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Abstract 

In buildings, controlling indoor air humidity at an appropriate level is critically 

important since this directly affects building occupants’ thermal comfort, indoor air 

quality (IAQ) and the operating efficiency of building A/C systems. In hot and humid 

climates, such as Hong Kong, air conditioning (A/C) is usually required for up to 7 

months from April to October in a year. At different seasons within the 7 months, 

however, space latent load that directly affects indoor air humidity level can vary 

significantly. On the other hand, direct expansion (DX) based A/C systems are widely 

used for indoor environmental control in various buildings in different climates, since 

they are simpler and more energy efficient, and generally cost less to own and maintain. 

However, the current trend in designing a conventional DX A/C system is to have a 

smaller moisture removal capacity in an attempt to boost its energy efficiency ratings. 

Furthermore, most DX A/C systems are equipped with single-speed compressors and 

fans, relying on on-off cycling compressor to maintain indoor air temperature only. 

Therefore, in hot and humid climates, such a DX A/C system, once installed, will have 

to be operated at different seasonal cooling load situations, and would hence have a 

hard time in trying to maintain the desired indoor air temperature and humidity at all 

times, unless supplementary measures to supply variable dehumidification ability are 

provided. However, these measures are usually complicated and costly, and may only 

be good during a specific season and become redundant in other seasons. 

Therefore, a standalone DX based enhanced dehumidification air conditioning (EDAC) 

system is proposed to provide suitable indoor air humidity control at different seasons 

in hot and humid climates, without requiring any supplementary measures. The proposed 

EDAC system has two evaporators and could act as a dehumidifier on the days when 
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less or no additional cooling is required by employing one evaporator as a reheating 

coil (ADO mode), or as an enhanced dehumidification A/C system by operating the 

two evaporators together for achieving an improved indoor humidity control (EDAC 

mode). 

A research project on the development of such an EDAC system for improved year-

round indoor air humidity control in hot and humid climates through experiments and 

mathematical model has been carried out and the project results are presented in this 

Thesis. 

This Thesis begins with reporting the establishment of a prototype experimental 

EDAC system consisting of a DX refrigeration plant (refrigerant side) and an air-

distribution sub-system (air side). All its major operating parameters can be real-time 

measured and recorded using high precision measuring devices. The availability of the 

experimental EDAC system would help facilitate experimentally studying the 

operational characteristics of the EDAC system, experimentally validating a steady-

stated EDAC mathematical model to be developed and developing a year-round 

control strategy for the EDAC system for improved indoor air humidity control in hot 

and humid climates. 

Secondly, the Thesis presents an extensive experimental study on the operational 

characteristics of the experimental EDAC system at the EDAC mode in terms of the 

relationship between its output total cooling capacity (TCC) and equipment sensible 

heat ratio (E SHR), when both the evaporators were operated. The experimental results 

demonstrated that at a fixed inlet air state, varying refrigerant and air mass flow rates 

to both evaporators would significantly affect the operational characteristics. The 

resulted TCC and E SHR relationships were mutually constrained within an irregular 
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area in a TCC - E SHR diagram, thus providing variable dehumidification ability. The 

experimental results also demonstrated that inlet air temperature and relative humidity 

would significantly influence the operational characteristics of the EDAC system, 

resulting in shifted position of, and varied shape of an irregular area of TCC - E SHR 

relationship in a TCC - E SHR diagram. 

Thirdly, the development and experimental validation of a physical-based steady-state 

mathematical model for the experimental EDAC system at the EDAC mode are 

presented. The model was developed by referring to the previous models for a two-

evaporator A/C system. Using the validated EDAC model, a follow-up detailed 

modeling study was carried out to both demonstrate that the EDAC system was able 

to provide variable dehumidification ability and to optimize the sizing of the two 

evaporators used in the EDAC system. Furthermore, the modeling study results 

indicated that the EDAC system could produce variable dehumidification capacity. 

The modeling study results also suggested that a lower ratio of surface areas for the 

two evaporators in an EDAC system was beneficial to enlarging its variation ranges 

for both total cooling capacity (TCC) and equipment sensible heat ratio (E SHR). 

Finally, the Thesis presents an experimental study on the development of a year-round 

control strategy for operating the EDAC system at both the ADO and EDAC mode for 

achieving improved year-round indoor humidity level in buildings located in hot and 

humid climates. The experimental results show that in hot and humid climates, the use 

of the EDAC system and the control strategy was able to achieve an improved year-

round indoor humidity control, while still maintaining the required indoor air 

temperature control at a higher energy efficiency, as compared to the use of a 

conventional On-Off controlled single evaporator DX A/C system. 
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Chapter 1  

Introduction 

Achieving a comfortable indoor air temperature in air conditioned buildings may not 

be the sole goal for building air conditioning (A/C) installations. Appropriately 

controlling indoor air humidity at a suitable level is also essential for an A/C system, 

which is particularly true in hot and humid climates, since indoor air humidity directly 

affects building occupants’ thermal comfort [Toftum and Fanger, 1999; Zhang and 

Yoshino, 2010], indoor air quality (IAQ) [Arens and Baughman, 1996] and the 

operating efficiency of building A/C installations [Berglund, 1998].  

In hot and humid climates, such as Hong Kong, direct expansion (DX) air conditioning 

A/C systems are widely used for controlling indoor air temperature and humidity in 

various buildings, in particular in small- to medium-scale buildings, since DX A/C 

systems are simpler and more energy efficient, and generally cost less to own and 

maintain. However, it is often difficult and challenging for a conventional DX A/C 

system to provide desired humidity control due to the current design trends for A/C 

systems, variable space load conditions and commonly used control strategies for DX 

A/C systems. Therefore, supplementary measures, such as separate sensible and latent 

cooling (SSLC) technology and variable speed (VS) technology, have been applied to 

assisting conventional DX A/C systems to provide variable dehumidification ability, 

so as to match the variable space load conditions. However, these measures are often 

complicated and costly, thus only commonly used in large-scaled installations but 

rarely for small systems such as residential A/C units. 
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To address the inadequacy in dealing with variable indoor space loads by using 

conventional DX A/C systems, and to avoid complicated and costly additional 

measures for providing adequate dehumidification ability, a novel DX based enhanced 

dehumidification air conditioning (EDAC) system with two evaporators has been 

proposed. Therefore, a research project to develop the proposed EDAC system 

through experiments and mathematical modeling has been carried out 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 EDAC system is presented in Chapter 2. Firstly, the fundamental 

issues on indoor air humidity control including source of indoor moisture and the 

effects of indoor air humidity on indoor thermal comfort and indoor air quality (IAQ). 

Secondly, the reasons for inadequate dehumidification ability provided by 

conventional DX A/C systems are discussed. This is followed by reviewing the 

existing measures to dealing with inadequate dehumidification at different seasonal 

cooling load situations. Lastly, a review on the previous studies on the modeling of 

DX A/C systems and their major system components is presented. 

Chapter 3 presents the research proposal, which covers the background, project title, 

objectives and research methodologies for the research project reported in this Thesis. 

In Chapter 4, a description for a purposely established prototype experimental EDAC 

system to facilitate carrying out the research project reported in this Thesis is presented. 

Firstly, the configuration of the EDAC system is detailed. Then the prototype 

experimental EDAC system and its major components are described. This is followed 

by describing computerized measuring devices and a data acquisition system. Finally, 

a supervisory program used to operate and control the prototype experimental EDAC 
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system is detailed. The availability of the prototype experimental EDAC system is 

expected to be essential in successfully carrying out the research project. 

Chapter 5 presents an experimental study on the operational characteristics of the 

experimental EDAC system in terms of the relationship between its output total 

cooling capacity (TCC) and equipment sensible heat ratio (E SHR), when both 

evaporators in the EDAC system were operated, i.e., at EDAC mode. During the 

experiments, constant compressor and supply fan speeds were used, but the refrigerant 

and air mass flow rates to both evaporators were varied, at different inlet air states to 

the experimental EDAC system. The experimental results demonstrated that at a fixed 

inlet air state, varying refrigerant and air mass flow rates to both evaporators would 

significantly affect the operational characteristics of the experimental EDAC system. 

The experimental results also demonstrated that both the inlet air temperature and 

relative humidity could influence the operational characteristics of the EDAC system. 

Chapter 6 reports on the development of a steady-state mathematical model for the 

EDAC system at the EDAC mode, and the developed EDAC model was 

experimentally validated using the prototype experimental EDAC system, with an 

acceptable modeling accuracy. The model was developed with reference to the 

previous models for a two-evaporator DX A/C system. Using the validated model, a 

detailed modeling study was carried out to both demonstrate that the EDAC system 

was able to provide variable dehumidification ability and to optimize the sizing of the 

two evaporators used in the EDAC system. 

In Chapter 7, based on the experimental and modeling studies reported on Chapter 6 

and Chapter 7, a year-round control strategy for the experimental EDAC system at 
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both ADO and EDAC modes was developed. The control strategy enabled the 

operation of the EDAC system over a wide range of operating conditions so as to 

maintain an improved indoor humidity level all year round. Extensive experimental 

work has been carried out to examine both the operation of the experimental EDAC 

system and the controllability of the control strategy. 

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

Chapter 8. 
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Chapter 2  

Literature review 

2.1 Introduction 

For buildings located in hot and humid climates, air conditioning is normally required 

for up to 7 months in a year. Direct expansion (DX) air conditioning (A/C) systems 

are widely used in buildings, in particular in small-to medium-scale buildings. 

Compared to central chilled water-based A/C systems, DX A/C systems are simpler, 

more energy efficient and cost less to own and maintain [Chen, 2005; Xia et al., 2017]. 

However, when using DX A/C systems, appropriately controlling indoor air humidity 

level is as important as controlling indoor air temperature, since air humidity directly 

affects building occupants’ thermal comfort, indoor air quality (IAQ) and the 

operating efficiency of building A/C systems.  

A conventional single evaporator DX A/C system is schematically shown in Fig. 2.1. 

However, using such a system to appropriately control indoor humdity is problematic, 

since air cooling and dehumidification is a coupled process. Usually, a DX A/C system 

does not control directly but indirectly indoor humidity. Therefore, inadequate 

dehumidification can be often found when using a conventional DX A/C system. 

Adding humidity as a control target in addition to temperature necessitates providing 

extra equipment or suitable control methods [Xu et al., 2017].  
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Fig. 2.1 Schematic diagram of a typical DX A/C system 

Although there have previous efforts on improving the dehumidification ability for DX 

A/C systems, further studies are considered necessary in order to reduce equipment cost 

or to develop more suitable control methods for DX A/C systems. A comprehensive 

literature review on a number of issues related to indoor air humidity control using 

DX A/C systems has been conducted and the review outcomes are presented in this 

Chapter. Firstly, the fundamental issues about indoor air humidity control including 

the source of indoor moisture and the importance of indoor humidity control are 

presented. Secondly, the reasons for inadequate dehumidification encountered in hot 

and humid climates when using DX A/C systems are discussed. This is followed by 

reviewing the measures to deal with inadequate dehumidification at different seasonal 

space cooling load situations. Fourthly, the previous studies on the modeling of DX 

A/C systems and their major components are reviewed. Finally, the conclusions of the 

literature review are presented. 
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2.2 The fundamental issues about indoor humidity level 

In this Section, the following two fundamental issues on indoor air humidity level are 

reviewed. 

2.2.1 Source of indoor moisture 

The sources of indoor moisture can be grouped into external and internal. External 

sources may include outdoor air ventilation and infiltration. Most residential buildings 

require the ASHRAE-recommended minimum ventilation rate to ensure IAQ and 

occupants’ thermal comfort [McGahey, 1998]. The effects on indoor air humidity 

level due to ventilation and infiltration are significantly dependent on the moisture 

content of outdoor air. Generally, the higher the moisture content of outdoor air, the 

higher the indoor latent cooling load an A/C system would have to deal with. In 

particular, during part load conditions in hot and humid climates, the latent cooling 

load from ventilation air would have greater influences on indoor air humidity than 

that at full load conditions [Aynur et al., 2008a], and therefore should receive more 

attentions. On the other hand, internal sources for indoor moisture load mainly include 

the moisture gains from occupants and other indoor activities, such as washing and 

cooking. 

2.2.2 The importance of indoor air humidity control  

Indoor humidity control is equally important to indoor temperature control for the 

following reasons: 

The first and the most important reason is that indoor thermal comfort can be 
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significantly influenced by indoor humidity level [Fanger, 1970]. It was found in 

previous studies [Toftum and Fanger, 1999] that indoor humidity level could affect 

the skin humidity and respiratory comfort of a human being. Low indoor humidity 

level (RH < 30%) in inhabited dwellings is associated with dryness of mucous 

membrane and the dryness of eyes and skin. Indoor air humidity is closely related to 

human health as well as the problem of static electricity [Paasi et al., 2001]. 

