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Abstract

For buildings located in hot-humid climates, maintaining an appropriate level of indoor
air humidity (RHi) is important for improved indoor thermal comfort, better indoor air
quality and a higher energy efficiency of air conditioning (A/C) systems. Direct
expansion (DX) A/C systems have been widely used to control indoor thermal
environments in small- to medium- scale buildings, because they are more energy
efficient, require less space to install and cost less in operation and maintenance.
However, it is a challenging task to control RHi using a DX A/C system. This is because
a single DX A/C system has to simultaneously handle the considerable changes in both
sensible space cooling load and latent space cooling load. The commonly used
temperature based On-Off control strategy for DX A/C systems can only be used for
indoor air temperature (Ti) control, leaving RHi control as a by-product of temperature
control. In addition, currently, the design trend of a DX A/C system is to try to reduce
its dehumidification capacity for improving its energy performances. Therefore, to meet
the requirement of indoor moisture removal, an air-conditioned space is usually
overcooled by having a lower Ti setting. Hence, there have been significant research
efforts to address the inadequacies in air dehumidification when using DX A/C systems.
However, in these efforts, additional dehumidification provisions leading to larger
installation spaces, or complex controllers based on variable speed (VS) technology
were usually required. Furthermore, for a VS DX A/C system, to output an enhanced
dehumidification capacity, a lower supply air flow rate was usually required, leading to
a reduced level of thermal comfort because of a lower supply air temperature and a

poorer indoor air distribution.



Therefore, based on the previous related studies in developing novel A/C systems to
provide an enhanced moisture removal capacity, a novel constant speed DX A/C system
having a two-sectioned cooling coil (TS-DXAC) has been proposed. The two sections,
with one section to mainly deal with the latent cooling load (LCL) and the other sensible
cooling load (SCL), are arranged in parallel with their respective matching variable
speed supply fans, and the mass flow rates for both refrigerant and air to each section
could be adjusted. The total air flow rate of the system can be kept constant, so as not

to affect indoor air distribution and occupants’ thermal comfort.

A research project on developing such a TS-DXAC system using experimental and
mathematical modeling approaches has been therefore carried out and the project

results are presented in this Thesis.

Firstly, the establishment of an experimental TS-DXAC system, which was composed
of two sub-systems, i.e., a DX refrigeration sub-system and an air-distribution sub-
system, is reported. The experimental TS-DXAC system was placed inside an
environmental chamber where air states can be controlled for experimental purposes.
All the operating parameters of the experimental TS-DXAC system and the thermal
environmental parameters in the chamber can be real-time monitored and recorded
using high precision measuring devices. With availability of the experimental TS-
DXAC system, its operational characteristics can be experimentally studied, a steady-
state mathematical model for the experimental TS-DXAC system to be established also
experimentally validated, and finally a control strategy to be developed to operate the
experimental TS-DXAC system for improved indoor thermal environment control

tested.



Secondly, the Thesis presents an experimental study on the inherent operational
characteristics of the experimental TS-DXAC system. The study results showed that
the variations in the mass flow rates of both refrigerant and air to the two sections would
result in different combinations of the output total cooling capacity (TCC) and
equipment sensible heat ratio (E SHR) from the experimental TS-DXAC system, and
that the TCC - E SHR relationship was constrained within an irregular area.
Furthermore, different inlet air temperatures and humidity levels to the experimental
TS-DXAC system would also influence its inherent operational characteristics as
reflected by the changes in the positions and shapes of the irregular areas, with the

humidity levels influencing more on the operational characteristics.

Thirdly, the establishment of a steady-state physical-based mathematical model for the
experimental TS-DXAC system is presented. The established model was
experimentally validated using the data collected from the experimental TS-DXAC
system, with the differences between the experimental and predicted results of being
less than 6%. Using the validated TS-DXAC model, a follow-up modeling study was
carried out on optimizing the relative sizes of the two sections. The modeling study
suggested that a lower surface area ratio for the two sections can lead to a larger
variation ranges of both output TCC and E SHR. For example, at the inlet state of 26 C
and 50% relative humidity, when the surface area ratio for the two sections was altered
from 1:1 to 1:3, the variation range for output TCC was increased by 33%, and that for

E SHR by 51%, which was beneficial to better dehumidification.

Finally, the Thesis reports the development of a control strategy to enable the

experimental TS-DXAC system to be operated in hot-humid climates. The developed



control strategy included two control algorithms, i.e., Algorithm I and Algorithm 11,
enabling the experimental TS-DXAC system to be operated under two different indoor
conditions, i.e., hot-humid and hot-dry, respectively. Controllability tests for the control
strategy were carried out using the experimental TS-DXAC system. Two test sets with
a total of six tests were organized for the two indoor air conditions. The controllability
test results demonstrated that in all the tests, Ti could be directly controlled at the two
indoor conditions using either of the two algorithms, while RHi could be directly
controlled at a hot-humid indoor condition using Algorithm 1. The control strategy
enabled the experimental TS-DXAC system to respond to the changes in either indoor
settings or space cooling loads by outputting variable sensible and latent cooling

capacities.
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Chapter 1

Introduction

In buildings in the tropics and sub-tropics, the control of indoor air temperature (Ti) and
that of indoor air humidity (RHi) are equally important since both directly affect
building occupants’ thermal comfort, indoor air quality (IAQ) and the operating
efficiency of building air conditioning (A/C) systems. In small- to medium- scale
buildings such as residences, direct expansion (DX) based A/C systems are widely used
for controlling indoor thermal environment because they are compact in volume, high

in energy efficiency and low in operation and maintenance costs.

However, to simultaneously control Ti and RHi using DX A/C systems is a great
challenge because the current trend in the design of a conventional DX A/C system is
to reduce its moisture removal capacity in an attempt to boost its energy efficiency
ratings, and most DX A/C systems are equipped with single-speed compressors and
fans, relying on On-Off control of compressors to only maintain Ti. Although additional
dehumidification provisions such as a dedicated outdoor air system (DOAS) or an
additional compression cycle or the use of desiccant may be employed for additional
moisture removal capacities, these provisions are usually complicated and require
additional installation space, and therefore are not suitable for use in small- to medium-
scale buildings. On the other hand, the application of variable speed (VS) technology
to DX AC systems can help achieve simultaneous control over Ti and RHi without
requiring additional space, so this is preferred for small- to medium- scale buildings.

However, there are two problems associated with the application of the VS technology



to DX A/C systems control strategies being complicated and poorer indoor air velocity

distribution adversely affecting indoor thermal comfort.

Hence, to address inadequacies in controlling indoor thermal environment using
traditional DX A/C systems, based on the previous related studies on developing novel
DX A/C systems to provide an enhanced moisture removal capacity, a novel DX based
AJ/C system having a two-sectioned cooling coil or evaporator (TS-DXAC) has been
proposed, without additional provision or complex control strategies to provide variable
cooling capacities. A research project to develop the proposed TS-DXAC system has
been carried out using experimental and mathematical modeling approaches, and the

project results are presented in this Thesis.

To begin with, a comprehensive literature review on various issues related to the
development of the proposed TS-DXAC system is presented in Chapter 2. Firstly, the
fundamental issues on indoor thermal environmental control are detailed, including
appropriate Ti for thermal comfort, sources of indoor moisture, the effects of different
levels of RHi on indoor thermal comfort and IAQ, and the influence of different supply
air velocities on indoor thermal environment. Secondly, the existing problems of
controlling indoor thermal environment using conventional DX A/C systems are
reported. Thirdly, a review of different approaches, which may be grouped into three
different categories to address these problems is presented. Fourthly, a review on
previous modeling studies on DX A/C systems and their major components is reported.
Lastly, the research gaps where further research attentions should be paid to are

summarized.



In Chapter 3, based on the literature review presented in Chapter 2, a proposal for the
research project presented in this Thesis, including the background, project title,

objectives and research methodologies, is detailed.

Chapter 4 reports on the establishment of an experimental TS-DXAC system. This
experimental TS-DXAC system are specifically established to carry out the research
project proposed in Chapter 3. Firstly, the configuration of the experimental TS-DXAC
system is detailed. Then the experimental TS-DXAC system and its major components
are specified. This is followed by reporting various instrumentation and a data
acquisition system for the experimental TS-DXA system. Finally, a supervisory
program for operating and controlling the experimental TS-DXAC system using the

LabVIEW platform is detailed.

Chapter 5 presents an experimental study on the inherent operational characteristics of
the experimental TS-DXAC system, which were expressed by the relationship between
its output total cooling capacity (TCC) and equipment sensible heat ratio (E SHR). In
this experimental study, a constant compressor speed and a fixed total supply air flow
rate were used. However, both the refrigerant and air flow rates to the two-sections can
be varied. Extensive experimental work has been carried using the experimental TS-

DXAC system, and experimental results are reported in this Chapter.

Chapter 6 presents the establishment of a physical-based steady-state mathematical
model for the experimental TS-DXAC system. This mathematical TS-DXAC model
was established by referencing to the previously developed sub-models for DX A/C

systems. The established TS-DXAC model was validated using experimental results



from the experimental TS-DXAC system, with an acceptable modeling accuracy. Then,
using the validated model, a follow-up modeling study on optimizing the relative sizes
of the two sections for a TS-DXAC system was carried out, and modeling study results

are presented.

In Chapter 7, the development of a control strategy to operate the experimental TS-
DXAC system for improved indoor thermal environment is presented. The control
strategy included two algorithms, i.e., Algorithm | and Algorithm I, for two typical
indoor conditions in buildings in hot-humid climates. Extensive controllability tests for
the control strategy have been carried out using the established experimental TS-DXAC

system, and test results are presented.

Finally, the Conclusions of the Thesis and the proposed future work are given in

Chapter 8.



Chapter 2

Literature review

2.1 Introduction

In buildings, maintaining a good indoor thermal environment at an appropriate level is
important for the thermal comfort of occupants, indoor air quality (IAQ) [Toftum and
Fanger, 1999] [Arens and Baughman, 1996; Berglund, 1998] and the energy efficiency
of air conditioning (A/C) systems [Henderson Jr and Rudd, 2014]. This is particularly
true for buildings located in hot-humid climates with a high ambient humidity for most
of a year. On the other hand, in small- to medium- scale buildings such as residences
and retails, direct expansion (DX) A/C systems are extensively used for controlling
indoor thermal environments [Hernandez Il and Fumo, 2020], because they are
compact in volume, high in energy efficiency and low in operation and maintenance

costs [Zhang et al., 2019a].

However, conventional On-Off controlled DX A/C systems only control Ti, leaving
RHi control as a by-product of Ti control. This is because the heat and mass transfers
taking place in the cooling coil of a DX A/C system are highly coupled, leading to two
highly coupled processes for controlling air temperature and humidity, respectively
[Han and Zhang, 2011; Krakow et al., 1995]. In fact, conventional DX A/C systems
unfortunately do not have the ability to decouple the two control processes, because of

the inadequacies in their hardware and software provisions.



Although there have been research efforts on improving the dehumidification capability
of conventional DX A/C systems, further studies are still considered necessary, so as to
make these DX A/C systems not only more capable in dehumidification, but also
smaller in size, less cost in manufacturing and operation, and simpler in control. To this
end, a comprehensive literature review on a number of issues related to indoor thermal
environmental control using DX A/C systems has been conducted and the review
outcomes are presented in this Chapter. Firstly, the key parameters describing a thermal
environment in an air conditioned space, such as air temperature, humidity and air
velocity are discussed. Secondly, the indoor thermal environmental control in various
buildings using A/C systems are reviewed. This is followed by reviewing various
approaches adopted to address the inadequacies of indoor thermal environmental
control using DX A/C systems. Fourthly, the previous related studies on modeling DX
AJC systems and their components and the methods of solving the mathematical models
for DX A/C systems are reviewed. Finally, the conclusions of the literature review

where research gaps are identified are presented.

2.2 The thermal environment in an air conditioned space

It has been well known that there are three key environmental parameters that can be
used to describe the thermal environment in an air conditioned space, i.e., Ti, RHi and
indoor air velocity, and that these parameters may be directly modulated by the use of

A/C systems. In this section, these parameters are respectively discussed, as follows.



2.2.1 Air temperature

In buildings, without the presence of an environmental control system, such as an A/C
system or a space heating system, Ti is affected by both the external heat sources such
as solar heat gain, heat transfer through building envelopes due to the difference
between indoor and outdoor air temperature, and the internal sources such as the heat
gain from occupants and equipment, etc. It is commonly acknowledged that Ti is the
most important environmental factor that influences an indoor thermal environment.
Previous studies have demonstrated that the performances of occupants were affected
primarily by Ti, not only directly through the heat exchange between indoor air and a
human body, but also indirectly through the impacts of air temperature on either the
prevalence of sick building syndrome symptoms or the satisfaction with indoor air
quality [Fang et al., 2004]. The occupant performances would decrease as Ti was
deviated from a so called comfort range, or when T; was frequently changed [Lan et al.,
2009]. For most mental tasks, the optimum Ti was 24 <C, while for perceptual tasks, a
conversed U-curve for temperature — performance was observed, with the best
performance achieved at 27 <C. In addition to the influences on human work
performances, Ti also had an impact on human mental state. A warmer environment
was more harmful to both human performances and motivations than a colder
environment. A thermal environment from slightly cold to neutral has been
recommended because the performances of occupants did not change significantly. An
improvement in indoor thermal environments can also make people more motivated
and their performances would increase due to a higher motivation [Lan et al., 2010;

Lorsch, 1994]. Although many studies have suggested that Ti ranges would change



according to different working scenarios, an optimum Ti range existed for people to

achieve their best performances [Heating et al., 2004; Niemel&et al., 2002].

2.2.2 Air humidity

Human beings were very good at sensing skin moisture from perspiration [Berglund,
1994], and their skin moisture levels would correlate well with their thermal sensations.
An appropriate level of RHi would lead to a good indoor thermal environment, and the
setting of Ti can also be increased correspondingly without affecting occupants’ thermal

sensation, thus saving energy. Moreover, RHi may also impact occupants’ health.

There were internal and external sources of indoor moisture [Liu et al., 2019]. Internal
sources of indoor moisture mainly include occupants and indoor activities like cooking,
and external sources the ventilation and infiltration of outdoor air [McGahey, 1998;
Sekhar, 2016]. The moisture content of outdoor air can significantly influence RHi level
[Sekhar, 2013]. In particular, for buildings located in hot-humid climates, at part load
conditions, the moisture from outdoor air had greater impact on RHi level than at full

load conditions [Aynur et al., 2008; Seo et al., 2014].

Appropriate RHi level was necessary to achieve an indoor environment that was
beneficial to human thermal comfort and health. Firstly, as far as occupants’ thermal
comfort was concerned, the requirements for RHi control were not very precise
[Standard, 2010]. A low level of RHi can lead to dry skin and mucous surfaces, causing
discomfort to eyes and throat, and dry nose and skin [Wyon et al., 2006]. On the other

hand, a high level of RHi would prevent effective evaporative cooling of a human body,



and increase the thermal discomfort [Berglund and Cunningham, 1986] caused by the
feeling of the moisture itself from skin, which increased the friction between skin and
clothing, making clothing feel less comfortable and fabrics feel more coarse [Gwosdow
et al., 1986]. To sustain a good indoor thermal environment, it has been recommended

that indoor relative humidity level not exceed 60% [Nevins et al., 1975].

Secondly, regarding human health, a low RHi may lead to the chapping and irritation
of throat and other sensitive areas. In particular, in winter, respiratory illness and
absenteeism would increase with a decrease in RHi [Green, 1982]. On the other hand,
a high RHi may cause heat exhaustion or heat stroke and possible death [Toftum et al.,
19984, b]. In addition, for the direct influences on human health, RHi may also affect
people indirectly. For example, many organisms and the products of various chemical
reactions can cause discomfort to, and even illness of occupants, while the growth rates
of these organisms and the speed of chemical reactions were largely determined by the

combinations of Ti and RHi.

Many studies have demonstrated that the maximum growth of fungus occurred at above
95% but almost ceased at below 80% relative humidity, and that indoor mite
populations were directly related to air relative humidity with a strong increasing trend
at above 60% relative humidity. In addition, certain individuals were at risk for
undesirable health effects caused by the exposure to either high (above 60%) or low
(below 30%) relative humidity. For example, exposing to low RHi increased the health
problems of asthmatics, individuals with allergies, newborns and the elderly, who were

more susceptible to respiratory infections. On the other hand, exposing to high RH;



increased the risk for individuals with allergies or with a poorly functioning thermal

regulatory system, such as the elderly and people with cardiovascular diseases.

Therefore, in buildings located in hot-humid climates, to maintain a suitable indoor
thermal environment and to avoid the above-mentioned health problems caused by

inappropriate RHi levels, RHi should be maintained at between 30% and 60%.

2.2.3 Air velocity

Indoor air velocity distribution affected not only indoor thermal environment but also

indoor air quality [Zhang et al., 1990].

Indoor air velocity should be kept within a specific range, because low air velocities
may limit off-gassing from evaporatively controlled emitters thus having an adverse
effect on pollutant discharge. In addition, it was inadequate for quantitative passive
monitoring of pollutant vapors. 10% and 50% reductions in sampling rates were
reported for passive monitors at air velocities ranging from < 0.7 to 25 cm/s and from

< 0.7 to 2 cm/s, respectively [Matthews et al., 1989].

On the other hand, the effects of air movements on human thermal comfort have also
been studied. In occupied zones, air velocities were usually small (0 to 0.5 m/s), and
the acceptable velocities were varied at different indoor air temperatures or occupant
work conditions. In cool and moderate indoor thermal environments, for example, with
Ti up to 23 °C, there was a risk that sedentary occupants would feel discomfort even

when indoor air velocity was low. To maintain a suitably low air velocity in occupied
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zones, the supply air velocity from an air diffuser should be high enough to ensure air
was adequately mixed and to keep the air flow in its desired direction [Zhang et al.,
1990]. Although a high air velocity can increase the cooling effect, at an Ti of over
23 °C, occupants can feel warmer, so that they actually did not feel draught at typical
indoor air velocities (up to around 0.4 m/s). Moreover, when Ti was around 30 °C,
indoor air velocity up to 1.6 m/s was acceptable [Toftum, 2004]. In addition, the
fluctuations in indoor air velocity can also affect occupants’ thermal comfort since
velocity fluctuations with a frequency of up to 1 Hz in occupied zones can significantly

increase occupants’ discomfort caused by draft [Arens et al., 2009].

2.3 Indoor thermal environmental control using air conditioning systems

Various A/C systems have been used to maintain a desirable indoor thermal
environment in different types of buildings. Generally speaking, in large buildings,
central A/C systems are widely used, while in small- to medium- scale buildings, DX

A/C systems such as roof top units or split-type units are more preferable.

2.3.1 The variations in space cooling loads

The sources for indoor cooling loads in a conditioned space can be divided into internal
and external ones. The former included indoor occupants, lighting and equipment, and
did not change much during the operating period of an A/C system [Li et al., 2006].
The latter included the heat transfer from ambient air through convection and

conduction, outdoor infiltration and solar radiation, etc. and would however change
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significantly during the operating period of an A/C system that may last for 7 months

in a year from April to October in hot-humid climates [Lam, 1993].

