHRAE, 2017) where most of the occupied
zone found with the air motion limited to or less than 0.8m/s. Another phenomenon
observed in the double deflection grille case is that the wall confluent jet is remained
attached near the wall surface due to the Coanda effect then moved downward until it
reached the floor. In the drum louver diffuser case, the jet was supplied with the strong
momentum, but less air mixing is observed the adjacent zones. This type of diffuser

may be suitable for large applications that require air to be thrown at larger distances.

(a) (b)

(©) (d)

Figure 7.9: Iso-surface of the velocity of 0.8 m/s for meeting room case with (a)
Bar grille, (b) Double deflection grille, (c) Drum louver and (d) Jet slot diffuser
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7.4.2.2 Temperature and Velocity Distributions

Figure 7.10 shows the temperature and velocity field distributions on the sectional
planes A and B at Y=1.5 m, Z=1.75, respectively for the laboratory room environment.
The temperature in the zones far from the airflow jet found significantly higher (about
1°C - 2.5°C) than the jet regions in all the ASTDs, except the bar grille. Note that some
hotspots are detected near the side walls due to the presence of heat sources at those
locations. However, the contour of plane A in Figure 7.10(a), the bar grille has provided
a uniform temperature distribution with only a 1°C temperature difference. A reverse
thermal gradient (> -3°C) is also noticed within the occupied zone. The lower
temperature of about 22°C is seen at the head level and a bit higher of about 24.8°C at
the foot level, which prevents the occupants from thermal discomfort (Tian et al.,
2011).The worst performance is noticed by the jet slot diffuser where the flow jet
instead of diffusing on the horizontal plane moves upward, that raises the temperature
>25°C in the entire breathing zone. It may be due to the weak momentum forces and

low entrainment induced by this type of diffuser.

For further investigations, the jet throw and temperature decay were also determined
along the centerline drawn from the mid of the terminal face in horizontal direction as
presented in Figure 7.11 (a) and (b). For the double deflection grille, bar grille and drum
lover diffuser, the jet of air decayed gradually along the flow direction. At 4m distance
from the supply face, the terminal velocity of 0.72m/s, 0.3m/s and 0.24m/s were
recorded in the cases with double deflection, drum louver and bar grille diffusers,
respectively. Among all, the airflow velocity of the case with jet slot diffuser decayed

most steadily, with only 3 m from the diffuser, the jet of the air was almost vanished.
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Figure 7.10: Temperature and velocity distributions at Y=1.5m (horizontal
plane) and Z=1.75m (vertical plane) for (a) BG(b) DDG, (c¢) DLD, and (d) JSD
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(2)

(b)

Figure 7.11: (a) Airflow throw and (b) Temperature decay predicted from
different diffusers in the meeting room case

7.4.2.3 Effects of ASTDs on Indoor Thermal Comfort

The indoor thermal comfort evaluations for conditioned spaces are commonly
investigated using the PMV and PPD indices. The PMV value represents the mean
value of the votes of a bunch of people in the thermal environment on a seven scale

points between 3(Hot) and -3(Cold). While the midst 0 represents the thermal neutrality.

150



Whereas, the PPD index measures the quantitative value of the human thermal sensation
with their local environment. Because of the higher occupancy present, the thermal
comfort provided by different ASTDs is compared only for the meeting room
environment. Except for the case with the bar grille, as shown in Figure 7.12, the overall
occupied zone in all other cases observed between -0.6 to 1.2 PMV scale. The bar grille
has provided comparatively a better thermal comfort to the occupied zone with the
PMV range between -0.6 to 0.6 scale, while most of the region falls under thermal

neutrality.

According to the CR 1752 1998, the PPD for class C indoor thermal environment
must not be greater than 25% (Fanger, 1970). Figure 7.12 shows the PPD values for all
cases at plane B, in the case with bar grille the value was calculated about 23.8%,
whereas for the double deflection grille, drum louver and jet slot diffusers the same was
recorded at 90%, 33.2% and 30%, respectively. Overall, the human thermal comfort, as
measured by the PPD index, is a direct reflection of the occupied zone temperature,
1.e., a higher PPD value means the room environment is unsatisfactory, either it is too

cool or too warm.

Even on the supply plane (plane B), the PPD values are less than 25% in most of the
regions. Thus, it has satisfied the performance of the bar grille type ASTD in the
densely occupied environment, i.e., the meeting room. Due to the strong air diffusion
and entrainment by the double deflection grille and drum louver diffuser, the PPD index
in the regions near the supply terminals found within 30% to 90% range, and thus not

recommended for small to medium size applications.

151
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(b)
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Figure 7.12: Thermal comfort evaluation in meeting room in the cases with (a)
Bar grille (b) Double deflection grille (c) Drum louver diffuser and (d) Jet slot
diffuser
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7.4.2.4 Effects of ASTDs on IAQ

The local mean age of air and the concentration of CO2 on given plane-A were
investigated to evaluate the IAQ provided by different ASTDs (Figures 7.13 and 7.14).
From Figure 7.13, the older air age was observed for the drum louver diffuser case,
which was between 360s to 480s in the populated region of meeting room environment.
This was mainly because of the improper and non-uniform air diffusion in the lower
part (occupied region) of the room with this terminal type. The air age in the case with
double deflection grille found between 60s and 180s within the entire sitting area, it
may be due to the longest horizontal throw by this diffuser type. Moreover, in the case
with bar grille, the entire sitting zone of the meeting room environment covered by the

air age not more than 300s.

For simplicity of the analyses, only the CO2 exhaled by the occupants is considered
in the present research work. In terms of CO2 concentration for all of the studied cases,
a significant impact of the air terminal type is noticed as shown in Figure 7.14. The low
COz2 concentration of about (0.0012 - 0.0019) in terms of mass fraction of air is seen in
the case with the bar grille, whereas the highest mass fraction of about (0.0015 - 0.0030)
for CO2 concentration on the entire plane A is observed with the drum louver diffuser
case. This is because of the poorer air distribution in the occupied zone by drum louver

diffuser.
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Figure 7.13: Mean age of air in the meeting room in the cases with (a) Bar grille
(b) Double deflection grille (c) Drum louver diffuser and (d) Jet slot diffuser
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Figure 7.14: CO; concentration in the meeting room in the cases with (a) Bar
grille (b) Double deflection grille (¢c) Drum louver diffuser and (d) Jet slot diffuser

7.5 Summary

This study compared the ventilation performance of four different types of supply air
terminal devices under laboratory and meeting room environments. The air conditioning
system used in this investigation to treat the outdoor air for mechanical ventilation is the
novel system designed by combining the VRF system with the stratum ventilation
system. The functional performance of the ASTDs was evaluated on three aspects:

airflow distribution and pattern, thermal comfort and indoor air quality. It was
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concluded that the ASTDs have considerable impact on the performance of mechanical
ventilation system regardless of the indoor environment type. Based on all evaluation
indices, the air diffusion performance using the bar grille terminal type was entirely
within the acceptable range. Among all, the jet slot diffuser performed worst in
providing thermal comfort for the occupant and airflow distribution into the space.
Whereas, the drum louver diffuser performance was found poorer in terms of IAQ for
the entire breathing zone. Under the similar initial and boundary conditions, the air age
within the complete occupied zone in double deflection grille case was younger than
that of all other diffuser types. However, the lowest CO2concentration in the breathing
zone is obtained under the bar grille diffuser case. Above all, the VRF-SV system
installed with the bar grille as ASTD can provide better thermal comfort, improved IAQ
and uniform temperature and velocity distribution. Thus, the bar grille is recommended

to be used in small-to-large size applications installed with VRF-SV system.
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CHAPTER 8: NODAL AND ENERGY MODELLING OF THE VRF-SV
HYBRID SYSTEM INSTALLED IN A BUILDING IN THE TROPICS
8.1 Introduction
Air-conditioning and mechanical ventilation (ACMV) systems are the major
shareholders of the overall energy consumption in tropical buildings (Kwong, Adam, &
Sahari, 2014). Several governments in East Asia have taken proactive measures by
elevating the indoor temperature setting to cut off the energy needs of the ACMV
systems (Z. Lin, Lee, et al., 2011). However, the energy-saving measures must not lead
to scarifies in the comfort and health of the buildings' occupants. To cope with the
recommended elevated indoor temperatures together with the compliance of the
ASHRAE's thermal comfort standards, Yau and Umair (Y. H. Yau & Umair, 2022)
proposed a novel ACMV system by integrating the variable refrigerant flow (VRF)
system with the stratum ventilation (SV) air distribution system for tropical buildings.
The hybrid system was designed using coupled, decoupled, and fully integrated
approaches. The hybrid system was proposed as an energy-efficient substitute for the
conventional central air conditioning systems in tropical buildings. It was designed with

the following characteristics,

= Air at high temperature supplies directly into the breathing zone.
» The positive thermal gradient was set up with a modest airflow velocity (< 0.8 m/s)

in the entire breathing zone.

Yau and Umair (Y. H. Yau & Rajput, 2022) numerically investigated the
performance of the VRF-SV hybrid system in terms of indoor air quality and thermal
comfort in a large retail facility in the tropics. The results revealed that the VRF-SV
hybrid system could create a thermally comfortable environment in small to large size

tropical buildings following a proper design strategy.
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In a room installed with a VRF-SV hybrid system (please refer Figure 3.2 in Chapter
3), the outdoor air conditioned by the dedicated outdoor air system (DOAS) is delivered
directly into the breathing zone of the room through air supply terminals located on the
sidewalls of the room. Different settings have been configured for exiting the exhaust
air in this system, such as exhaust from the ceiling or exhaust from sidewalls. When the
supply air jet enters the occupied zone, particularly near the heat sources and occupants,
some airflows upward due to buoyancy and the exhaust on the ceiling. It then blends
with the updraft caused by convection due to heat transmitted through the building
envelope. Finally, some rising airflow exit outside, while the rest is recirculated back
and merges into the supply air jet. On the other hand, due to buoyancy and the human
blockage, a portion of the cool supply air dips down in the occupied zone, resulting in
heat exchange with the surrounding air. When the temperature of the downdraft is the
same as the ambient air, it splits into two parts: one is entrained into the boundary layer
near the outer wall as a wall-bounded flow, and the other recirculates back to be mixed

with the supply airflow stream.

Moreover, the internal temperature distribution influences the performance of an air-
conditioning system. Therefore, a good thermal gradient is desirable for indoor thermal
comfort and energy efficiency. To provide a simplified temperature prediction model to
the engineering practitioners, Huan et al. (Huan et al., 2018) developed a nodal model
for stratum ventilation that can predict the vertical temperature profile and calculates the

supply parameters and cooling loads quickly and conveniently.