Reinikainen and Jaakkola [2003] conducted a study on assessing the effects of 

absolute humidity and RH on skin and upper airway symptoms. On-site investigation 

results showed that skin and nasal symptoms were deteriorated when air dry-bulb 

temperature rose, but improved when air RH was increased. Dryness in a heated space 

could be alleviated by lowering room temperature or through humidification. Sunwoo 

et al. [2006] studied the physiological and the subjective responses to low RH, and 

showed that eyes and skin became dry at 30% RH, whereas nasal cavity became dry 

at 10% RH. On the other hand, high indoor RH level (RH ＞ 60%) would also cause 

discomfort for occupants since it would lead to a high level of skin humidity and 

insufficient cooling of the mucous membranes in the upper respiratory tract by 

inhalation of humid or warm air [Toftum and Fanger, 1999]. 

The second reason is that it can affect indoor air quality (IAQ). Related studies 

[Toftum et al., 1998a, b]  showed that there should be an upper limit for indoor RH 

since a high humidity environment directly influenced the perceived IAQ and also 

induced the growth of mold, leading to respiratory discomfort and allergies. Kishi et 

al. [2009] carried out a survey in various climate regions and concluded that the risk 

of sick building syndrome was increased when several dampness indicators were 

observed concurrently.  
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The third reason was that an increased moisture level of indoor air in buildings would 

also deteriorate building materials and impact energy use performance in buildings 

[Osanyintola and Simonson, 2006], leading to either oversized HVAC equipment in 

dry climates or underestimated the energy consumption in humid regions. 

Therefore, ASHRAE Standard [ASHRAE, 2002] recommends that an optimum indoor 

air humidity zone be maintained between 30% and 60% RH to minimize the growth 

of allergenic or pathogenic organisms and avoid respiratory difficulties. 

2.3 The reasons for inadequate dehumidification encountered when 

using DX A/C systems 

In hot and humid climates, an A/C system will have to deal with both sensible and 

latent loads in a space, and in many cases, to deal with space latent cooling load using 

a DX A/C system is more challenging and difficult [Li et al., 2006]. The reasons for 

inadequate dehumidification when using DX A/C systems included the design and 

selection of DX A/C systems, variations in indoor latent loads in conditioned space 

and existing control strategies for DX A/C systems, as follows: 

2.3.1 The design and selection of a DX A/C system 

The current trend in designing a conventional DX A/C system is to have a smaller 

moisture removal capacity in an attempt to boost its energy efficiency ratings (EER) 

and Coefficient of Performance (COP) [Kittler, 1996]. The method used to raise EER 

is to increase the surface area of heat exchangers in a DX A/C system. Such a strategy 

allows a DX A/C system to run at a higher refrigerant temperature in its evaporator 
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and a lower refrigerant temperature in its condenser, resulting in however a lower 

dehumidification capacity of the DX A/C system. This could therefore potentially lead 

to a situation where a DX A/C system will provide a desired temperature control but 

not a desired indoor humidity control [Murphy, 2002; Shirey, 1993; Westphalen, 

2004]. Furthermore, it was previously shown [Kurtz, 2003] that as homeowners were 

more informed and aware of energy conservation and high energy costs, they would 

raise their thermostat set points in summer. As a result, some residences suffered from 

poor IAQ, high indoor moisture levels and mold growth.  

Therefore, the first step in addressing inadequate dehumidification when using DX 

A/C systems is to properly undertake system design. This entails conducting 

appropriate design analysis to ensure that a DX A/C system can deal with not only 

sensible load but also latent load. Hourahan [2004] and Komor [1997] summarized 

the key steps in properly both sizing HVAC equipment and performing a rigorous heat 

gain/heat loss procedure. Considering the high demand of dehumidification in 

subtropical regions, Lin and Deng [2006] suggested that the sizing of a DX based 

room air conditioner (RAC) used in a sleeping environment in the subtropics should 

preferably be based on 70-80% of the peak load in the sleeping environment, since 

this could help enhance its dehumidification capacity by prolonging the running time 

of its compressor. However, this method may lead to a higher room temperature when 

the indoor sensible load in the sleep environment was high. 

2.3.2 Space cooling load characteristics 

Even with a correctly sized conventional DX A/C system, inadequate 

dehumidification may still be encountered due to variation in indoor space latent load.  
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Total cooling capacity (TCC) and sensible heat ratio (SHR) are two key parameters in 

studying the characteristics of space cooling load and the ability of a DX A/C system 

to cool and dehumidify air. There are two different but related SHRs, Equipment SHR 

(E SHR) and Application SHR (A SHR). E SHR is defined as the ratio of the output 

sensible cooling capacity to the output TCC of a piece of A/C equipment, which is a 

property of equipment. A SHR is defined as the ratio of the space sensible cooling 

load to the total space cooling load, which is a property of space. For an air conditioned 

space served by a DX A/C system, to maintain its indoor air temperature and humidity 

settings should match not only the system’s output TCC with the total space cooling 

load, but also system’s E SHR with space’s A SHR [Li and Deng, 2007b]. However, 

A SHRs for residential buildings located in hot and humid climates normally ranged 

between 0.6 and 0.7, which were lower than an E SHR of 0.7-0.8 for standard DX 

RACs extensively used in the subtropics [Lin and Deng, 2004].  A number of other 

studies [Amrane et al., 2003; Andrade and Bullard, 2002; Harriman III, 2002; 

Hourahan, 2004; Lam, 1993; Lstiburek, 2002; Murphy, 2002; Shirey III and 

Henderson Jr, 2004] also reported mismatching between an A SHR and an E SHR 

when using DX A/C systems. 

In hot and humid climates, such as Hong Kong, A/C is usually required for up to 7 

months from April to October in a year [Lam, 1993]. At different time period within 

the 7 months, however, A SHR, or space latent load in an indoor space that directly 

affects indoor air humidity level can vary significantly.  

A previous study [Li et al., 2006] suggested that in a bedroom in a residential flat in 

Hong Kong, the share of the latent part in the total space cooling load was at 53%, i.e., 

at an A SHR value of 0.47 (or 1-53%) in April, but only 28% in October and stayed 
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from 30% to 40% between April and October, as shown in Fig. 2.2. Therefore, in hot 

and humid climates in different seasons in a year, different cooling and 

dehumidification requirements in an air conditioned space can be encountered, as 

follows: 

• In April to early May (Period I), at a low A SHR value, with a moderate outdoor 

air temperature usually lower than 25 ºC but a higher moisture content, space air 

conditioning is dominated by dehumidification; 

 

• From mid-May to mid-September (Period II), both outdoor air temperature and 

moisture content stay high, and therefore both air cooling and dehumidification 

are required; 

 

• In mid-September to October (Period III), outdoor air temperature may still be 

high, but outdoor air is drier and space air conditioning dominated by air cooling, 

demanding less dehumidification. 
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Fig. 2.2 Averaged monthly application SHRs between April and October in a master 

bedroom in Hong Kong [Li et al., 2006]. 

Therefore, when a conventional On-Off controlled DX A/C system is used at such a 

variable indoor latent load condition in the three different Periods, inadequate 

dehumidification is often encountered due to its poor moisture removal capacity, 

leading to a higher equilibrium indoor air humidity. 

2.3.3 Existing control strategies for DX A/C systems 

Most DX A/C systems are equipped with a single speed compressor and supply fan, 

relying on On-Off cycling of the compressor as a low cost approach to maintaining 

only indoor air temperature, whereas indoor air humidity is not controlled directly. 

Dehumidification is usually the by-product of a cooling process. When a preset air 

temperature is reached, compressor is stopped, and dehumidification is also stopped. 

Therefore, indoor air humidity may remain at a high level in the space served by an 

On-Off controlled DX A/C system. The situation may become worse when the supply 

fan in a DX A/C system runs continuously while its compressor is On-Off operated.  
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A portion of the moisture on the wet surface of a cooling coil and a drain pan may 

evaporate back into air stream during an Off-period, resulting in a high indoor 

humidity level [Amrane et al., 2003; Shirey III and Henderson Jr, 2004]. A further 

inadequacy of the above space temperature control method is when indoor sensible 

loads are low, the compressor does not run long enough to allow the condensed 

moisture actually to drip off the coil and into the drain [Harriman III, 2002].   

However, if the operation of a DX A/C system is controlled based on indoor humidity 

level, indoor temperature may be too low and reheating to maintain indoor comfort 

conditions [Huh and Brandemuehl, 2008] may be required. Therefore, there is a cost 

penalty for overcooling the air and then reheating it.  

2.4 Measures to deal with inadequate dehumidification at different 

load conditions 

In Section 2.3, the reasons for inadequate dehumidification encountered when using 

DX A/C system are briefly summarized. Therefore, when a conventional On-Off 

controlled DX A/C system is operated during at three respective periods shown in 

Section 2.3.2, inadequate dehumidification may be encountered, resulting in different 

levels of indoor thermal environmental control. However, various measures can be 

taken in the three respective periods to achieve the desired indoor thermal environment, 

as follows:   
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2.4.1 Measures in Period I 

During Period I, a conventional On-Off controlled DX AC system deals with a high 

indoor latent load and a relatively low sensible load, and space overcooling is therefore 

common, unless reheating is provided. However, reheating is obviously energy 

inefficient and is prohibited in many building energy codes. Furthermore, it is difficult 

to include a re-heater in certain DX AC systems such as a room air conditioner. 

To address the problem of space overcooling, an additional standalone dehumidifier, 

either desiccant based or vapor compression based, may be employed. However, heat 

generated by a solid desiccant dehumidifier or rejected from the condenser of a vapor 

compression based dehumidifier can cause thermal discomfort for occupants [Alpuche 

et al., 2005]. On the other hand, a DX AC system may be modified , so that the heat 

rejected from its condenser which is usually air cooled, or the hot refrigerant gas 

discharged from its compressor may be used for reheating air [Alsenz, 2002; Fan et 

al., 2014; Fye et al., 2012; Knight et al., 2008; Trent, 2003], as shown in Fig. 2.3 and 

Fig. 2.4, respectively. 
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Fig. 2.3 Using the heat rejected from condenser for reheating air [Alsenz, 2002] 
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Fig. 2.4 Using the heat rejected from compressor for reheating air [Knight et al., 

2008] 
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Recently, an isothermal dehumidifier [Han et al., 2013] was proposed, where its DX 

cooling coil was split into two parts, as shown in Fig. 2.5. The dehumidifier can be 

operated at a cooling and a dehumidification mode. At the cooling mode, both parts 

of the evaporator acted as a cooling coil by opening Valve 2 and Valve 3, and closing 

Valve 1 and Valve 4. However, at the dehumidification mode, one part acted as a 

cooling coil and the other a refrigerant sub-cooler to reheat the dehumidified air by 

closing Valve 2 and Valve 3, and opening Valve 1 and Valve 4, respectively. The 

common problems resulting from these modifications, however, included complicated 

refrigerant circuits and increased air flow resistance due to the addition of a re-heater 

which is redundant when not in use. In addition, these modifications only addressed 

the issue of space overcooling in this particular period of relatively short duration.  
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Fig. 2.5 Schematics of the novel isothermal dehumidifier [Han et al., 2013] 
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2.4.2 Measures in Period II 

During this Period, the demands for both air cooling and dehumidification are high. To 

address inadequate dehumidification when using DX A/C systems in this Period, there 

can be two major measures for achieving better indoor humidity control, as follows: 

2.4.2.1 DX based separated sensible and latent cooling (SSLC) technology 

The first was DX based separate sensible and latent cooling (SSLC) technology to 

provide variable dehumidification ability. There are reported studies on the 

development of various SSLC technologies, which can be further divided into the 

following three types.  

1) The first type was to use chilled ceilings / radiant panels assisted SSLC systems, 

where a DX A/C system was used to directly cool and dehumidify the air while a 

supplementary chilled ceiling or a radiant panel was employed to deal with the 

sensible load in a conditioned space [Ge et al., 2011; Li et al., 2018; Seo et al., 2014; 

Song et al., 2008]. The chilled water to the chilled ceiling / radiant panel was often 

produced by exchanging heat with the refrigerant [Han and Zhang, 2011] or using 

ground-source heat pumps [Villarino et al., 2017]. In these reported studies, these 

systems were proved to have a higher energy saving potential and can provide variable 

dehumidification ability. For example, a radiant panel assisted SSLC system as shown 

in Fig. 2.6 was experimentally studied by Han and Zhang [2011]. The experimental 

results showed that such a system could provide a variable dehumidification capacity 

ranging from 0 to 4.02 kg/h, and save about 15.6% of the cooling energy consumption 

against a traditional residential cooling-only air-conditioner. However, the use of 

supplementary radiant chilled ceilings / radiant panels would not only increase the 
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initial and maintenance costs but also have a high risk of condensation on panel / 

ceiling surface in hot and humid climates where the dew-point of indoor air was often 

high [Lee et al., 2012; Niu et al., 2002].  