For an A/C system, two important parameters, i.e., total cooling capacity (TCC) and
equipment sensible heat ratio (E SHR), can be used to describe its ability to deal with
the space cooling loads. The output TCC value was the output total cooling capacity
from an A/C system while the E SHR value was the ratio of the output sensible cooling
capacity (SCC) to the output TCC from an A/C system. On the other hand, there were
also two key parameters to describe the characteristics of space cooling loads, i.e., total
cooling load (TCL) and application SHR (A SHR), with the latter being the ratio of the
space sensible cooling load (SCL) to the space TCC in an air conditioned space. For
achieving the precise Ti and RHi control, E SHR and TCC of an A/C system should
match exactly A SHR and TCL, respectively [Li and Deng, 2007b]. However, as stated
earlier, external cooling loads can be actually varied significantly throughout the period
of air conditioning in a year. For example, in hot-humid climates, the values of A SHR
for a conditioned space could vary between 0.6 and 0.8, and those of E SHR for an A/C
system stayed normally unchanged [Lin and Deng, 2004]. There have been many
studies on the mismatch between values of A SHR / TCL in a conditioned space and
those of E SHR / TCC from an A/C system, leading to uncontrolled indoor humidity
levels [Amrane et al., 2003; Andrade and Bullard, 2002; Harriman 111, 2002; Hourahan,

2004; Lstiburek, 2002; Murphy, 2002; Shirey 111 et al., 2006].

Therefore, it was hard for a conventional A/C system to achieve the desirable indoor

thermal environment control when the space cooling load in a conditioned space was
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subject to significant changes, leading to a poorer indoor thermal environment which

was conductive to the health problems mentioned in Section 2.2.

2.3.2 Indoor thermal environmental control using central A/C systems in large

buildings

In large buildings such as hotels and offices, chilled water based central A/C systems
have been widely used. Generally speaking, in large buildings, because there was
enough installation space, it was therefore possible for conventional central A/C
systems to incorporate additional novel equipment or technologies that have been
extensively used to achieve the enhanced moisture removal [Zhang et al., 2011], one

example being a temperature and humidity independent control (THIC) A/C system.

Zhao et al. [2011] studied a THIC A/C system installed in an office building, with its
schematic diagram shown in Fig. 2.1. In this THIC A/C system, heat pump driven liquid
desiccant assisted outdoor air processors were employed to handle the latent cooling
load (LCL) from outdoor air for the whole building to control RHi, and chilled water at
the temperature of 17.5 <C was supplied to dry fan coil units (FCU) and radiant panels
to control Ti. There were two subsystems in the THIC A/C system. In Fig. 2.1, the
temperature control subsystem which consisted of a high-temperature water chiller, a
cooling tower, cooling / chilled water pumps and indoor terminal devices (FCU and
radiant panels) is shown on the left hand side and the humidity control subsystem which
consisted of the liquid desiccant outdoor air processors that supplied adequate dry fresh
air into occupied spaces on the right hand side. In the heat pump driven outdoor air

processor, the exhaust heat from its condenser was used to heat the diluted solution
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from dehumidification modules. After that, the diluted solution was turned into a hot
concentrated solution which was cooled by passing it through a heat exchanger before
entering the dehumidification modules for removing moisture from outdoor air. In
addition to controlling RHi using the outdoor air processor, the energy from indoor
exhaust air can also be recovered using a total heat recovery device installed in the
outdoor air processor to reduce the energy consumption of the THIC A/C system. The
Coefficient of Performance (COP) of the THIC A/C system could reach 4.0 and its
energy consumption for the office building was at 32.2 kWh/(m?2yr), which showed that

its energy efficiency was much higher than that of conventional central A/C systems.
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Fig. 2.1 Schematic diagram of the THIC A/C system [Zhao et al., 2011]
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Furthermore, in the workshop of an industrial factory [Guan et al., 2020], a full outdoor
air A/C system with a liquid desiccant dehumidifier (DEH) was used to achieve a
precise control of both Ti and RHi. Because pollutants were produced in the workshop
during its operation, return air could not be reintroduced to the A/C system. Therefore,
a full outdoor air A/C system using an air handing unit (AHU) with a DEH was used to
handle outdoor air to control the indoor thermal environment. Fig. 2.2 shows the full
outdoor air A/C system and the detailed configurations of the AHU. There were three
cooling coils, i.e., Cooler 1, Cooler 2 and Cooler 3, using high-temperature chilled
water at 14 -18 <C to process the SCL of the workshop for controlling Ti, while the
DEH in the AHU powered by a heat pump was used to handle the moisture of outdoor
air and other space LCLs for controlling RHi. In Fig. 2.2, outdoor air at the state of Ain
flowed into the AHU and was divided into two streams. The first passing through
Cooler 1 was further cooled to the state of Al, whereas the second passing through
Cooler 2 and DEH was processed to the state of A3. These two outdoor air streams were
then mixed and finally cooled by Cooler 3 to the required state of Aout and supplied to
the workshop. The use of DEH could not only help the A/C system achieve the
simultaneous control of Ti and RHi but also decrease the energy grade required for

cooling, and avoid reheating as compared with conventional A/C systems.
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Return chilled water

Supply chilled water

Fig. 2.2 Schematic diagram of a full outdoor air A/C system for a workshop [Guan et

al., 2020]

In a museum storeroom, a novel THIC device was developed and installed in the
cooling coil of a conventional central A/C system to achieve simultaneous control of Ti
and RHi [Zhang et al., 2012]. The schematic diagram of the central A/C system with
the THIC device is shown in Fig. 2.3. Although the cooling and dehumidification were
two coupled processes in a cooling coil, the cooling and dehumidification capacity from
the coil could be separately adjusted. It can be seen from Fig. 2.3 that before chilled
water was supplied to the cooling coil, it first flowed to the THIC device where both its
mass flow rate and temperature may be changed. The changes in mass flow rate would
be used to control the cooling capacity, and those in temperature the dehumidification
capacity of the cooling coil. Consequently, Ti and RHi can be controlled independently.

Furthermore, a split-range control strategy was developed purposely for the central A/C
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system with the THIC device to prevent the dehumidification and re-humidification to
save energy. Field tests for the central A/C system with the THIC device showed that
Ti and RHi were well controlled within the required range with a high precision under
different operating conditions. The energy performances of the A/C system were also
tested and compared with those of a conventional central A/C system using the
TRNSYS platform. The comparison results showed that the central A/C system with

the THIC device can achieve an energy saving of 30-50%.
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Fig. 2.3 Schematic diagram of a central A/C system with a THIC device for the

storeroom in a museum [Zhang et al., 2012]

As seen from the above mentioned studies, in large buildings, simultaneous control of
Ti and RHi may be achieved by using chilled water central A/C systems that
incorporated additional dehumidification technologies or provisions. This was easy to
realize in large buildings where sufficient installation spaces for additional technologies

/ provisions were available.

17



2.3.3 Indoor thermal environmental control using DX A/C systems in small- to

medium- scale buildings

As shown in Fig. 2.4, a conventional DX A/C system was composed of four key
components, i.e., a compressor, a condenser, an expansion device and a DX evaporator,
which were connected in series by pipelines to form a refrigerant circuit. There were
also a supply air fan and a condenser air circulation fan. For the DX A/C system, the
refrigerant directly exchanged heat with the air passing through the DX evaporator.
Therefore, an intermediate medium of working fluid between refrigerant and air such
as water used in water chillers was no longer needed, and a DX A/C system can
therefore be made more compact, requiring less installation space. In addition, DX A/C
systems were usually of a higher energy efficiency because of the direct heat exchange
between air and refrigerant. Furthermore, DX A/C systems were normally of package
types, such as roof top or spilt-type, and needed no connecting air ducts, requiring less
maintenance work. Therefore, the initial costs, operating and maintenance costs for DX
A/C systems were generally low, as compared to those of central chilled water based

A/C systems.
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Fig. 2.4 Schematic diagram of a conventional DX A/C system

Unlike large buildings, in small- to medium- scaled buildings, installation spaces for
A/C systems / units were actually limited and central chilled water based A/C system
less preferred, but DX A/C systems were more suitable to be used for controlling indoor
thermal environments. However, using DX A/C systems to control indoor thermal
environment in small- to medium- scale buildings may also encounter some problems

as follows.

Firstly, the current designs for DX A/C systems with respect to dehumidification were
inadequate. For the cooling process taking place on the surface of a cooling coil, when
air temperature was lower than air dew-point, water vapor condensation occurred. For
obtaining a high moisture-removal efficiency, a cooling coil needed to be designed
accordingly by using the following three methods: reduce evaporating temperature;

reduce air face velocity; and increase its surface area, so that the outlet air from the
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cooling coil would have a lower temperature and moisture content. However, a cooling
coil so designed may not remove SCL efficiently. As a matter of fact, the current design
trends for DX A/C systems were rather to obtain a higher energy efficiency ratings
(EER) and COP, while the dehumidification capacity was weakened [Kittler, 1996].
This could therefore potentially lead to a situation where a DX A/C system would
provide the desired Ti control but not the required RHi control [Murphy, 2002; Shirey,
1993; Westphalen, 2004]. The situation would be even worse in buildings where space
SCLs were lower and the shutdown time of DX A/C systems longer, resulting in a
significantly reduced dehumidification capacity for these DX A/C systems [Rudd et al.,
2005]. Furthermore, it was shown by [Kurtz, 2003] that to save operating costs for DX
AJC systems, people would rather increase Ti set points in summer, which would further

increase indoor humidity levels.

Secondly, there were also inadequacies for controlling DX A/C systems. Most DX A/C
systems were operated with a single-speed compressor and supply fan, relying on On-
Off control of the compressor to control Ti only. The compressor would be shut down
when the setting of Ti was reached, but the moisture removal by the DX A/C system
was also stopped at the same time. The RHi level may be significantly increased when
the compressor was shut down, but the supply fan was continuously operated. This was
because the condensate remaining the surface of a cooling coil would evaporate into
supply air stream again due to the continuous operation of the supply fan [Amrane et
al., 2003; Shirey Il et al., 2006]. Therefore, RHi cannot be controlled at a moderate
level using On-Off controlled DX A/C systems. In addition, RHi would be higher for
buildings located in hot-humid climates where space LCL was higher. This situation

would in particular be worse in envelope-efficient buildings, where SCLs were low and
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DX A/C systems were shut down over the large time period of air conditioning

[Harriman 111, 2002].

If an On-Off controlled DX A/C system was used to control RHj, the setting of Ti had
to be lower to increase its moisture removal capacity. Then an oversized DX A/C
system may have to be employed to increase its output TCC, which would inevitably
overcool indoor air and increase the initial and operation costs [Huh and Brandemuehl,

2008].

2.4 Measures to address the inadequacies of indoor thermal environmental

control using conventional DX A/C systems

In Section 2.3.3, the problems for maintaining a suitable indoor thermal environment
using DX A/C systems are briefly summarized. To overcome these problems, many
efforts have been made and can be in general grouped into the following three major

approaches [Xu et al., 2018].

2.4.1 Applying additional provisions

The first major approach was to apply additional provisions to conventional DX A/C
systems to achieve suitable indoor thermal environmental control. For conventional DX
A/C systems, as stated in Section 2.3.3, their dehumidification capacities were
questionable. Therefore, the primary concern for applying additional provisions was to
enhance their moisture removal abilities. The simplest and most straightforward

method was to employ a stand-alone dehumidifier to deal with the space LCL
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[Henderson Jr and Rudd, 2014; Rudd, 2013]. However, it was hard to achieve the
desirable humidity control only using a stand-alone dehumidifier. Therefore, for
improving the dehumidification performances of a stand-alone dehumidifier, an
integrated ducted air dehumidifier with A/C systems can be employed. However, such
AJC systems with ducted dehumidifier actually required additional installation space,

which was thus not suitable for use in most small- to medium- scale buildings.

A reheating coil, which was usually an electric heating one, may also be added to a
conventional DX A/C system, as shown in Fig. 2.5 [Mazzei et al., 2005]. The air was
subcooled to significantly reduce its moisture content, and then reheated to a suitable
temperature before supplying it into a space. The simultaneous cooling and reheating
processes enabled the DX A/C system to control RHi, but was costly and energy

inefficient, in particular when outdoor air temperature and humidity were very high.

Outside air Supply air
B B
Cooling / .
Reheatin
Dehumidification b
A coil coil
Return air

Fig. 2.5 ADX A/C system with a reheating coil [Mazzei et al., 2005]
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To address the issue of high energy, use of a DX A/C system with a reheating coll, solid
[Jeong et al., 2010; Pramuang and Exell, 2007] or liquid desiccant subsystems [Burns
et al., 1985; Jia et al., 2006; Mart mez et al., 2017; Worek and Chung-Ju, 1986; Xiao et
al., 2011; Yadav, 1995] may be added to DX A/C systems. Furthermore, if the waste
heat from the condenser of a DX A/C system or other renewable energy can be used for
desiccant regeneration, more energy may be saved. However, these subsystems would
inevitably increase the complexity and costs of these integrated systems [Jain and

Bansal, 2007].

Because most of the space LCL come from ventilation air, a dedicated outdoor air
system (DOAS) can be integrated to a DX A/C system. A DX A/C system with an
integrated DOAS can be used adequately to handle indoor space sensible and LCLs at
a high efficiency. The configuration of a conventional DOAS is shown in Fig. 2.6. As
seen, outdoor air was processed in a cooling coil firstly to remove moisture, and then
reheated to an appropriate temperature before supplying to a conditioned room. A
DOAS could deal with all the space LCL, while the space SCL was handled using a
parallel indoor terminal to achieve simultaneous control over Ti and RHi [Mumma,
2001a]. However, the operation of a conventional DOAS was very inefficient.
Consequently, an improved arrangement for a DOAS was proposed, as shown in Fig.

2.7, which represented also the current general arrangement of a DOAS.
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Fig. 2.6 Schematic diagram of a conventional DOAS [Mumma, 2001a]
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Fig. 2.7 The general arrangement of a DOAS [Mumma, 2001b]

In the improved general arrangement of a DOAS, an enthalpy wheel was used to
precondition outdoor air, and the heating coil in a conventional DOAS was replaced by
a sensible wheel [Mumma, 2001b]. Applying such an improved DOAS to a
conventional DX A/C system could efficiently deal with indoor space SCLs and LCLs,
and improve the indoor thermal environment. In addition, because outdoor air was
handled independently, it could also satisfy the requirements of indoor air quality.
However, a DOAS was always complex and additional provisions were required which

would increase the initial costs and requiring more installation space. To fully take
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advantages of a DOAS and integrate it with DX A/C systems more conveniently, a
highly energy efficient DOAS using novel vapor-compression refrigeration cycles was
proposed. As shown in Fig. 2.8 [Zhang et al., 2019b], this novel DOAS was featured
by a fine combination of two-stage DX dehumidification, subcooled liquid-to-air
reheating and exhaust air heat recovery. This novel system was optimally designed and
analyzed with a detailed mathematical model. A prototype was also setup and tested.
The research results indicated that the supply air can be processed to desirable states
and its energy efficiency reached 5.42 under rated cooling conditions, which was 26%

higher than that of a the conventional DOAS.
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Fig. 2.8 Schematic diagram of the proposed DOAS [Zhang et al., 2019b]

When a DOAS was integrated into a DX A/C system, the LCL of the system was
handled separately [Lowenstein, 2008; Rambhad et al., 2016]. Therefore, the air

conditioning terminal in a conditioned room only needed to deal with the SCL [Hu and
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Niu, 2012; Saber et al., 2016]. Because there was no dehumidification requirement for
the terminal in the conditioned room, it could be operated at a dry condition. The most
commonly adopted method for dry cooling was to employ a radiant terminal [Mumma,

2002].

Li et al. [2017] developed a novel DX based radiant A/C system integrating an outdoor
air dehumidifier (OAD) used in the highly humid Yangtze River region in China. As
shown in Fig. 2.9, the novel DX based radiant A/C system was composed of three main

parts, i.e., a VRF plant, an OAD unit and a radiant A/C terminal.
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Fig. 2.9 The configuration of the DX based radiant A/C system [Li et al., 2017]

In this novel system, one refrigerant cycle was assigned to the OAD unit to cool and
dehumidify outdoor air and the other to the heat exchanger to provide radiant terminals

with chilled water. Therefore, the OAD unit handled indoor LCL by processing outdoor
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air and the radiant terminal handled indoor sensible load, so as to achieve the

simultaneous control of Ti and RHi [Zhu et al., 2014a; Zhu et al., 2014b].

The experimental results for this novel DX based radiant A/C system demonstrated that
in summer and transitional seasons, the supply air temperature was maintained at its set
point with a fluctuation of less than 2 <C. The supply air moisture content was
maintained at within 8-10 g/kg, which was set in accordance with the supply air
moisture content recommended by ASHRAE [Standard, 2010], suggesting a
satisfactory performance of temperature and humidity control. Furthermore, the supply
chilled water temperature in the summer condition was maintained at its set point with
a moderate fluctuation less than 2 <C. In addition, the supply air temperature from the
OAD unit also met the requirement of the occupant in winter condition, which

suggested a stable year-round operation of the novel system.

Thereafter, a follow-up simulation study on the energy performance of the proposed
DX based radiant A/C system was also conducted [Li et al., 2018]. Compared to a
conventional air source heat pump (ASHP) based system [Qu et al., 2012; Song et al.,
2014], the proposed DX based radiant A/C system achieved an energy saving of 19.34%
annually. With a higher energy efficiency, the proposed DX based radiant A/C system,
can be used to provide a promising approach for radiant A/C systems to achieve the
simultaneous control over Ti and RHi in small- to medium- scaled buildings. However,
this novel DX based radiant A/C system required a precise control of chilled water
temperature to avoid the potential condensation indoors, which would cause severe
damages to buildings [Rhee et al., 2017]. In addition, the additional radiation panels

and heat exchangers also increased the initial and maintenance costs.
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As seen from the above studies, all these novel DX A/C systems assisted by additional
provisions could be used to achieve simultaneous control over Ti and RHi. However,
they actually required additional provisions thus installation spaces. Therefore, together
with high capital and operational costs, it was not suitable for use in small- to medium-

scale buildings.

2.4.2 Modifying configurations

To address the inadequacies when applying additional provisions such as a DOAS to
the DX A/C system and meet the requirement of enhanced dehumidification, the second
major approach, i.e., modifying configurations of conventional DX A/C systems
without requiring additional provisions was studied. A typical modification for the DX
AJ/C system was the separating sensible and latent cooling (SSLC) system shown in Fig.
2.10 [Ling et al., 2010; Ling et al., 2011, 2013]. For a SSLC system, one vapor
compression cycle was used to handle the SCL and the other the LCL from internal and

external.