Research on the VRF integrated mechanical ventilation systems focuses mainly on
control optimization (Laughman et al., 2018; Lee et al., 2017) and performance
evaluation of the combined system (Electric, 2018; Zhao et al., 2017). Very few studies

have been reported analyzing the energy consumption of the integrated system in
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buildings. Jiang et al. (Jiang et al., 2013) compared desiccant-assisted VRF to HR-based
VRF and standalone VRF systems. Simulations demonstrate that, while desiccant-
assisted VRF systems consume slightly more energy than standalone VRF systems in
certain climates, they can save a significant amount of energy (almost 20% less) than
HR-VRF systems. To the best of the author's knowledge, no study has been found
analyzing the energy characteristics of the VRF and ventilation combined system when

installed with stratum ventilation air distribution.

Therefore, this study was designed following two objectives. The first objective was
to develop the simplified nodal model of the VRF integrated stratum ventilation system
when installed in a large retail shop in the tropics. The second objective was to develop
the TRNSYS simulation model of the VRF-SV hybrid system and compare the annual
energy consumption of the fully integrated and decoupled design configurations with

multi-split AC systems and standalone VRF system.

8.2 Building Description and ACMYV System Types

Partly illustrated in Figure 8.1, a retail shop facility with 345.95m? covered area and
2.74m height is considered a case study building in this study. It comprises 30% of the
ground floor of a 13-story virtual office building in Petaling Jaya, Kuala Lumpur,
Malaysia. Based on the key features of the building, the thermal parameters of the
building envelope, heat gains, and internal loads for ACMYV systems are shown in Table
8.1. The sensible cooling load calculated is 21.16 kW, and the latent cooling load is 3.28
kW for the retail shop building. The indoor space condition is set to 55% RH and 24°C
DBT. The outdoor design conditions were selected as 35 °C DBT and 27.7 °C
WBT. The retail shop is operated for 10 hours from 10:00 am until 08:00 pm on

weekdays.
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(a) (b)

Figure 8.1: (a) Overview of the ground floor of a virtual office building (b)
description of the simulation model geometry (right)

Table 8.1: Heat gains and internal load

Item Area (m?) U-value
Exterior wall-a 52.06 0.54 W/m>.K
Exterior wall-b 38.90 0.54 W/m*.K
Exterior wall-c 19.73 0.54 W/m?.K
Exterior wall-d 49.86 0.54 W/m> K
Roof 345.97 0.38 W/m>.K
Floor 345.97 2.89 W/m’ K
Exterior windows 0.099 1.48 W/m>.K SC=0.61
Glass doors 13.2 0.71 W/m>.K
Item Parameter
Lighting load 34 W/m?
CLF Ballast multiplier
1 1
Equipment load 17.8W/m?
Desktops Monit Laptops Refrigerat
ors ors
0.13kW 0.14k 0.165kW 5.74kW
w
Occupancy 56 Persons
(maximum) 73.2 W/person (sensible) and 58.6 W/person (latent)
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It should be noted that different ACMV systems were designed and installed in the
retail shop facility for energy consumption analyses. To simplify the energy modeling
and to make the studies comparable, all the cooling systems were designed as
standalone. The analyses were performed for the following four air conditioning

systems.

8.2.1 Multi-split Type AC System (Baseline System)

A split-type AC system serves the entire retail shop space with no aid of outdoor air
for ventilation. This system is used to keep the indoor temperature at 24 °C degrees. The
outdoor unit of this system is mounted on the building's roof and is connected to many
internal units, each with a 2.5 HP capacity. The retail business was outfitted with 13
indoor units to handle the entire space's thermal load. These indoor units have a ceiling
cassette type. In this AC system, no outside air is brought into the targeted room for
ventilation. Furthermore, this system is expected to run at full capacity at all times from

10 am until 8 pm on weekdays throughout the year.

8.2.2 VRF System (No Ventilation)

The baseline AC system was then compared to the standalone VRF system. To
match the horsepower of the baseline system, a VRF system of 32 HP was chosen. In
addition, the VRF system is expected to operate at the same time as that of the multi-
split system and to be fully operational at all times of the day throughout the year. The
VREF system is expected to be installed the same way as the baseline system, with the

outdoor unit located on the rooftop and no outdoor air for ventilation.

8.2.3 VRF-SV Hybrid System (Decoupled Design)
In this design, the VRF and stratum ventilation systems are integrated to achieve
their tasks separately (as seen in Figure 3.2 in Chapter 3). The VRF indoor terminal unit

caters to the sensible load, whereas the DOAS unit treats the OA. The fully conditioned
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air is then supplied into the space through a stratum ventilation air distribution system
using grilles or diffusers to attain the latent load. A 24HP VRF system was used in this
AC system for attaining the sensible load not met by the SV system. For further details
about the design and the working principle of this system please refer to Chapter 3 of

this thesis.

8.2.4 VRF-SV Hybrid System (Fully Integrated Design)

A new method of integrating the VRF system with a stratum ventilation system to
supply fully conditioned air directly into the space through the SV air distribution
strategy. The conditioned air at elevated temperature is provided to cater to the complete
load of the room. No separate VRF indoor terminal is required in this design method.
This design approach reduces the overall system capacity and overcomes the large
installation space requirement by the ACMV systems in tropical countries like Malaysia
and Singapore. The complete design details of this system can be found in Chapter 3 of

this thesis.

8.3 Research Methodology

The methodology of this study is divided into two parts; the first part discusses the
nodal model structure and development. The configuration 5 and configuration 6 of the
VRF-SV fully integrated design are considered in this study for nodal model
development and validation. For details of both configurations please refer chapter 3 of
this thesis. In the second part of the research methodology, the TRNSYS simulation
models are developed and modified based on different AC systems used. The bin
weather data (bin method) is used in the simulation instead of typical mean year (TMY)

data since the former presents a more accurate representation of the weather data.
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8.3.1 Simplified Nodal Modelling
The structure and principle of the models and the parameters involved are discussed

here in the following subsections for each configuration.

8.3.1.1 Description of the Huan's Model (Reference Study)

A typical characteristic of stratum ventilation is that the vertical temperature profile
is sandwiched distributed in the room. The lowest temperature in the breathing zone
(0.5m—1.7m) and relatively higher temperatures in the lower and upper zone (W. Zhang,
Hiyama, Kato, & Ishida, 2013). Thus, for stratum ventilation, the air temperatures in the
breathing and lower and upper zones are critical factors of the vertical temperature

profile.

This model is based on the following assumptions: (1) The temperature of the inner
surfaces of the room enclosures is uniform;(2) the temperature gradients between the
breathing zone and the near-floor zone and between the breathing zone and the near-
ceiling zone are linear respectively; (3) the updrafts induced by the temperature
difference between the interior partition surfaces and room air are negligible; and (4) the
ratio of convective and radiant heat gains from internal heat sources is half to half (i.e.,

50%convection and 50% radiation).

(a) Initial airflow division

The distribution of the temperature nodes in a typical office environment with
exhaust at the ceiling is shown in Figure 8.2(a). Based on Huan's model, the sketch
diagram of the auxiliary temperature nodes and energy balances is shown in Figure 8.2
(b). The initial airflow can be described as the fraction of supply air (F;, — my) that goes
directly to the near-floor zone, and the remaining part (1 — Fy, ). mg goes towards the
core zone of the room, where the core temperature is T,,. Then the fraction of the inflow

that comes to the near-floor zone (F;, — my) circulates back to the core zone of the
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room. Then the combined air moves upward toward the exhaust grill at Toy. With the

help of the moderate convective flows from the heated sources (people, equipment, and

lighting). In this case, the air in the upper zone moves rather by natural convective

sources than by strong momentum flows. As a result, the vertical air temperature

gradient is developed from the temperature near the floor that is cooled by the fraction

of the supply air (80%).

Supply airflow rate (m?/s)

Airflow rate of the
recirculating air generated by
the entrainment of the supply
airflow (m?/s)

m; = 0.32 (x/do)mg

x = Distance from the air jet
to the air terminal (m)

do = Hydraulic diameter of
the air terminal (m)

Fraction of the cooling
energy from supply air mixes

into the near-floor zone. F), =
0.8

(a)

(b)

Figure 8.2: (a) Distribution of the temperature nodes in a typical office
environment with exhaust at the ceiling (b) Sketch diagram based on Huan's

model
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8.3.1.2 Modified Huan's Model for Ceiling Exhaust Configuration

In this modified Huan model, the initial airflow division is the same as in the
reference model. As shown in Figure 8.3(a), the fraction (F},. mg) is going to the near-
floor area, and the remaining part (1 — F;, ). mg towards the core zone of the room
where the temperature is T,. Then the fraction of the inflow air comes to the near-floor
zone (Fj,.my) is lifted by the strong convective flows from the heat sources up to the

ceiling exhaust level Tey. Then this flow circulates to the core zone of the room at T,,.

In this air-distribution case, the temperature near the floor T, is not cooled by the
supply air. That's why it is estimated to be the same floor temperature. This case is
characterized by high momentum flows (Ar = 4.103, which is 10 times lower than in
Huan's measurements) and high internal heat gains. It causes intensive up flowed air
towards the ceiling. Since the ceiling height is comparatively low (2.7 m), the flows
return down to the core zone of the room. In this case, the temperature near the floor
T,¢ 1s not cooled by the supply air due to the numerous obstacles and strong upward air
flows that omit the zone near the floor. That's why the temperature T,¢is estimated to be
the same as the floor temperature T;. In this case, the temperature gradient is developed
from the core zone of the room. Since the room air is well-mixed, the air temperature
can be estimated to be the same upper the floor zone (from 0.5m height) to the near-

ceiling zone at the height (H-0.1) m.
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(a)

(b)
Figure 8.3: (a) Distribution of the airflow streamlines in the retail shop model in
ceiling exhaust configuration (b) Nodal model diagram based on Huan’s model

(a) Mathematical Description of the Model
The detailed descriptions of the energy equation established in this model to describe

the energy transfer process are presented here as follows,
The general convective heat balance for the room air can be expressed as,
b = mscp(Tex —Ts) (8.1)

The energy conservation near-floor zone (at the height of 0.1m from the floor) can be

illustrated by Equation (8.2),

Afac,f(Tf - Taf) + Injcp(Tn - Taf) - l:“lnInst(Tn - Taf) + l:lnrnscp(Ts - Taf)

=0 (8.2)
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The energy balance at the core zone of the room (at the height of 0.9m) can be

expressed as in Equation (8.3),

Awac,w(Tw —To) + mjcp(Taf —Tp) — l:"lnrnscp(Ts —Tp) + mst(Ts —Ty)