 

Fig. 2.6 The schematic diagram of a radiant panel assisted SSLC system [Han and 

Zhang, 2011] 

2) The second type was to modify a traditional DX A/C system to provide variable 

dehumidification ability without using chilled ceilings / radiant panels. For example, 

Ling et al. [2010] theoretically studied the pertinent characteristics of a SSLC system 

using two parallel compression cycles, one for sensible cooling and the other latent 

cooling. Its schematic diagram is shown in Fig. 2.7. 30% energy savings were 

estimated for this SSLC system as compared to a conventional DX A/C system. 

However, the study was simulation based without any experimental validation. On the 
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other hand, Cao et al. [2017] experimentally validated that if two or more independent 

refrigerant subcycles with stepped pressures were used, the irreversible losses in the 

heat exchange processes could be reduced, thus providing high energy saving 

potentials. However, it was understandable that the use of two or more refrigeration 

cycles would inevitably lead to a complicated system configuration and a higher initial 

cost. 

 

 (a) Refrigerant side schematics 
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(b) Air side schematics 

Fig. 2.7 Schematic diagram of the SSLC system using two parallel compression 

cycles [Ling et al., 2010] 

3) The third type was to incorporate thermally activated solid / liquid desiccant units 

into a DX A/C system to provide variable dehumidification capacity. These measures 

were experimentally [Aynur et al., 2008b; Aynur et al., 2008c; Aynur et al., 2010a; 

Aynur et al., 2010b, c; Ge et al., 2010; Jiang et al., 2014a, b; Tu et al., 2017] or 

theoretically [Aynur et al., 2008d; Jiang et al., 2013] proved effective to provide 

sufficient variable dehumidification ability for achieving the desired indoor humidity 

level.  
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For example, Wang et al. [2013] studied an A/C system employing a solid desiccant 

wheel and found that the maximum difference between the actual indoor air relative 

humidity and its set point was 4.13%, suggesting an improved indoor thermal 

environment. However, such an improved humidity control was achieved with the 

help of a complicated model predictive control (MPC) strategy, inevitably increasing 

its development cost. Similarly, Subramanyam et al. [2004] found that incorporating 

a solid-based desiccant wheel into a DX A/C system could enhance the 

dehumidification of supply air, thereby increasing the scope for low humidity air-

conditioning, but the COP of the A/C system was marginally lower by about 5% 

compared to that of a conventional A/C system without the desiccant wheel 

incorporated. The schematics of the experimental setup is shown in Fig. 2.8. However, 

the direct contact of air with desiccant material may cause health and corrosion 

problems, such as the entrainment of hazardous salts into a ventilation system [Keniar 

et al., 2015].  

A further point to note was that employing desiccant to provide variable 

dehumidification ability required external heat sources for its regeneration which may 

came from either solar heat [Davanagere et al., 1999; Eicker et al., 2010; Fong et al., 

2011; Ge et al., 2012] or the heat rejected from a condenser in a vapor compression 

refrigeration cycle [Dai et al., 2001; Ling et al., 2011, 2013; Zhao et al., 2011]. Keniar 

et al. [2015] studied a solar-regenerated liquid desiccant membrane system and found 

that it could result in a 10% decrease in indoor relative humidity. However, the 

payback period of the system was about 7 years, which was long due to the high initial 

cost of solar panels. Tu et al. [2017] proposed and experimentally studied a DX based 

A/C system with desiccant coatings on its heat exchangers as shown in Fig. 2.9. Such 

a system could independently and simultaneously handle sensible and latent loads at 
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the same time. However, the control of the thickness of the desiccant-coated layer was 

very critical, thus increasing the development cost of the system. Therefore, as seen, 

these desiccant assisted SSLC A/C systems were inevitably complicated, with higher 

initial and operational / maintenance costs, thus usually suitable for large-scaled 

applications. 

 

Fig. 2.8 Schematics of an experimental setup for a desiccant assisted SSLC A/C 

system [Subramanyam et al., 2004] 
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Fig. 2.9 Schematics of the structure and operational modes of a novel concept for a 

desiccant-enhanced DX A/C system [Tu et al., 2017] 

2.4.2.2 Variable speed (VS) technology 

The other major measure was to simultaneously vary the compressor and supply fan 

speeds in a DX A/C system so as to obtain different system output total cooling 

capacity (TCC) and sensible heat ratio (E SHR) to deal with different space sensible 

and latent loads [Krakow et al., 1995]. The introduction of variable-frequency inverts 

has made it more achievable for varying the compressor and supply fan speeds. Over 

the years, in order to achieve simultaneous control over indoor air temperature and 

humidity using a DX A/C system, there have been extensive detailed studies on the 

operational characteristics of a DX A/C system under variable speed (VS) operation 

[Li and Deng, 2007b; Li et al., 2014; Xia et al., 2017; Xu et al., 2010].  
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(a) 

 

 
(b) 

Fig. 2.10 The variations in TCC and E SHR at different combinations of compressor 

and supply fan speeds [Li and Deng, 2007b] 

The operational characteristics of an experimental DX A/C system under VS operation 

were firstly studied by Li and Deng [2007b]. The obtained experimental results of the 

variations in TCC and E SHR at different combinations of compressor and supply fan 

speeds are shown in Fig. 2.10. As seen, the changes in output TCC from the DX A/C 

system were predominately affected by changing compressor speed, although at a 
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given compressor speed, reducing supply fan speed would also reduce, but less 

significantly, the output TCC. On the other hand, at a higher compressor speed, further 

increasing compressor speed would not significantly increase the output TCC, as 

compared to the increases at lower compressor speeds. In addition, at a given 

compressor speed, although there were not significant changes in the output TCC with 

varying supply fan speed, there were significant changes in the sensible to the latent 

components of the output TCC, with a lower supply fan speed or smaller airflow rate 

leading to a larger latent heat removal, thus a lower E SHR. 

Therefore, Xu et al. [2010] presented inherent correlations (ICs) between the output 

TCC and E SHR at different speed combinations of compressor and supply fan of the 

experimental system using a TCC - E SHR diagram as shown in Fig. 2.12. As seen 

from the diagram, for a VS DX A/C system, its output TCC and output E SHR under 

VS operation were strongly coupled but mutually constrained within a trapezoid. It 

was impossible for the experimental VS DX A/C system to output those E SHR / TCC 

combinations represented by those points outside the trapezoids when varying its 

compressor speed from the lowest of 2904 rpm to the highest of 6072 rpm and its 

supply fan speed from the lowest of 1584 rpm to the highest 3312 rpm. 



27 

 

Fig. 2.11 The inherent correlation between TCC and E SHR at different speed 

combinations of compressor and supply fan for a VS DX A/C system [Xu et al., 

2010] 

In 2014, Li et al. [2014] further studied the inherent operational characteristics of the 

same experimental VS DX A/C system used by Li and Deng [2007b] and Xu et al. 

[2010], but at different inlet air states. The experimental results shown in Figs. 2.12 

and 2.13 demonstrated that both inlet air temperature and RH level would significantly 

influence the operational characteristics of the experimental DX A/C system. At a 

constant inlet RH, varying inlet air temperature would cause the position shifting of a 

TCC - E SHR trapezoid, but its shapes remained unchanged. On the other hand, 

varying inlet RH level would however result in both position shifting and the changes 

in trapezoid shapes.  
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Fig. 2.12 Inherent correlations between output TCC and equipment SHR of the 

experimental VS DX A/C system at constant temperature group [Li et al., 2014] 

 

Fig. 2.13 Inherent correlations between output TCC and Equipment SHR of the 

experimental VS DX A/C system at constant RH group [Li et al., 2014] 
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Fig. 2.14 The inherent correlation of the experimental VS DX A/C system at three 

different DS settings [Xia et al., 2017] 

Lastly, Xia et al. [2017] experimentally studied the inherent correlations between its 

TCC and E SHR of an experimental DX A/C system using R410A as working fluid at 

different combinations of compressor speed and supply fan speed, and identified the 

unstable operating points of speed combinations under different degree of refrigerant 

superheat (DS) settings and inlet air states. The experimental results at an inlet air state 

of 25 oC and 50% RH are shown in Fig. 2.12. As seen, different DS settings may not 

significantly influence the inherent correlations between TCC and E SHR, but did 

impact the operational stability. A lower DS setting would result in a larger unstable 

operating region in a TCC - E SHR trapezoid. In addition, it was also shown that the 

operational conditions of the DX A/C system including VS operation and inlet air 

states also significantly impacted the system operational stability. A higher 

compressor speed or a lower supply fan speed, and a lower inlet air temperature or RH 
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would result in a higher possibility for the experimental VS DX A/C system to be 

unstably operated. 

These studies [Li and Deng, 2007b; Li et al., 2014; Xia et al., 2017; Xu et al., 2010] 

have provided detailed insights into the operational characteristics of DX A/C system, 

as well as the constraints of applying these characteristics to developing appropriate 

control strategies, so as to better design, operate and control DX A/C systems for 

improved indoor humidity and thus thermal environmental control. Generally, it was 

observed that when a VS DX A/C system was operated at a high compressor speed 

but a low fan speed, a lower evaporating temperature and thus better dehumidification 

can be achieved, at however the expenses of both a lower system efficiency and a 

higher risk of unstable operation.  

Based on the obtained operational characteristics of VS DX A/C systems, a number 

of novel controllers, either model based [Li et al., 2012, 2013; Li and Deng, 2007a; 

Muñoz et al., 2017; Qi and Deng, 2009] or black-box based [Li et al., 2015a, b; Xu 

and Deng, 2012; Yan et al., 2018] have been developed. For example, based on the 

obtained ICs between TCC and E SHR at different inlet air states, an artificial neural 

network (ANN) model for an experimental VS DX A/C system was trained and tested 

to predict the compressor and supply fan speeds when the experimental VS DX A/C 

system was operated at different combinations of sensible and latent cooling loads. 

Consequently, a novel neural network aided fuzzy logic controller was successfully 

implemented in the experimental VS DX A/C system for simultaneously controlling 

indoor air temperature and humidity [Li et al., 2015a]. Furthermore, according to the 

previous study by Xia et al. [2017], Xia et al. [2018] developed a new capacity 

controller that can not only simultaneously control indoor air temperature and 
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humidity, but also select an optimized DS setting to properly balance the operational 

safety and efficiency. The controllability test results showed that the new capacity 

controller could be applied to DX A/C systems for indoor thermal control with a higher 

operational safety and energy efficiency. Recently, Yan et al. [2018] developed a 

fuzzy logic controller, which for the first time, directly use the inherent operational 

characteristics of a VS DX A/C system. The experimental results demonstrated that 

such an inherent operational characteristics aided fuzzy logic controller can achieve 

the simultaneous control over indoor air temperature and humidity, with a reasonable 

control accuracy and sensitivity. 

As seen, VS technology could also be a useful measure to enable DX A/C systems to 

provide variable dehumidification ability. However, with the use of VS technology, 

there were two associated concerns. Firstly, the corresponding control logics and 

hardware were both complicated and costly, often requiring a complicated 

mathematical model to support their developments such as artificial neural network 

(ANN) and fuzzy logic. Secondly, in many cases, adequate air circulation was required 

for better IAQ in a conditioned space. Running a supply fan at a low speed would 

however deteriorate indoor air-distribution performances [Xu et al., 2010], and can be 

counterproductive to better IAQ. 

2.4.3 Measures in Period III 

During this Period, the moisture content of outdoor air is generally low, so that the 

space latent load is relatively small and air conditioning is dominated by sensible 

cooling. Operating a conventional On-Off controlled DX A/C system will in general 

be sufficient to meet the requirements of both indoor sensible and latent loads removal. 

While indoor air temperature may be suitably controlled close to its setting, indoor air 
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RH, although not directly controlled, may also be expected to stay within a comfort 

range of 40-60%.  

2.5 Modeling of DX A/C systems 

More and more research attention has been paid on studying A/C systems using 

modeling approach because of its cost effectiveness compared to using experimental 

approach [Choi and Kim, 2003]. Mathematical modeling has been hence extensively 

used to investigate the operational performance of an A/C system, to exam the 

controllability of a control strategy, to verify the optimization design of a 

configuration and to detect and diagnose system faults, etc. [Qi, 2009]. 

A large number of published studies in open literature are available on modeling both 

steady-state and dynamic behaviors of A/C systems. The models available can be 

classified into two types: physical and empirical. A physical model, which can reflect 

the physical insight of a real system, is built based on physical principles and 

expressed using mathematical equations. However, an empirical model can be 

established using different methods such as regression analysis, polynomial curve fit, 

artificial neural networks (ANN) and system identification, with possibly high 

adaptability. There exist however some unsolvable problems in an empirical modeling 

method because of the imperfection of the method itself and the limitation of a model 

developer’s understandings [Diaz et al., 1999; Ding, 2007; Pacheco-Vega et al., 2001; 

Singh et al., 2006]. 