In the SSLC system, the latent cooling cycle was actually a conventional vapor
compression cooling cycle, while the sensible cooling cycle having a higher
evaporating temperature was of a higher energy efficiency compared to the latent
cooling cycle. Therefore, the whole SSLC system was expected to have a higher energy
efficiency than a conventional DX A/C system. Compared to the integrated systems
introduced in Section 2.4.1, the SSLC system could also obtain desirable supply air
states without additional provisions. However, because two refrigeration cycles were

actually required for the SSLC system, its initial costs would be higher and the system
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more complicated, which was unsuitable for the application in small- to medium- scale

buildings either.
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Fig. 2.10 Refrigeration cycle of the SSLC system [Ling et al., 2010]

In contrast to the SSLC system, the strategy of multi-heat exchangers used in one
cooling cycle was more applicable and has been applied to DX A/C systems to achieve
simultaneous control of Ti and RHi. The main principle of the multi-heat exchanger
strategy was employing an additional heat exchanger working as a cooling coil or a

heating coil at different conditions.
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For example, Han et al. [2013] developed a novel DX isothermal dehumidification
system having two indoor units connected in series, one indoor unit acting as a reheating
coil or an evaporator and the other as a normal evaporator by valve arrangements, with
the schematic diagram shown in Fig. 2.11. In this novel system, two heat exchangers
were used, i.e., Coil 1 and Coil 2. The arrangement of valves could realize two different
working statuses for the DX isothermal dehumidification system. If VValve 1 and 4 are
open, while Valve 2 and 3 are closed, the system will work with reheating function, and
air was firstly processed in Coil 1 and then was reheated in Coil 2. On the other hand,
if Valve 1 and 4 are closed, while Valve 2 and 3 are open, the system will work as a
conventional DX A/C system, and both Coil 1 and Coil 2 will work as evaporators.
According to the characteristics of the system, it was very suitable for use in the
transition season when SCL was low but LCL high. The experimental results
demonstrated that this system can meet the isothermal dehumidification demand at a
capacity of 1.08 - 3.2 kg/h, and the outlet air temperature from the system fluctuated
within 1 <C. As stated earlier, this novel system was intended to achieve an isothermal
dehumidification in transitional seasons. However, in hot-humid areas such as Hong
Kong, the usefulness of such a system was in doubt, because cooling and dehumidifying

an indoor space were equally important for most of a year.
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Fig. 2.11 The schematic diagram of a novel DX isothermal dehumidification system

[Han et al., 2013]

Fan et al. [2014] developed a multi-unit heat pump system to simultaneously control T;i
and RH; for all-year-round operation. The schematic diagram of the multi-unit heat
pump system is shown in Fig. 2.12. Two parallel connected condensers, i.e., HE2 and
HE3 are employed in the system, while HE2 was located at the back of the indoor
evaporator, HE1, and HE3 used as the outdoor unit. The system could be operated in
four modes, i.e., heating, cooling, dehumidification without and/or with partial or total
condensing heat recovery by regulating the four-way-valve and electric valves. In
addition, both the indoor air flow rate and the outdoor air flow rate could be varied
using Fanl and Fan2, respectively, with the former directly influencing the evaporator
performance and the latter the condenser performance. Furthermore, the supply air
temperature and humidity could be simultaneously controlled by adjusting the indoor

and outdoor air flow rates.
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Fig. 2.12 Schematic diagram of the multi-unit heat pump system [Fan et al., 2014]

The experimental results revealed that variable cooling and dehumidification capacities
could be obtained at a high energy efficiency by adjusting indoor and outdoor air flow
rates. However, the variation in indoor air flow rates directly related to the cooling and
dehumidification capacity of the multi-unit heat pump system. Because of the
requirement of indoor thermal environment, the indoor air flow rates cannot be varied
greatly, leading to the limitation of cooling and dehumidification capacity from the

system.

Chen et al. [2018b] proposed a DX A/C system with enhanced dehumidification
(EDAC) to achieve improved indoor thermal environmental control with a constant
supply air flow rate for all-year-round operation. The proposed EDAC system is shown
in Fig. 2.13. As seen, the multi-evaporate technology was used and two parallel-
connected evaporators existed, i.e., HX1 and HX2 with their corresponding two
electronic expansion valves (EEVS), i.e., EEV1 connected to HX1 and EEV2 to HX2.

The refrigerant flow rates passing through two EEVs could be adjusted by varying the
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opening degree of EEV1 while EEV2 was adjusted accordingly to maintain a constant
superheat at the suction of the compressor. In addition, different operation models could
be obtained by using different arrangements of three modulating valves (SV1 to SV3)
installed on refrigerant pipelines. Furthermore, air flow passing through the two
evaporators could also be changed by adjusting two air volume control dampers (VCDs)
installed in the duct. Consequently, the EDAC system can achieve the all-year-around

operation in hot-humid climates by switching different modes.

The operating characteristics of the EDAC system has been experimentally investigated
[Chen et al., 2018c]. When employing fixed speeds of the compressor and supply fan
in the experimental EDAC system, different combinations of TCC and E SHR could be
obtained under a fixed air state with varied refrigerant and air flow rates to the two
evaporators. For example, at an inlet air state of 26 <C and 50% RH, the range of the
output TCC values was from 4.5 kW to 5.32 kW and that of E SHR was from 0.63 to
0.7. Furthermore, TCC and E SHR were correlated and mutually constrained within an
irregular area in a TCC - E SHR diagram, and the shape and position of the irregular
area would be influenced by different inlet air states. From the experimental results, it
was possible for the EDAC system to achieve simultaneously control of Ti and RHi

with its ability to output variable TCC and E SHR.

Although the proposed EDAC system may be used to simultaneously control T; and
RHi without additional equipment, the two evaporators were placed in series, thus the
total air side flow resistance would be increased, and a longer air flow path was needed
to process the supply air, resulting in more fan energy consumption and requiring more

installation space.
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Fig. 2.13 Schematic diagram of the proposed EDAC system [Chen et al., 2018a]
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2.4.3 Applying variable speed technology

The last major approach was to apply variable speed (VS) technology to conventional
DX A/C systems. As mentioned in Section 2.4.1, it was hard for conventional DX A/C
systems to control Ti and RHi simultaneously, and the Ti had to be reduced to an
adequate lower level to remove more moisture from a conditioned space. This was
because the processes of cooling and dehumidification taking place on the surface of a
cooling coil were coupled. In addition, both the supply air flow rate and refrigerant
mass flow rate passing through a DX cooling coil would influence its cooling and
dehumidification behaviors. The former would change the heat and mass transfer
coefficients between air and the cooling coil surface, and the latter the temperature
difference between air and the cooling coil surface. As a result, the output TCC and E
SHR from a DX A/C system could also be varied when the supply air flow rate and
refrigerant mass rate were altered through changing the speeds of both supply fan and
compressor. Such has provided an opportunity to decouple the cooling and
dehumidification process in a DX cooling coil so as to simultaneously control Ti and

RHi.

The use of VS technology enabled a DX A/C system to be variable speed operated for
its compressor and supply fan. Previous studies on the inherent characteristics of a DX
A/C system when it was VS operated. Li and Deng [2007b] experimentally investigated
the inherent operational characteristics of an experimental VS DX A/C system and the
experimental results are shown in Fig. 2.14 and Fig. 2.15. As seen, under a fixed inlet
air state, different output TCC and E SHR from the experimental VS DX A/C system

could be obtained by varying both of the speeds of the supply fan and compressor. In
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addition, to obtain a greater output TCC from the experimental VS DX A/C system,
higher supply fan and compressor speeds were expected. On the other hand, to achieve
an enhanced dehumidification capacity, i.e., a lower value of E SHR, the speed of
compressor should be higher while that of supply fan lower. Furthermore, it could be
observed that the speed of compressor influenced more on output TCC value, and that

of supply fan more on E SHR value.
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Fig. 2.14 The variations in TCC at different speeds of supply fan and compressor

under a fixed inlet air state [Li and Deng, 2007b]
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Fig. 2.15 The variations in E SHR at different speeds of supply fan and compressor

under a fixed inlet air state [Li and Deng, 2007b]

Xu et al. [2010] demonstrated that the values of output TCC and E SHR of a VS DX
AJC system were strongly coupled and mutually restrained within a trapezoid plotted
ina TCC - E SHR diagram, as shown in Fig. 2.16. In other words, a VS DX A/C system
can only output the values of TCC and E SHR located within the trapezoid. Li et al.
[2014] carried out a further experimental study and the study results showed that both
the temperature and relative humidity of inlet air to a DX A/C system would
significantly influence the relationship between output TCC and E SHR, as reflected
by the trapezoids shown in Fig. 2.17 and Fig. 2.18, respectively. It can be seen from the
two figures that, varying the inlet air temperature or relative humidity would influence
not only the position but also the shapes of the trapezoids. The experimental results
demonstrated that a VS DX A/C system can indeed output different cooling and
dehumidification capacities. As mentioned in Section 2.3.1, to simultaneously control
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Ti and RHi in a conditioned space, the output TCC and E SHR from a DX A/C system
should match exactly the TCL and A SHR of a conditioned space. Therefore, applying
VS technology to conventional DX A/C systems can be a promising approach to

achieve a desirable indoor thermal environmental control.
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Fig. 2.16 The relationship between the output TCC and E SHR under VS operation

[Xu etal., 2010]
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Based on these previous studies [Li and Deng, 2007b; Li et al., 2014; Xu et al., 2010]
many advanced controllers, either model based [Li et al., 2012; Li et al., 2013; Li and
Deng, 2007a; Mufpz et al., 2017; Qi and Deng, 2008, 2009; Xia et al., 2018; Yan et al.,
2016] or black-box based [Li et al., 2015a, b; Yan et al., 2018; Zhong et al., 2017], for
the simultaneous control over Ti and RHi using a VS DX A/C system have been
developed. For example, Li et al. [2012] developed an artificial neural network (ANN)
based dynamic model which was obtained by training the inherent correlations of a VS
DX A/C system, and a controller based on the ANN model to achieve simultaneous
control over Ti and RHi using the VS DX A/C system. The controllability of this ANN-
based controller was experimentally carried out. Furthermore, directly based on the
inherent correlations between output TCC and E SHR for a VS DX A/C system, a fuzzy
logic controller was developed [Yan et al., 2018]. The trapezoid which represented the
operational characteristic of a DX A/C system shown in Fig. 2.16 was divided into nine
zones (zones 1-1X) as shown in Fig. 2.19. Nine representative points, i.e., Points A to J,
were assigned to indicate their corresponding zones, and represented the operating
speeds of both compressor and supply fan. If the compressor and supply fan were
required to be operated within Zone |, the compressor and fan would operate at the
representative Point A. In addition, if compressor and supply fan were required to be
operated between Zones | and I, either Point A or Point B might be selected as the
operating point. Furthermore, if the required operating statuses for compressor and
supply fan were outside the trapezoid, the nearest point may be assigned. For example,
in Fig. 2.19, if the required operating point was at Y which was outside the trapezoid,
the nearest point on the borderline of the trapezoid, i.e., Point H may be selected. This
fuzzy logic controller was tested by experiments and the test results demonstrated that

it could achieve the simultaneous control over Ti and RH;.
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Although the controllers mentioned above could be used to achieve the simultaneous
control of Ti and RHi, they were indeed very complicated and required complex
mathematical calculations. In addition, they were developed based on specific DX A/C
systems and therefore cannot be directly applied to other DX A/C systems. Furthermore,
to obtain an enhanced dehumidification capacity, as stated earlier, a lower supply air
velocity was required which would result in a poorer indoor air distribution and

adversely affect occupants’ thermal comfort.
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Fig. 2.19 Proposed zoning with nine representative points in the trapezoid [ Yan et al.,

2018]
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2.5 Modeling of DX A/C systems

In addition to experimental studies, mathematical modeling studies for DX A/C systems
have also been extensively carried out. Compared to experimental studies, using
mathematical modeling to study DX A/C systems may be more time-efficient and cost
less. In addition, it could also help obtain detailed understandings of the operating
characteristics of DX A/C systems at both component and system levels [Sami, 1993;
Sami and Zhou, 1995]. Consequently, for a DX A/C system, through a modeling study,
its operations and configuration scan be optimized, and its controllers developed and

its operating faults detected and removed.

Existing mathematical models for DX A/C systems can be divided into two broad
categories, i.e., steady-state and transient models. A steady-state model for a DX A/C
system has been widely used to investigate its steady-state operating characteristics and
to optimize its configurations. However, in contrast to transient models, steady-state
models cannot capture the transient responses of DX A/C systems to disturbance, which

was however essential in developing controllers for the DX A/C systems.

On the other hand, existing models for DX A/C systems, being whether steady-state or
transient, can also be separated into two broad categories: physical and empirical
models. A physical model for a DX A/C system was developed based on its detailed
physical information, with lumped-parameter modeling and distributed-parameter
modeling being two commonly used approaches for developing a physical model.
Generally speaking, lumped-parameter modeling was simpler and it only used some

specific parameters which were space volume averaged to form a model. Distributed-
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parameter modeling not only considered several specific parameters, but also took into
consideration the system size and space coordinates for these parameters. Therefore,
the distributed-parameter modeling was expected to be more accurate, but it was time-
consuming with possible calculation instability, while the lumped-parameter modeling
was simpler but failed to reflect the distributed nature of these parameters along the
dimensions of a system. For different study objectives, two modeling approaches may

be employed accordingly.

As for an empirical model for a DX A/C system, it was usually developed based on the
statistical correlation of the system performances without requiring its detailed physical
information, thus having a stronger adaptability. Many methods may be used to
establish an empirical model, such as ANN [Kreider et al., 1992; Kumlutas et al., 2012],
expert system, graph theory and fuzzy algorithm, etc. [Diaz et al., 1999; Liu et al., 2004;
Pacheco-Vega et al., 2001]. However, many technically hidden problems may be
brought in for a complete empirical model because of the imperfection of the model
itself and the user’s limited understandings of empirical modeling. For the practical
application of modeling DX A/C systems, there has been a trend of merging the two
modeling approaches to overcome their respective problems. For example, using
artificial intelligence technology to adaptively adjust the empirical parameters of a
theoretical model could lead the predicted results closer to the actual experimental data

[Ding et al., 2004b].

Since there were a number of key components on the refrigerant side of a DX A/C

system, modular-based modeling for these components was usually adopted to derive
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sub-models for these components, and finally a complete DX A/C system can be

obtained by linking these sub-models

2.5.1 Sub-models for a DX A/C system

A complete DX A/C system was composed of four key components: a compressor, a
condenser, an expansion device and a DX evaporator. Therefore, sub-models of these
components expressed by a set of differential or algebraic equations should be firstly
derived. Previous studies have reported the development of sub-models for these
components [Chen and Deng, 2006; Elliott and Rasmussen, 2008, 2013; Shah et al.,
2004; Tuo et al., 2012; Xu et al., 1996; Yan et al., 2016]. In the following sub-sections,
the reviews on developing the sub-models for these key components are given

separately.

2.5.1.1 Compressor

In the compressor of a DX A/C system [Ndiaye and Bernier, 2010], both heat and mass
transfer processes would take place, and these processes can be different for different
types of compressor. Therefore, it was ideal to establish mathematical sub-models for
different types of compressor accordingly. When modeling a complete DX A/C system,
the thermal performances of its compressor in terms of refrigerant mass flow rate, input
power, discharge and suction temperatures (or pressure), compressor speed in rpm, etc.,
were very important. As mentioned earlier, the sub-models for the compressors in DX

AJC systems may also be of transient type and steady-state type.
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Theoretically, only a transient compressor sub-model [Chi and Didion, 1982]
considering the dynamic performances of all its components could be used to predict
correctly the transient characteristic of a compressor, and it was necessary to use such
a transient sub-model in a dynamic model for a DX A/C system. However, general
speaking, a transient model was very complicated, and it would consume much more
computation time for solving a transient model. Therefore, unless it was about studying
the dynamic performances of a DX A/C system for control purpose, a transient sub-

model of compressor was not necessarily required.

On the other hand, a steady-state sub-model for a compressor in a DX A/C system was
merely composed of steady-state equations for its thermal calculations [Browne and
Bansal, 1998; Domanski and McLinden, 1992; Jolly et al., 1990]. In a steady-state sub-
model for a compressor, only those necessary parameters such as poly-tropic index,
refrigerant mass flow rate, coefficient of output refrigeration capacity and electric
efficiency needed to be considered. Actually, a steady-state sub-model for a compressor
in a DX AJ/C system can be naturally used for not only steady-state modeling
[Rasmussen and Alleyne, 2004], but also transient modeling, because the time constant
of a compressor in a compression process was much shorter than that of a heat
exchanger. However, it was also necessary to consider the start-up of the compressor,
which may take some time. The start-up process for a compressor could be treated as a
linear element or a first order inertial element, which could greatly improve the
modeling accuracy for the dynamic process of the start-up and enhance the modeling
stability. When developing an empirical steady-state sub-model of the compressor in a
DX AJ/C system, its performance date could be used to establish the empirical

correlations, based on curve fitting or regression analysis [Li, 2013]. For a specific
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compressor, such an empirical sub-model could be actually used for better modeling

accuracy.

2.5.1.2 Heat exchanger

Both an evaporator and a condenser in a DX A/C system were actually heat exchangers,
the reviews of their modeling are presented together here. In general, for heat exchanger

modeling, there were also two types: steady-state modeling and transient modeling.

A steady-state model of a heat exchanger can be used to describe and predict its steady-
state operating performances, and may be divided into the following three types: a
lumped-parameter model, a distributed-parameter model and finally a partial-lumped-

parameter model.

For a heat exchanger without phase transition for its working medium, its steady-state
performances could be predicted using a lumped-parameter model [Chi and Didion,
1982; Elmahdy et al., 1977; Jacobi and Goldschmidt, 1990; Rasmussen and Alleyne,
2004; Vargas and Parise, 1995]. However, if there was a phase transition in a heat
exchanger, the use of its lumped-parameter model would result in a poorer modeling
accuracy. and distributed-parameter modeling [Bensafi et al., 1997; MacArthur, 1984]
for the heat exchanger should be employed. When using distributed-parameter
modeling, a heat exchanger was divided into a number of control volume, and then a
lumped-parameter modeling approach would be adopted for each control volume.
Compared to lumped-parameter modeling, distributed-parameter modeling was more

accurate but obviously required more computational time. Therefore, as a compromise
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to the first two modeling approaches, the third one, a partial-lumped-parameter
modeling approach for a heat exchanger in a refrigeration system, was proposed
[Domanski, 1991; Shiming, 2000]. According to refrigerant status, a heat exchanger,
I.e., an evaporator or a condenser, could be divided into several zones. Inside an
evaporator, there can be two refrigerant statuses, two-phase and superheated vapor, and
therefore, there should be two corresponding zones in an evaporator. Similarly, a
condenser may be divided into three zones, i.e., de-superheating, two-phase and
subcooled based on the refrigerant statuses [Rasmussen and Alleyne, 2004]. In each
divided zone, a lumped-parameter model could be established. Due to its nature, the
modeling accuracy for a partial-lumped-parameter model was between that of a
distributed-parameter model and that of a lumped-parameter model, and could be very
close to that of a distributed-parameter model with a greatly improved computational

speed.

On the other hand, a transient model for a heat exchanger may be used to describe its
dynamic responses to the changes in the operating conditions. A transient model was
usually used to assist the development of controllers for a dynamic system such as a
DX A/C system. Similarly, a transient model for a heat exchanger in a refrigeration
system could also be established using distributed-, lumped- or partial-lumped
parameter modeling approaches [Ataer et al., 1995; Shah et al., 2004; Wang and Touber,

1991].