+ Flnmscp(Tex - Tn) + (I)c =0 (83)

The energy conservation equation of the near—ceiling zone (at the height of 2.6m
from the floor) can be expressed as,
e cAc(Te = Tex) + MgCp(Ty = Tey) + FinmsCp(Ty, — Tey) = 0 (8.4)
The energy balance at the surfaces can be expressed by the equations (8.5), (8.6), and
(8.7),

The energy balance on the floor,

¢
e f(Te — Tyy) + o ¢ (Te(Feyy + Feo) — (Feoy Ty + Fe_(Te) = A—r (8.5)
t

The energy balance at the walls,

r

ac,w(Tw - Tn) + O(r,w(Tw(Fw—f + Fw—c) - (Fw—fo + FW—CTC) = A (86)
t
The energy balance at the ceiling,
¢
O‘c,c(Tc - Tex) + ar,c(Tc(Fc—f + l;‘c—w) - (Fc—fo + Fc—wTw) = A_r (8-7)
t

8.3.1.3 Modified Huan's Model for Wall Exhaust Configuration

In this modified Huan model, the initial airflow division is the same as in the
reference model. As shown in Figure 8.4(a), the fraction F,. mg is going to the near-
floor area, and the remaining part (1 — Fy, ). mg towards the core zone of the room T,,.
Then the fraction of the inflow air after coming to the near-floor zone mg F),, circulates
to the core zone of the room T,, forming a mixing vortex of the room air. The air near
the floor is mix with the air in the core zone of the room, so Ty~ T,. The exhaust

temperature Ty is placed under the supply air terminals in this air-distribution case. The
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presented model calculates this temperature, but it does not include T, in the vertical
temperature gradient structure. The air is evenly mixed in the case of low exhaust and
relatively high momentum (A = 4.10%). Thus, the temperature gradient is not developed

in this case, and only one temperature is enough to calculate.

(a)

(b)

Figure 8.4: (a) Distribution of the airflow streamlines in the retail shop model in
wall exhaust configuration (b) Nodal model diagram based on Huan’s model

(a) Mathematical Description of the Model
The detailed descriptions of the energy equation established in this model to describe

the energy transfer process are presented here as follows,

The general convective heat balance for the room air can be expressed as,

b = mst(Tex —T) (8.8)

168



The energy conservation near-floor zone (at the height of 0.1m from the floor) can be

illustrated by Equation (8.9),

Afac,f(Tf — Tap) + mjcp(Tn — Tap) — l:"lnrnscp(Tn — Tap) + l:lnrnscp(Ts — Tar)

+ mgCp(Ty — Ty =0 (8.9)
The energy balance of the room air (at the heights from 0.1 m to (H-0.1) m) in Eq.
(8.10),

O(c,cAc(Tc - Tex) + Awac,w(Tw - Tn) + mjcp(Tex - Tn) - Flnmst(Ts - Tn)

+mgCp(Ts — Ty) + e = 0 (8.10)

The energy conservation equation of the exhaust air can be expressed as,

Afac,f(Tf - Taf) + ijp(Tn p— Tex) - Flnrnscp (Tn - Tex) + Flnrnscp(Ts - Tex)

+mgCp (T, — Tey) = 0 (8.11)

The energy balance at the surfaces can be expressed by the equations (8.12), (8.13),

and (8.14),

The energy balance on the floor,

0 f(Te — Tex) + 0 e(Te(Fe_y + Fe_o) — (Feow Tw + Fe_Te) = — (8.12)

The energy balance at the walls,

o

ol (8.13)

ac,w(Tw - Tn) + ar,w(Tw(Fw—f + Fw—c) - (Fw—fo + FW—CTC)

The energy balance at the ceiling,
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_dr

o(c,c(Tc - Tn) + 0(r,c(Tc(Fc—f + Fc—w) - (Fc—fo + l::c—wTw) - A
t

(8.14)

The variables used in the equations mentioned above are expressed as follows,

¢,= Radiative component of total heat gains (W)

¢.= Convective component of total heat gains (W)

A= Total area of the room surfaces (m?)

Ti= Area-weighted mean temperature of the floor surface (°C)
T,y= Area-weighted mean inner surface temperature of the walls (°C)
T,= Area-weighted mean temperature of the core zone (°C)

T.= Area-weighted mean temperature of the ceiling surface (°C)
A¢= Floor area (m?)

o, = Radiant heat transfer coefficient of the floor (W/ (m?K))
Fr_w= Radiation view factor between the floor and the walls
Fr_.= Radiation view factor between the floor and the ceiling
A,,= area of the walls (m?)

o, w= Radiant heat transfer coefficient of the walls (W/ (m?*K))
F_f= Radiation view factor between the walls and the floor
Fw_c= Radiation view factor between the walls and the ceiling
A= Ceiling area (m?)

o, .= Radiant heat transfer coefficient of the ceiling (W/ (m*K))
F._¢= Radiation view factor between the ceiling and the floor

F._w= Radiation view factor between the ceiling and the walls
8.3.2 TRNSYS Simulation Modelling

In this research part, the TRNSYS simulation tool was used for hour-by-hour system
performance simulation. This tool is well known for analyzing hourly energy use by the
ACMYV systems installed in buildings. To simulate the above presented ACMV systems
in a case study building, i.e., Retail shop, operating performance data for each ACMV
system (obtained from the manufacturer) was used in the TRNSYS simulation program.

The discussion on the performance data is presented in subsequent sections.
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8.3.2.1 Bin Weather Data

Since the bin method provides more accurate forecasting of the weather data, this
study utilized this method instead of typical mean year (TMY) weather data. This data
is intended to be employed in the developed TRNSYS models for simplified energy
calculations. For the sake of this study, the bin weather data (dry bulb temperature and
relative humidity) for Petaling Jaya, Malaysia, from 2007 to 2016 was obtained from
Yau et al., (2020). The bin basket data for the dry bulb temperature is shown in Figure
8.5. For readers' understanding, the detailed hourly bin dry bulb temperature and
relative humidity values for the Petaling Jaya are presented in Table C.1 and C.2 in

Appendix C of this thesis.

Figure 8.5: Bin basket data of Petaling Jaya, Kuala Lumpur for the dry bulb
temperature

8.3.2.2 Description of the Developed TRNSYS Models

Based on the ACMV systems mentioned above, different simulation models were
developed in the TRNSYS simulation studio to compare their annual energy
consumption when installed in the case study building. Details of the developed models

are presented in Table 8.2.
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Table 8.2: Details of the developed models

Model Type ACMYV System Type System Task
Baseline model Multi-split type AC Multi-split system (sensible cooling)
system AHU (OA ventilation)
Modified model-1 VRF system VREF system (sensible cooling)
AHU (OA ventilation)
Modified model-2 VRF-SV hybrid system SV system (OA ventilation +
(Decoupled design) sensible)
VREF system (Remaining sensible)
Modified model-3 VRF-SV hybrid system Total cooling load catered by the
(Fully-integrated combined system
design)

(a) Baseline Simulation Model

To simulate the split type AC system (baseline system) in case study building using
TRNSYS simulation studio, all the components and types must be defined in the studio.
The modular type flexible nature of the TRNSYS software allows the creation of non-
standard components to be added to the TRNSYS Library and represented in the

simulation model.

Thirteen units of split type AC system with 2.5HP each serve the entire retail shop
facility with no outdoor air for ventilation. This system is assumed to be operated at full
capacity. The configuration of the indoor units of this system is ceiling cassette type.
This system works on the direct expansion principle, maintaining the indoor

temperature at 24°C.

If the power input and cooling capacity of the AC system installed in the building is
known, the COP of that system at various outdoor temperatures can be calculated. In
this study, the bin temperature acts as the outdoor temperature. The linear equations for
cooling capacity and power input are developed considering the bin temperature as a

function of both. The developed equations based on the performance data (as shown in
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Table E.1 in appendix E) obtained from the manufacturer of this system are shown in
Table 8.3. Based on the operating performance data, the performance curve for the

multi-split type AC system is shown in Figure 8.6.

Table 8.3: Linear functional equations of split type unit system

Operating Performance Linear Function (kW)
Cooling Capacity 13[9.435- 0.061(Tbm)]
Power Input 13[1.21 + 0.038(T%m)]

e=@==Cooling Capacity @ Power Input
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— 8
= 3.00 —
~3 E— §
3 \ =
g 6 — ;:
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o 5 :

0 0.00
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Outdoor Temperature (°C)

Figure 8.6: Performance curve of multi-split type unit system

The TRNSYS model of the baseline simulation when using a multi-split type AC
system in the retail shop facility is shown in Figure 8.7. The process and function of
each component used in the model are collectively summarized in Table D.1 in
appendix D. It should be noted that the green-lined box in Figure 8.7 represents the
simulation of the target building in occupied operating hours, whereas the red-lined box

represents the simulation in unoccupied operating hours.
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Figure 8.7: TRNSYS model of the baseline simulation
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(b) Modified Model-1

In this simulation model, a VRF system of 32HP is chosen to be compared with the
baseline simulation, where this system's horsepower can match up with the split type
AC system's horsepower. The configuration of the indoor units of this VRF system is
ceiling cassette type. The installation of this system in this building is assumed to be the
same as the split type AC system, where this system operates on the direct expansion
principle, maintaining the indoor temperature at 24°C. Furthermore, this system is

expected to be fully operated at all times of the day throughout the entire year.

The procedure to obtain the linear functions of cooling capacity and power input of
this system are the same as the split type AC system. The developed linear functional
equations are shown in Table 8.4. The operating performance detail for this VRF system
i1s shown in Table E.3 in appendix E. The operating performance curve based on the

operating performance data of this system is shown in Figure 8.8.

Table 8.4: Linear functional equations of 32HP VRF system

Operating Performance Linear Function (kW)
Cooling Capacity [107.09 - 0.7388(Thin)]
Power Input [19.727 + 0.4975(Tpin)]
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Figure 8.8: Performance curve of 32HP VRF system
The TRNSYS simulation layout of the modified model-1 when using the VRF
system in the retail shop facility is shown in Figure 8.9. The process and function of
each component used in this model are collectively summarized in modified model-3
section. Like the baseline simulation model, the green-lined box in Figure 8.9 represents
the simulation in occupied operating hours and the red-lined box in unoccupied

operating hours.
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Figure 8.9: TRNSYS simulation layout of the modified model-1
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(c) Modified Model-2

This simulation model used a decoupled design of the VRF-SV hybrid system to
compare the energy consumption with the baseline simulation model. A 24HP VRF
system was used in this model to cater to the rest of the cooling load not met by the
VRF DX coil operated DOAS system, in which OA is supplied to the target building
through the SV air distribution system. The sufficient amount of air to be supplied
through SV air distribution is initially approximated. The approximation is made by
calculating the total airflow rate required to be supplied through diffusers for the
uniform distribution of air into the target building. In this design, 5 bar grille diffusers
were used, each requiring 297.2 c¢fm (0.14 m?/s) of air to supply at a distance of 9.5 m
with 2.5 m/s face velocity and 0.25 m/s terminal velocity. The total amount of supply air
required was 1486 cfm (0.70 m?/s). To fulfill this requirement, an extra amount of
867cfm (0.41m%/s) of OA was added to the minimum ventilation load needed for the

target building.