Graph Theory, which has been used in many subject areas, such as electric circuit 

network and fluid network, is a modeling approach different from either a physical or 
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an empirical modeling approach. It converts a specific problem into a graph of nodes 

and verges. A refrigeration cycle can be usually depictured on a p-h diagram. When 

applying Graph Theory modeling approach to A/C or refrigeration systems, the 

refrigerant flow direction must be added in order to truly reflect the refrigeration cycle, 

and a complete refrigeration cycle will become a directed graph composed of multiple 

nodes [Ding, 2007; Liu et al., 2004]. Comparing with other modeling approach, Graph 

Theory modeling is flexible in describing complicated refrigerant circuit arrangement 

[Liu et al., 2004]. 

To develop a high quality model for an engineering system, the requirements for 

modeling at least include: (1) accuracy, (2) rapidness and (3) stability. These three 

requirements may conflict with one another, and then a compromise has to be made 

[Ding, 2007]. Generally, to achieve a high modeling accuracy for key system 

components, such as a heat exchanger, distributed-parameter modeling approach may 

be used, which can reflect well the distributed nature of the operational parameters in 

such a component [Chen, 2005; Qi, 2009]. However, because of distributed nature, 

using such a modeling approach is time-consuming with potential poor calculation 

stability. On the other hand, for the purpose of testing control strategies and studying 

dynamic response of a complete engineering system, a full understanding of the details 

of certain system components may not be necessary. Therefore, lumped-parameter 

modeling approach may be used. Although it is relative simple and difficult to reflect 

the detailed distribution of parameters along the dimension of a system component, it 

is more useful in studying the overall performance of a system, and consequently 

usually more effective in carrying out research work related to system control [Ding, 

2007]. A partial-lumped parameter modeling approach is a compromise between the 

distributed- and lumped-parameter modeling approaches [Deng, 2000; Domanski, 
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1991]. With this approach, a system component, e.g., evaporator or condenser, is 

divided into several zones but lumped parameter modeling is adopted in each zone. 

For a condenser, usually three zones, i.e., a superheated zone, a two-phase zone and a 

sub-cooling zone, are assumed. For an evaporator, two zones, i.e., a two-phase zone 

and a superheated zone, are usually designated. Both the accuracy and the 

computational speed for a partial-lumped parameter modeling approach are between 

those of the distributed- and lumped-parameter modeling approaches. There can be 

some difference in the prediction accuracy between using a partial-lumped parameter 

modeling approach and using a distributed-parameter modeling approach, but the 

computational speed when using a partial lumped parameter modeling approach is 

obviously faster than that when using a distributed-parameter modeling approach, so 

a partial-lumped parameter modeling approach is suitable for system modeling when 

the accuracy requirement is not too high [Qi, 2009]. 

A DX A/C system usually consists of a DX refrigeration plant and an air-distribution 

sub-system. There have been previously reported studies on developing separate 

mathematical models for the two constituent parts [Chen, 2005; Chen et al., 2005; Xu 

et al., 1996]. The previous extensive modeling studies for single-, dual- and multi-

evaporator DX A/C systems [Elliott and Rasmussen, 2008, 2013; Shah et al., 2004; 

Tuo et al., 2012; Yan et al., 2016; Yan et al., 2012] showed that using mathematical 

models was feasible to predict the performances of DX based A/C systems with 

reasonable accuracy. In this section, modeling studies for the refrigerant-side and the 

air-side of DX A/C systems are separately reviewed. 
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2.5.1 Sub-models for the refrigerant-side of a DX A/C system 

The refrigerant-side of a DX based A/C system, a multi-evaporator A/C system is 

operated based on vapor compression refrigeration cycle, and consists of four key 

cycle components, i.e., a compressor, one or more evaporators in case of an multi-

evaporator A/C system, the same number of expansion valves as that of evaporators 

and finally a condenser. Hence, the modeling for the refrigerant-side of a DX A/C 

system is usually modular-based. By linking the modules for the key cycle 

components and the connecting piping, a sub-model for the refrigeration-side of a DX 

A/C system may therefore be derived, and expressed by a set of ordinary differential 

equations and algebraic correlations. Hence, the modeling for the key components in 

the refrigerant-side of a DX A/C system is separately reviewed as follows. 

2.5.1.1 Compressor modeling 

The modeling of compressor plays an important role in the simulation of A/C and 

refrigeration systems. Typically, a compressor module calculates the refrigerant mass 

flow being circulated in a vapor compression cycle. Compressor speed is taken into 

consideration in modeling a variable-compressor [Deng, 2000]. Compressor modules 

have been reviewed and categorized. Compared to heat exchangers, the dynamics of 

a compressor may be negligible so that quasi-steady modeling is usually adopted 

[Rasmussen and Alleyne, 2004]. This is achieved by assuming that a compressor 

reaches its specified operating speed instantly. A compressor may also be represented 

dynamically, where the changes in compression chamber volume and refrigerant 

properties are described as continuous functions of time. A parametric analytical 

module for a centrifugal compressor was developed to predict the compressor 

performance from geometric information [Jiang et al., 2006]. Generally, a polytrophic 
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compression process is assumed and a mathematical module for a compressor can be 

established by using the traditional thermodynamic approach. It assumes that a 

polytrophic compression could represent all the processes from suction to discharge 

in a compressor.  

On the other hand, a compressor may also be represented by an empirical correlation 

using the actual performance data with the aid of curve fitting or regression analysis. 

This approach can achieve a better approximation but a set of detailed tested 

compressor performance data from manufacturers or in-situ test is required. Li [2013b] 

proposed a semi-empirical compressor module, which was suitable for both single 

speed compressor and variable speed compressor. The method required an integration 

of physical based modeling and experimental data. 

2.5.1.2 Heat exchanger modeling 

Heat exchanger modeling has always been in the spotlight of simulation-based 

research work for DX A/C systems. Extensive investigations on heat exchangers 

modeling have been carried out using lumped-parameter modeling approach [Chi and 

Didion, 1982; Vargas and Parise, 1995], distributed-parameter modeling approach [Jia 

et al., 1995; Wang and Touber, 1991; Zhang and Zhang, 2006] and partial-lumped 

parameter modeling approach [Deng, 2000; Domanski, 1991], where an evaporator 

was divided into two zones, i.e., two-phase, and superheated zone and a condenser 

three zones, i.e., two-phase, superheated and sub-cooling zone. Graph Theory 

modeling approach can also be used to describe detailed structures of an evaporator. 

A practical way was to number each tube and refrigerant flow direction within a single 

tube first, so that a directed graph was created, then an adjacent matrix was built [Liu 

et al., 2004], With the help of the concepts of directed graph and graph-based search 



37 

algorithms in Graph Theory, Liu et al. [2004] developed a general steady-state 

distributed-parameter model for a fin-and-tube heat exchanger. This model made it 

possible to analyze the operational performance of an evaporator with complex 

refrigerant circuits. 

2.5.1.3 EEV modeling 

An expansion device in a refrigeration system controls the refrigerant mass flow and 

balances the system pressure. Commonly, an expansion valve can be represented by a 

steady-state model due to its small thermal inertia. Refrigerant expansion is generally 

treated as an isenthalpic process so that an expansion valve can be modeled by using 

an isenthalpic orifice equation [MacArthur and Grald, 1987]. One representative 

model for EEVs was developed by Damasceno et al. [1990], based on the 

specifications given by EEVs’ manufacturers and the empirical fittings for one set of 

distributor nozzle and tube size. Although the throttling mechanism in an EEV is 

identical to that of a short orifice valve, the flow coefficient is much more complex 

for an EEV than an orifice because the opening area of the EEV is dynamically 

adjusted. The characteristics of EEVs are usually obtained experimentally for different 

refrigerant fluids. Park et al. [2007] developed an empirical correlation for predicting 

the mass flow rate passing through an EEV by modifying a single-phase orifice 

equation with consideration of EEV’s geometries parameters and operating conditions. 

Li [2013a] modified the Bernoulli equation for a short orifice to develop a mass flow 

coefficient correlation for an EEV by introducing an expansion factor. Only two key 

parameters (EEV opening and the degree of subcooling) were used to develop the 

coefficient correlation. Experimental analysis showed that the mass flow coefficient 
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correlation could well describe the refrigerant flow behavior through the EEV with 

negligible errors. 

2.5.1.4 Refrigerant pipework modeling 

Fluid resistance in the connecting pipes in a single evaporator air conditioning (SEAC) 

system was usually ignored in previous studies. However, in a dual-evaporator A/C 

(DEAC) or multi-evaporator A/C (MEAC) system, since the connecting pipework is 

actually more complex, the fluid resistance cannot be simply ignored. Pan et al. [2012] 

reported a numerical study of the effects of refrigerant pipeline length differences on 

the operational performance of a DEAC system. Similar to that by Lu et al. [2009], 

refrigerant pipelines were divided into single-phase and two-phase types according to 

the refrigerant state and the two type were separately analyzed using fluid network 

theory. The famous Darcy-Weisbach Equation was applied to calculating pressure 

losses. For a two-phase pipeline, pressure drops were evaluated not only based on 

friction losses similar to that in single-phase pipelines, but also the kinetic energy 

change caused by refrigerant phase change. Other refrigerant pipeline models assumed 

that the liquid line and suction line were adiabatic, while the significant heat loss 

between the hot gas line and surroundings was modeled using the effectiveness-NTU 

method [Cheung and Braun, 2014].  

2.5.2 Sub-models for the air-side of a DX A/C system 

On the air-side of a DX A/C system, the major components are usually a supply air 

fan, air control dampers, air duct and the air side of a DX evaporator, and their models 

are reviewed as follows:  
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2.5.2.1 Fan modeling 

Supply fans move air by forced convection through conditioned spaces in order to 

control indoor air temperature, humidity, air speed and air distribution. In HVAC 

systems, the pressure-volume flow characteristics of a fan can be presented in many 

different ways. In general, they are described by a set of constant-speed curves for 

pressure rise versus volume flow rate. As to a variable speed air blower, its 

characteristics at different speeds are obtained through using the performance data 

from manufacturers or the fan performance law (fan pressure rises being proportional 

to the square of the change in fan speed). In order to get an better approximation with 

the experimental performance data, Mei and Levermore [2002] used a ten-neuron 

sigmoid artificial neural network (ANN) model to represent the characteristics of a 

variable speed fan. 

2.5.2.2 Air control damper modeling 

For the air control dampers in a DX A/C systems, a large percentage of existing models 

simply treated an air damper as a variable flow resistance, with its pressure loss 

coefficient being a function of the inclination angle of damper blades. Such 

simplifications were believed to have little effect on the investigation of energy use 

performance of a DX A/C system [Lebrun, 1995]. On the other hand, Legg [1986] 

established a series of experimentally validated mathematical expressions for different 

types of dampers. 
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2.5.2.3 Modeling an air handling process on the air side of a DX evaporator 

For a refrigerant-to-air heat exchanger using various inside micro-fin tube for heat 

transfer enhancement, its air-side heat transfer resistance may account for over 80% 

of the total heat transfer resistance. Hence, the correlations of air-side heat transfer 

coefficients would significantly affect the modeling accuracy for the overall heat 

transfer. A set of relatively simple correlations for an average heat transfer coefficient 

for different heat exchangers, such as plate-finned tube, flat fins or wavy and louvered 

fins, have been developed [Corberán and Melon, 1998; Gray and Webb, 1986; Turaga 

et al., 1988; Webb, 1990]. Currently, the most commonly enhanced heat transfer 

surface used in DX A/C systems is of louvered fin type that can provide a higher 

average heat transfer coefficient. Wang et al. [1999 and 2000] proposed general heat 

transfer correlations for louvered fin geometry having round tube configuration under 

dry and wet conditions, respectively. A total of 49 samples of louvered fin-and-tube 

heat exchangers with different geometric parameters, including louver pitch, louver 

height, longitudinal tube pitch, transverse tube pitch, tube diameter, and fin pitch were 

included in the correlations developed. 

2.5.2.4 Air pressure drop across the air side of a DX evaporator 

For a DX A/C system, when it is operated in hot and humid climates, the air-flow may 

interact with the water vapour condensated on the surface of its DX evaporator. This 

makes the flow pattern very complicated. As a result, significant changes in the heat 

transfer and friction characteristics are likely to occur under dehumidifying conditions. 

The friction characteristics of louvered fin-and-tube heat exchangers in dry-cooling 

and wet-cooling conditions have been studied by Wang et al. [1999 and 2000] and the 
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friction correlations recommended could be used to evaluate the air pressure drops 

across the air side of a DX evaporator under both dry cooling and wet cooling 

conditions. 

2.5.2.5 Air duct modeling 

Modeling of the air ductwork in an A/C system should also be given adequate attention 

because not only it plays a significant role in the energy balance of the system, but 

also the transport behavior of the working fluid inside the ductwork influences 

system’s operating characteristics. A lumped-parameter model for air ductwork 

should be the first choice to be integrated into the complete model for an A/C system. 

Jakob et al. [1987] divided the whole air ductwork into a number of segments and 

assumed the air distribution to be linear and the duct wall temperature to be uniform 

along each duct segment. The duct wall temperature varied however from segment to 

segment. 