2.5.1.3 Expansion device
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The functions of an expansion device in a DX A/C system were to reduce the refrigerant
pressure when passing through it and to regulate the refrigerant mass flow rate. The
commonly used expansion devices included capillary tubes, thermostatic expansion
valves and electronic expansion valves (EEVs), etc. Although a capillary tube was
simpler and of low cost, its regulating range was limited and therefore it was not
suitable for use in DX A/C systems if precise refrigerant flow rate control was required
[Xia et al., 2019]. Furthermore, a thermostatic expansion valve regulated thermo-
mechanically the degree of superheat (DS) at evaporator outlet, but it was hard to be
used to vary the refrigerant mass flow rate because of its long response time. Finally,
an EEV responding to electronic signals had a high sensitivity and could be adequately

used to alter refrigerant flow rate by changing it degree of opening.

The expansion process in an EEV could be treated as adiabatic or isenthalpic, then
isenthalpic orifice equations could be applied to EEVs [MacArthur and Grald, 1987].
For modeling expansion device, empirical- and physical-modeling approaches could
also be used. Because of the complex geometry configurations of EEVSs, physical-
modeling approaches were mainly applied to capillary tubes and thermostatic
expansion valves. For EEVs, empirical modeling was applied [Damasceno et al., 1990;
Park et al., 2007]. Ye et al. [2007] established an empirical correlation model for an
EEV’s mass flow rate based on experimental date. Park et al. [2007] established an
empirical model to predict the mass flow rate of an EEV using a modified single-phase
orifice equation after incorporating the EEV’s geometries parameters and operating
conditions. Xue et al. [2008] developed a regressive expression for the flow factor of
an EEV using multivariate analysis, and found out that the flow factor was related to

the geometry parameters of an EEV, refrigerant inlet temperature and pressure, and
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thermo-physical properties of refrigerant. Furthermore, it was revealed that the
modeling results predicted by an empirical model for an EEV were always smaller than
experimental results, which was likely due to the fact that a homogeneous flow rather

than a metastable flow of refrigerant was assumed.

2.5.1.4 Refrigerant pipework

Refrigerant pipework modeling was important to ensure the modeling accuracy of a
complete DX A/C system. This was particular true as the refrigerant pressure drop
along the pipework would significantly affect the operating performances of the entire
DX A/C system [Lu et al., 2009]. The pressure drop of refrigerant flow along the
pipework was influenced by various factors, such as refrigerant viscosity, heat transfer
coefficient and the roughness of the internal surface of a pipe. In general, the refrigerant
pressure loss along a pipework could be calculated by Darcy-Weisbach Equation
[McKeon et al., 2004]. For example, Pan et al. [2012] studied the refrigerant pressures
drops in a dual-evaporator DX A/C system, and investigated the effect of pipe length
on the system performances. A similar study was also carried out by Lu et al. [2009].
In these studies, according to refrigerant statuses, i.e., single-phase and two-phase,
different flow regions inside a pipework should be determined, and the calculation of
friction coefficient in a sub-model for refrigerant pipework would be different
depending on refrigerant statuses and the changes in kinetic energy of refrigerant due
to phase change would also be different. Furthermore, the roughness of pipeline should
also be considered by using appropriate coefficient in a sub-model for refrigerant

pipework.
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2.5.2 Solving a complete DX A/C system model

To solve a complete DX A/C system model, firstly, all sub-models for system
components and pipework needed to be solved. Secondly, the coupled relationships for
the input / output parameters to / from all the sub-models for all system components
along the refrigerant / air flow directions should be established. Therefore, solving a
complete model for a DX A/C system was more complex than solving a single sub-

model, with the following two common solving methods:

The first was to solve all the model equations and the equations, for initial and boundary
conditions simultaneously. The available numerical methods included the Euler
Method, the Newton-Raphson Method and the Runge-Kutta Method, etc. [Chi and
Didion, 1982; Tian et al., 2004]. Although solving all equations simultaneously had a
high versatility, there was no specific physical meaning for a calculation process, and
it was hard to find out the cause of calculation error which might result in inefficient
debugging and calculation instability. On the other hand, the flexibility of this method
was also questionable since additional sub-models were hard to be inserted into a

complete system model when using this method.

The second was the sequential modular method [Ding et al., 2004a; Jin et al., 2011; Lu
et al., 2004]. Specific equilibrium conditions, such as mass balance, can be used as the
convergence criterion. After assuming a set of initial values, such as refrigerant mass
flow rate and temperature at compressor inlet, the calculation for the compressor was
started. Other related parameters for the compressor were then calculated based on these

assumed values. Thereafter, along the refrigerant mass flow direction, all the
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parameters for the condenser, the expansion device such as an EEV and the evaporators
were calculated sequentially. If the convergence conditions were not met, the previous
assumed values were updated or replaced. The advantage of this method was that the
intermediate process of a calculation had a clear physical meaning, which was easy to
debug, and calculation stability was easy to guarantee. However, its versatility was not
high, because it was often necessary to adjust or redesign the calculation flow in

combination with the actual physical cycle process.

2.6 Conclusions

Extensive previous studies on indoor thermal environmental control using DX A/C
systems and other related issues have been carried out and the study results have
demonstrated the importance of maintaining a suitable indoor thermal environment
which would greatly affect the thermal comfort of occupants, IAQ and the operating
efficiency of DX A/C systems. In small- to medium- scale buildings located in hot-
humid climates, DX A/C systems have been widely used to control the indoor thermal
environment because they were compact in volume, high in energy efficiency and low
in operation and maintenance costs. However, there existed three main inadequacies in
the design and operation of DX A/C systems for indoor thermal environmental control
in buildings located in hot-humid climates, as follows. Firstly the current design trends
for DX A/C systems were to obtain a higher EER and COP with therefore an impaired
dehumidification capacity, leading to potentially a situation where the use of a DX A/C
system might provide only the desired Ti control but not the required RHi control;
Secondly, the significant changes in space cooling loads in a conditioned space made it

difficult for a conventional DX A/C system to achieve the desirable indoor thermal
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environment control; Lastly, for spaces where an On-Off controlled single-speed DX
AJ/C system was used for thermal environmental control, Ti had to set low enough to
increase its moisture removal capacity. Therefore, an oversized DX A/C system may
have to be employed to increase its output TCC, which would inevitably overcool

indoor air and increase the initial and operating costs.

Many efforts have therefore been tried to deal with the above three inadequacies to
obtain the desirable indoor thermal environmental control, and can be broadly grouped
into three main approaches. The first approach was to add extra provisions to
conventional DX A/C systems, which actually required additional installation spaces
and increased initial and operating costs. Therefore, it was not suitable for use in small-
to medium- scale buildings. Then, for the second approach of applying VS technology
to conventional DX A/C systems, the previous related studies suggested that variable
cooling and dehumidification capacities may be achieved when DX A/C systems were
VS operated. However, VS technology was more costly, and the associated controllers
developed based on VS technology were indeed very complicated and required
complex mathematical calculations. In addition, these controllers were developed based
on specific DX A/C systems and therefore cannot be directly applied to other DX A/C
systems. Furthermore, at a fixed compressor speed, reducing the supply air flow rate
for improved dehumidification capacity would result in a poorer indoor air distribution
and adversely affect occupants’ thermal comfort. Hence, applying VS technology to
DX A/C systems for indoor thermal environmental control may not be the best option
for small- to medium- scale buildings. Lastly, for the third approach of modifying the
configuration of conventional DX A/C systems, although previously a novel EDAC

system with two evaporators was developed without additional provisions and costly
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VS technology, the two evaporators were actually arranged in series. As a result, there
were a few drawbacks as follows. Firstly, the air flow path within such an EDAC system
was longer, leading to a larger system size. Secondly, the air-side resistance was
increased because supply air needed to pass through the two evaporators, leading to an
increased fan energy consumption. Lastly, since the two evaporators were placed in
series, the total air flow including fresh air flow would pass through both. Hence, it was
not possible to designate one of the two evaporators to process specifically fresh air for

more effectively moisture removal.

On the other hand, there have been extensive studies on the modeling of DX A/C
systems. Mathematical models / sub-models for both a complete DX A/C system and
its main components have been readily available and can be used to assist the
developments of both novel DX A/C systems for improved indoor thermal
environmental control and new controllers for better control accuracy and improved

energy efficiency of DX A/C systems.

The literature review presented in this Chapter has identified that it became highly
necessary to further optimize the arrangement of two evaporators to address the above-
mentioned drawbacks. Consequently, a novel DX A/C system having a two-sectioned
cooling coil (TS-DXAC) was to be proposed and studied by both experiments and
mathematical modeling. In addition, a novel controller to specifically operated the TS-
DXAC was also to be developed. These are the main objectives of the research project

presented in this Thesis.
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Chapter 3

Proposition

3.1 Background

The literature review presented in Chapter 2 has identified a number of inadequacies of
indoor thermal environmental control when using DX A/C systems in small- to
medium- scale buildings located in hot-humid climates. As a result, a number of
approaches have been attempted to address these inadequacies. However, for these
approaches, there were still issues such as requiring additional provisions or complex
control strategies based on the expensive VS technology to maintain a desirable indoor
thermal environment. In addition, although a previous EDAC system with two
evaporators was developed without requiring additional provisions and costly VS
technology, the two evaporators were actually arranged in series. As a result, there
existed also a few drawbacks such as a larger system size and an increased air-side flow

resistance, etc.

3.2 Project title

To address specifically the drawbacks associated with the EDAC system, a novel DX
A/C system having a two-sectioned cooling coil (TS-DXAC) was proposed and studied
by experiments and mathematical modeling in the research project presented in this
Thesis. The research project to be reported in this Thesis is therefore entitled

“Experimental and modeling studies of a direct expansion based air conditioning
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system having a two-sectioned cooling coil (TS-DXAC) for improved indoor thermal

environmental control”

3.3 Aims and objectives

The aims and objectives of the research project were as follows:

1) To propose conceptually a novel DX A/C system having a two-sectioned cooling
coil (TS-DXAC) without requiring extra provisions and complex VS technology
based controllers to provide variable cooling and dehumidification capacities and

improved indoor air distribution;

2) To build an experimental TS-DXAC system to investigate its inherent operational
characteristics expressed in terms of the relationship between its output total
cooling capacity and equipment sensible heat ratio and to evaluate its operating

performances for indoor thermal environmental control;

3) Todevelop and experimentally validate a steady-state physical-based mathematical
model of the experimental TS-DXAC system, and to further study its inherent
operational characteristics and optimize the configuration of the TS-DXAC system

using the validated model;

4) To develop a control strategy for the experimental TS-DXAC system to operate it

at different indoor conditions in buildings located in hot-humid climates.

55



3.4 Research methodologies

Both experimental and mathematical modeling approaches will be employed in this

research project reported in this Thesis.

Firstly, an experimental TS-DXAC system will be established in a laboratory. There
were two chambers, and each chamber had an independent DX based VS A/C system
and a load generation unit (LGU), to create and maintain the indoor or outdoor
experimental thermal environment. All of the operating parameters of the experimental
TS-DXAC system and the thermal environmental parameters of the two chambers can

be real-time monitored and recorded.

Secondly, a steady-state physical-based mathematical model for the experimental TS-
DXAC system will be developed, with reference to the existing system models for
various DX A/C systems and the existing sub-models for key components ina DX A/C
system. The physical-based mathematical model will be experimentally validated using

the experimental TS-DXAC system.

Finally, a control strategy consisting of two algorithms will be developed to enable the
experimental TS-DXAC system to be operated at different indoor conditions in
buildings located in hot-humid climates to obtain an improved indoor thermal
environmental control. Controllability tests for the strategy will be carried out to

evaluate the operating performance of the developed control strategy.
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Chapter 4

The experimental TS-DXAC system

4.1 Introduction

As stated in Chapter 3, to address specifically the drawbacks associated with the
previously developed EDAC system, a research project to study a novel DX A/C system
having a two-sectioned cooling coil (TS-DXAC) by experiments and mathematical
modeling is going to be carried out. Therefore, an experimental TS-DXAC system has
been purposely established to enable carrying out the research project. In the
experimental TS-DXAC system, advanced technologies such as a VS compressor,
electric expansion valves (EEVs), as well as a computerized data measuring, logging

and control unit have been included.

This Chapter reports on the developments of the experimental TS-DXAC system.
Firstly, a conceptual description of the novel TS-DXAC system is given. Secondly,
detailed descriptions of the experimental TS-DXAC system and its major components
are presented. This is followed by describing a computerized instrumentation and data
acquisition system including sensors and measuring devices for all operating
parameters of the experimental TS-DXAC system. Finally, a computerized monitoring

and controlling program for the experimental TS-DXAC system is detailed.
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4.2 A conceptual description of the novel TS-DXAC system

Fig. 4.1 shows a conceptual diagram of the novel TS-DXAC system. As seen, in this
novel system, its DX evaporator, or cooling coil, was divided into two sections, HX1
and HX2. Unlike in an A/C system with a dual-evaporator where two indoor units were
normally separated, here, the two sections were actually housed inside one single unit
and arranged in parallel on its airside. Two EEVs, i.e.,, EEV1 and EEV2, were
connected to HX1 and HX2, respectively. On the air side, in order to be able to
independently vary the supply air flow rate passing through each of the two sections,

each section had its own matching VS supply fan, SF1 and SF2, as shown in Fig. 4.1.

In the current design, HX2 was of a larger size and hence intended to be a main cooling
and dehumidification section, and HX1 of a smaller size a supplementary one to provide
additional latent cooling capacity (LCC) when necessary. The ratio of the refrigerant
mass flow rates to the two sections could be changed by varying the opening degree of
EEV1, while that of EEV2 was adjusted accordingly to maintain a constant DS at
compressor suction. The ratio of the supply air flow rates passing through the air sides
of both HX1 and HX2 could also be varied by adjusting the operating speeds of the two
supply fans, but a constant total supply air flow rate was maintained. In the TS-DXAC
system, when the refrigerant mass flow rates or supply air flow rates to HX1 and HX2
were different, they would operate at different evaporating pressures thus different
evaporating temperatures, and therefore different output SCCs and LCCs from the TS-
DXAC system could be obtained. On the other hand, when the surface temperature of
a cooling coil was lower than air dew point temperature, air cooling and

dehumidification occurred simultaneously. Therefore, two different surface
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temperatures in HX1 and HX2, respectively, can be provided, with the surface
temperature in HX1 being normally lower than that in HX2, since HX1 was designated
to provide additional LCC. In addition, with a constant total supply air flow rate, the
supply air temperature could be maintained at a moderate level even if the surface

temperature of HX1 was very low for better dehumidification.

DX cooling
1|1 coil/evaporator

—®
—
—®
—
RFM RFM
- 1CO0 | [€9)
—
o Receiver
—/ —/ —/ \_/
Variable Speed | (—==) I Air cooled
Compressor * condenser
®— Refrigerant pressure transducer iS5 Electronic expansion valve

—— Refrigerant temperature transducer Refrigerant mass flow meter (RFM)

Fig. 4.1 A conceptual diagram of the novel TS-DXAC system
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4.3 Descriptions of the experimental TS-DXAC system and its major components

An experimental TS-DXAC system, according to the conceptual diagram shown in Fig.
4.1 was established in a laboratory, as detailed in Fig. 4.2. As seen, in the experimental
system, there were two chambers, one as an indoor space and the other as an outdoor
space. Each environmental chamber was measured at 5m (L) <3 m (W) x2.5m (H). In
each chamber, there were an independent A/C system and a load generation unit (LGU),

to create and maintain its experimental thermal environment.

The main components on the refrigerant-side of the experimental TS-DXAC system
included a VS compressor, an air-cooled condenser, and a two-sectioned cooling coil
with their matching EEVs. Although in the research project reported in this Thesis, a
fixed compressor speed was employed, to facilitate the further study of the novel TS-
DXAC system, a VS compressor was used in this experimental system. In addition, the
size of HX1 was 450mm > 200mm, and that for HX2 450mm > 300mm. The
compressor’s rated cooling capacity was 5 kW at an input frequency of 70 Hz and the
refrigerant was R410A. On the other hand, as seen in Fig. 4.2, the air-side of the
experimental TS-DXAC system included two independent air ducts with two VS
supply fans and air flow rate measuring apparatus (FRMA). While the condenser was
installed inside the outdoor environmental chamber, the rest of the experimental TS-
DXAC system the indoor environmental chamber. Also, the two supply fans can be VS
operated to ensure a constant total supply air flow rate. In addition, all controllable
components, including the EEVs, the compressor, supply fans were all connected to a
control unit, shown as C1 in Fig. 4.2. The specifications for the major components used

in the experimental TS-DXAC system are listed in Table 4.1.
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A/C- air conditioning

BF - booster fan

CC - cooling coil

CF - condenser fan

C1 - data acquisition and control unit

C2 - controller for FRMA

DP - differential pressure transducer
FRMA - airflow rate measuring apparatus
H - air humidity sensor

HX - heat exchanger

LGU - load generating unit

RA - return air

SA - supply air

SF - supply fan

SD - sampling device

SP - static pressure measuring device
T - air dry-bulb temperature sensor
VSD - variable speed drives

Fig. 4.2 The schematics of the experimental TS-DXAC system
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Table 4.1 Specifications of the main components in the experimental TS-DXAC system

Components Specifications

Compressor Type Rotary
Number of cylinder / Polarity 2/6
Allowable frequency range 10-120 Hz
Rated input frequency 70 Hz
Rated cooling capacity 5 kW
Displacement 14 mL/rev

EEV1 Pulse range 0 —500 pulse
Rated capacity 2.5 kW
Port diameter 1.3 mm

EEV2 Pulse range 0 —500 pulse
Rated capacity 35 kW
Port diameter 1.65 mm

HX1 Fin type Louver
Transverse/Longitude pipe spacing 21/12.7mm
Fin pitch/thickness 1.2/0.115mm
Coil width/height 450 /200 mm
Internal/external tube diameter 6.4 /7 mm
Total coil length 144 m
Number of the tube row 4
Number of refrigerant loop 2

HX2 Fin type Louver
Transverse/Longitude pipe spacing 21/12.7mm
Fin pitch/thickness 1.2/0.115mm
Coil width/height 450/300 mm
Internal/external tube diameter 6.4/7 mm
Total coil length 21.6m
Number of the tube row 5

Condenser Fin type Louver
Internal/external tube diameter 8.82/9.52 mm
Total coil surface area 25 m?

SF1/SF2 Type Centrifugal fan
Air flow rate 0.1-03m3 /s

Condenser fan Air tflow rate 0.1-0.6 m* /s
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4.4 Computerized instrumentation and data acquisition system

The operating parameters of the experimental TS-DXAC system were measured by
high-precision sensors and transducers. As seen in Fig. 4.2, a computerized data
acquisition unit was provided to monitor and record signals from all sensors and
measuring devices. For the measurement on the refrigerant-side, Platinum Resistance
Temperature Device (RTD) was used to measure the refrigerant temperatures, and the

pressure transducers for refrigerant had an accuracy of + 0.3% of full scale reading.

The approximate locations for installing temperature and pressure transducers can be
found in Fig. 4.1. Furthermore, two refrigerant mass flow meters were included in the
experimental TS-DXAC system, with one located downstream of the condenser, and

the other upstream of EEV1, as shown Fig. 4.1.