For the separate VRF system, the configuration of the indoor units used is the same
as used in previous models. The installation of this hybrid system in this building is
assumed to be the same as in the previous models, where the system operates to
maintain the indoor temperature at 24°C. Furthermore, this hybrid system is expected to

be fully operated throughout the entire year at all times of the day.

The energy consumption of this hybrid system in the target building is calculated

using the COPs of both of the systems separately.

The COP of the DOAS system is calculated using the following equations (Jani,

Mishra, & Sahoo, 2018),

COP = % (8.15)

t
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where Q. is the cooling capacity of the DX coil and E: is the total energy

consumption of the DOAS system.

The cooling capacity of the VRF DX coil is expressed by the equation,

Qec =p X Vsa,t (hj —hy)
where,

Q¢ = cooling coil capacity, kW
p = supply air density, kg/m>
Vsat = supply air flowrate (total), m*/s

h; & h, = supply air enthalpies across VRF DX coil, kJ/kg

The total energy consumption of the DOAS is calculated using the equation,

Et = Ecomp + Esupply fan T Ereturn fan T Eother

where,

E.= total energy consumption, kW

Ecomp= compressor energy consumption, kW
Esupply fan= supply fan energy consumption, kW

Eeturn fan= return fan energy consumption, kW

(8.16)

(8.17)

Eother = €nergy consumption by other equipment, such as driving motors of enthalpy

and sensible wheels, kW

The procedure to obtain the linear functions of cooling capacity and power input of

the decoupled VRF system to measure the system COP is the same as obtained earlier.

The developed linear functional equations are shown in Table 8.5. The operating

performance details for this VRF system is shown in Table E.3 in Appendix E. The
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operating performance curve based on the operating performance data of this system is

shown in Figure 8.10.

Table 8.5: Linear functional equations of 24HP VRF system

Operating Performance

Linear Function (kW)

Cooling Capacity

[79723 -0.55 (Tbin)]

Power Input

[13.111 +0.3306 (Tin)]

Figure 8.10: Performance curve of 24HP VRF system

The TRNSYS simulation layout of the modified model-2 when using decoupled

design of the VRF-SV hybrid system in the retail shop facility is shown in Figure 8.11.

The model represents only the occupied hours of energy consumption. The process and

function of each component used in this model are collectively summarized in modified

model-3 section.
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Figure 8.11: TRNSYS simulation layout of the modified model-2
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(d) Modified Model-3

In this simulation model, a fully integrated design of the VRF-SV hybrid system was
used to compare the energy consumption with the baseline simulation model. In this
approach, the VRF and DOAS systems are integrated so that no separate VRF indoor
units are required for sensible cooling. Unlike the decoupled method discussed earlier,
this method entirely relies on the VRF DX coil installed inside the DOAS system to

treat the required supply air (OA+RA) fully.

The required supply air quantity for the target building is estimated first by
considering the supply air temperature and total sensible cooling load of the building.
The initially calculated minimum OA for ventilation based on the ASHRAE
standard(ANSI/ASHRAE-62.1, 2019) is supplied into the mixing chamber in the DOAS
system after passing through the enthalpy wheel. To fulfill the total supply air
requirement of the target building, the remaining amount of air is obtained from the
return air duct and directed into the mixing chamber. The mixture of both air streams is
then cooled (at saturation point) by the VRF DX coil and reheated by the sensible wheel
before supplying to the target building through the SV diffusers. Please see chapter 3

and chapter 4 for the detailed design guidelines and working principle of this system

The energy consumption of this hybrid system in the target building is calculated
using the COP of the integrated system using the same equations as in section (1) for the

decoupled VRF-SV system

The TRNSYS simulation layout of the modified model-3 when using a fully
integrated design of the VRF-SV hybrid system in the retail shop facility is shown in
Figure 8.12. The model represents only the occupied hours of energy consumption.

Restricted by the length of this chapter, the process and functional representation of
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each component used in the simulated models are collectively summarized in Table D.1

in appendix D.

Figure 8.12: TRNSYS simulation layout of the modified model-3
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8.4 Results and Discussion
8.4.1 Validation of the Developed Nodal Model

The simulations and model calculation results were compared and analyzed in this
section. The model predicted results are compared with the simulation results obtained

at the locations as marked in Figure 8.13(a).

(a)

(a)

Figure 8.13: (a) Simulations with measuring locations (b) nodal modelling
predicted vertical temperature profile
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8.4.1.1 Ceiling Exhaust Configuration

One of the main applications of the developed model is to be coupled with an energy
simulation tool to improve the accuracy of the energy calculation for buildings with
stratum ventilation. Therefore, the mean temperature crossing a plane (horizontal
section), which is relevant to energy consumption, was examined in this study. Figure
8.14 (a) compares the calculations and simulation predictions of the reference model
(Huan's model). A significant difference can be observed, which indicates the model's
inaccuracy in temperature profile prediction for large SV applications. Contrastively, a
good match in the simulated and modified nodal model calculations is shown in Figures

8.14 (b) and (c).

(a)

(b)

185



(©)

Figure 8.14: Comparison between simulated and nodal model predicted results
(a) reference model and (b) & (¢) modified model

8.4.1.2 Wall Exhaust Configuration

Similar to the previous sub-section, the results obtained with the current simulations
are compared and presented in Figure 8.15. The simulated results are compared with
both the reference and modified models. In both configurations of air terminals,
significant temperature gradients are observed near the ceiling zone (Fig. 8.15b), which

was mainly caused by the heat gains from lighting units.
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(a)

(b)

Figure 8.15: Comparison between simulated and nodal model predicted results
8.4.1.3 Discussions on the Nodal Modelling Results

The simplified nodal models do not contain the heat transfer calculation caused by
near local heat gain sources. In addition, nodal models are not universal in predicting
the temperature gradient since they cannot count all the factors affecting the indoor
airflows. When internal heat gains split into several highly asymmetric plumes, it may
generate a stratification profile with several neutral levels. The simplified nodal model
does not cover this complicated indoor temperature distribution. However, the
temperature gradient in this zone is out of the occupied zone. In addition, in many cases,

these local heat gains do not significantly affect the occupied zone temperature.
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The model is also inapplicable when internal heat gains are predominately radiative
or located out of the occupied zone. In that case, convective heat transfer in the room
surfaces heated by the radiative gains can compete with the convective heat gains in the
occupied zone, creating a close to linear temperature gradient without an identifiable

neutral level.

In practical applications, the room air temperatures are affected by the variation of
heat gains in operation time and thermal mass effect, which are not considered in the
steady-state models. Besides, most dynamic calculation methods assume either
complete mixing of zone air or linearized temperature gradient. Therefore, the dynamic
analysis of temperature gradient development would benefit future studies in this

direction.

8.4.2 TRNSYS Energy Modelling
8.4.2.1 Simulation Results

In this research, the bin weather data is used to simulate different ACMV systems in
a tropical retail shop building. The simulation with a multi-split type AC system was
considered the baseline simulation. That AC system was then replaced with the VRF,
VRF-SV decoupled and VRF-SV fully integrated systems in the successive simulation
models. The simulated results of all models are based on the energy consumption at
many outdoor temperatures (bin temperatures) distributions for every 4 hours shifts in

Petaling Jaya, Malaysia, from the years 2007 to 2016 (refer to Figure 8.5).

As shown in Figures 8.16 - 8.19, the simulation results for all ACMV systems are
divided into occupied and unoccupied periods, where the occupied period is 3650 hours
and the unoccupied period is 5110 hours. It is pertinent to mention that the number of
hours for occupied and unoccupied periods in this simulation are selected based on the

relation between the bin weather data used in the present research with the target
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building operating hours. The red and blue lines represent the midpoint of the bin
temperature and bin relative humidity intervals based on the bin weather data, while the
pink line represents the amount of energy consumption of the simulated ACMV

systems.

)b(

Figure 8.16: Simulated result for split type AC system (no ventilation) (a)

occupied period (b) unoccupied period
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(a)

(b)

Figure 8.17: Simulated result for VRF system (no ventilation) (a) occupied

period (b) unoccupied period

190



(b)

Figure 8.18: Simulated result for the VRF-SV decoupled system (a) occupied

period (b) unoccupied period
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)a(

(b)

Figure 8.19: Simulated result for the VRF-SV fully integrated system (a)

occupied period (b) unoccupied period
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8.4.2.2 Annual Energy Consumption Analysis

The simulated results of the ACMV systems are quantitatively calculated, as shown
in Figure 8.20. By multiplying the frequencies for every midpoint of the bin temperature
interval with the energy consumption at each of the midpoint of the bin temperature

interval, the result of occupied and unoccupied periods is totalized for each system.

Total Energy Consumption Comaprison

30000 -
m VRF-SV (Fully Integrated)
‘_g 55000 M VRF-SV (Decoupled)
= = Multi-split
=
S 20000 | . yRrF
-8
£
2
e 15000 -
=]
o
3
o 10000 -
=
i
£
e 5000 -
0
21 23 25 27 29 31 33 36

Mean Bin Temperature Interval (°C)

Figure 8.20: Comparison of the total annual energy consumption (kWh)

Figure 8.20 shows that the highest energy consumption occurred in all simulated
cases when the bin temperature interval was 31°C. This is because of the inverse impact
of the outdoor temperature on the COP of the ACMV system. The total energy
consumption by any of the ACMV systems at higher temperatures such as 33°C and
36°C is comparatively low due to the low frequencies of these bin temperature intervals.
The result suggests that sometimes the temperature in Malaysia can reach its highest
peak at about 33°C, which is extremely warm, and it rarely goes below 25°C. Thus, it
can be concluded that Malaysia has high daytime temperatures, which are between 25°C
to 33°C. It should be noted that the lowest values at 21°C and 23° C in Figure 8.20 are

observed because of the low energy consumption in that temperature intervals. The
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reason is that Malaysia's temperature never reaches below 23°C, as shown in the bin
weather data in Petaling Jaya, Malaysia in years 2007 to 2016 (please refer to Figure

8.5).