2.5.3 Solving DX A/C system models 

For solving a component-based model for a DX A/C system, there are two main 

methods: (1) simultaneous solving method and (2) sequential solving method. 

For the first method, all the model equations, often of non-linear nature, and initial 

and boundary conditions, are solved simultaneously using the Euler Method or the 

Newton-Raphson Method, or the Runge-Kutta Method. Commercial software 

packages have been developed to help solve these non-linear equations [Klein and 

Alvarado, 2002; Masy, 2006]. Very often it can be difficult to find out the cause if 

divergence occurs during solving model equations, and thus calculation stability is not 
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easily ensured. On the other hand, when applying this method to a developed system 

model whose structure is normally fixed, additional component sub-model cannot be 

easily inserted into the system model, and thus the flexibility of system simulation 

might be compromised [Ding, 2007; Winkler et al., 2008]. Therefore, as far as A DX 

A/C system simulation is concerned, this solving method has not been popular.  

The second method can be more conveniently used since the component models are 

established first and treated as “black-box” objects. Only the knowledge of how the 

component sub-models are connected is required when using this method to solve a 

complete model. A set of initial values for model inputs are assumed. If the 

convergence criterion is not satisfied, the assumed initial values would be updated and 

then the iteration has to be repeated. Winkler et al. [2008] studied the influence of 

setting initial values for the inputs to an A/C system model on computational speed. 

Component sub-models were run several times prior to solving the system model and 

it was shown that better initial values can help reduce the required computational time. 

The sequential solving method has clear physical meaning in solving a system model 

and is easy to debug to ensure the calculation stability [Ding, 2007].  

2.6 Conclusions 

A number of previous studies showed that increased interests in maintaining a proper 

indoor humidity level is highly necessary to achieve good occupants’ comfort, 

acceptable indoor air quality, and to minimizing energy use. In hot and humid climates, 

DX A/C systems are widely used for indoor thermal environmental control in all 

climates due to a number of advantages. However, it is often difficult and challenging 

for a conventional DX A/C system to provide desired humidity control in hot and 
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humid climates, and inadequate dehumidification could hence be found in various 

buildings. Three reasons for inadequate dehumidification have been identified as the 

current system design trends for DX A/C systems to have a small moisture removal 

capacity to boost their EERs, highly variable space load conditions throughout a year 

and commonly used On-Off control strategies for single speed DX A/C systems.  

Tremendous efforts have been taken to address inadequate dehumidification in 

different buildings when using DX A/C systems through employing supplementary 

measures to provide variable dehumidification ability to deal with variable space 

sensible and latent loads. SSLC using desiccants or variable speed operation for DX 

A/C systems were the two measures to provide dehumidification capacity. Although 

these measures proved effective in addressing inadequate latent cooling capacity 

provided by a conventional On-Off DX A/C system for better indoor humidity control, 

there existed a number of associated problems such as complicated system 

configurations, higher initial and operational costs and complicated development 

processes often requiring mathematical modeling support. On the other hand, there 

have been extensive studies on the modeling of DX A/C systems. The available DX 

A/C system models can be used to assist the developments of both novel DX based 

systems for improved indoor thermal environment control and new controllers for 

better control accuracy and energy efficiency of DX A/C system. 

The literature review presented in this Section has identified that a DX based 

standalone enhanced dehumidification air conditioning (EDAC) system for improved 

year-round indoor humidity level in buildings in hot and humid climates, without the 

need to employing supplementary measures such as SSLC or VS technologies, to 
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provide variable dehumidification capacity, should be developed. This is expected to 

the main target of the research project presented in this Thesis.  



45 

Chapter 3  

Proposition 

3.1 Background 

The literature review presented in Chapter 2 has identified a number of the causes for 

inadequate dehumidification in buildings in hot and humid climates when using DX 

A/C systems. It can be seen that so far there has been not a DX based standalone A/C 

system that can be satisfactorily operated in the three Periods mentioned in Section 

2.3.2 to adequately deal with indoor sensible and latent loads at all times, without 

employing supplementary measures such as variable speed operation and the use of 

desiccants, which may only be good at a particular Period but redundant at others.  

Therefore, to reduce the complexity and the initial and operational costs for DX based 

air conditioning installations while still being able to maintain indoor air temperature 

and relative humidity (RH) within the comfort range for all the three Periods in hot 

and humid climates such as Hong Kong, it becomes highly necessary to develop a DX 

based standalone enhanced dehumidification air conditioning (EDAC) system having 

two evaporators, for improved year-round indoor humidity level in hot and humid 

climates, without the need of employing supplementary measures to provide variable 

dehumidification ability.  

3.2 Project title 

This Thesis focuses on the following major issues related to the development of an 

EDAC system:  
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1) proposing a novel DX based EDAC system without any supplementary measures 

to supply variable dehumidification capacity; 

 

2) setting up an prototype experimental EDAC system to experimentally study its 

operational performances in terms of year-round thermal environmental control 

and energy efficiency; 

 

3) building up and experimentally validating a complete steady-state mathematical 

model for the experimental EDAC system. 

The research project is therefore entitled “ Development of a novel direct expansion 

based standalone enhanced dehumidification air conditioning system for improved 

year-round indoor humidity control ”. 

3.3 Aims and objectives 

The project has the following objectives: 

1) To develop a novel standalone EDAC system that can be used in different seasons 

for improved year round indoor humidity control in hot and humid climates, 

without requiring supplementary measures to provide variable dehumidification 

ability; 

 

2) To build an experimental prototype of the EDAC system to experimentally 

evaluate its operational performance in terms of indoor air temperature and 

humidity control and operational energy efficiency, at different seasonal cooling 

load conditions; 
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3) To develop a steady-state mathematical model of the EDAC system and to 

experimentally validate the model using the data from the experimental prototype, 

and to further optimize the configuration and design of the EDAC system using 

the validated mathematical model; 

 

4) To develop a control strategy for the EDAC system so that it can be operated year-

round for improved indoor humidity control. 

3.4 Research methodologies 

Both experimental and mathematical modeling approaches will be employed in this 

research project. Firstly, a prototype experimental EDAC system will be set up in a 

laboratory with two environmental chambers, one indoor chamber and the other 

outdoor chamber, where the required experimental indoor and outdoor air conditions 

could be created and maintained, respectively, by an existing air conditioning system 

and load generation units (LGUs). The experimental EDAC system will be fully 

instrumented and all of its operating parameters can be real-time measured and 

recorded. 

Secondly, with the availability of the prototype experimental EDAC system, extensive 

experimental work to obtain the operational characteristics of the EDAC system when 

both evaporators in the EDAC system are operated will be carried out. 

Thirdly, a steady-state physical-based mathematical model for the prototype EDAC 

system will be developed, taking reference to a previously developed model for a dual-

evaporator A/C (DEAC) system. The model will be physical based and made of sub-
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models for both its refrigeration-side and air-side. The developed EDAC model will 

be experimentally validated using the experimental EDAC system. 

Finally, a year-round control strategy will be developed to enable the EDAC system 

to be operated over a wide range of operating conditions so as to maintain an improved 

indoor humidity level all year round. Controllability tests for the control strategy will 

be carried out to verify if the EDAC system is operational in different seasons to 

adequately deal with indoor sensible and latent loads, and to evaluate the operating 

performances of the developed control strategy. 
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Chapter 4  

The prototype experimental EDAC system 

4.1 Introduction 

A novel standalone enhanced dehumidification A/C (EDAC) system was proposed 

based on multi-evaporator air conditioning technology. A prototype experimental 

EDAC system has been purposely set up to facilitate carrying out the research work 

proposed in Chapter 3, including experimentally evaluating the operational 

characteristics of an EDAC system, validating the developed EDAC model, and 

finally testing the operating performances of the developed control strategy for the 

EDAC system. 

Advanced technologies such as variable-speed compressor, electric expansion valves 

(EEVs), as well as a computerized data measuring, logging and control system have 

been incorporated into the prototype experimental EDAC system. 

This Chapter reports on the details of the prototype experimental EDAC system. The 

detailed configuration of the proposed EDAC system is firstly described. Then, 

detailed descriptions of the prototype experimental EDAC system and its major 

components are presented, followed by describing the computerized sensors / 

measuring devices for temperatures, pressures and flow rates. Finally, a computer 

supervisory program used to operate and control the experimental EDAC system is 

detailed. 
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4.2 Detailed configurations of the proposed EDAC system 

The proposed EDAC system is shown schematically in Fig. 4.1. As seen, there were 

two parallel-connected evaporators, HX1 and HX2. Correspondingly, there were two 

electronic expansion valves (EEVs), with EEV1 connected to HX1 and EEV2 to HX2. 

Three modulating valves (SV1 to SV3) were installed on the refrigerant pipeline to 

allow different refrigerant flow arrangements when needed. To reduce the initial cost, 

instead of using a variable speed compressor and fan, a two-speed (capacity) 

compressor and a two-speed supply fan may be used. In addition, two air volume 

control dampers (VCDs) were included for adjusting air flow passing through the two 

evaporators, and reducing air flow resistance when either HX1 or HX2 was not in use. 

Consequently, the EDAC system can be operated in two different modes: Air 

dehumidification only (ADO) and Enhanced dehumidification air conditioning 

(EDAC), respectively.  

At ADO mode, SV1 and SV3 were opened, while SV2, VCD1 and VCD2 closed. HX1 

acted as an evaporator to cool and dehumidify air and HX2 a condenser to reheat the 

air to a suitable temperature. On the other hand, at EDAC mode, SV1 and SV3 were 

closed and SV2 opened. Therefore, HX2 was intended to be a main cooling and 

dehumidifying coil in the EDAC system and HX1 a supplementary one to provide 

variable latent cooling capacity when needed.  
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Fig. 4.1 Schematics of the detailed configuration for the proposed EDAC system 
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4.3 Descriptions of the experimental EDAC system and its major 

components 

The prototype experimental EDAC system was purposely established in a laboratory, 

in accordance with the schematics shown in Fig. 4.1. In the laboratory, there were two 

environmental chambers each measuring at 5 m (L) × 3 m (W) × 2.5 m (H). One of 

the chambers was used as a simulated indoor space and the other a simulated outdoor 

space. The two chambers were conditioned by two existing air conditioning systems 

as shown in Fig. 4.3. Each existing A/C system consisted of a DX cooling coil (CC) 

and a load generation unit (LGU). Two microprocessor-based PID controllers were 

used to maintain required experimental conditions in each chamber, with the following 

P-I-D parameters of 13-90-5 for the controller of the indoor chamber and of 10-110-5 

for that of the outdoor chamber, respectively. 

 

The prototype experimental EDAC system was composed of two parts, i.e., a DX 

refrigeration plant (refrigerant side) and an air-distribution sub-system (air side). To 

allow greater flexibility in outputting variable cooling capacities and air flow rates 

during experiments for possible further studies, a variable speed (VS) compressor, VS 

supply fan and VS condenser fan were used, although during the current experimental 

study, fixed speeds for compressor, supply fan and condenser fan were employed. The 

schematic diagrams for both the DX refrigeration plant and the air side of the 

experimental EDAC system are shown in Figs. 4.2 and 4.3, respectively, with their 

details described as follows. 

 



53 

EEV2

HX1
EEV1

HX2

Condenser

Compressor
Reciever

FM

FM

Condenser unit

SV2

Refrigerant pressure transducer Refrigerant temperature transducer

 Refrigerant mass flow meter (FM)Sight glass

SV1

Filter
SV3

Solenoid valve Electronic expansion valve
 

Fig. 4.2 The schematic diagram of the DX refrigeration plant in the prototype 

experimental EDAC system 
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Fig. 4.3 The schematic diagram of the air side for the prototype experimental EDAC 

system 

As shown in Fig. 4.2, the major components in the DX refrigeration plant included a 

VS rotor compressor, two EEVs, two high-efficiency tube-louver-finned DX heat 

exchangers and an air-cooled tube-louver-finned outdoor condenser. The nominal 
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output cooling capacity from the compressor was 5 kW. R410A was used as the 

working fluid, with a total charge of 4.3 kg. 

On the other hand, as seen in Fig. 4.3, the air-distribution sub-system system included 

an air duct with two VCDs, a VS centrifugal supply air fan and an air flow rate 

measuring apparatus (FRMA). Except for the air cooled outdoor condenser which was 

placed in the outdoor chamber, the entire prototype experimental EDAC system was 

installed inside the indoor chamber. Furthermore, EEVs, solenoid valves and 

compressor on the refrigerant-side and VCDs, supply air fan and condenser fan on the 

air-side of the EDAC system were all connected to a control unit (C7) for manual or 

programed control. 