For the measurements on the air-side of the experimental TS-DXAC system, as seen in
Fig. 4.2, the air dry-bulb (Tab) and wet-bulb (Twb) temperatures inside the two chambers
were measured using the sampling devices which had an ANSI/ASHRAE Standard
41.1 (ASHRAE, 1986) specified psychrometer using platinum resistance (PT100)
temperature sensors. Furthermore, six pairs of temperature and humidity probes were
used to measure air states at the inlets to HX1, HX2 and condenser, the outlets from
HX1, HX2 and condenser. Since the two supply fans and the two sections of the cooling
coil were arranged in parallel, the total supply air may be divided into two independent
streams using appropriate air ducts. The air flow rates in the experimental system were
measured by an FRMA (ASHRAE, 1987), as shown in Fig. 4.2, which was consisted

of a differential pressure transducer with a measuring accuracy of +0.1% of the full

scale reading, diffusion baffles and a set of nozzles with different sizes. In addition, one
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set of air Tab and Twb sensors (PT100) was placed in the FRMA to obtain the status of

air leaving the experimental TS-DXAC system.

Finally, the compressor’s energy consumption was got from its variable frequency drive,

and the total energy consumption of the experimental TS-DXAC system including the

two supply fans and the compressor was obtained from a power meter. Detailed

instrumentation and sensors incorporated in the experimental TS-DXAC system are

listed in Table 4.2.

Table 4.2 Details of instrumentation and sensors used in the experimental TS-DXAC

system
Parameters Instrument Type Range Accuracy
Space Tg» and Typ Tree and aspirating -50-100 °C +0.1 °C
psychrometer

Air Tqp T&RH probe -40-60 °C £0.3 9C
Air RH T&RH probe 10-95% +2% RH
Air flow rate FRMA 0-1 kg/s +1.2%
Refrigerant temperature ~ Platinum RTD -50-100 °C +0.1 °C
Refrigerant pressure Pressure transducer -1-34 bar +0.3%
Refrigerant pressure Pressure transducer -1-20 bar +0.3%
ic:::rigerant massiow Coriolis mass flow meter ~ 0.3-18 kg/min  +0.15%
Power consumption Single-phase power meter  1-40 A +0.1%
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A data acquisition unit was used in this experimental TS-DXAC system to monitor and
collect different types of system operating parameters. It provided up to 60 channels
with a minimum data sampling interval of two seconds. The collected direct current or
voltage signals from the measuring devices / sensors can be transformed into their real
physical values using a data logging & control supervisory program which was

developed by LabVIEW programming platform, as detailed before.

4.5 LabVIEW logging & control supervisory program

LabVIEW, a commercially available programming package, was used to develop the
data logging & control supervisory program for this experimental TS-DXAC system.
The developed program can be used to monitor, record and control all the operating
parameters of the experimental TS-DXAC system by communicating the data
acquisition unit and the control unit of the experimental TS-DXAC system. All
measured system parameters were real time monitored, and the data can be displayed,
recorded and processed. In addition, all recorded data can also be retrieved, queried and
graphed in trend logs through this program. A personal computer was used to run this
program, and therefore, this computer was worked as a central supervisory control unit

for both data logging and control for the experimental TS-DXAC system.

4.6 Summary

An experimental TS-DXAC system was purposely established to enable carrying out

the research project reported in this Thesis.
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All of the operating parameters of the experimental TS-DXAC system, composed of its
refrigerant-side and air-side, were measured with high precision sensors and
transducers. A data acquisition unit having 60 channels to monitor and record all
parameters was used. A data logging & control supervisory program was developed for
this experimental TS-DXAC system using LabVIEW, and all measured system
parameters were real time monitored, and the data can be displayed, recorded and

processed.

This availability of the experimental TS-DXAC system was expected to be essential for
carrying out the research project proposed in Chapter 3, such as investigating the
operational characteristics of the TS-DXAC system, validating a mathematical model
for the experimental TS-DXAC system to be developed and developing a control

strategy for the TS-DXAC system.

Photos showing the experimental TS-DXAC system are given in Appendix.
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Chapter 5

Operational characteristics of the experimental TS-DXAC system

5.1 Introduction

As mentioned in previous Chapters, the novel TS-DXAC system to be studied in the
research project presented in this Thesis was actually originated from a previously
developed EDAC system and its development was intended to address the drawbacks
associated with the EDAC system. Hence, an experimental TS-DXAC system has been
established as detailed in Chapter 4 to enable carrying out the research project in
Chapters 5 to 7 of this Thesis, three pieces of the research work corresponding to the
objectives of the research project will be respectively presented. In this Chapter, an
experimental study on the operational characteristics of the experimental TS-DXAC
system is presented to examine whether such a novel TS-DXAC system can provide
variable cooling and dehumidification capacities when both its refrigerant and air flow

rates passing through the two-sectioned cooling coil were varied.

The details of the experimental TS-DXAC system are given in Chapter 4. In this
Chapter, firstly, the experimental procedures and cases are specified. Secondly,
experimental results on the operational characteristics of the experimental TS-DXAC
system at all experimental cases are presented and analyzed. Finally, conclusions are

given.
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5.2 Experimental procedures and cases

As mentioned earlier, when the experimental TS-DXAC system was operated, its
compressor speed was maintained constant and the total supply air flow rate passing
the two sections also constant at 0.3 m%s. In this experimental study, two important

ratios, Rr and Ra, were defined as follows:

The ratio of the HX1’s refrigerant mass flow, mr, to the total refrigerant mass flow rate,

my:

Rr=m,/m, (5.1)

and the ratio of HX1’s air mass flow rate, ma1, to the total air mass flow rate, ma:

Ra = mal / ma (52)

Rr could be changed by adjusting the degree of opening of EEV1. Correspondingly, the
degree of opening of EEV2 needed to be varied at the same time to maintain the setting
of DS at compressor suction. Ra could be changed by adjusting the operational speeds

of two supply fans, but the total supply air flow rate remained unchanged at 0.3 m%/s.

During the experiments, the experimental TS-DXAC system was operated at five
different inlet air states, or the five air states at the simulated indoor space expressed in
terms of Tab and Twb, as shown in Table 5.1. As seen from Table 5.1, the five inlet air

states may be divided into two groups: a constant T group but with varying RH from
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40% to 60%, at an interval of 10% RH, and a constant RH group with Ta, from 22 <C
to 26 <C, at an interval of 2 <C. At each inlet air state, the experimental TS-DXAC

system was operated at different values of Ra and Ry, as shown in Table 5.2.

Table 5.1 The experimental inlet air states

Group Case Tab (°C) Twb (°C) RH (%)
Constant T RH-40 26.0 17.0 40
RH-50" 26.0 18.7 50
RH-60 26.0 20.3 60
Constant RH Tab -22 22.0 15.4 50
Tav -24 24.0 17.1 50
Tav -26 26.0 18.7 50

* Same inlet state

Table 5.2 Combinations of Ra and Rr used in all the experimental cases

Ra

No. 1 2 3 4
% 30 40 50 60
Rr

No. 1 2 3 4 5 6
% 15 26 35 44 53 67
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When the variations for Tab and Twb were both less than 0.1 <C, respectively, the
experimental TS-DXAC system was considered to arrive at a steady operating state. Its

inherent operational characteristics were evaluated, as follows.

The output SCC from the TS-DXAC system, Qs, was evaluated by

Q= mana (Tdb,i _Tdb,o) (5.3)

where ma is the total air mass flow rate, Cpa specific heat of air, Tab,i the inlet air dry-
bulb temperature to the TS-DXAC system, Tadb,0 the outlet dry-bulb temperature from

the TS-DXAC system.

The output TCC of the TS-DXAC system was evaluated by

TCC=m,(h,;—h,,) (5.4)

where haiis the inlet air enthalpy to the TS-DXAC system, hao the outlet air enthalpy

from the TS-DXAC system.

Therefore, Equipment SHR can be evaluated by

E SHR = Q, _ Cpa (Tdb,i _Tdb,o)
TCC h..—h

a,l a,0

(5.5)
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In all experimental cases, the simulated outdoor space was maintained at 33 <C and 68%
[ASHRAE, 2009], and DS at the compressor suction at 7 <C, respectively. The

uncertainties [Holman, 2001] for the Rr, Ra, TCC and E SHR are given in Table 5.3.

Table 5.3 The uncertainties for the operating parameters of the TS-DXAC system

Parameter uncertainty unit
Ra 0.71-1.16% -
Rr 0.15-0.28% -
TCC 0.93-1.52% kW
E SHR 0.79-1.18% -

5.3 Experimental results and discussions

In this section, firstly, the results for the experimental TS-DXAC system at Tan-26 or
RH-50 case are detailed. Secondly, the experimental results at all cases are presented
to exam the influences of different inlet air states on the inherent operational

characteristics of the TS-DXAC system.

5.3.1 The inherent operational characteristics of the experimental TS-DXAC

system at the inlet air state of 26 <C and 50% RH
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Fig. 5.1 The inherent operational characteristics of the TS-DXAC system at varying

Rrand Ra (Case Tab - 26 / RH-50)

In Fig. 5.1, the measured output TCC and E SHR under different values of Ra and Rr at
the inlet air state of Tab-26 or RH-50 are presented. As seen, the output TCC and E SHR
were constrained within an irregular area of ABCDE, where Ra varied from 30% to 60%

and Rr from 15% to 67%.

In Fig. 5.1, for the area of ABCDE, its borderlines AB and CDE represent the
relationships between output TCC and E SHR when varying Ra from 30% to 60%, at
two Rrvalues of 15% and 53%, and curve FG represents those when varying Ra from
30% to 60%, but at a fixed Rr of 67%, respectively. It should however be noted that
curve FG is actually located on the left hand side of borderline CDE. This means that

further increasing Rr from 53% to 67% would not enlarge the irregular area but the
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resulted TCC / E SHR relationship actually duplicated some existing ones inside the
area of ABCDE. This was because when Ry was increased to a certain level, such as 53%
in the current study, the functions for the two sections would actually be reversed

depending on their surface area ratio.

Actually, HX1 as a supplementary section was intended to provide extra cooling and
dehumidification capacities. However, when Rr was increased to more than 53%, more
refrigerant flowed into HX1. Thus, HX1 would actually function as a main cooling and
dehumidifying coil section, and HX2 as a supplementary section. Hence, as Rr was
further increased to over 53%, the resulted curves for the TCC / E SHR relationships
would continue to move towards the left hand side of the area of ABCDE. This would

be further explained later.

On the other hand, borderlines BC and AE are for TCC / E SHR relationships when Rr
values were varied from 15% to 53%, at two Ra values of 30% and 60%. As illustrated
in Fig. 5.1, at a constant total supply air flow rate, varying Ra and Rr values could
contribute to significant variations in output TCC from 3.81 kW to 5.18 kW, and in E

SHR from 0.64 to 0.71, respectively.

In the following two sub-sections, the influences of varying Ra and Rr on the inherent

operational characteristics in terms of the relationships between TCC and E SHR, are

respectively detailed.
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5.3.1.1 The influences of varying Rr on TCC / E SHR relationship, at a constant Ra

As seen in Fig. 5.1, for all Ra values from 30% to 60%, at a constant Ra value, an
increase in Rr from 15% to 53% led to a decrease in E SHR but an increase in TCC for
the experimental TS-DXAC system. Using AE line in Fig. 5.1 as an example, the
variation trend in TCC / E SHR relationship based on key operating parameters of the

experimental TS-DXAC system as shown in Figs. 5.2 - 5.4 can be explained.
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Fig. 5.2 The influences of Rr on the evaporating pressures of HX1 and HX2 and the

compressor suction pressure
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Firstly, the output TCC of the experimental TS-DXAC system was mainly determined
by the total refrigerant mass flow rate when other conditions remained unchanged. The
refrigerant mass flow rate was closely related to the compressor suction pressure. In the
experimental TS-DXAC system, the two sections of the cooling coil were arranged in
parallel and their operating conditions would therefore interact with each other. As seen
in Fig. 5.2, the compressor suction pressure of the experimental TS-DXAC system was
increased with an increase in Rr from 15% (Point A) to 53% (Point E), but decreased as
Rr continued to increase from 53% (Point E) to 67% (Point F). The evaporating
pressures for two sections experienced similar variation trends of increasing, peaking

at Rr = 53%, and decreasing thereafter.

In the TS-DXAC system, the evaporating pressures of two sections were jointly
effected by opening degrees and inlet pressures of two EEVSs, their refrigerant mass
flow rates and the inlet air state and air flow rate on the air side of the cooling coil,
which remained unchanged at a fixed Ra. However, as seen from Figs. 5.2 - 5.4, the
variation trends in evaporating pressures, refrigerant mass flow rates and DS values
when Rr was ranged from 15% to 53% were different from those when Rr from 53% to

67%. They are separately analyzed as follows.

When Rr was increased from 15% to 53%, the opening degree of EEV1 was increased,
and that of EEV2 decreased correspondingly to maintain a constant DS at compressor
suction. During this process, the opening degrees of the two EEVs became closer to
each other, which helped reduce the overall system refrigerant flow resistance and thus
increase compressor suction and discharge pressures. Since the two sections of the

cooling coil were arranged in parallel, the refrigerant pressures at the inlets to both
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EEVs were increased. Hence, for HX1, when the opening degree of EEV1 was
increased, the pressure drop across EEV1 was reduced and more refrigerant would flow
into HX1 (Fig. 5.3), which tended to lead to a lower evaporating pressure in HX1.
However, the evaporating pressure in HX1 was actually increased (Fig. 5.2), because
the impact of reducing evaporating pressure due to more refrigerant flowing into HX1
was less significant than that of increased refrigerant pressure at the inlet of EEV1. For
HX2, its opening degree of EEV2 was reduced, so that its refrigerant mass flow rate
was also decreased (Fig. 5.3). Hence, together with the increase in refrigerant pressure
in the inlet to EEV2, the evaporating pressure in HX2 was also increased (Fig. 5.2). In
addition, as seen from Fig. 5.3, when Rrwas increased from 15% to 53%, with gradual
reduction in system refrigerant flow resistance, the total refrigerant mass flow rate, mr,

was also increased.

On the other hand, when Rr was increased from 53% to 67%, the opening degrees of
the two EEVs started to deviate from each other, so that the overall system refrigerant
flow resistance was increased. This resulted in a reduced compressor suction pressure
and a reduced total refrigerant mass flow rate (Figs. 5.2 - 5.3), although the refrigerant
mass flow rate to HX1 continued to grow as the opening of EEV1 continued to increase

(Fig. 5.3).

Secondly, as stated above, an increase in refrigerant mass flow rate would lead to an
increase in output TCC, at a constant air flow rate on the air side. Consequently, the
surface temperature of a cooling coil would drop, which was beneficial to output
enhanced dehumidification capacity from the TS-DXAC system, i.e., a lower E SHR.

As shown in Fig. 5.1, at a fixed Ra of 60% (Line AE) when Rrwas increased from 15%
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to 53%, E SHR was decreased because of the increase in the total refrigerant mass flow
rate. However, when Rr was continuously increased from 53% to 67%, E SHR was

actually increased as a result of the decrease in total refrigerant mass flow rate.

The effects for changing the refrigerant mass flow rates to the two sections on E SHR
are analyzed as follows. As known, the DS at the exit of a cooling coil can indicate its
effective dehumidifying area. A smaller DS suggested a larger effective dehumidifying
area, thus a better dehumidification capacity of a DX cooling coil, and vice versa. As
seen in Fig. 5.4, when Rrwas increased from 15% (Point A) to 44% (Point M), the DS
at the exit of HX2, i.e., DSz remained at 0, so that the refrigerant at the exit of HX2
maybe two-phase stable. Moreover, the DS at the exit of HX1, i.e., DS1 was decreased
due to the increase in refrigerant mass flow rate. Therefore, the overall dehumidification
capacity of the experimental TS-DXAC system was enhanced, as reflected by the

reduced E SHR.

Furthermore, when Rr was increased from 44% (Point M) to 53% (Point E), the DS for
HX1 continued to decrease, implying an improved dehumidification capacity from
HX1. But DS for HX2 was slightly increased, reflecting a weakening dehumidification
capacity from HX2. However, the total system refrigerant mass flow rate was increased,
with reduction in refrigerant mass flow rate to HX2 being less than the increase in
refrigerant mass flow rate to HX1. Therefore, the increase in the dehumidification
capacity from HX1 was greater than the reduction in the dehumidification capacity
from HX2, and the system E SHR continued to decrease. However, when Rr was further
increased from 53% (Point E) to 67% (Point F), although DS for HX1 continued to

reduce, DS for HX2 was greatly increased. Since the decrease in refrigerant mass flow

78



rate to HX2 was more than the increase refrigerant mass flow rate to HX1, a poorer
total dehumidification capacity of the experimental TS-DXAC system was resulted in,

as reflected by an increased E SHR.

5.3.1.2 The influences of varying Ra on TCC / E SHR relationship, at a constant Rr

Firstly, as seen in Fig. 5.1, for all Rrvalues, the values of E SHR were increased when
Ra was increased from 30% to 60%. Using curve CDE in Fig. 5.1 as an example to
explain the variation trend of E SHR when Ra was varied. Generally, an increase in
airflow rate, or a higher Reynolds Number of airflow would result in a higher heat
transfer between the air and cold surface of the cooling coil. The increase in airflow
rate may therefore lead to a higher output TCC. On the other hand, as pointed out by
Chuah et al. [1998], the dehumidification capacity of a cooling coil was decreased with
increased air face velocity because of the increase in air bypass. On the contrary, when
air velocity was decreased, the output dehumidification capacity from the system would

be increased.

Therefore, as Ra was increased from 30% to 60%, E SHR of HX1 was increased but
that for HX2 reduced. However, for the experimental TS-DXAC system, its
dehumidification capacity was actually reduced, as Ra was increased from 30% to 60%.
This was because the increase in air flow rate for HX1 was equal to the reduction in air
flow rate for HX2 because of the constant total air flow rate. However, given the fixed
surface area ratio of the two sections at 2:3, the increase in face velocity for HX1 was
always 1.5 times greater than the reduction in face velocity for HX2. Therefore, when

increasing Ra, the extent of reducing dehumidification capacity from HX1 would be
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greater than that of increasing dehumidification capacity from HX2, leading to an

increase in E SHR, or reduced dehumidification capacity of the experimental TS-

DXAC system.
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Fig. 5.5 The influences of Ra on the DSs
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Secondly, as seen in Fig. 5.1, when changing Ra, there were two variation trends for
TCC. At a Rr value of < 36%, the output TCC was decreased monotonously with an
increased Ra. However, at a Rr of > 36%, the output TCC was firstly increased, then
peaked, and decreased thereafter, with an increased Ra. Curves AB and CDE in Fig. 5.1
are taken as examples to explain the variation trends of TCC. As known, DS at the exit
of a cooling coil may be used to indicate the relative share of the two-phase surface area
of the total surface area in a DX cooling coil, i.e., a larger DS value reflected less two-
phase surface area, and vice versa. As stated above, when Ra was increased and other
conditions remained unchanged, an increase in air flow rate for HX1 would enhance
the heat transfer taking place in HX1, so that the DS at its exit was increased. On the

contrary, the DS at the exit of HX2 would be decreased.