Figure 8.20 shows that the annual energy consumption when the building is installed
with VRF system or VRF-SV decoupled system is the lowest compared to the other two
ACMYV systems in almost every midpoint of the bin temperature interval. However, the
later was found most suitable and efficient with fresh air ventilation. The overall total
the annual energy consumption for the VRF-SV decoupled system and only VRF
system is 63,401.6 kWh and 71,010.6 kWh, respectively, where the difference is 7,609
kWh (i.e., around 10.7%) which is due to the use of heat recovery devices (enthalpy and
sensible wheels) in the VRF-SV decoupled system. The fully integrated design of the
VRF-SV hybrid system performed worst in energy consumption due to the conditioning
of an excessive amount of supplied air (a mixture of OA and RA streams). This clearly
shows that the VRF-SV hybrid system can save more energy when compared with the

VRF or multi-split type air conditioning systems.

8.5 Summary

This study carried out a series of simulations to study the nodal and energy modeling
of the VRF-SV hybrid system in a tropical building. Firstly, the nodal model was
developed based on Huan's model (Huan et al., 2018) for the target building under
ceiling exhaust configurations. Then the developed model was modified based on the
CFD results of the ceiling and wall exhaust configurations. The nodal modeling results
showed that more accurate predictions of the vertical temperature profiles were obtained
through modified models compared to the reference model for both configurations.
Secondly, the TRNSYS simulation results of the energy use analyses of the ACMV

system in the target building revealed that the VRF-SV hybrid system's decoupled
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design could save a significant amount of building energy compared to the other AC
systems. A required amount of outdoor air is also provided in this system for better

IAQ. Thus, recommended for large tropical applications.
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CHAPTER 9: PERFORMANCE EVALUATION OF AN ARCHITECTURALLY
DESIGNED VERTICAL HIGH CAPACITY LINEAR SLOT DIFFUSER IN A
TROPICAL ATRIUM

9.1 Introduction

The atrium building represents a large space building, often having a story height of
more than 5m and a total volume above 10,000 m? (Jiying, 2015). The atrium comprises
several stories that allow the other building levels link together. In most countries, an
atrium is a crucial feature in the architectural design of the shopping malls, lobbies of
large commercial buildings (Acosta, Varela, Molina, Navarro, & Sendra, 2018; Al-
Waked, Nasif, Groenhout, & Partridge, 2021; Jiying, 2015; Liu, Chen, Jun, & Haoru,
2017; O'Donohoe, Galvez-Huerta, Gil-Lopez, Dieguez-Elizondo, & Castejon-Navas,
2019; Wu, Zhou, & Li, 2021; Yong, Wong, Du, Qing, & Tu, 2014). Since the atriums
are glazed structures, the impact of the external temperature conditions on internal
thermal stratification and human comfort is significant (Huang et al., 2007; Lin & Tsai,
2014). In summer, the excessive solar heat gain causes higher energy consumption by
the air distribution systems in such buildings. Besides, the air stratification affects

thermal comfort and performance of the atrium.

The suitable design and performance of the air distribution system influence the
overall building energy consumption and improves the local thermal comfort and indoor
air quality (IAQ) (Lopez, Galvez Huerta, Castejon Navas, & Gerard O'Donhoe, 2018;
Posner et al., 2003). During the ventilation design of the high ceiling applications, the
common issues faced by the design engineers are the temporal variability of the cooling
loads, which varies from 30W/m? to 140W/m? (Loveday, Kenneth C. Parsons, Ahmed
H. Taki, Simon G. Hodder, & Jeal, 1998), and their non-linear spatial distribution (S.
Wang & Ma, 2008). However, an adaptive control system can adjust the supply airflow

rate and temperature with a varying thermal load. Still, the preservation of acceptable
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thermal comfort levels depends mainly on the performance of air distribution systems
(Lopez, Galvez-Huerta, Castejon-Navas, & Gomez-Garcia, 2013). Nada et al. (2016)
found the underfloor air distribution (UFAD) as a more effective ventilation strategy for
large spaces under the increased ceiling height. Keeping in mind the objective of a low-
cost ventilation solution for tropical atrium buildings, F. Wang and Abdullah (2011)
investigated the pressurized ventilation strategy. Under this numerical study, a
parametric analysis was carried out to see how the internal thermal conditions (i.e., air
movement and temperature distribution) change with the variation in supply and return
terminals' opening ratio or arrangements. The simulation results revealed the significant
impact of the inlet/outlet opening area ratio and their arrangements on the performance
of internal thermal conditions. Some other studies also reported the investigations on the
different designs for the air distribution systems and their inlet/outlet terminals
arrangements in large space buildings (Hussain & Oosthuizen, 2012a; Liu et al., 2017,
H. Wang et al., 2019). Based on the literature reviewed and because of the high energy-
related demands of the air conditioning systems in such buildings, a proper design of the
air distribution system that can provide a better thermal environment in an energy-

efficient manner is inevitable.

Compared to conventional well-mixed air-distribution systems in atriums, a bottom
level cool air supply system targeting only the lower zone can save up to 40% of the
total energy (Yong et al., 2014). However, little attention has been paid to this strategy.
Still, the traditional overhead air distribution systems are being used in the air
conditioning of the atrium buildings (Hussain & Oosthuizen, 2012b), and the benefits of
supplying ventilation at a low level are thoroughly overlooked. Besides, one of the
typical low-level air distribution system attributes is to provide a relatively cool and
conditioned air jet directly into the breathing zone (Zheng et al., 2018). The air rises

after getting heated by the internal heat sources (occupants and objects). The
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characteristic of the low-level air distribution strategy is to maintain a thermal
stratification within the breathing zone and to create a lower thermal gradient between
the head and foot levels. On the other hand, effectively supplying air to the breathing

zone is still a problem to be solved with this strategy type.

Nowadays, computational fluid dynamics (CFD) techniques have been widely
adopted in research to predict indoor air distribution and thermal comfort in large
atrium-type buildings (Rundle, Lightstone, Oosthuizen, Karava, & Mouriki, 2011; H.
Wang et al, 2019). Hussain and Oosthuizen (Hussain & Oosthuizen, 2012a)
numerically studied the buoyancy-driven low-level ventilation strategy in an atrium
building. The results of that study were compared with the small-scaled experimental
work (Hussain & Oosthuizen, 2012b). The research concluded that the temperature
distribution, airflow patterns, and ventilation flow rate obtained through CFD
simulations perfectly matched the analytical and experimental results. The literature
reviewed shows that the Reynolds-Averaged Navier—Stokes (RANS) k-¢ (2-equations)
turbulence models have been widely used to predict the airflow and temperature
distribution in atrium geometries. On the other hand, some studies performed with the
k-GD (2-equations) turbulence models have shown their potential in predicting indoor
airflow with better accuracy and numerical stability than k-¢ models. However, it is
often considered as unresolved for which turbulence model to be used due to the
complex behavior of the flow in the atrium. Based on the above challenges, this
research was designed to evaluate the performance of an architecturally designed,
vertical oriented, high-capacity linear slot diffuser (HCLSD) when installed at a low
level on the sidewall of the atrium building. A simplified model of the atrium building
was initially developed to avoid the computational complexities of using the actual
atrium model. The verification and validation of the most common turbulence models

were performed against experimental data. The verified and validated turbulence model
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was then employed in the full-scale simulation to predict the temperature and velocity

distribution within the atrium.

9.2 Overview of Simulated Atrium

The air distribution performance of the vertically oriented HCLSD is extensively
studied in a three-story atrium building using numerical and experimental approaches.
The studied atrium is the part (4th to 6th levels) of an anonymous super tall building
located in Kuala Lumpur, Malaysia. As this atrium was built at the lower part of the
skyscraper, surrounded by a cluster of high-rise buildings from all sides, the heat gain
through solar radiation was negligible due to the shading effect. Therefore, solar
radiation is not considered to simplify the thermal comfort assessment in this atrium
building. The atrium has a hexagonal shape surrounding the main lobby area connected
to the retail facilities and offices. The plan view of the atrium with its surroundings and
its cross-sectional view are shown in Figures 9.1(a) and 1(b), respectively. The key
dimensional elements of the atrium and the supply and exhaust diffuser details are listed
in Table 9.1. The supply and exhaust diffusers were installed adjacently on the four
sidewalls of the atrium. The inlet and outlet slots were sized based on the airflow rate
calculated using building's thermal load following ASHRAE standards

(ANSI/ASHRAE-62.1, 2019).
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(a) (b)

Figure 9.1: (a) The Plan view of the atrium location (b) Cross-sectional side-
view of the atrium building

Table 9.1: Specifications of diffusers of the atrium building

Item Dimensions /Details

Height of the atrium 12.7 m (3 floors)

Width of the atrium 10.0 m

Area of the atrium 2.5x10° m?

Volume of the atrium 3.2x10*m’

Supply terminals 2000mmx40mm slot area, 32 Nos, 525 L/s

airflow rate (8 on each side wall, 2 m apart)

Return/Exhaust terminals 2000mmx40mm slot area, 32 Nos, 525 L/s
airflow, 0 Pa gauge Pressure (8 on each side wall, 2

m apart)
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9.3 Research Methodology
9.3.1 Experimentation

The experiments were performed in an air diffuser testing laboratory at Prudentaire
Engineering Private Ltd. The laboratory was located at the core of a building with no
boundary wall exposed to solar radiation. A small-scale simplified model of the atrium
was set up in the laboratory with the dimensions 6 m (L) x 5.4 m (W) x 2.74 m (H). An
experimental setup was established with the installation of vertically oriented,
architecturally designed HCLSD in the simplified atrium model. In addition, a
rectangular outlet was set up on the same wall for exhaust airflow. The schematic
diagram of the experimental chamber is illustrated in Figure 9.2. The experiments were
conducted to validate the CFD model used to simulate simplified atrium geometry. The
HCLSD of dimensions 2000mm x 40mm was initially fabricated and installed vertically
on the sidewall of the experimental facility. The flexible duct of diameter 200mm was
attached to the oval-shaped neck of the plenum box of the diffuser. The plenum box was
sized as per the geometry of the slot diffuser. A centrifugal fan powered by a 3-phase
asynchronous motor was used to supply the air to the chamber through HCLSD. A
variable air volume (VAV) damper was installed in the supply air duct to regulate the
airflow rate as per the testing requirement. A smoke generator was also employed to
visualize the flow behavior from the slot diffuser. The smoke was supplied into the

flexible duct after controlling the flow rate through the VAV damper.
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Figure 9.2: Schematic diagram of the testing chamber with experimental
facilities