For a cooling coil, its total surface area was determined based on the peak cooling load 

it handled. Since there were two evaporators in the proposed EDAC system and each 

was assigned with its distinguished cooling / dehumidifying function, the relative size 

of the two evaporators in terms of their surface area can affect the overall operational 

characteristics of the EDAC system. However, in the current study, the surface ratio 

of HX1 to HX2 was initially set at 1:2. The detailed specifications for the major 

components used in the prototype experimental EDAC system are listed in Table 4.1.  
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Table 4.1  Specifications of the main components used in the prototype 

experimental EDAC system 

Components Specifications 
Compressor Type Rotary 

Number of cylinder / Polarity 2 / 6 
Pressure ratio ≤6 
Allowable frequency range 10-120 Hz 
Cooling capacity at 70Hz 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:  3.5 kW 
Port diameter:  1.65 mm 

HX1 
 
 
 

Fin type Louver 
Transverse / Longitude tube pitch 21 / 12.7 mm 
Fin pitch / thickness 1.2 / 0.115 mm 
Internal/external tube diameter 6.4 / 7 mm 
Coil width / height 450 / 200 mm 
Number of the tube row 4 
Number of refrigerant loop 2 
Total coil surface area 6.5 m2 

Rated cooling capacity 2 kW 
HX2 Fin type Louver 

Transverse / Longitude tube pitch 21 / 12.7 mm 
Fin pitch / thickness 1.2 / 0.115 mm 
Internal/external tube diameter 6.4 / 7 mm 
Coil width / height 450 / 300 mm 
Number of the tube row /  5 
Number of refrigerant loop 3 
Total coil surface area 12.5 m2 
Rated cooling capacity 3 kW 

Condenser Fin type Louver 
Internal/external tube diameter 8.82 / 9.52 mm 
Total coil surface area 25 m2 

Supply air fan Type Centrifugal fan 
Input signal Direct voltage 
Rated speed 1600 rpm 
Air flow rate 0.1-0.3 m3/s 

Condenser fan Type Axial fan 
Input signal Direct voltage 
Rated speed 2800 rpm 
Air flow rate 0.1-0.6 m3/s 
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4.4 Computerized instrumentation and data acquisition system 

4.4.1 Sensors/ measuring devices for temperatures, pressures and flow 

rates 

For the measurements in the DX refrigeration plant, the pressures in various locations 

of the refrigerant pipeline were measured using pressure transmitters with an accuracy 

of ±0.3% of full scale reading, while the sensors for refrigerant temperatures were of 

platinum Resistance Temperature Device (RTD) type with a pre-calibrated accuracy 

of 0.1 °C. Furthermore, there were two refrigerant mass flow meters based on the 

coriolis force effect with a high accuracy of ±0.15% of full scale reading. One was 

installed downstream of the air-cooled condenser while the other upstream of EEV1.  

For the measurements in the air-distribution sub-system, the air states in the two 

chambers were measured using the sampling devices with an ANSI/ASHRAE 

Standard 41.1 [ASHRAE, 1986] specified tree and aspirating psychrometer, and the 

air dry and wet bulb temperature sensors in the psychrometer were also of platinum 

resistance (PT100) type. However, the air states at the inlets to HX1 and HX2, the 

outlets from HX1 and HX2, and condenser inlet and outlet were measured by totally 

six pairs of temperature and humidity probes integrated with air duct due to the limited 

space available. 

The total air volumetric flow rate for the experimental EDAC system was measured 

by the airflow rate measuring apparatus (FRMA) constructed in accordance with 

ANSI / ASHRAE Standard 41.2 [ASHRAE, 1987], consisting of a set of nozzles of 
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different sizes, diffusion baffles and a differential pressure transduce with a measuring 

accuracy of ±0.1% of the full scale reading.  

Furthermore, to obtain the air mass flow rate passing through HX1, a short air duct of 

400 mm connected to its inlet was added. Air velocities inside the air duct at three 

evenly distributed points were measured using three hot wire anemometers. The 

averaged air velocity was obtained by averaging the three measured air velocities and 

the air flow rate evaluated by multiplying the averaged air velocity by the cross-section 

area of the short air duct. The uncertainty of air flow rate measurement was evaluated 

at about 1.5%. 

Finally, the energy consumption of the compressor was obtained from its variable 

speed drive (VSD) and the total energy consumption of the experimental EDAC 

system including the compressor and the two fans by using a power meter.  

Details of instrumentation and sensors used in the experimental EDAC system are 

listed in Table 4.2. 
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Table 4.2 Details of instrumentation and sensors used in the experimental EDAC 
system. 

Measurement parameter Instrument Type Range Accuracy  

Average space air dry- 
and wet-bulb temperature 

Tree and aspirating 
psychrometer  

-50-100 oC ±0.1 ºC 

Air dry-bulb temperature  T&RH probe -40-60 oC ±0.3 ºC 

Air relative humidity T&RH probe 10-95% ±2% RH 

Air velocity Hot film anemometer 0-10 m/s ±0.1 m/s 

Air flow rate FRMA 0-1 kg/s ±1.2% 

Refrigerant temperature Platinum RTD -50-100 ºC ±0.1 ºC 

Refrigerant pressure  Pressure transducer -1-34 bar ±0.3% 

Refrigerant pressure  Pressure transducer -1-20 bar ±0.3% 

Refrigerant mass flow 
rate 

Coriolis mass flow 
meter 

0.3-18 kg/min ±0.15% 

Power consumption Single-phase power 
meter 

1-40 A ±0.1% 

4.4.2 The data acquisition system 

A data acquisition unit was used in this experimental EDAC system. It provided up to 

60 channels for monitoring various types of system operating parameters. The direct 

current signal from various measuring devices / sensors can be scaled into their real 

physical values of the measured parameters using a logging & control supervisory 

program which was developed using LabVIEW programming platform. The minimum 

data sampling interval was two seconds.  



60 

4.5 LabVIEW logging & control supervisory program 

A computer supervisory program which was capable of performing simultaneously 

data-logging and parameter-controlling was necessary. It needed to communicate with 

not only the data acquisition unit, but also the control unit for the EDAC system, as 

shown in Photo 1 in Appendix A. A commercially available programming package, 

LabVIEW, provided a powerful programming and graphical platform for data 

acquisition and analysis, as well as for control application. 

A data logging & control supervisory program was therefore developed using 

LabVIEW, with all measured parameters real-time monitored, curve-data displayed, 

recorded and processed. The program can also perform the retrieval, query and trend-

log graphing of historical data for measured parameters. The program ran on a 

personal computer, as shown in Photos 11 and 12 in Appendix A. The LabVIEW-

based logging & control supervisory program enabled the computer to act as a central 

supervisory control unit for both data logging and low-level control loops in the 

experimental EDAC system.  

4.6 Summary 

A prototype experimental EDAC system was made available for carrying out the 

research project reported in this Thesis. The system consisted of two parts: a DX 

refrigeration plant and an air-distribution sub-system. 

The experimental EDAC system was fully instrumented using high quality sensors / 

measuring devices. Totally sixty operating parameters in the system can be measured 

and monitored simultaneously. One set of airflow rate measuring apparatus was 
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constructed in accordance with ANSI/ASHRAE Standard 41.2. Two sets of air dry-

bulb and wet-bulb temperature sensors were placed in the air-sampling devices for 

evaluating the enthalpy of the air entering and leaving the prototype EDAC system, 

and two Coriolis mass flow meters were used for measuring the refrigerant flow rate 

being circulated in HX1 and the DX refrigerant plant, respectively. 

A logging & control supervisory program was developed specifically for this 

experimental VS DX A/C system using LabVIEW programming platform. All 

parameters can be real-time measured, monitored, curve-data displayed, recorded and 

processed by the logging & control program.  

The availability of such a prototype experimental EDAC system is expected to be 

extremely useful in investigating the operational characteristics of the EDAC system, 

validating the developed EDAC model, and developing a year-round control strategy 

for EDAC system. Therefore, the research project proposed in Chapter 3 can be carried 

out using the prototype experimental EDAC system, with the details to be reported in 

Chapters 5-7 in this Thesis. 

Photos showing the prototype experimental EDAC system are given in Appendix. 
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Chapter 5  

Operational characteristics of the experimental EDAC system 

5.1 Introduction 

With the availability of the prototype experimental EDAC system described in Chapter 

4, the research project proposed in Chapter 3 can be carried out, and the project details 

are respectively reported in Chapters 5 to 7. In this Chapter, an experimental study on 

the operational characteristics of the experimental EDAC system at the EDAC mode 

is firstly presented to establish if such an EDAC system can provide variable latent 

cooling capacity when both refrigerant and air mass flow rates passing through the 

two evaporators in the EDAC system, HX1 and HX2, were varied. 

The schematic diagram of the experimental EDAC systems is shown in Fig. 4.1, and 

is described in details in Chapter 4. In this Chapter, firstly, the experimental cases and 

conditions are specified. Then the experimental results and their related analysis and 

discussions are presented. Finally, conclusions are given.  

5.2 Experimental procedures and data interpretation  

When an EDAC system was operated with two evaporators at the EDAC mode, its 

compressor and supply fan were both constant speed operated. In this Chapter, 

therefore, the speeds of the VS compressor and supply fan were fixed at their 

maximum values, 4800 rpm for compressor and 1400 rpm for supply fan, respectively. 

Hence, the factors influencing the operational characteristics of the EDAC system at 
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the EDAC mode in terms of the relationship between its output total cooling capacity 

(TCC) and its equipment sensible heat ratio (E SHR) were as follows:  

The first one was the ratio of the refrigerant mass flow rate through HX1, mrHX1, to the 

total mass flow rate, mrcom, or: 

rHX1
 r

rcom

= 
m

R
m

                                                          (5.1)                                   

Rr could be varied by adjusting the opening degrees of EEV1, while EEV2 can respond 

accordingly to maintain the degree of refrigerant superheat (DS) at the compressor 

suction. 

The other was the ratio of the air mass flow rate passing through HX1, maHX1, to the 

total air mass flow rate of the EDAC system, ma, or: 

aHX1
a

a

= 
m

R
m

                                                          (5.2) 

Ra could be varied by adjusting the opening degree of VCD1. 

Given that the inlet air states to an EDAC system may also impact on its operational 

characteristics, in this Chapter, five experimental cases at five different inlet air states 

were designed, as shown in Table 5.1. These five inlet air states correspond to typical 

indoor air settings for comfort air conditioning, which were often used in the studies 

related to the operational characteristics of DX based A/C systems [Li et al., 2014; Xia 

et al., 2017; Xu et al., 2010]. In each experimental case, for the experimental EDAC 
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system, the operational characteristics at different combinations of Ra and Rr shown in 

Table 5.2 were obtained. 

Table 5.1 Five experimental cases with different inlet air settings 

Group Case TaI (oC) TawI (oC) RHaI (%) 

T constant RH-40 26 17 40 

RH-50* 26 18.7 50 

RH-60 26 20.3 60 

RH constant T-22 22 15.4 50 

T-24 24 17.1 50 

T-26* 26 18.7 50 

* The same case.  

Table 5.2 The combinations of Ra and Rr used in the five experimental cases 

Ra   

No. 1 2 3 

% 30 45 60 

Rr   

No. 1 2 3 4 5 

% 14 25 38 53 67 

In order to simplify the experimental procedure, no fresh air was introduced to the 

experimental EDAC system in each case. When the experimental EDAC system was 

operated at a steady state condition, air parameters inside the indoor chamber were 

considered to be the same as those at the inlet to the experimental EDAC system. 

When the variations for indoor air dry-bulb and wet-bulb temperatures were both less 

than 0.1 oC, respectively, a steady state of operation for the experimental EDAC 
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system was arrived. Then the operating parameters of the experimental EDAC system 

were recorded continuously for 15 min at an interval of 1 min and the averaged 

measured data were used for evaluating the operational characteristics of the 

experimental EDAC system.  

During all tests, the condenser fan ran at its maximum speed of 2800 rpm and the air 

states in the outdoor chamber were maintained at 33 ºC and 68% RH, in accordance 

with the maximum coincident air dry bulb temperature and RH in Hong Kong 

[ASHRAE, 2009]. The DS at compressor suction was set at 7 oC. 

For all the five cases, using the measured operating parameters, the output sensible 

cooling capacity of the EDAC system was evaluated as, 

s a pa aI aS( )Q m C T T= −                                              (5.3) 

Where ma is the total air mass flow rate of the EDAC system, TaS the supply air 

temperature from the EDAC system and TaI the inlet air temperature to the EDAC 

system. 

The TCC of the EDAC system was 

a aI aSTCC ( )m h h= −                                                (5.4) 

Where haS is the specific enthalpy of the supply air from the EDAC system and haI that 

of the inlet air to the EDAC system. 

Therefore, E SHR was evaluated by 
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 pa aS aIs

aS aI

( )
E SHR

TCC

C T TQ

h h

−
= =

−
                                       (5.5) 

The uncertainties of these calculated parameters were evaluated by using the classic 

root-sum-square formula [Holman and Gajda, 2001] and are shown in Table 5.3. 