As seen in Fig. 5.5, for curve AB, at Point B, the DS for HX1 was already greater than
that for HX2, because of Ra and Rr values, for unit refrigerant mass flow, there was
more air mass flow in HX1 than HX2. With an increased Ra from Point B to Point A,
the DS for HX1 was further increased. As a result, the evaporating pressure in HX1 was
increased, so that the pressure difference across EEV1 was reduced, leading to more
refrigerant flowing into HX1. However, to maintain a constant Rr, EEV1 should be
slightly closed, and EEV2 correspondingly slightly opened further. During the process,
the difference in the opening degrees for the two EEVs was increased, leading to an
increase in the overall system refrigerant flow resistance. Hence, the total refrigerant
mass flow rate was reduced and so was the output TCC. However, for curve CDE, at
Point C, the DS for HX1 was smaller than the DS for HX2, because of Ra and Rr values,
for unit refrigerant mass flow rate, there was less air mass flow rate in HX1 than in

HX2. With an increased Ra from Point C to Point D and finally to E, the value of DS
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for HX1 was increased and that for HX2 was decreased. At Point D, the values of DS
for the two sections were very close to each other, so that the overall system refrigerant
flow resistance was the smallest. Hence, both refrigerant mass flow rate and output
TCC were the largest. When Ra was further increased from Point D to Point E, the
difference in DS for the two sections started to increase. Hence, both system refrigerant
mass flow rate and output TCC were reduced as the overall system refrigerant flow

resistance was increased again.

5.3.2 The influences of different inlet air states on the inherent operational

characteristics of the experimental TS-DXAC system

Experimental results at the inlet conditions shown in Table 5.1 other than those at RH-
50 / T-26 test case are illustrated in Fig. 5.6 and Fig. 5.7. Fig. 5.6 shows the results for
constant RH test group and Fig. 5.7 those for constant T test group. As seen, different
inlet air states would influence the high-low limits of TCC and E SHR to different

degrees, and the ranges between the limits.
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As seen in Fig. 5.6, at constant RH cases, with the increase in Tap from 22 T to 26 T,
both of the output SCC and LCC of the experimental TS-DXAC system were increased.
However, because of a greater increase in LCC, in Fig. 5.6, E SHR values were reduced.
Therefore, the positions of the irregular areas of ABCDE were shifted from up-left
corner with high E SHR and low TCC values to down-right corner with low E SHR and
high TCC values in Fig. 5.6. In addition, when Tdb was increased from 22 <C to 26 C,
the ranges of output TCC and E SHR were not remarkably changed, so the changes in
inlet air dry-bulb temperatures would not affect much the ranges of the output TCC and
E SHR from the experimental TS-DXAC system when RH remained constant in Fig.
5.6. The shapes of the irregular areas at different inlet air dry-bulb temperatures were

similar, although their positons were shifted.

Fig. 5.7 shows that the high-low ranges for output TCC were increased and that of E
SHR decreased, with an increase in RH. However, when RH was increased, the output
LCC from the experimental TS-DXAC system was increased significantly, but its
output SCC did not change much. As a result, E SHR values were decreased
significantly. In addition, the curvatures of borderlines AB and CDE became
increasingly obvious and slopes for curves BC and AE were decreased, with an increase
in RH. This suggested that TCC was influenced more than E SHR when changing Ra
or Rr at a higher RH. Unlike the results in the constant RH group, at a constant Tab of
26 <C, as inlet air RH was changed from 40% to 60%, not only the positions but also
the shapes of these irregular areas were changed, suggesting that the changes in RH
influenced more on the inherent operational characteristics of the experimental TS-

DXAC system those that in Tap.
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5.4 Discussions

As presented in Sections 5.2 and 5.3, the use of the novel TS-DXAC system could
achieve different combinations of output TCC and E SHR, by merely varying the values
of Ra and Rr. Therefore, it became possible for the TS-DXAC system to deal with
different latent space cooling loads and SCLs, to simultaneously control Ti and RHi.
For this experimental TS-DXAC system, although a constant speed of the compressor
was used, unlike a conventional DX A/C system, variable cooling and dehumidification
capacities could still be provided. Hence, it was reasonable to expect that a TS-DXAC
system when it was variable speed operated would have an even wider variation range
of output cooling and dehumidification capacity. Furthermore, the experimental results
demonstrated that for the TS-DXAC system, a higher Rr would lead to a higher TCC

and a lower Ra a lower E SHR.

5.5 Conclusions

In this Chapter, the inherent operational characteristics of the experimental TS-DXAC
system were experimentally studied. In the TS-DXAC system, the compressor speed
and the total air flow rate were constant, but the mass flow rates for both refrigerant and

air to the two sections may be varied.

The experimental results showed that by varying Ra and R:r values, different
combinations of TCC and E SHR were obtained. The output TCC and E SHR values
were strongly correlated but mutually constrained in an irregular areaina TCC - E SHR

diagram. Under a fixed inlet air state of 26 <C and 50% RH, at a constant Ry, varying
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Ra impacted more on the E SHR, and at a constant Ra, varying Rr impacted more on the
output TCC. Moreover, a larger Ry, and a lower Ra, would lead to a higher TCC and a
lower E SHR, and vice versa. In addition, inlet air states also impacted the inherent
operational characteristics of the experimental TS-DXAC system, resulting in the
changes in both the shape and positon of an irregular area for the relationship of TCC -
E SHR ina TCC - E SHR diagram, and the variations in inlet air RH would influence

more on the shapes and positions of the irregular areas.

However, in the experimental study presented in this Chapter, given its nature, the
configurations and specifications for the experimental TS-DXAC system, such as the
surface ratio of the two sections of the cooling coil, were all fixed. Therefore, for further
optimizing the configurations of the experimental TS-DXAC system, and studying its
operating characteristics at other non-experimental conditions, it became highly
necessary to develop a steady-state physical-based mathematical model for the

experimental TS-DXAC system, which will be reported in Chapter 6.
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Chapter 6

Development of a steady-state mathematical model for the experimental TS-

DXAC system

6.1 Introduction

In Chapter 5, the experimental results for the inherent operational characteristics of the
experimental TS-DXAC system are presented. For the experimental study presented in
Chapter 5, given the nature of an experimental study, the configurations for the
experimental TS-DXAC system were fixed, such as the surface ratio for HX1 and HX2
being at about 1:1.5, and the experimental conditions limited. However, different
system configurations could have great influences on the operational characteristics of
the experimental TS-DXAC system. On the other hand, as reported in Chapter 2,
mathematical modeling has been widely used for optimizing the configurations of A/C
systems including DX A/C systems [Sami, 1993; Sami and Zhou, 1995]. Therefore, to
enable studying the operational characteristics of a TS-DXAC system with different
configurations, a steady-state physical-based mathematical model for the experimental

TS-DXACA system should be developed.

In this Chapter, therefore, the development of a steady-state physical-based model for
the experimental TS-DXAC system, which was based on the previously developed sub-
models of DX A/C systems detailed in Section 2.5 of Chapter 2, is presented. Firstly,
the development and experimental validation of the steady-state model for the
experimental TS-DXAC system are reported. Secondly, the results of a numerical study

on the ratio of surface areas of the two sections of the cooling coil in the experimental

87



TS-DXAC system using the validated model are presented. Finally, conclusions are

given.

6.2 The steady-state mathematical model for the TS-DXAC system

A conceptual diagram for the novel TS-DXAC system is shown in Fig. 5.1. In Fig. 6.1,
for the purpose of developing the mathematical model, a modified conceptual diagram
showing the numbered key locations on the refrigerant side of the experimental TS-
DXAC system is shown. Furthermore, a conceptual model for the experimental TS-
DXAC system, with the numbered key locations corresponding to those in Fig. 6.1, is

illustrated in Fig. 6.2.

The model developed was made of a number of steady-state sub-models for key system
components, such as compressor, condenser, two sections of the cooling coil, and EEVs,
etc. These sub-models were similar to those developed by Pan et al. [2012] and Chen
and Deng [2006], and were already used in a modeling study for the EDAC system
[Chen et al., 2018b]. Hence, those sub-models [Pan et al., 2012] and [Chen and Deng,
2006] were also directly used in the developed model for the experimental TS-DXAC

system.

As seen in the conceptual model shown in Fig. 6.2, actually these sub-models were
systematically linked by the refrigerant flow on the refrigerant side, and the outputs
from one sub-model were the inputs to the next sub-model connected. For example, the
outputs from the sub-model of compressor, such as the refrigrant mass flow rate and

the enthalpy and pressure of refrigerant, were used as the inputs to condenser sub-model.
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In addition, the equations for the thermal properties of refrigerant R410A were obtained
from Refprop [Lemmon et al., 2010] and the State Equations for humid air from

ASHRAE Handbook [ASHRAE, 2009].

Furthermore, in this model, the assumptions and boundary conditions were as follows:

On the refrigerant-side of the experimental TS-DXAC system:

» A fixed setting of degree of refrigerant sub-cooling, Tsc, at 5 °C;

A constant DS at compressor suction, at 7 °C;

 Isenthalpic expansion in the EEVs.

On the air-side of the experimental TS-DXAC system:

* The air streams passing through HX1 and HX2 were well mixed;

« The air mixing process was adiabatic;

« Counter-flow heat exchange between air and refrigerant in HX1 and HX2 was

assumed.
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Fig. 6.2 A conceptual model for the experimental TS-DXAC system

Although the model of the experimental TS-DXAC system was developed by referring
to the previously developed sub-models, for the completeness of this thesis, the
equations for the sub-models of the key system components were given as follows. In
all equations in this Section, for better illustration, the numbers in the subscript

correspond to those shown in Fig. 6.2.
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6.2.1 Sub-model for compressor

An isentropic compression process and quasi-steady conditions for the compressor
were assumed. The compressor was modeled based on the principle of energy and mass

balance. The refrigerant mass flow rate of the compressor was calculated by:

Y/
Moo =77 —+ (6.1)
\Y

where Vcom is the refrigerant theoretical volumetric flow rate; vr1 the refrigerant specfic

volume at compressor suction; # the overall displacement coefficient, determined by:

=117 (6.2)

where np is the pressure loss coefficient with an approximate value of 1.0; i the leakage

coefficient, 0.92~0.98; #v the compressor volumetric coefficient, given by:

n, =1-0.015x| (P, /P,)"" 1] 6.3)

where n is the polytropic index of compression.

The temperature coefficient, #t, was evaluated by:
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7, =0.00257(T, +273.15)+0.00106(T,, -T,) (6.4)

where Tc is the condensing temperature; Te the evaporating temperature.

The theoretical isentropic work done by the compressor, W, was given by:

W =v,, Pun/(n=1)[ (R/R)"™" 1] (6.5)

The indicated coefficient, #i, was evaluated by:

— 15APdm (PrZ/Prl)l/n
= mn./ (1+ Y j (6.6)

where APdm is the compressor discharge pressure loss, and was evaluated by:

AP, =25(T_—273.15)""10 %" Py 67

The enthalpy of the vapor refrigerant leaving the compressor, hr2, was evaluated by:

h,=h,+W/n, (6.8)
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6.2.2 Sub-model for EEVs

The refrigerant mass flow rate passing through an EEV could be represented by an
orifice equation. Although there were two EEVs in the experimental TS-DXAC system,
the modeling for the two EEVs was the same. Therefore, only the modeling for EEV1

was detailed in this section, and EEV2 may be similarly modelled.

For EEV1, its mass flow rate, mreevi, was calculated by:

M, ey = Cd,EEVlAEEVl\/zprS_l(PrB_l - Pr6_l) (6.9)

where Aeeva is the opening of EEV1; Cdeevi, the flow coefficient of the EEV1, given

by

Cd,EEVl =0.02005 P51t 6'34Vres_1 (6.10)

6.2.3 Sub-model for evaporator

In the experimental TS-DXAC system, a DX evaporator of louver-fin-tube type was
used, where counter-flow heat exchange between the refrigerant and air may be
assumed. The DX evaporator was divided into two parts, HX1 and HX2, both
functioning like an evaporator and the modeling for both HX1 and HX2 was the same.
Therefore, in the section, only the modeling for HX1 is detailed and that of HX2 can

be carried out in the same way as that for HX1.
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For HX1, its refrigerant side was divided into a two-phase region and a superheated
region. Furthermore, in the two-phase region, dry-cooling and wet-cooling conditions
on the air side were separately modeled.

6.2.3.1 Refrigerant side in the two-phase region

The heat transfer between the two-phase refrigerant and the tube wall was evaluated as:

Qr,HXl,tp = vxap A,HXl,tpATr,HXLIp (6.11)

where Arnxip IS the internal heat transfer area in the two-phase region; ATrHx1p the
temperature difference between the average temperature of the refrigerant and that of
the tube; arnxitp the a (convective heat transfer coefficient) on the refrigerant side,

determined by:

iy =1 X1 X ® (25F1) % +2X,B, et (6.12)

where the assumed o for liquid refrigerant in the two-phase region, ar,, was calculated

by:

(6.13)

0.8
1-x,)D. Pr %A
a, :0.0Z?{gr( e) n,Hx1} G

Hy Di,HXl
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where gr is the refrigerant mass flux; ye the refrigerant dryness fraction; Dinxi the inside
diameter of the tube; ur,1the dynamic viscosity of the liquid refrigerant; Ar the refrigerant

thermal conductivity.

The refrigerant convection characteristic number, Xo, was:

0.8
X, :(1—%] (pr,vj (6.14)
e Pri

where pr.vis the density of vapor refrigerant; prithe density of liquid refrigerant. For the

constant X1 to Xs in Eq. (6.12),

when Xo<0.65, X1=1.1360, X2=-0.9, X3=667.2, X4=0.7, Xs= 0.30; and

when Xo> 0.65, X1=0.6683, X2=-0.2, Xs=1058.0, Xa= 0.7, X5 = 0.30.

The refrigerant Froude number, Frr, was given by:

g 2
Frr=———— 6.15
9'8:0r,I2Di,HXl ( )

The refrigerant boiling characteristic number, Bo, was:

B, — (6.16)

grﬂ/e
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where grp IS the heat flux in the two-phase region; ye the refrigerant latent heat of

vaporization.
6.2.3.2 Refrigerant side in the superheated region

The heat transfer between superheated refrigerant and the tube wall in the superheated

region was given as:

Qr,HXl,sh = 1ix1,sh Ar,HXl,sh LMTDr,HXl,sh (6.17)

where Arnxish IS the internal transfer area in the superheated region; LMTDr Hxish the
log mean temperature difference(LMTD) between the superheated refrigerant and the

tube; the « for vapor refrigerant, ar,Hxish, was evaluated by:

0.234,
ar,HXl,sh = D— Rer,sho.gl:)rr,sho.4 (618)

i,HX1

6.2.3.3 Air side

On the air side of both the superheated region and two-phase region, dry-cooling of air
occurred when the tube-fin surface temperature was above the dew point temperature
of air entering the respective region; otherwise, wet-cooling of air occurred. In this
Section, the modeling of dry-cooling and wet-cooling of air in the two-phase region of
HX1 is presented separately, while the modeling of the air side in the superheated

region might be similarly treated, and no more details would be provided.
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a) Wet-cooling

The heat transfer between air and the tube-fin surface could be expressed as:

Qa,HXl,Wt = Ua,HXl,wt Aﬂ,HXl,tpLMTDa,HXl,Wt (6.19)

where AanHxitp IS the air side heat transfer area; LMTDanxiwt the LMTD between the

tube-fin and air; the overall heat transfer coefficient, UaHxiut, iS:

Ua,HXl,wt = 1

(6.20)

+ Ry
Ay pixats alla Hxt

where Ruxa is the combined total thermal resistance from the evaporator tube wall,
surface contact and fouling; (a the dehumidifying factor; #anxiwt the fin surface
efficiency under wet-cooling conditions; aamxiwt the theoretical sensible o for the
cooling coil under wet-cooling conditions.

b) Dry-cooling

The heat transfer between air and tube-fin metal in HX1 could be expressed as:

Qa, HX1,dr — U a,HX1,dr Aa HX1,tp LMTDa, HX1,dr (6.21)

where the overall heat transfer coefficient, Ua nxzdr, iS:
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Ua,HXl,dr = 1 (6.22)

+ R
Ay hixa,drTa, Hx, ar

where 5anx1dr 1S the fin surface efficiency under dry-cooling conditions; oa Hx1dr the

theoretical sensible o for the louver-finned cooling coil under dry-cooling conditions.

6.2.3.4 Energy equation

The energy balance equation between the air side and the refrigerant side of HX1 could

be expressed as:

ma,HXl (ha,i,HX1 - ha,o,HXl) = mr,HXl (hr,o,HXI - hr,i,HXl) (6-23)

where manx1 and mrHxi are the air and refrigerant mass flow rates to HX1, respectively,
ha,inx1 and hrinxa inlet air and refrigerant enthalpy to HX1, respectively, haonx1 and

hronx1 outlet air and refrigerant enthalpy from HX1, respectively;

6.2.4 Sub-model for condenser

According to the refrigerant’s state, the condenser was divided into three regions, i.e.,
a de-superheating region, a two-phase region and a sub-cooling region. The modeling
processes in the de-superheating and the two-phase regions of the condenser on

refrigerant side were similar to that in the superheated and two-phase regions of HX1.
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The heat transfer equations for the air side of the condenser were similar to those on the

air side of HX1 under a dry-cooling condition.

6.2.4.1 Refrigerant side of de-superheating region

The heat transfer in the de-superheating region in the condenser could be evaluated

by:

Qr,c,ds = ar,c,dsA’,c,dsLMTDr,c,ds (624)

where Arcgs IS the internal heat transfer area in the de-superheating region; LMTDr ¢ ds
the LMTD between the de-superheating refrigerant and the tube; orcasthe o in the de-

superheating region, calculated by:

NU, 4
ar,c,ds = ﬁ“r X D < (625)

where Aris the thermal conductivity of refrigerant;

The Nusselt number was:

Nu, , = 0.023Re,*°Pr, > (6.26)
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6.2.4.2 Refrigerant side of two-phase region

The heat transfer in the two-phase region in the condenser, Qrc.p, was calculated by:

Qr,c,tp = ar,c,tp A,c,tpATr,c,tp (6'27)

where Arcip IS the internal heat transfer area in the two-phase region; ATrcp the
temperature difference between the average temperature of the refrigerant and that of

the tube.

The corresponding a, arctp, could be expressed by:

0.8 N 3-8Zc0'76 (1_ Xe )0.04
pro3®

ar,c,tp =) (l_Zc) (628)

where arc, is the a in the liquid phase; yc the refrigerant dryness fraction in the two-

phase region.