9.3.1.1 Measurement Methods and Equipment

Detailed environmental conditions of the laboratory were measured before the actual
testing started. The temperature of all the internal surfaces was checked by using the
ZTH-VAV belimo temperature adjustment tool. The Alnor 440-A hot wire anemometer
(seen in Figure 9.3(a)) was used to measure the indoor temperature at different locations
for the determination of the room average. The accuracy of the measuring equipment
was *+ 0.3°C for temperature, 0.015 m/s for velocity, and + 13% for relative humidity.
The actual measurements were taken every 1 hour after the fan was started delivering
air at 525 /s with a fluctuation of less than 5%. At the 4th hour of the fan operation, the
room achieved the steady-state condition when the mean air temperatures at supply
inlet, return outlet, and at the center of the room did not exceed more than 1°C variation
(Y. H. Yau, K. S. Poh, & A. Badarudin, 2018b). The difference in the room's internal
surface temperatures also dropped below 0.1°C during that period. That is all done to
make the environment closest to isothermal. The measured values of the temperature at

different time segments are presented in Table 9.2.
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There was no proper space for installing the return slot diffuser in the experimental
chamber, as it is positioned in the actual atritum model. Hence, the assumption was
made by positioning the return outlet on the bottom left of the supply diffuser in the
experiment and the simplified simulation model by considering the insignificant effect
on the flow pattern with the said arrangement. Figure 9.3(b) depicts the locations where

measurements were taken to verify and validate the numerical models.

(2) (b)

Figure 9.3: (a) Alnor 440-A anemometer (b) Layout of the measurement
locations
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Table 9.2: Laboratory air and internal surface temperature measurement

Hour 1™ 2nd 3 4t
Supply air temperature (°C) 28.8 29.6 30.1 30.7
Return air temperature (°C) 28.6 29.4 29.9 30.2
Room air temperature (°C) 28.0 29.6 29.8 30.3
Wall 1 surface temperature (°C) 29.2 29.3 30.0 30.1
Wall 2 surface temperature (°C) 29.0 29.3 30.1 30.1
Wall 3 surface temperature (°C) 28.6 28.9 29.5 29.6
Wall 4 surface temperature (°C) 28.2 28.4 30.1 30.2
Ceiling surface temperature (°C) 29.5 29.9 30.7 30.8
Floor surface temperature (°C) 28.6 28.8 29.6 29.5

9.3.2 Computational Fluid Dynamics (CFD) Study

Although the experimental analyses provide the most accurate results (H. Chen,
2014; Hussain & Oosthuizen, 2012b; Haiguo Yin, Li, Liu, Sun, & Chen, 2016), it
sometimes feels difficult to achieve the ideal steady conditions in a realistic
environment. For this reason, the simulation-based research method is now commonly
used to study the indoor environment with desired boundary conditions. The results
obtained from the experiments can be used to check the reliability of the numerical
models and methods. Therefore, a simplified model of the atrium with a single HCLSD
was initially simulated for the verification and validation studies. The validated
numerical model was then employed for the performance evaluation of the vertically-

oriented HCLSD in the full-scale atrium simulation.
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The ANSYS software was used in this research work to solve the basic governing
equations (Y. H. Yau et al., 2018b) for the flow field inside the model room. The
simulation study adopted the buoyancy model, the mass continuity equation, energy
equation, and momentum equation (Z. Lin, Tian, et al., 2011; Y. H. Yau et al., 2018b)
by adopting the buoyancy model. The basic transport equations given in the following
subsection were solved by using the finite volume method and discretized into simple
algebraic form by the SIMPLE second-order upwind scheme. A standard wall function
was employed in the present study to obtain the flow properties near-wall region. The
Boussinesq model was used in studying the buoyancy effect. The convergence criteria
for the residuals of continuity, velocity, @, €, and k were less than 10 and the energy
was less than 107 (Hussain et al., 2012; Yong CHENG et al., 2014). All simulations
were run on two Workstations, each with an Intel Xeon (R) CPU E3-1240 v5 3.5GHz
processor, 32GB RAM, and Windows 7 Professional 64-bit operating system, and took
between 4 and 8 hours for the simplified model and 72 to 96 hours for the actual atrium

model to complete for their respective grid sizes.

9.3.2.1 Background Theory

The thermal field distribution and airflow motion in the studied domain are
completely governed by the laws of conservation of mass, momentum, and energy. The
following mathematical models for these three laws are solved in the present study

using a commercially available CFD code, ANSYS fluent (FLUENT, 2013).

Conservation of mass:

Bp/ot + 8 (pu)/dx + 8 (pv)/dy + 8 (pw)/dz =0 (9.1)

Conservation of momentum:

X-momentum,
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Du

Por 06XX/0X + 01Xy/0y + 0tzx/0z + ) Fxbody forces 9.2)

Y-momentum,

D
p D_l'i = 0tXy/0x + Ooyy/Oy + Otzy/0z + ) Fybody forces 9.3)

Z-momentum.

Du_

Dt 0txz/0x + Otyz/0y + 0ozz/0z + ), Fzbody forces (9.4)

p

where, oxx, Oyy and oz are the stresses due to normal viscous components acting

perpendicular to the dimensions.

Conservation of energy:
DE DE DE
P ot 0/ox [K %] + 0/oy [AE] + 0/0z [&E] — 0 (up)/ox — 0 (vp)/dy

— 0 (wp)/ozte (9.5)

where, ¢ is the function that shows energy dissipation work done on the fluid, later

converted into thermal energy.

9.3.2.2 Simplified CFD Model

Because of the high computational power requirement for a full-scale atrium
simulation, a simplified CFD model was developed for the verification and validation
studies. The model was designed based on the size and setup of the experimental
chamber. Figure 9.4 shows the isometric view of the simplified small-scale atrium

model. The boundary conditions set up for this simplified study are summarized in
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Table 9.3. To obtain more accurate results, the domain was discretized using high

quality unstructured tetrahedral mesh elements, as shown in Figure 9.5.

Figure 9.4: Isometric view of the simplified small scale atrium model

Figure 9.5: High quality unstructured tetrahedral mesh for a simplified model

(a) Verification and Validation Studies

A reliable numerical investigation of the indoor airflow requires the proper boundary

conditions and quality of the mesh and depends on the applied turbulence model (H.
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Chen, 2014; Stamou & Katsiris, 2006). Many turbulence models have been developed
based on RANS, such as RNG k-g, Standard k-g, k-GD SST, etc. That is why the
turbulence model's verification and validation study is crucial to ensure the best
numerical representation of the physical model. The five most important turbulence
models were employed in the verification study. Figure 9.6 compares the plane air
velocity profile generated through a smoke test with the simulation results obtained
using chosen turbulence models. They all showed a similar pattern as observed in the
smoke test photograph, except for the SST k-GD model. However, the closest match to
the smoke flow pattern came out with the RNG k-¢ turbulence model. It can easily be
realized that the upper edge of the flow plume in the smoke test is moving upward; the

same is also noticed in the RNG k-g£ model.

Figure 9.6: Plane air velocity profile through an experimental test and
numerical simulations
The verification of the numerical model was further endorsed by comparing the

centerline air velocity values extracted from the simulations using different numerical

models with the experimentally measured values. Figure 9.7 shows the horizontal

208



centerline velocity profile of an actual model with various predicted turbulence models.
No exact match was found between the experimental and simulated values. Despite that,
the k-¢ turbulence models somehow show a similarity in profile with the experimental
results. The nearest prediction to the measured data was observed with the RNG k-¢
model. A spike in the measured velocity values was seen at a distance of 1.08m and
1.35m from the diffuser. This variation is perceived may be due to the difficulties faced

in manual measurements using a hand-held tool (i.e. Hot-wire anemometer).

Figure 9.7: A horizontal centerline velocity profile of an actual and various
predicted turbulence models

In addition, a lower velocity value was obtained from the measurement at the initial
point (diffuser face). It is due to the frictional loss of the airflow within the plenum box.
Thus, considering the captured and quantitative results, the RNG k-& model was thought
to be used to validate the experimental data with the actual atrium building simulations.
Due to the inconsistency in temperature in the actual environment, the air velocity was
compared to validate the numerical model with the measured data. The airflow velocity
at different locations (as seen in Figure 9.3(b)) was extracted from the simulation study

and compared with the actual measured values.
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Figure 9.8 depicts a slight discrepancy in air velocity between modelling and
experimental data. Although, a similar trend was seen in the velocity drop between the
results. Compared with the top-line data, a large difference in the measure and
simulated values along the bottom line was recorded at a 1 m distance from the diffuser.
Along the top and bottom measuring lines, the maximum difference obtained between
the simulation and experimental data was 17.5% and 30%, respectively. This may be
due to the up moving direction of the flow as observed in the simulation and
experimental airflow patterns. According to a study conducted by Zhang et al., (2007),
if the error between the turbulence model and experimental result for predicting airflow
in an enclosed environment is less than 20%-30% at most measured points, the model
accuracy is considered acceptable. Therefore, this verification and validation study
demonstrated that the RNG k-& model could be regarded as accurate enough for further

studies.

(a) (b)

Figure 9.8; Comparison of simulated results with experimental data (a) Top-line

(please refer to Figure 3b) (b) Bottom line
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9.3.2.3 CFD simulation of the Actual Atrium Model

The actual model of the atrium (as seen in Figures 9.9 (a) & (b)) was simulated using
a validated turbulence model. The airflow pattern and temperature profile inside the
domain were studied to evaluate HCLSD performance at different deflector angles. The
boundary conditions used for the actual simulation domain are summarized in Table 9.3.
The primary purpose of this detailed study was to investigate the flow performance of
the HCLSD; therefore, no heat sources were considered in the domain for ease of

simulation.