Table 5.3 Measurement/calculation uncertainty of system operating parameters 

Operating parameter Uncertainty Unit 

Ra ±1.12% — 

Rr ± 0.3% — 

TCC 1.05%-1.58%  kW 

E SHR  0.81%-1.33% — 

5.3 The measured operational characteristics of the EDAC system  

Extensive experimental work was carried out on the operational characteristics of the 

prototype experimental EDAC system, with the two evaporators operated, to exam if 

by varying Ra and Rr, variable output latent cooling can be obtained, as compared to a 

single evaporator On-Off controlled DX A/C system, both with a constant speed 

compressor and supply fan. In this Section, firstly, the measured operational 

characteristics at one of the five cases, Case T-26 or RH-50, where the inlet air state 

to the experimental EDAC system corresponding to the typical indoor air settings for 

air conditioning, i.e., 26 oC and 50% RH, are detailed. Secondly, the measured 

operational characteristics in all the cases are presented, to demonstrate the influences 

of different inlet air states on the operational characteristics of the prototype 

experimental EDAC system. 
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5.3.1 The measured operational characteristics of the experimental 

EDAC system at Case T-26 or RH-50 

Fig. 5.1 illustrates the experimental results for Case T-26 / RH-50 by X-Y plotting the 

experimental data of total cooling capacity (TCC) and  equipment sensible heat ratio 

(E SHR) at different values of Ra and Rr. As seen, TCC and E SHR were correlated 

but mutually constrained within an irregular area of ABCDEF shown in Fig. 5.1. 

Clearly, varying both Ra from 30% to 60% and Rr from 14% to 67% at the fixed inlet 

air state of 26 oC and 50% RH can only produce those E SHR / TCC relationships 

represented by the points inside the area of ABCDEF.  

 

Fig. 5.1 The measured operational characteristics of the prototype experimental 

EDAC system under various Rr and Ra (Case T-26) 
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In Fig. 5.1, Points A and C correspond to the TCC / E SHR relationship when the 

experimental EDAC system was operated at its lowest and highest Rr values of 14% 

and 67%, respectively, while Ra was fixed at its lowest level of 30%. Similarly, Points 

F and D correspond to the TCC / E SHR relationships when the EDAC system was 

operated at its lowest and highest Rr values of 14% and 67%, respectively, while Ra 

was maintained at its highest level of 60%. Points B and E correspond to the TCC / E 

SHR relationships with the maximum TCC on the borderlines ABC and DEF, 

respectively. 

Furthermore, for the area of ABCDEF, its borderline AF represents the relationship 

between TCC and E SHR when varying Ra from 30% to 60%, at a fixed Rr of 14%, 

and its borderline CD the same relationship, but at a fixed Rr of 67%. Similarly, 

borderlines ABC and DEF are for the relationship between TCC and E SHR when 

varying Rr values from 14% to 67%, at two fixed Ra values of 30% and 60%, 

respectively. Therefore, as demonstrated in Fig. 5.1, at a fixed compressor and fan 

speed, varying Ra and Rr values could result in significant variations in the output TCC 

/ E SHR values, between 4.5 kW and 5.32 kW for TCC and between 0.64 and 0.7 for 

E SHR respectively. It should be mentioned that the maximum output TCC was about 

6.4 % greater than the rated output cooling capacity of the VS compressor operated at 

its maximum speed of 4800 rpm, at point E, when the EDAC system was not operated 

at compressor’s nominal working condition. 

The influences of varying Ra and Rr on the operational characteristics in terms of the 

relationship between TCC and E SHR of the prototype experimental EDAC system 

are separately detailed with their physical reasons as follows: 
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5.3.1.1 The influence of varying Rr on the variation of the relationship between TCC 

and E SHR, at a constant Ra 

From Fig. 5.1, it can be seen that for all Ra values from 30% to 60%, at a constant Ra 

value, an increase in Rr would lead to a decrease in equipment sensible heat ratio (E 

SHR). However, an increase in Rr would lead to an increase in total cooling capacity 

(TCC) at a lower Rr values, but a decrease in TCC at higher Rr values. Using the line 

DEF in Fig. 5.1 as an example, i.e., at a Ra value of 60% when Rr varied from 14% to 

67%, the variation trend in E SHR / TCC relationship is explained based on the key 

operating parameters of the experimental EDAC system as shown in Figs. 5.1-5.7. 

 

Fig. 5.2 The influences of Rr on the evaporating pressures in HX1 and HX2, and the 

compressor suction pressure 

As seen from Fig. 5.2, compressor suction pressure of the experimental EDAC system 

was increased with an increase in Rr from 14% to 38%, peaked at about 931 kPa when 
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evaporating pressures in HX1 and HX2 experienced similar variation trends of 

increasing, peaking and decreasing but with different magnitudes as Rr was increased 

from 14% to 67%. Such variation trends were largely due to the joint effect of the 

variations in EEV1 and EEV2 openings, refrigerant mass flow rate distribution to, and 

the inlet air states to HX1 and HX2 as follows: 

EEV1

HX1 HX2

VCD1
I

II’

III

II

EEV2

Pr1 mrHX1

Pr,cond

Pr,suc

maHX1

ma

TaIII RHaIII
TaI RHaI

ma

Pr2 mrHX2

                              

Fig. 5.3 The factors affecting the evaporating pressures in HX1 and HX2, and 

compressor suction pressure 

As seen from Fig. 5.3, for HX1, its evaporating pressure was jointly affected by EEV1 

opening, refrigerant mass flow rate, mrHX1, and its inlet air state and air flow rate, 

which remained unchanged at a fixed Ra value and inlet air state. In the experimental 

EDAC system, as mentioned in Section 5.2, EEV1 acted as a modulating valve to 

control mrHX1. Hence, as Rr was increased, EEV1 opening was increased, so that the 

pressure drop across EEV1 was reduced. This would lead to a higher Pr1. On the other 

hand, more refrigerant mass flowing into HX1, at a fixed inlet air state and air flow 
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rate, would however lead to a lower evaporating pressure. Consequently, the actual 

evaporating pressure Pr1 was determined by the net effect of a larger EEV1 opening 

and an increased refrigerant mass flow. Hence, at a smaller Rr value from 14% to 38%, 

the impact of a larger EEV1 opening on Pr1 was greater than that of a greater 

refrigerant mass flow rate on Pr1, leading to an increased Pr1. However, as Rr value 

continued to increase from 38% to 67%, the impact of increased refrigerant mass flow 

on Pr1 would be greater than that of a larger EEV1 opening, leading to a decreased Pr1. 

For HX2, its evaporating pressure, Pr2, was jointly affected by not only EEV2 opening, 

and refrigerant mass flow rate, mrHX2, but also its inlet air state and air flow rate. As 

HX2 was placed downstream of HX1, its inlet air state was therefore not constant, but 

variable due to the changes in the output capacity of HX1. During experiments, EEV2 

was operated in response to the changes in DS at compressor suction. Therefore, as 

seen from Fig. 5.4, as Rr was increased, DS at HX1 exit was decreased, which called 

for an increase in DS at HX2 exit to maintain a stable DS at compressor suction. Hence, 

EEV2 opening was reduced, and thus with less refrigerant flowing into HX2. A 

smaller EEV2 opening would lead to a lower Pr2, but a smaller refrigerant mass flow 

rate a higher Pr2. However, for HX2, a reduced inlet air temperature and humidity due 

to the increased output cooling capacity from HX1 as Rr was increased would also 

lead to a lower evaporating temperature in HX2. Therefore, as seen in Fig. 5.2, when 

Rr was increased from 14% to 25%, Pr2 was slightly increased, as the impact of smaller 

refrigerant mass flow rate was greater than the combined impacts from both reduced 

EEV2 opening and reduced inlet air temperature and humidity. However, as Rr was 

further increased from 25% to 67%, the combined impacts significantly overtook that 

of smaller mrHX2 on Pr2, so that Pr2 started to quickly decrease and reached its lowest 

level of 814 kPa at Rr = 68%. 
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For compressor suction pressure, it would be determined by the lower one of Pr1 and 

Pr2, since HX1 and HX2 were connected in parallel to a common compressor. 

Consequently, with the change of Rr from 14% to 67%, the variation in the compressor 

suction pressure shown in Fig. 5.2 was resulted in. 

Furthermore, as seen in Fig. 5.4, increasing Rr would lead to a lower degree of 

refrigerant superheat (DS) at HX1 exit from 28 oC to 2 oC as more and more refrigerant 

flowed in, while the DS at HX2 exit was zero at lower Rr values but increased to 18 

oC at the highest Rr of 67% as less and less refrigerant flowed in. These variation trends 

for the evaporating pressures in HX1 and HX2, compressor suction pressure and DSs 

were similar to those previously reported by Zhou et al. [2002], where a dual-

evaporator A/C system was simulated at a constant compressor speed and fixed DS. 

 

Fig. 5.4 The influences of varying Rr on the DSs at exits of HX1, HX2 and the 

compressor suction 
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Fig. 5.5 The influences of Rr on the mass flow rates through HX1, HX2 and 

compressor of the EDAC system (Points D, E, F correspond to the same shown in 

Fig. 5.1) 

The influences of varying Rr on the TCC of the EDAC system: 

As Rr was increased, more refrigerant flowed into HX1, but less into HX2, as shown 

in Fig. 5.5. However, the refrigerant mass flow rate at compressor suction, which was 

the sum of those into HX1 and HX2, experienced an increasing, peaking and 

decreasing trend, similar to that of compressor suction pressure. As it can be 

understood, when other conditions in a DX cooling coil remained unchanged, an 

increase in refrigerant mass flow rate would result in an increase in its cooling capacity. 

Therefore, the changes in TCC of the EDAC system would follow that in compressor 

refrigerant mass flow rate, experiencing an increasing, peaking and decreasing trend, 

as Rr was increased from 14% to 67%, shown in Fig. 5.5. It is further noted from both 

Fig. 5.1 and Fig. 5.5 that compressor refrigerant mass flow rate and the TCC at point 
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output cooling capacity from HX1 and HX2, as Rr was increased, the cooling capacity 

from HX1 was gradually increased, but that from HX2 reduced, similar to the variation 

trends for mrHX1 and mrHX2, respectively shown in Fig. 5.5. 

The influences of varying Rr on the E SHR of the EDAC system: 

For a DX cooling coil, its surface temperatures and the coil surface areas where 

dehumidification could take place would jointly determine its dehumidification ability 

or E SHR. A lower surface temperature was clearly desirable for achieving better 

dehumidification [Li and Deng, 2007b; Xia et al., 2017; Xu et al., 2010], but a larger 

dehumidifying surface area could also result in better dehumidification. However, it 

was difficult to know the exact dehumidifying area on a DX cooling coil. Given that 

dehumidification usually takes place at the two-phase region of the DX coil, the DS at 

coil exit could therefore be used to indicate the extent of dehumidifying surface area 

on a DX coil. A larger DS usually suggests a smaller dehumidifying surface area, and 

vice versa. 

Therefore, for Rr values from 14% to 38%, as shown in Fig. 5.2, a higher Rr would lead 

to a higher evaporating pressure and thus a higher evaporating temperature in HX1. 

Hence, a poor dehumidification ability on per unit coil surface area was resulted in. 

However, a significant decrease in the DS at HX1 exit as Rr was increased from 14% 

to 38% as shown in Fig. 5.4 indicated a considerable increase in its two-phase heat 

transfer region or a larger dehumidifying surface area. This would offset the poor 

dehumidification ability due to a higher evaporating temperature in HX1, and its net 

dehumidifying ability was increased. For HX2, as Rr was increased for 14% to 38%, 

the variation in its evaporating pressure was slightly increased first but moderately 

decreased thereafter. This suggested that the changes in its evaporating temperature 
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were insignificant. Furthermore, as shown in Fig. 5.4, the DS at HX2 exit stayed at 

zero when Rr was increased from 14% to 25%, indicating that the entire HX2 remained 

in two-phase region. When Rr was further increased to 38%, the DS at HX2 exit was 

moderately increased to 7 oC when its evaporating pressure was actually moderately 

decreased from the highest value of 995 kPa. Hence, the impacts on dehumidification 

ability from both reduced evaporating pressure and reduced two-phase surface areas 

cancelled each other, leading to a fairly constant dehumidification ability of HX2. 

Overall speaking, as Rr was increased from 14% to 38%, the dehumidification ability 

of the EDAC system was mainly affected by that of HX1, which was actually 

enhanced, so that a lower E SHR of the EDAC system was resulted in. 