6.2.4.3 Refrigerant side of sub-cooling region

The heat transfer in the sub-cooling region in the condenser was calculated as:

Qr,c,sc = ar,C,SCA’,C,SCLMTDT,C,SC (6‘29)
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where Arcsc is the internal heat transfer area in the sub-cooling region; LMTDr csc the
LMTD between the sub-cooling refrigerant and the tube; arc.sc, the a for the sub-cooled

liquid refrigerant, calculated by:

Nur,sc
Xrcse = ﬂ’r X Di,c (630)
The Nusselt number was:
Nu, .. =0.023Re,**Pr, " (6.31)

6.2.4.4 Air side
Since in a condenser the moisture content of cooling air forced across the condenser
remained unchanged, it was assumed that the same overall heat transfer coefficient, Ua,,

between the tube-fin and cooling air was applied to all the regions in the condenser, and

the heat transfer between air and tube-fin metal could be expressed as:

Qa,c :Ua,cAa,cLMTDa,c (6‘32)

where Aac is the external heat transfer area of the condenser; LMTDac the LMTD

between the tube and air; Uac, the overall heat transfer coefficient, calculated by:

102



e C (6.33)
aa,cna,c

where Rc is the combined total thermal resistance from the tube wall, surface contact
and fouling; #a. the fin surface coefficient of the condenser tube-fin and air; aacthe air

heat transfer coefficient for forced convection.
6.2.4.5 Energy balance equation

The energy balance equation between the air side and the refrigerant side of the

condenser could be expressed as:

ma,c (ha,o,c - ha,i,c ) = mr,c (hr,i,c - hr,o,c) (634)

where mac and mrc are the air and refrigerant mass flow rates to the condenser,
respectively, haic and hric inlet air and refrigerant enthalpy to the condenser,
respectively, haoc and hroc outlet air and refrigerant enthalpy from the condenser,

respectively;

6.2.5 Calculation procedure of the complete experimental TS-DXAC system

model

The flow chart for solving the complete experimental TS-DXAC system model is
shown in Fig. 6.3. Five iteration loops existed when solving the model. The first one

(Loop 1) was for evaluating the compressor discharge pressure, Pr2, by solving the
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compressor sub-model. The second and third loops (Loop 11 and Loop Il1) were for
calculating refrigerant mass flow rates passing through HX1 and HX2, mr1x1 and mrux,
respectively. The fourth and fifth loops (Loop IV and Loop V) were used to obtain
refrigerant pressure and enthalpy at compressor suction, Pr1 and hr, respectively.

Detailed explanations for calculation procedures are as follows:

Before running the model, system configuration details such as the surface areas of
HX1 and HX2, compressor displacement and other initial operating parameters
including the opening degrees for EEV1 and EEV?2, inlet air temperature and relative
humidity, Tai and RH, the degree of refrigerant sub-cooling, Tsc, were input to the model.
Also the initial values of refrigerant enthalpy at compressor suction, hr, refrigerant

pressures at compressor suction and discharge, Pr1 and Pr2, were assumed.

The calculation procedures were started from solving the sub-model of compressor with
the assumed initial values of hr1, Pr1, Pr2, to obtain the total refrigerant mass flow rate,
Mrcom. Meanwhile, the refrigerant pressure at compressor suction, or Pro, could also be
obtained by solving the pressure drop equations for pipelines. Afterwards, by solving
the condenser sub-model, the degree of refrigerant sub-cooling at condenser outlet, Tsc,
could be evaluated and was compared with its initial setting Tsc, with the difference
between the two to decide if the calculation in this iterative loop should be ended or
otherwise continued by updating the initial value of Pr2 until the difference was less

than a preset value.

After ending the calculations in Loop I, the calculations in Loop Il and Loop 11l were

started, by assuming the initial values of mrix1 and mrix2. By solving the sub-models
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for HX1, HX2 and their matching EEVs, the refrigerant pressures at the end of the
respective branch for HX1 and HX2, Pro 1 and Pro 2, could be obtained. Since two
branches were in parallel and connected to the suction of a common compressor, the
values of Pro_1 and Pro 2 should be same and further equal to Pro by adjusting the
assumed values of mrHx1 and mrux2. In addition, mrcom, which was the sum of mrHx1 and
mrrx2, should also be equal to the initially assumed mrcom and the difference between
Mreom and Mrcom Was used to either end the iterative calculation process of Loop IV, or
update a new initial value of Pr1. During this procedure, certain key parameters on the
air-sides of HX1 and HX2, such as supply air temperature and enthalpy, Ta,o, ha,e, could

also be obtained by solving the sub-models for the air-sides of HX1 and HX2.

After the calculations of Loop IV were ended, the refrigerant enthalpy at compressor
suction, hr1'was obtained by solving the sub-model for mixing the refrigerant from the
two branches. The iterative calculation process in Loop V was ended until the
difference between hr1' and hr1 was within a preset range, or a new value of hr1 was
assumed. When all iterative calculations were ended, the calculation process for solving

the complete model of the experimental TS-DXAC system was finished.
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Fig. 6.3 Flow chart of the calculation procedure of the complete experimental TS-

DXAC system model
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6.3 Experimental validation of the developed mathematical model

The parameters of output TCC and E SHR of a DX A/C system were commonly used
to represent its operational characteristics [Xu et al., 2010], since they could reflect its
overall cooling and dehumidification ability. Therefore, in this Chapter, output TCC
and E SHR values predicted by the developed model for the experimental TS-DXAC
system were compared with the experimental results of output TCC and E SHR values

reported in Chapter 5 for the purpose of validating the developed mathematical mode.
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Fig. 6.4 Comparison of the experimental and predicted output TCC and E SHR values

at the inlet air state of 26 °C and 50% RH
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Fig. 6.4 shows the comparisons between the experimental results and the corresponding
model predicted TCC / E SHR relationships plotted in a TCC - E SHR diagram at the
inlet air state of 26 <C and 50% RH with the combinations of Ra (from 30% to 60%)
and Rr (from 15% to 53%) shown in Table 5.2. As seen, both experimental and predicted
relationships demonstrated that the values of TCC / E SHR were mutually constrained
within two irregular areas of ABCDE (experimental) and A'B'C'D'E’ (predicted). For
the two irregular areas, Points A (A’), B (B'), E (E") and C (C') correspond to the
experimental (predicted) output TCC / E SHR values when the experimental TS-DXAC
system was operated at its highest Ra values of 60% and lowest Rr value of 15%, lowest
Ra values of 30% and lowest Rr value of 15%, highest Ra values of 60% and highest Rr
value of 53%, and lowest Ra values of 30% and highest Rr value of 53%, respectively.
Points D (D’) correspond to the experimental (predicted) output TCC / E SHR values
with the maximum output TCC from the experimental TS-DXAC system. Therefore,
both the experimental and predicted TCC / E SHR relationships shown in Fig. 6.4
demonstrated that the experimental TS-DXAC system can output variable TCC and E

SHR to deal with variable space loads, by varying Ra and Rr values.

As seen from Fig. 6.4, the shapes of the two irregular areas, ABCDE and A'B'C'D'E’
were similar to each other. At a constant Ra, when Rr was increased from 15% to 53%,
both the experimental and predicted values of TCC were increased, and both E SHR
values decreased. At a fixed Rr, when Ra was increased from 30% to 60%, both the
experimental and predicted values of E SHR were increased, and both TCC values
experienced similar variation trends of increasing, peaking and decreasing when Rr was
greater than 35%, but were decreased continuously when Rr was less than 35%. It can

also be found from Fig. 6.4 that the maximum error between predicted and experimental
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output TCC values at each Ra/ Rr combination was only at 2.6% and that for E SHR at
2.1%, respectively. The predicting accuracy of the developed model was further
confirmed by comparing the predicted and experimental output TCC / E SHR values at
all the five inlet air temperatures and humidity levels shown in Table 5.1 and the
combinations of Ra (from 30% to 60%) and Rr (from 15% to 53%) shown in Table 5.2.
Fig. 6.5 shows the comparisons between the experimental and predicted results for TCC
values and Fig. 6.6 that for E SHR values, respectively. As seen, the relative errors
between the experimental and predicted values for both TCC and E SHR were all within

6%.

From the above comparison results, the steady-state model developed for the
experimental TS-DXAC system was experimentally validated and could be further used
to predict its operational characteristics in terms of the relationship between TCC and
E SHR with an acceptable accuracy. Therefore, the validation model was used in a
modeling study to optimize the sizes of the two sections in the cooling coil in a TS-

DXAC system.
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6.4 The modeling study

For a TS-DXAC system, the relative size for the two sections of the cooling coil, HX1
and HX2, was a key factor that could affect its overall operational characteristics. Hence,
it was necessary to study the impacts of different ratios of the two sections on the
operational characteristics of the TS-DXAC system. This was numerically studied

using the validated model, and the study results are reported in this section.

The ratio of surface areas for the two sections (Rs) in the TS-DXAC system was defined

by

R =Axi/Ax (6.35)

where Auxi is the HX1’s surface area, and Anxz the HX2’s surface area.

Fig. 6.7 shows the simulated operational characteristics of the TS-DXAC system in
terms of the relationships between output TCC and E SHR at the combinations of Ra
(from 30% to 60%) and Rr (from 15% to 53%) shown in Table 5.2, at five different Rs

values of 1:3, 2:5, 1:2, 2:3 and 1:1. The inlet air state were fixed at 26 <C and 50% RH.

The irregular areas of A'B'C'D’, ABCD and A"B"”C"”D"” shown in Fig. 6.7 represent the
modeling study of the output TCC / E SHR relationships for the TS-DXAC system at
three Rs values of 1:1, 2:3 and 1:3, respectively. It can be seen that the shapes of these
irregular areas were varied significantly at different Rs values. The high limits of TCC

values stayed almost unchanged at 5.27 kW. However, the low limits of TCC values
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were increased from 3.61 kW at Rs of 1:3 to 4.02 kW at Rs of 1:1, reflecting a 33%
increase in the high-low ranges for output TCC from 1.25 kW at Rs of 1:1 to 1.66 kW
at Rs of 1:3. On the other hand, the high limits of E SHR values were decreased from
0.727 at Rs of 1:3 to 0.706 at Rs of 1:1, and the low limit was decreased from 0.636 at
Rs of 1:1 to 0.621 at Rs of 1:3. Hence, the high-low ranges for E SHR were significantly

increased by 51% from 0.07 at Rs of 1:1 to 0.106 at Rs of 1:3.
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Fig. 6.7 The operational characteristics of the TS-DXAC system at different Rs values

at a fixed inlet air state of 26 °C and 50% RH

Furthermore, different Rs values would also have different impacts on the operational
characteristics in terms of the relationship between output TCC and E SHR of the TS-
DXAC system when varying Rr and Ra. As seen from Fig. 6.7, since the curvatures of

borderline C'D’ became more obvious than borderline C"D" when increasing Rs value,
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the changes in Ra at a higher Rs would impact more on output TCC values than E SHR
values at a high Rr level. In addition, the slope of line B”C" was smaller than that of
line B'C’, suggesting that the changes in Rr at a higher Rs impacted more on E SHR

values than TCC values at a low Ra level.

The above simulation results suggested that a lower Rs could help enlarge the variation
ranges of output TCC and E SHR, which was beneficial to better dehumidification, and
that the changes in Rs would influence more on E SHR than TCC. However, a low Rs
would deteriorate the efficiency of the TS-DXAC system because the surface area of
HX1 was too small to provide enough heat to evaporate the refrigerant passing through
it. Therefore, the degree of refrigerant superheat at the exit of HX1 would become
unreasonably low, but that at the exit of HX2 unreasonably high, thus maintaining a

constant DS at compressor suction was difficult.

6.5 Conclusions

In this Chapter, based on previously developed sub-models for DX A/C systems, a
steady-state physical-based mathematical model for the experimental TS-DXAC
system was established. The model was further experimentally validated using the
experimental data reported in Chapter 5, with differences between experimental and
predicted results of less than 6%. Both the experimental and modeling results suggested
that the experimental TS-DXAC system can output variable TCC and E SHR to deal

with variable space loads.
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With the availability of the validated experimental TS-DXAC system model, a follow-
up modeling study on optimizing the sizes of the two sections was carried out. The
modeling results demonstrated that a lower ratio for the surface areas of the two sections
(Rs) could lead to enlarged variation ranges in both TCC and E SHR. For example, at
the inlet state of 26 <C and 50% relative humidity, when Rs was altered from 1:1 to 1:3,
the variation range for TCC was increased by 33%, and that for E SHR by 51%, which
was beneficial to better dehumidification. In addition, the changes in Rs would influence
more on E SHR than TCC. Further, with the validated model, the operational
characteristics of the experimental TS-DXAC system at other inlet air states and system

configurations may also be studied.

The experimental work reported in Chapter 5 and the modeling work reported in this
Chapter enabled the better understandings of the experimental TS-DXAC system.
Furthermore, in order to operate the experimental TS-DXAC system, a control strategy
was needed. Therefore, in Chapter 7, the development of a control strategy for operating
the experimental TS-DXAC system, and the controllability tests for the control strategy

are reported.
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Chapter 7

Development of a control strategy of the experimental TS-DXAC system for

improved indoor thermal environmental control

7.1 Introduction

In Chapter 5, an experimental study on the operational characteristics of the
experimental TS-DXAC system is reported, and in Chapter 6, a modeling study where
a steady-state mathematical model for the TS-DXAC system was developed presented.
Both the experimental and modeling studies enabled the better understandings of the

experimental TS-DXAC system.

However, as mentioned in Chapter 3, the experimental TS-DXAC system was intended
to be operated at different indoor conditions in buildings located in hot-humid climates.
Therefore, in order to operate the experimental TS-DXAC system at all possible indoor
conditions in hot-humid climates, in this Chapter, the development of a simple control
strategy that enabled operating the experimental TS-DXAC system is reported. Firstly,
the developed control strategy, which included two control algorithms, for the
experimental TS-DXAC system is detailed. Secondly, using the experimental TS-
DXAC system described in Chapter 4, two sets of experiments to test the controllability
of the developed control strategy were carried out, and the controllability test results

and their related analysis and discussion are presented. Finally, conclusions are given.
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7.2 Development of the control strategy for the experimental TS-DXAC system

Although the TS-DXAC system was primarily developed for obtaining simultaneously
control of Ti and RHi at a hot and humid indoor condition, it was also possible that it
may be operated at a hot- dry indoor condition. Therefore, the control strategy to be
developed would also cover this hot and dry indoor condition. Hence, it would include
two control algorithms, one for hot and humid indoor condition, as Algorithm I, and

the other hot and dry indoor condition, as Algorithm 11.

In this Section, the experimental results of the experimental TS-DXAC system obtained
in the experimental study presented in Chapter 5, which were used as the basis for the
development of Algorithm I, are briefly reviewed first, and then Algorithm I detailed.
This is followed by discussing Algorithm Il1. Thirdly, with the availability of the two
Algorithms, the developed control strategy for the experimental TS-DXAC system is

detailed.

7.2.1 Algorithm |

The experimental results of the experimental TS-DXAC system obtained from the
experimental study in Chapter 5 were used as the basis for developing Algorithm I. The
experimental results shown in Fig. 5.1 suggested that at a fixed compressor speed, by
varying Ra and Rr values, different combinations of TCC and E SHR could be obtained
from the experimental TS-DXAC system, and these combinations were restricted
within an irregular area. Furthermore, at the fixed inlet air state of 26 °C / 50% RH, at

a constant Ry, E SHR was affected more by varying Ra, and at a constant Ra, the output
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TCC was affected more by varying Rr. In addition, a higher TCC and a lower E SHR
were obtained at a larger Rrand a lower Ra, and vice versa. Hence, it was experimentally
proved that the experimental TS-DXAC system had an ability to output different SCC
and LCC so as to handle different indoor space SCL and LCL. This has paved a way to
develop Algorithm | to enable the experimental TS-DXAC system to be operated at a

hot and humid indoor condition to control Ti and RHi simultaneously.

Based on the experimental results of the experimental TS-DXAC system briefly
discussed above, Algorithm | has been developed. For Algorithm I, a fixed compressor
speed was used as these operational characteristics were obtained under a fixed
compressor speed. SF1 and SF2 would respond to the change in RHi, EEV1 to those in

Tiand EEV?2 to those in the DS of the experimental TS-DXAC system.

Fig. 7.1 shows the flowchart for Algorithm I. At first, the experimental TS-DXAC
system would be operated at a high Rr value and low Ra value. For example, according
to Table 5.2, Rr could be set at 44%, and Ra at 40%, respectively. This was because at
a hot and humid indoor condition, both cooling and dehumidification were required.
Then depending on the actual Ti and RHi values, if they were within their respective
dead-bands, no changes to the operation of the experimental TS-DXAC system would
be introduced. Once Ti was lower than the low boundary of its dead-band, a lower Rr
value would be used by reducing the opening degree of EEV1. Likewise, if RHi was
lower than the low boundary of its dead-band, a higher value of Ra would be used by
increasing the fan speed of SF1. It can be seen that for Algorithm I, the values of Ra and
Rr needed to be regularly real-time updated to respond timely the changes in Ti and RH;.

It should be noted that Algorithm | was currently based on a fixed compressor speed,
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which may effectively restrict the actual output cooling capacities from the
experimental TS-DXAC system. Therefore, in the controllability tests, if Rr or Ra are
changed, boundary values of Rr or Ra shown in Fig. 5.1 will be used. Hence, as shown
in Fig. 7.1, operating Status 1 was defined where there were four different actions for
Ra and Rr. In addition, under Algorithm I, a constant total air flow rate would also be

kept by adjusting speeds of the two fans according to the required Ra values.

Hot and humid
indoor conditio

High R, and low R,

Ti,s -AT< Ti < Ti15+ AT and
is - ARH < RH; < RHi,s + AR

Maintaining current
operating status

i< Ti,s - AT or
T, > Ti,s +AT?

RH; < RH; - ARH ?

YES

Increase R, Reduce R, Reduce R, Increase R,

1
|
Status 1 J:
|
|

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Fig. 7.1 The flowchart for Algorithm I
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7.2.2 Algorithm 11

For the experimental TS-DXAC system, its improved output LCC under Algorithm |
would deteriorate the indoor thermal environment when used at a hot and dry indoor
condition. Actually, at a hot and dry indoor condition, only indoor dry-bulb air
temperature needed to be controlled. Hence, using a traditional On-Off control should
have been adequate. However, to fully take the advantages of the configuration of an
experimental TS-DXAC system, and alleviate the magnitudes of fluctuation in Ti
associated with the traditional On-Off control, a traditional On-Off control was

optimized into Algorithm I, as shown in Fig. 7.2, and is detailed as follows.

When the setting of indoor air dry bulb temperature was not satisfied, the experimental
TS-DXAC system was operated at Status 2, when only HX2 was operated, and the
variable speed compressor was operated at 80 Hz and SF2 at 1400 rpm. Otherwise, it
was operated at Status 3, when only HX1 was used, and the compressor was operated
at 40 Hz and SF1 at 700 rpm. It can be seen that there were only two operating statuses
under Algorithm 1I, and the experimental TS-DXAC system can be operated
alternatively between the two statuses depending on only Ti, which can be easily

implemented.
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Fig. 7.2 The flowchart for Algorithm II

7.2.3 The developed control strategy of the experimental TS-DXAC system

The flowchart of the developed control strategy consisting of the two Algorithms for
the experimental TS-DXAC system is shown in Fig. 7.3. The strategy enabled the
experimental TS-DXAC system to be operated at the two indoor conditions that may
be encountered in hot-humid climates, i.e., hot and humid, and hot and dry. Depending
on the actual indoor air states, there were three different operating statuses of the
experimental TS-DXAC system using this control strategy, i.e., Status 1 under
Algorithm I, and Status 2 and Status 3 under Algorithm II. Table 7.1 details the
operating conditions for EEVs, compressor and supply fans at the three Statuses. To
start with, the experimental TS-DXAC system was operated at Status 2, as a default
status. Then the actual Ti and RHi values were measured and the measured values were
used in the follow up control actions. Once Ti was lower than the low boundary of its

dead-band, the operating status would be switched to Status 3. When both Ti and RH;i
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were higher than the high boundaries of their respective dead-bands, the experimental

TS-DXAC system would be operated at Status 1.