(a)
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(b)

Figure 9.9: (a) The actual model of the atrium building (b) model with
vertical/horizontal measuring lines and plane

Sixty-four (64) numbers of HCLSD were installed in the atrium building, sixteen on
each long sidewall. Each side of the atrium building was installed with eight supply
diffusers and eight return diffusers for a uniform air supply throughout the building.
This arrangement satisfies the designing needs for an air supply system that can
maintain optimum room air conditioning whilst becoming an integral part of the

architectural concept of the project.
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Table 9.3: Boundary conditions for the simulation

Boundary Conditions

Supply air inlet (32 Nos. HCLSD) Airflow rate = 890 CMH
Air temperature = 19°C

Air velocity = 6.56 m/s

Exhaust air outlet (32 Nos. HCLSD) Pressure outlet
Walls Surface temp. = 28.5°C
Ceiling Surface temp. =27°C
Floor Surface temp. =27°C
Grille Adiabatic
Plenum box Adiabatic

(a) Mesh Sensitivity Analyses

To ensure the mesh independency of the actual atrium model, the whole domain was
discretized with unstructured tetrahedral mesh elements by varying the minimum/max
elements and wall surface sizes. The higher cell density was used near the atrium walls,
diffuser blades, and locations where higher temperature and velocity gradients were
expected (as seen in Fig 9.10). Table 9.4 shows the details of the grid independence test
analyses. The average volumetric temperature of the domain was considered as the
verifying parameter for this test. Due to the computational limitations, a low
incremental step is used in this study to generate the refined mesh. The mesh refining
was continued until the volumetric average indoor temperature for consecutive mesh
sizes dropped below 0.01°C. Thus, the results obtained with mesh-III were decided to be

good enough for further analyses.
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Figure 9.10: Mesh cross-section of the atrium building

Table 9.4: Grid independent test

Mesh Element Size | Total Number | Volumetric Average of Relative
(Max./Min./ of Elements | the Atrium Temperature | Difference
Diffuser)
(Meters)
Coarse Mesh (I) 1.5/0.8/0.006 | 303 millions 25.08°C
023°C
Medim Mesh (II) | 0.8/0.3/0.006 | 327 millions 2531°C
0.032C
Fine Mesh (III) 0.5/0.2/0.006 | 36.7 millions 2534°C
0.01=C
Finer Mesh (IV) 0.5/0.1/0.006 | 382 millions 2533°C
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(b) Studied Cases

Since the deflector angles greatly affect the airflow pattern and cause changes in the
air velocity and temperature distributions (Aziz, Gad, Mohammed, & Mohammed,
2012), the performance of the HCLSD in the atrium building is investigated at different
deflector angles from 0° to 25°. The deflector angles are actually the angle of inclination
of the diffuser blades on the vertical plane. Different cases with HCLSD in atrium
buildings using these deflector angles have been designed; Table 9.5 shows the
parametric details of those cases. For a detailed understanding of the readers, the
geometries of the diffuser with various deflector angles are also presented in Figure
9.11. The CFD simulation for each case is modelled and computed sequentially during

the investigations.

Table 9.5: Parameters of six cases

Cases Effective opening width of the Deflector (Blade) angle
HCLSD (mm) (d)

Case-1 40.0 0

Case-2 34.8 5

Case-3 29.8 10

Case-4 25.0 15

Case-5 19.6 20

Case-6 14.8 25
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Figure 9.11: Geometrical model of the HCLSD (a) section A-A with different
deflector angles, (b) side view and (c) front view (all measurements are in mm)

9.4 Results and Discussion

With the verified and validated CFD model, the effect of the deflector angles, the
temperature field distribution, and the airflow pattern inside the actual atrium building
were numerically investigated. The performance of the HCLSD in the atrium building
was evaluated using different deflector angles along the measuring lines and on the

sectional planes.

9.4.1 Effect of Deflector Angle on HCLSD Performance
The effect of six values of the deflector angles, such as 0°, 5°, 10°, 15°, 20°, and 25°,

is investigated at constant airflow supply where the inlet velocity is 6.56 m/s; inlet

216



temperature is 19°C, isothermal ceiling at 27°C and isothermal walls at 28.5°C. Their
effect on the HCLSD performance was measured and compared in terms of vertical

temperature and velocity distributions from floor to ceiling height of the atrium.

Figure 9.12 represents the measured values for studied cases. It can be seen that the
temperature distributions in the studied cases (0° - 25° angles) have almost similar
profile establishment at all measuring locations. However, the case with 0° deflector
angle has induced a slightly higher airflow velocity of about <0.22 m/s at the lower
level of the measuring locations (L1-L4). Overall, a uniform temperature stratification is
generated with the low-level air supply in the studied atrium, as shown in Figure

9.13(a)-(d).

As shown in Figure 9.13, the primary airflow in the case of 0°—deflector developed
higher velocity entrainment of more than 33% than the other cases at the diffuser face.
The airflow velocity in the 0° case remained slightly higher along with the throw
distance and coincided with the other cases after an 8m distance from the diffuser. This

case is thus considered for further investigations.
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(b)
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(©)

(d)

Figure 9.12: Effect of deflector angles (¢ = 0° to 25°) on the performance of
HCLSD in studied atrium (a)Line 1, (b)Line 2, (c)Line 3 and (d)Line 4
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Figure 9.13: Effect of deflector angles (¢ = 0° to 25°) on the throw performance
9.4.2 Effect on Temperature Field Distribution (Case-1, ¢ = 0°)

The results obtained in case-1 for temperature field distribution on different sectional
planes inside the actual domain were numerically illustrated in Figure 9.14. Plane A
(marked in Figure 9.9(b)) was along the direction of the airflow from the diffuser. Plane
B (ZX Plane, Y= 2.16m at the mid-height of the diffuser) and Plane C ((ZX Plane, Y=

7.96m) were perpendicular to the height of the atrium model.

As shown in Plane A in Figure 9.14, a stratified thermal plume was developed in the
lower zone of the atrium building. After making contact with the opposite wall, the flow
plume moves upward alongside the wall and returns to the supply. The temperature
distribution of airflow through all the supply diffusers is shown in Figure 9.14(b). A
lower temperature zone was created in front of the supply diffuser, whereas an effective

thermal diffusion was also observed on the entire plane.

A slightly higher temperature was recorded in the zones far away from the supply
inlets. To provide a comfortable thermal environment to the occupants, the air supply

inlets are required to be installed in those areas as well.
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(a)

(b)

Figure 9.14: Temperature contours in the atrium space (Case-1) (a) Plane A and
(b) Plane B&C

9.4.3 Effect on Airflow Distribution (Case-1, ¢ = 0°)
The airflow distribution for case-1 in the atrium building was presented through
velocity fields on the aforementioned planes, streamlined directions and velocity

vectors. Figure 9.15(a) shows the flow jet from the HCLSD. The flow profile similarity

with the smoke test further validated the applied numerical model for the atrium study.
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The airflow throw from all the HCLSDs can be visualized in Figure 9.15(b). A
strong throw was noticed in the middle of the diffuser. After covering some horizontal
distance, the flow plumes from each diffuser got combined and created a joint flow
towards the opposite wall. After coming out from the diffuser, it was noticed that the air

covered some horizontal distance and then fell down due to the gravitational force.

The velocity streamlines and field vectors inside the studied domain were presented
in Figure 9.15(c) & (d), respectively. A proper mixing ability of the supply air in the
entire atrium space was found. The strong regions were located near the diffusers, and a
weak flow was detected in the other spaces of the atrium. No hot spots were found in

any of the atrium regions due to the proper design of the air distribution system.

Figure 9.15(b) shows the velocity vector field on Plane B. A more uniform field was
established throughout Plane B, except for the frontier region of the supply diffusers.
The velocity vectors showed lower values of wind speed near the occupied zone. The
area average value of the air velocity on Plane B was 0.16m/s. This value is found

within the human thermal comfort range in the occupied zone.
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(d)

Figure 9.15: Velocity field of Plane A (b) Velocity field of Plane B&C, (¢)
Velocity streamlines of the model, and (d) Velocity vector of Plane B

9.4.4 Perception of Thermal Comfort (Case-1, ¢ = 0°)

P.O. Fanger developed the PMV/PPD model (Fanger, 1970), which uses heat-
balance equations and empirical skin temperature studies to quantify thermal comfort. It
is the most recognized and accepted model applied for thermal comfort studies. The
PMV index range between [-0.5, +0.5] for an indoor air-conditioned environment is
considered very comfortable by ISO 7730, and for just a comfortable level, the PMV
index must be lied between [-1, +1]. The corresponding values for PPD against the
above PMV ranges are 20% and 10%, respectively. In other words, PMV index values
between [-1, +1] and [-0.5, +0.5] equate to 80% and 90% satisfaction of the indoor
population, respectively. In this study, both indices were calculated in the simulation

software by using UDF codes.

In Figure 9.16(a), under case-1 (when $=0°), the PMV distribution at four locations
along lines 1 to 4 are presented. The PMV values at all locations were found between
+0.1 and +0.9, except for some higher points where the value exceeded a bit. A little

warm sensation was noticed in the entire occupied zone of the atrium building, but it
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was still within the allowable range. The higher thermal sensation (PMV=>+0.4) was

observed at locations in front of the exhaust diffusers, as seen in Figure 9.16(b).

Figure 9.17(a) shows the PPD distribution along the selected line locations. All the
PPD values were found within the 20% range except for some higher points near the
ceiling, where the values exceeded a bit to the comfort range. However, in the entire
occupied zone of the atrium building, the PPD index was found under the required
comfort range, i.e., between 4% to 20%. Figure 9.17(b) shows that some regions

reached more than 20%, but that is still within the grade I comfort range, i.e., <27%.

Line 1 Line 2 Line 3 Line 4

(a)
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(b)

Figure 9.16: PMYV distribution (a) along vertical lines (b) at plane B (Y=2.16m)

Line 1 Line 2 Line 3 Line 4

(a)
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(b)

Figure 9.17: PPD distribution (a) along vertical lines (b) at plane B (Y=2.16m)

9.5 Summary

The performance of the architecturally designed, vertically-oriented high capacity
linear slot diffuser (HCLSD) in a large atrium was studied with numerical simulations
and physical experimentation. The experimental work was carried out in the laboratory
environment with a single HCLSD installed vertically at the centre of the sidewall. The
numerical results were then compared with the experimentally performed smoke test
results. The RNG k-¢ model best represents the numerical model of the physical
environment. In the next step, the actual atrium model was developed and simulated by
employing the verified and validated numerical model to investigate the HCLSD

performance in the atrium. The outcome can be concluded as follows:

* No significant difference in predicted vertical temperature profiles was found among

all the deflector angles. However, the case with ¢ = 0° deflector angle was observed
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with a higher airflow velocity of about < 0.22 m/s at the lower level of the
measuring locations (L1-L4). More than a 33% increase in the air velocity due to the
0° deflector angle is noticed at the diffuser face.

A good thermal distribution in the atrium space was seen due to the properly
designed air supply system (at ¢ = 0°) with values between 24°C - 27°C in the entire
breathing zone. The temperature of the atrium increased with the increase in the
height of the domain. The average temperature within the occupied zone was found
under the acceptable human thermal comfort range, with the supply air at 19°C.

The airflow velocity at 0° deflector angle was also found within the acceptable range
(<0.8m/s) for the entire occupied zone, except for some zones near the supply inlets.
The airflow field in front of the diffusers was stronger, which decayed gradually
along the throw path and reached about 0.2m/s at an 8 m distance from the diffuser.
The PMV-PPD thermal comfort models were also evaluated using UDF codes in
Ansys simulations. For both indices, the values were found within the acceptable
range of thermal comfort at all measuring locations. Thus, it can be concluded that
HCLSD provided better thermal comfort when installed vertically along the

sidewalls of the atrium space.
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CHAPTER 10: CONCLUSIONS AND FUTURE WORK

10.1 Introduction

The previous chapters have presented the design guidelines, performance evaluation
and optimization, energy and nodal modelling of the VRF integrated stratum ventilation
system in the tropical building. The research work can be divided into five main
categories, namely, Design integration of the VRF and the stratum ventilation system,
Performance evaluation of different configurations of the designed system, performance
optimization of the selected design configuration, air distribution study for large tropical
atrium (as case study) and the energy consumption analyses of the designed system i.e.,

VRF-SV hybrid system.

The findings of this complete thesis are summarized below based on the above-

mentioned categories.

10.2 Performance Evaluation: Different Configurations

* Two ventilation integration design strategies (i.e. coupled (fully-integrated) and
decoupled) were adopted for an in-depth understanding of the combined system
performance.

» The decoupled design with configurations 1 to 4 (as discussed in Chapter 3)
provided a non-uniform temperature and velocity distribution in the occupied zone,
whereas the last two configurations served by the VRF-SV fully integrated design
showed that the thermal comfort can be uniformly realized in the entire occupied
zone.

* The results revealed from configurations 5 and 6 confirmed a good potential of the
VRF-SV integrated design to be employed in large ACMV applications in the

tropics.
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The indoor air velocity was modest in the work zone of the retail facility and has not
exceeded 0.8 m/s throughout the zone, and thus, it complies with the standard
ASHRAE 55-2020 (ASHRAE, 2020).

The thermal gradient was found positive and under an acceptable range between the

head and foot level for standing occupants.

Both the simulation results and experimental assessment suggest that the thermal
environment created in the occupied zone by the VRF-SV fully integrated design

can be treated as uniform with energy saving potentials.

10.3 Performance Optimization: Selected Configuration

10.3.1  Experimental Study

In this part of study, the air distribution and thermal comfort performance of the
VRF-SV hybrid system with five types of air supply terminal devices (ASTDs) i.e.,
bar grille, double deflection grille, perforated diffuser, drum louvre and linear slot

diffusers were successfully investigated through laboratory based experiments.

The higher outflow of about 30% was observed when the supply air entry was in
line with the flow direction with collar attachment on the front face of the plenum

box (Front collar orientation) compared to the other orientations.

Based on the detailed experimental results, the author of this thesis concluded that:

Uniform temperature distribution at all locations was created with bar grille diffuser,

while the temperature value fluctuated at about 22.5 °C.

Influential or distinct performance in terms of velocity distribution was not observed

with any of the studied diffuser types.

The ADPI for the bar grille was calculated as 92.8%. The ADPI values for all other

ASTD types fell below the minimum required range.
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The thermal sensation and comfort survey suggested that the bar grille provided a
better thermal environment than all other diffuser types. For the bar grille case, 70%
of the subjects graded the thermal sensation as slightly cool, whereas 60% rated the
thermal comfort as comfortable.

The airflow visualization using smoke tests showed a longer airflow throw in the
case with double deflection grille, while the flow in the perforated diffuser case was
shorter and highly diffusive. The jet entrainment with the bar grille case was

uniform and moderate.

10.3.2  Numerical Study

In this part of study, the ventilation performance of all the ASTDs explained in
section 10.4.1 except the perforated diffuser was investigated under the actual
laboratory and meeting room environments.

The functional performance of the ASTDs was evaluated on three aspects: airflow
distribution and pattern, thermal comfort and indoor air quality and it was concluded
that the ASTDs have considerable impact on the performance of mechanical
ventilation system regardless of the indoor environment type.

Based on all evaluation indices, the air diffusion performance using the bar grille
terminal type was found entirely within the acceptable range.

Among all, the jet slot diffuser performed worst in providing thermal comfort for the
occupant and airflow distribution into the space. Whereas, the drum louver diffuser
performance was found poorer in terms of IAQ for the entire breathing zone.

Under the similar initial and boundary conditions, the air age within the complete
occupied zone in double deflection grille case was found younger than that of all
other diffuser types.

However, the lowest CO2 concentration in the breathing zone is obtained under the

bar grille diffuser case.
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Above all, the VRF-SV system installed with the bar grille as ASTD can provide
better thermal comfort, improved IAQ and uniform temperature and velocity
distribution. Thus, the bar grille is recommended to be used in small-to-large size

applications if installed with VRF-SV hybrid system.

104 Nodal and Energy Modelling: VRF-SV Hybrid System

The outcome of this study can be concluded as follows:

10.4.1  Simplified Nodal Modelling

The huan’s model (Huan et al., 2018) was developed as a reference model based on
the airflow direction for the wall and ceiling exhaust configuration of the VRF-SV

hybrid system in a large retail shop facility.

The reference model provided inaccurate prediction of the vertical temperature

profiles for both of the studied cases.

Then, the model was modified following the airflow streamlines directions for both
cases and found that the modified models provided accurate predictions of the
vertical temperature profile. Thus, recommended to be used in prediction of vertical

temperature profile for energy and load calculation in large SV applications.

10.4.2  Energy Modelling: TRNSYS Simulation

The simulation with split type AC system was considered as the baseline simulation.
That AC system was then replaced with VRF, VRF-SV decoupled and VRF-SV

fully integrated systems in the successive simulation models.

The simulated results of all of the models are based on the energy consumption at
many outdoor temperatures (bin temperatures) distributions for every 4 hours shifts

in Petaling Jaya, Malaysia for the years 2007 to 2016 (refer Figure 9.1).
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The simulation results for all of the ACMV systems are divided into occupied and
unoccupied periods, where the occupied period is 3650 hours and the unoccupied
period is 5110 hours.

The simulated results for the ACMV systems are quantitatively calculated by
multiplying the frequencies for every midpoint of the bin temperature interval with
the energy consumption at each of the midpoint of the bin temperature interval and
then, the results of the occupied and unoccupied periods are totalized for each
system.

It was found that the highest energy consumption occurred in all of the simulated
cases when the bin temperature interval was 31°C. This is because of the inverse
impact of the outdoor temperature on the performance of the ACMV systems.

The total energy consumption by any of the ACMV system at higher temperature
such as 33°C and 36°C is comparatively low due to the low frequencies of these bin
temperature intervals.

The results of this study revealed that the annual energy consumption when the
building is installed with VRF system or VRF-SV decoupled system are lowest
compared to the other two ACMV systems in almost every midpoint of the bin
temperature interval. However, the VRF-SV decoupled system found most suitable
and efficient as it comes with fresh outdoor air for ventilation.

The overall annual energy consumption for the VRF-SV decoupled system and the
VRF only system is 63401.6 kWh and 71010.6 kWh, respectively, where the
difference is 7609 kWh (i.e. around 10.7%) which is due to the use of heat recovery
devices (enthalpy and sensible wheels) in the former system.

The fully integrated design of the VRF-SV hybrid system performed worst in energy
consumption due to the conditioning of excessive amount of supplied air (mixture of

OA and RA streams).
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10.5 Air Distribution Performance Study: Large Atrium Building as Case
Study

The performance of the architecturally designed, vertically-oriented high capacity

linear slot diffuser (HCLSD) in a large atrium was also studied as a part of this thesis

using numerical simulations and physical experimentation. The actual atrium model was

developed and simulated by employing the verified and validated numerical model for

the in-depth investigation of the HCLSD performance at different deflector angles (0° to

25°) in the atrium building. The outcome can be concluded as follows:

» No significant difference in predicted vertical temperature profiles was found among
all the deflector angles. However, the case with ¢ = 0o deflector angle was observed
with higher airflow velocity of about < 0.22 m/s at the lower level of the measuring
locations.

=  More than 33% increase in the air velocity due to the 0° deflector angle is noticed at
the diffuser face.

= A good thermal distribution in the atrium space was seen due to the properly
designed air supply system (at ¢ = 0°) with values between 24°C - 27°C in the entire
breathing zone. The temperature of the atrium increased with the increase in the
height of the domain. The average temperature within the occupied zone was found
under the acceptable human thermal comfort range with the supply air at 19°C.

* The airflow field in front of the diffusers was stronger, which decayed gradually

along the throw path and reaches about 0.2m/s at 8§ m distance from diffuser.

10.6 Future Work and Recommendations

The present research work has investigated the performance of VRF-SV hybrid
system in terms of airflow distribution, thermal comfort assessment and energy

consumption. This research was conducted considering a large building in the tropical
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climate of Kuala Lumpur, Malaysia. Therefore, it is an effective step towards assessing

the potential of VRF integrated mechanical ventilation systems in tropical buildings.

However, this research can further be improved by considering following

recommendations,

In terms of design, as already described in this thesis, coupled (integrated) and
decoupled strategies were used in integration of VRF and SV systems. Therefore,
further study in this direction could be performed by using different design
strategies for getting more energy efficient solutions of the combined system for

tropical buildings.

The performance of the designed VRF-SV hybrid system in a retail shop building in
the tropical climate was investigated. The hybrid system was modelled and
simulated in the case study building. The performance of the hybrid system was
evaluated based on the desired indoor and idealistic outdoor conditions. According
to the results, this study justifies the performance of the designed system in terms of
improved IAQ, enhanced thermal comfort and increased energy savings. However,
the author recommends the actual testing of the integrated design in variety of the
climatic conditions to more understand the suitability of this design to be adopted in
non-tropical buildings as well. To study the effects of climate change on this novel

VREF-SV hybrid system can also be a future research direction.

In air distribution side, further research is needed to be carried out in optimization of
the discharge airflow rate, supply air temperature, inlet air velocity and fresh

outdoor air ratio.

In the future, the impact of varying the SA temperature for SV and refrigerant
evaporating temperature for VRF FCUs on overall energy efficiency of the VRF-SV

hybrid system could also be evaluated.
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Apart from that, the design modification in the air supply diffusers can also be an
insight to be explored in order to obtain a better outcome in terms of the airflow
throw and thermal distribution for relatively large applications.

Finally, the use of renewable energy resources with the advanced and smart control
techniques to enhance the performance of VRF-SV hybrid system in tropical

buildings can also be explored.
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