Hence, it can be seen that the control strategy developed was not complex, but simple
and straightforward as compared to other previous controllers, such as a fuzzy logic
controller or a controller based on artificial neural network model, and can therefore be

easily implemented.

Establishing set points for indoor space T,
RH;s, the control dead-band AT, ARH

l

Operating the TS-DXAC system at Status 2

l

Measuring T;, RH;

Ti >Ti15 - AT or
Hi >RH s - ARH ?

The TS-DXAC
system was turned off

R

Maintaining current
operating status

Ti > Ti,s+ AT ?

YES
i YES NO
_Hot and humld RH; >RH;, + ARH ? . Hot and dry
indoor condition : indoor condition

Algorithm | Algorithm 11

Operations of the EEVs, compressor and fans at the three different control statuses

Fig. 7.3 Flowchart of the developed control strategy for the experimental TS-DXAC

system
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Table 7.1 The operations of the components in the experimental TS-DXAC system at

different operating statuses

Components
Operating Status
EEV1  EEV2 SF1 SF2 compressor
1 B A A% \Y 80 Hz
2 0 A S 1400 rpm 80 Hz
3 A 0 700 rpm S 40 Hz

Notes:
0: to close EEVs; A: to control DS; B: to adjust refrigerant flow rates passing through

the two sections; S: shut down; V: variable speed operated;

7.3 Controllability tests of the developed control strategy for the experimental

TS-DXAC system

To examine the controllability of the experimental TS-DXAC system under the
developed control strategy, two sets of test conditions, Set A and Set B, were designated,
as shown in Table 7.2. In Set A, there were two tests (A1, A2), where the set-point of
Ti, Tis, and that of RHi, RHis, were kept constant at 26 °C and 50%, respectively, but
the space SCL and LCL were altered. In Set B (B1 to B4), the space SCL and LCL
remained unchanged, but only Tis was changed from 26 °C to 25 °C or only RHis from
55% to 45%, or both were changed simultaneously, from 26 °C / 60% to 25 °C / 50%,

respectively.

Furthermore, as shown in Table 7.2, in each Set, two different indoor conditions, i.e.,

hot and dry and hot and humid, were included. Discrete values for indoor SCL and LCL
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were used to represent the typical space cooling loads at the two different indoor

conditions. For example, a combination of an indoor SCL of 2430 W and a LCL of

780W was used to represent a hot and dry indoor condition, and 3060 W/1500 W a hot

and humid indoor condition. In addition, a constant outdoor air state at 33 °C / 68% was

maintained at the outdoor space, based on typical outdoor air conditions in hot-humid

climates. It should be noted that in this controllability tests, the high setting of indoor

RH was 60%, which may be lower than the indoor RH under the hot and humid climates.

However, the focus of this study is on the controllability of the developed control

strategy, and the range of control may be expanded in future study.

Table 7.2 Test conditions and cases

Test set Case Fixed settings Changed settings Algorithm
SCL/LCL (W)
Ti/RH: From To
Al? 26 °C/~ 2430/780 2520/960 I
A A2° 26 °C/50% 3060/1500 3240/1680 I
Tis/RHis
SCL/LCL (W) From To
BI1? 2340/900 26 °C/~ 25 °C/~ I
B2° 3060/1620 26 °C/50% 25 °C/50% I
s B3° 3060/1620 26 °C/55% 26 °C/45% I
B4® 2970/1800 26 °C/60% 25 °C/50% I

3 Hot and dry indoor condition; ® Hot and humid indoor condition

For each test, its duration was 10000 s. The experimental TS-DXAC system was

operated long enough to reach a steady state before the intended changes were
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introduced, usually at between 2750 s and 4350 s into the tests. In addition, to prevent
frequent switch amongst different operating statuses, a dead-band of £0.35 °C for Ti

and that of +5% for RH;i were set.

7.4 Test results and related analysis

Using the experimental TS-DXAC system and following the test conditions presented
in Table 7.2, extensive controllability tests have been conducted, and the test results
expressed in the term of the variations in Ti and RHi are presented in this section. When
both indoor SCL and LCL were high in Tests A2, B2, B3, B4, the experimental TS-
DXAC system was controlled by Algorithm 1. On the other hand, in Tests Al and B1,
when indoor SCL was high but indoor LCL was low, the experimental TS-DXAC

system was controlled by Algorithm Il. These are detailed in Sections 7.4.1to 7.4.2.

7.4.1 Test results under Algorithm |

Figs. 7.4 - 7.7 show the results in Tests A2, B2, B3 and B4, respectively. As seen, both
Tiand RHi could be simultaneously controlled within the dead-bands of their respective

set points.

Fig. 7.4 shows the test results in Test A2. Before the changes in cooling loads, as
detailed in Table 7.2, were introduced at 4350 s into the test, both Ti and RHi were
controlled within their respective dead-bands. After the changes, the experimental TS-
DXAC system can adjust its output SCC and LCC by increasing Rr from 44% to 53%

and decreasing Ra from 60% to 50%, to match the change in cooling loads. As a result,

124



the required Ti and RHi could be maintained within the dead-band of their set points,

respectively, till the end of the test.

Fig. 7.5 shows the test results in Test B2. In this test, only Tis was lowered from 26 °C
to 25 °C at 3150 s, but with all others remaining unchanged, as detailed in Table 7.2.
As shown, under Algorithm I, the experimental TS-DXAC system responded to the
change by increasing Rr from 48% to 53% to output more cooling capacity, as Tis was
lowered. However, the RHi would be correspondingly increased, because of the
insignificant changes in its output dehumidification capacity when only Rr was varied.
Hence, when RHi was over the upper boundary of its dead-band, Ra was reduced from
50% to 40% to output more latent cooling capacities to maintain the RHi within its
dead-band. Furthermore, it can also be observed that it took approximately 1000
seconds for Ti and RHi to reach the new set points. This was because the range of the
output cooling capacity was restricted by the fixed speed operation of the compressor.
Therefore, if a larger output cooling capacity was required, consideration should be
given to the variable speed operating of the compressor, so as to improve the control

sensitivity of Algorithm 1.

In Test B3, only RHis was changed from 55% to 45% at 2750 s, but with all others
remaining unchanged, as detailed in Table 7.2 for the purpose of verifying the humidity
control using the experimental TS-DXAC system. As shown in Fig. 7.6, after the RHis
was reduced, under Algorithm I, the experimental TS-DXAC system could respond to
the change by reducing Ra from 55% to 45% to output more LCC. However, in this test,
it took approximately 2000 s to restore Ti and RHi to their new set points, respectively.

This was also because the fixed compressor speed operation restricted the output LCC.
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Moreover, as observed from the operational characteristics shown in Fig. 5.1, the
variation range in TCC from the experimental TS-DXAC system at a fixed compressor
speed was larger than that in E SHR, so that a longer time duration was required in
restoring RHis. To improve this, again, variable speed operation of the compressor may

be considered.

In addition, Fig. 7.7 shows the test results in Test B4. In this test, both Tis and RHis
were altered from 26 °C to 25 °C and from 60% to 50% at 3500 s, respectively, with
indoor cooling loads remaining unchanged, as shown in Table 7.2. Under Algorithm I,
the experimental TS-DXAC system responded to the changes by increasing Rr from 40%
to 53% and reducing Ra from 60% to 40% to provide more SCC and LCC, so that both
Ti and RHi could be controlled within the dead-bands of their new respective set points.
However, it took approximately 2200 s for Ti and RHi to reach their new set points. It
can also be observed that the Ti reached the new set point earlier than RHi, which was

explained already when presenting Test B3 results.

The test results shown in Figs. 7.4 - 7.7 suggested that, at hot and humid indoor
conditions, under Algorithm I, the experimental TS-DXAC system can output variable
sensible and latent cooling capacities to handle the changes in indoor SCLs and LCLs,
and simultaneously control Ti and RHi within the dead-band of their respective set
points. However, it can be also observed that in all tests, both Ti and RHi fluctuated,
but within their respective dead-bands. This was basically due to the discrete nature of
the control action when varying both Ra and Rr. Furthermore, under Algorithm I,
currently, a fixed compressor speed was used, resulting in a smaller range of the output

SCCs and LCCs from the experimental TS-DXAC system. Hence, since a variable

126



speed compressor was actually used, to have a larger range of the TCC, variable speed

operation of the compressor may be considered and incorporated into Algorithm I.
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7.4.2 Test results under Algorithm 11

Fig. 7.8 shows the test results of Test Al. Before the changes in space cooling loads
were introduced at 4180 s, under Algorithm 11, the experimental TS-DXAC system was
operated alternatively between Status 2 and Status 3, with the former having a shorter
duration. Ti was stably maintained within the dead-band of its set point at 26 °C. After
the changes, however, the duration of Status 2 was increased to provide more cooling
capacity to handle the increased space SCLs and LCLSs, so as to maintain Ti still at 26 °C.
On the other hand, due to the increase in space LCL, averaged RHi was increased from
44.3% to 47.8%, because the output LCC from the experimental TS-DXAC system did
not change much, as a result of a longer duration of Status 2 and shorter duration of

Status 3.

Furthermore, the test results of B1 are shown in Fig. 7.9. As seen, a 1 °C reduction in
Ti from 26 °C to 25 °C was introduced at 3900 s, with all others remaining unchanged.
Under Algorithm 11, similar to that in Test B1, after the change, the duration of Status
2 was increased but that of Status 3 shortened, so that more cooling capacity could be
obtained from the experimental TS-DXAC system to deal with an increased space
cooling load as Tis was reduced. As a result, Ti was controlled within the dead-band of
25 °C Ti setting. On the other hand, RHi was slightly increased from 48.9% to 50.8%,

similar to that in Test Al.

From Figs. 7.8 - 7.9, it could be also seen that the Ti fluctuated within the dead-band of
it settings, as a result of the experimental TS-DXAC system being operated between

the two statuses under Algorithm I1, similar to that under a conventional On-Off control.
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However, as compared to the traditional On-Off control, the use of Algorithm Il may
help further effectively reduce the magnitude of fluctuations in Ti, as a result of the low
compressor speed operation of the experimental TS-DXAC system (i.e., Status 3) when
Ti reached the lower boundary of the dead-band. On the other hand, the use of
Algorithm Il may also lead to a more energy efficient operation of the experimental TS-
DXAC system at a hot and dry indoor condition, as the switching between high-low
compressor speed operation can effectively avoid space over cooling. Consequently, a
lower indoor-outdoor air temperature difference would result in a smaller indoor

cooling load, thus requiring less energy to deal with.
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7.4.3 Discussions

The test results presented in Sections 7.4.1 and 7.4.2 suggested that when controlled by
the control strategy developed, the experimental TS-DXAC system was able to respond
the changes in either indoor settings or cooling loads by outputting variable sensible
and latent cooling capacities, at two different indoor conditions, i.e., hot and humid,
and hot and dry. With the two algorithms specifically developed, the two sections of
the cooling coil in a TS-DXAC system may be operated separately or jointly, according
to different indoor air states. In addition, Ti could be directly controlled at the two
indoor conditions using both algorithms, while RHi could be directly controlled at a hot
and humid indoor condition using Algorithm I, but controlling RHi was not necessary

at a hot and dry indoor condition.
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It can also be seen that the control strategy developed for the experimental TS-DXAC
system was much simpler and straightforward, when compared to other advanced
controllers, and can therefore be easily implemented. Furthermore, a constant total
supply air flow rate could also be kept. However, it should be noted that, currently,
Algorithm | was actually based on a fixed compressor speed, which may effectively
restrict the actual output SCCs and LCCs from the experimental TS-DXAC system. As
a result, the control sensitivity may be impaired by taking a longer time to reach new
indoor settings. Hence, consideration should be given to further improving Algorithm

| by incorporating variable speed compressor operation.

7.5 Conclusion

In this Chapter, the development of a control strategy to operate the experimental TS-
DXAC system is presented. The control strategy included two algorithms, i.e.,
Algorithm | for hot and humid indoor conditions, and Algorithm 11 for hot and dry
indoor conditions. Algorithm | was developed based on the experimentally obtained
inherent operational characteristics of the experimental TS-DXAC system at a fixed
compressor speed, as reported in Chapter 5, and Algorithm Il by optimizing the
conventional On-Off control. Extensive controllability tests for the control strategy
have been carried out using an experimental TS-DXAC system. The controllability test
results suggested that the control strategy enabled the experimental TS-DXAC system
to respond the changes in either indoor settings or cooling loads by outputting variable
sensible and latent cooling capacities. During all the tests, Ti could be directly
controlled at the two indoor conditions using both algorithms, while RHi could be

directly controlled at a hot and humid indoor condition using Algorithm 1. However, it
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was also observed that under Algorithm 1, it tended to take a longer duration to restore
indoor settings after changes, as restricted by the fixed compressor speed operation. To
improve control sensitivity, variable speed compressor operation should be considered

and implemented into Algorithm I.

The results of controllability tests presented in this Chapter demonstrated that the
experimental TS-DXAC system was able to be operated, under the control of the
developed control strategy, in buildings located in hot-humid climates for improved

indoor thermal environmental control.
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Chapter 8

Conclusion and future work

8.1 Conclusions

A research project on firstly proposing a DX A/C system having a two-sectioned
cooling coil (TS-DXAC), without employing any additional provisions to provide
variable cooling and dehumidifying capacities and establishing an experimental TS-
DXAC system, secondly experimentally investigating the operational characteristics of
the experimental TS-DXAC system, thirdly developing and validating a steady-state
physical-based mathematical model for the experimental TS-DXAC system, and finally
developing a simple and straightforward control strategy for the experimental TS-
DXAC system for improved indoor thermal environmental control, has been
successfully carried out and is reported in this Thesis. The conclusions of the Thesis

are.

Firstly, the operational characteristics of the experimental TS-DXAC system have been
experimentally studied, and the relevant experimental results are reported in Chapter 5.
The study results demonstrated that the experimental TS-DXAC system was able to
provide variable output cooling and dehumidification capacities at a constant
compressor speed and a fixed total supply air flow rate when refrigerant and air flow
rates to the two-sectioned cooling coil were varied. In addition, the experimental results
showed that the output TCC and E SHR values from the experimental TS-DXAC
system were strongly correlated but mutually constrained within an irregular area in a

TCC - E SHR diagram. Furthermore, inlet air states also influenced the operational
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characteristics of the experimental TS-DXAC system, resulting in the changes in both
the shape and positon of an irregular area for the relationship of TCC - ESHR ina TCC
- E SHR diagram, and the variations in inlet air RH would influence more on the shapes

and positions of the irregular areas.

Secondly, the development of a steady-state physical-based mathematical model for the
experimental TS-DXAC system is presented in Chapter 6. The model was
experimentally validated using the experimental data reported in Chapter 5, with the
differences between experimental and predicted results of being less than 6%. Using
the validated model, a follow-up modeling study on the surface area ratio of the two
sections in the cooling coil was carried out and the modeling study results are reported.
The modeling results demonstrated that a lower ratio for the surface areas of the two
sections (Rs) could lead to enlarged variation ranges in both TCC and E SHR. For
example, at the inlet state of 26 <C and 50% RH, when Rs was altered from 1:1 to 1:3,
the variation range for TCC was increased by 33%, and that for E SHR by 51%, which
was beneficial to better dehumidification. In addition, the changes in Rs would influence

more on E SHR than TCC.

Finally, the control strategy developed for the experimental TS-DXAC system is
detailed in Chapter 7. This control strategy enabled the experimental TS-DXAC system
to be operated at two typical indoor air conditions in buildings located in hot-humid
climates for improved indoor thermal environmental control. Two algorithms were
incorporated into the control strategy, i.e., Algorithm I for hot and humid indoor
conditions, and Algorithm Il for hot and dry indoor conditions. Ti could be directly

controlled at the two indoor conditions using both algorithms, while RHi could be
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directly controlled at a hot-humid indoor condition using Algorithm 1. Controllability
tests for the control strategy have been carried out and the test results demonstrated that
the experimental TS-DXAC system was able to be operated, under the control of the
developed control strategy, in buildings located in hot-humid climates for improved

indoor thermal environmental control.

The successful carrying out of the research project presented in this Thesis helped
achieve improved indoor thermal environmental control and 1AQ, and reduced energy
use through better RHi control using DX air conditioning technology. The developed
TS-DXAC system was less complicated and costly as compared to the other approaches
used for enhancing the dehumidification performances for DX A/C systems. The
outcomes from the research project has also contributed to the advancements of DX

AJ/C technologies.

8.2 Proposed further work

Following the successful completion of the research project reported in this Thesis, a

number of future possible studies are proposed as follows:

Firstly, in Chapter 5, the experimental results suggested that the flow rates of both
refrigerant and air passing through the two-sectioned cooling coil and different inlet air
states impacted greatly the operational characteristics of the experimental TS-DXAC
system. However, other system operating parameters such as compressor speed and the

total supply air flow rate could also affect the operational characteristics of the
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experimental TS-DXAC system. Therefore, future experimental work should be

organized to study the influences of these parameters.

Secondly, the developed steady-state TS-DXAC model was experimentally validated
with an acceptable predicting accuracy, as reported in Chapter 6. Nonetheless, a
dynamic model for a TS-DXAC system to simulate the transient system responses
should be further developed, as a dynamic model is more useful in developing control

strategies, and detecting and removing faults for a TS-DXAC system.

Thirdly, a simple and straightforward control strategy consisting of two algorithms to
enable the experimental TS-DXAC system to respond the changes in either indoor
settings or cooling loads by outputting variable sensible and latent cooling capacities
was developed, as presented in Chapter 7. However, it was also observed that under
Algorithm 1, it likely took a long duration to restore indoor settings after changes were
introduced, as restricted by the fixed compressor speed operation. To improve the
control sensitivity, variable speed compressor operation should be considered and

implemented into Algorithm I. Therefore, future related studies should be carried out.

Fourthly, due to the parallel connection of the two sections in the TS-DXAC system,
the refrigerant pressure drop along the two branches was forced to be equal, which
impaired the energy efficiency of the system. Therefore, it is possible to carry out the
investigation of the TS-DXAC system with ejector and take advantage of the high
refrigerant pressure in a certain section to increase the suction pressure of the

compressor, thus improving the energy efficiency of the whole system.
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Finally, for the research project of studying a TS-DXAC system presented in this Thesis,
no fresh air was introduced into the system. However, because the two sections in the
cooling coil were actually connected in parallel, it was possible to designate one of the
two sections to process specifically the fresh air for more effectively moisture removal.
Therefore, to fully take advantages of the characteristics of the TS-DXAC system and
expand its application ranges, a provision for introducing fresh air into the TS-DXAC

system should be incorporated.
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Appendix

Photos of the experimental TS-DXAC system

refrigerant mass
flow meter

Photo 1 The experimental TS-DXAC system (1)
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Photo 2 The experimental TS-DXAC system (2)
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WSS control unit

Photo 4 Airflow rate measuring apparatus
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Photo 7 Indoor chamber of the laboratory

Photo 8 Outdoor chamber of the laboratory
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