On the other hand, at higher Rr values of 38% to 67%, a higher Rr, or more refrigerant 

mass flow rate, would lead to a lower evaporating pressure and thus a lower 

evaporating temperature in HX1. Together with the continued increase in two-phase 

heat transfer surface area in HX1 as the DS at its exit continued to decrease, the 

dehumidification ability in HX1 was further enhanced. For HX2, as the DS at its exit 

was increased, its two-phase surface area and inlet air moisture content due to a better 

dehumidification effect in HX1, were decreased, leading to a poor dehumidification 

effect. However, a significant decrease in the evaporating temperature in HX2 would 

compensate the poor dehumidification effect. Thus, a better overall dehumidification 

ability for the experimental EDAC system would be still resulted in mainly due to the 

enhanced dehumidification in HX1. Hence as Rr was increased from 38% to 67%, a 

lower E SHR was resulted in. 
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5.3.1.2 The influence of varying Ra on the variation of the relationship between TCC 

and E SHR, at a constant Rr 

As seen in Fig. 5.1, for all Rr values from 14% to 67%, at a fixed Rr, increasing Ra 

would increase both TCC and E SHR. This suggested that, at a fixed Rr, running the 

EDAC system at a lower Ra would lead to a lower E SHR, which was beneficial to 

dehumidification, but also a lower TCC. Given the fixed Rr or the fixed openings of 

EEV1 and EEV2, such a variation trend was due to the changes in both air flow rate 

passing through HX1 and inlet air state to HX2, respectively. Using the line CD in Fig. 

5.1 as an example, i.e., at a Rr value of 67% when Ra was varied from 30% to 60%, 

the variation trend in E SHR / TCC relationship is explained based on the operating 

parameters of the experimental EDAC system as shown in Fig. 5.6 and 5.7.  

For HX1, at a fixed inlet air state, increasing air flow rate would lead to an increase in 

its evaporating pressure or evaporating temperature, as shown in Fig. 5.6. As seen 

from Fig. 5.7, the DS at HX1 exit was only slightly increased, indicating that its 

dehumidifying area did not change much. As the evaporating temperature in HX1 was 

increased, the difference between the evaporating temperature and inlet air 

temperature was also reduced. However, as the rate of increase in air mass flow rate 

was much higher than that of evaporating temperature, the TCC of HX1 was increased. 

Furthermore, at a reduced difference between evaporating temperature and inlet air 

temperature, the rate of increase in the sensible component of the TCC was much 

higher than that in the latent component of TCC, leading to an increased E SHR. With 

an increased E SHR at a higher Ra, although the absolute amount of latent capacity 

may be increased due to an increased air flow rate, the actual dehumidification ability 
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per unit air flow rate was in fact reduced. Therefore, as Ra was increased, at HX2 inlet, 

air temperature was reduced, but air moisture content was on the contrary increased. 

For HX2, as Ra was increased, its total air mass flow rate remained unchanged, but 

inlet air state was changed due to the changes in HX1’s output cooling capacity. As 

explained earlier, its inlet air temperature was reduced, but its moisture content was 

increased. From Fig. 5.6, it can be seen that the evaporating pressure in HX2 was also 

slightly increased as Ra was increased. This suggested that the total load imposed on 

HX2 was also increased, because the rate of reduction in the sensible load due to the 

increased sensible heat transfer in HX1 was smaller than the rate of increase in the 

latent load due to a higher E SHR from HX1. Consequently, the evaporating 

temperature in HX2 was increased. Also from Fig. 5.7, the DS at HX2 exit was slightly 

decreased, leading to a slightly increased dehumidifying surface area. Consequently, 

due to the cancelling effects from increased evaporating temperature, increased 

dehumidifying surface area and increased moisture content of inlet air to HX2, the 

changes in the latent cooling capacity from HX2 were not significant. With regard to 

the output sensible cooling capacity from HX2, since its inlet air temperature was 

reduced, at an increased evaporating temperature, the difference between evaporating 

temperature and inlet air temperature was reduced, leading to a reduced output 

sensible cooling capacity from HX2. Therefore, as Ra was increased, its sensible 

cooling capacity was reduced. 
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Fig. 5.6 The influences of varying Ra on the evaporating pressures in HX1 and HX2, 

and compressor suction pressure, at a fixed Rr 

 

Fig. 5.7 The influences of varying Ra on the DSs at exits of HX1 and HX2, and the 

compressor suction 
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The influences of varying Ra on the TCC of the EDAC system: 

As Ra was increased from 30% to 60%, its TCC was increased. As discussed earlier, 

for HX1, its TCC was increased. However, for HX2, while its sensible capacity was 

reduced, its latent capacity did not change much. Since more air was treated in HX1, 

the increase in the TCC of HX1 would dominate the change in TCC of the EDAC 

system, leading to an overall increase in the TCC of the EDAC system. 

The influences of varying Ra on the E SHR of the EDAC system: 

Also as discussed earlier, increasing Ra would lead to an increase E SHR in HX1. For 

HX2, actually, its latent cooling capacity was not significantly changed, resulting in a 

net increase in E SHR of the EDAC system. 

5.3.2 The influence of different inlet air states on the operational 

characteristics of the experimental EDAC system (all the cases)  

Fig. 5.8 shows the experimental results from Test Cases of RH-40, RH-50 and RH-60, 

at Constant T Group and Fig. 5.9 those from Test Cases of T-22, T-24 and T-26, at 

Constant RH Group. Detailed discussions for these results are as follows: 

As seen from Figs. 5.8 and 5.9, different inlet air states would impact not only the 

high-low limits of TCC and E SHR but also the ranges between these limits. However, 

the extents of the impacts at different inlet air states appeared different. 
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Fig. 5.8 The measured operational characteristics of the experimental EDAC system 

at the Constant T Group (Cases RH-40, RH-50 and RH-60) 

At a constant inlet air temperature of 26 oC, with an increase in RH level, the high-

low limits of TCC were increased and those of E SHR decreased, as shown in Fig. 5.8. 

When inlet air RH was at 40%, the high-low limits for TCC were 4.9 kW and 4.3 kW, 

and those for E SHR 0.82 and 0.72, respectively. When the RH was increased to 60%, 

these limits for TCC were changed to 5.6 kW and 4.7 kW and for E SHR, 0.59 and 

0.54, respectively. These suggested that a wider operational range for TCC, but a 

narrower operational range for E SHR at a higher RH level, and vice versa, may be 

resulted in. Furthermore, as inlet air RH was increased, the slope of borderlines AF 

and CD was decreased, suggesting that increasing Ra would lead to a larger increase 

in TCC but a smaller increase in E SHR. For borderlines ABC and DEF, their 

curvatures became more obvious, meaning that at a higher RH level, increasing Rr 

would influence more on TCC than on E SHR. Therefore, the changes in inlet air RH, 

at a constant air temperature, would not only shift the position of the irregular area of 
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ADCDEF from top-left to down-right in Fig. 5.8, but also flatten it. Position shifting 

and the change in shape for these irregular areas in the diagram suggested an obvious 

influence caused by increased inlet air RH level on the operational characteristics of 

the EDAC system at a constant inlet air temperature.  

 

Fig. 5.9 The operational characteristics of the EDAC system at the Constant RH 

Group (Cases T-22, T-24 and T-26) 

However, the measured results from the Constant RH Group presented in Fig. 5.9 

suggest something different. At a constant inlet air RH of 50%, when inlet air 

temperature was 22 oC, the high-low limits for TCC were 4.6 kW and 3.9 kW, and for 

E SHR 0.77 and 0.7, respectively. As inlet air temperature was increased to 26 oC, the 

high-low limit for TCC were changed to 5.32 kW and 4.5 kW and for E SHR, 0.7 and 

0.63, respectively. However, unlike that the ranges between the limits for both TCC 

and E SHR experienced a considerable change in the Constant RH Group, the changes 

in the ranges between the limits in the Constant T group were not significant. 
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Furthermore, all the borderlines appeared parallel to each other. This indicated that the 

changes in TCC and E SHR would not be considerable at constant inlet air RH but at 

varying inlet air temperature, when Rr and Ra were varied. Therefore, at a constant RH, 

varying inlet air temperature would only shift the positions of the irregular areas of 

ABCDEF but not change their shapes in Fig. 5.9. This suggested that increasing the 

inlet air temperature at constant RH level would not pose much impact on the output 

ranges of TCC and E SHR of the EDAC system. 

5.3.3 Discussion 

From the experimental results presented in Sections 5.3.1 and 5.3.2, it is obvious that 

unlike a conventional On-Off controlled single evaporator DX A/C system that can 

only provide a fixed TCC / E SHR combination at a constant inlet air state, the 

proposed EDAC system was able to produce variable output sensible and latent 

capacity, enabling the EDAC system to deal with varying sensible and latent space 

loads. In other words, when an EDAC system was operated at part load conditions, its 

compressor and the supply fan would not stop, but by varying Rr and Ra, a new TCC 

and E SHR relationship to deal with the variable sensible and latent loads in a 

conditioned space can be obtained. Thus, a better humidity control could be achieved 

by using the EDAC system, as compared to using a conventional On-Off controlled 

DX A/C system which was impossible to output variable TCC and E SHR at varying 

indoor latent load conditions. For example, for the experimental Case T-26, through 

varying Rr and Ra, a variation from 4.5 kW to 5.32 kW for TCC and that from 0.63 to 

0.7 for E SHR could be provided by the EDAC system. 

Furthermore, as mentioned in Chapter 4, HX1 was intended as a supplementary 

cooling coil to provide variable latent cooling capacity. The experimental results 
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presented in this Chapter demonstrated that allowing more refrigerant or less air flow 

to HX1, i.e., a higher Rr or lower Ra, would lead to a lower E SHR for the EDAC 

system, which was beneficial to dehumidification. This provided a simple and direct 

approach to adjusting the latent cooling capacity output from the EDAC system. 

However, varying E SHR through varying both Rr and Ra would be constrained by the 

required TCC from the EDAC system. From the results shown in Sections 5.3.1 and 

5.3.2, decreasing Ra to obtain a lower E SHR would however lead to a lower TCC at 

the same time. On the other hand, care should be exercised when increasing Rr to 

obtain a lower E SHR, since TCC would experience a unique variation trend of 

increasing, peaking and decreasing when Rr was increased. In addition, the 

experimentally obtained relationships between TCC and E SHR of the EDAC system 

at different inlet air conditions could clearly reflect the influences of inlet air 

temperature and RH on the operational characteristics of the EDAC system. These 

would help the system designers better understand the inherent operational 

characteristics of the EDAC system, so as to further determine its actual application 

and suitable control strategy. 

5.4 Conclusions 

In this Chapter, an experimental study on the operational characteristics of the EDAC 

system when both evaporators were operated at the EDAC mode is reported. 

Experimental work was carried out at a constant compressor speed and supply air fan 

speed but at different inlet air conditions. At each inlet air condition, refrigerant mass 

flow rate and air mass flow rate to the two evaporators were varied, by varying the 

degrees of opening of EEVs and VCDs. Based on the experimental results, the 

following conclusions can be obtained: 



84 

1) Varying relationships between TCC and E SHR of the EDAC system could be 

obtained through varying Ra and Rr, and TCC and E SHR were mutually 

constrained with an irregular area in a TCC - E SHR diagram, thus providing 

variable dehumidification ability to deal with variable space latent load. 

 

2) Inlet air temperature and relative humidity would significantly influence the 

operational characteristics of the EDAC system, resulting in shifted position of, 

and varied shape of an irregular area of TCC - E SHR relationship on a TCC - E 

SHR diagram. 

The experimental results reported in this Chapter have provided detailed insights into 

the operational characteristics of the proposed novel EDAC system, as well as the 

constraints of applying these characteristics to developing appropriate control 

strategies, so as to better design, operate and control EDAC systems for improved 

indoor humidity and thus thermal environmental control. With these insights, it was 

possible to further develop a steady-state mathematical model for the experimental 

DX A/C system and year-round control strategy for the satisfactory operation of the 

EDAC system at different seasons of a year. These will be reported in Chapters 6 and 

7, respectively. 
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Chapter 6  

Development of a steady-state mathematical model for the 

experimental EDAC system at the EDAC mode 

6.1 Introduction 

An experimental study on the operational characteristics of the experimental EDAC 

system at the EDAC mode was carried out and the experimental results are presented 

in Chapter 5. In order to fully comprehend the operational characteristics of an EDAC 

system operated at different operating conditions and with different system 

configurations, which was difficult and costly to realize by using a prototype 

experimental EDAC system of a fixed configuration, it was highly necessary to 

develop a steady-state physical-based mathematical model for the experimental 

EDAC system. 

This Chapter reports the development of a steady-state physical-based model for the 

experimental EDAC system with reference to some of the existing DX A/C models 

reviewed in Section 2.5. Firstly, the development and experimental validation of the 

steady-state model for EDAC system are reported. Secondly, using the validated 

model, a modeling study for an EDAC system was carried out to further demonstrate 

its ability to provide variable dehumidification ability and to optimize the sizing of the 

two evaporators used in the EDAC system and the modeling study results are 

presented. Finally, conclusions are given. 
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6.2 Development of a steady-state mathematical model for the 

EDAC system at the EDAC mode 

For the proposed EDAC system, as mentioned, it can be operated at both ADO and 

EDAC modes. However, the current model development only covered the mode of 

enhanced dehumidification (EDAC), i.e., with both HX1 and HX2 operated. This 

Section reports the development of a steady-state mathematical model for the EDAC 

system at the EDAC mode, taking reference to an existing dual-evaporator air 

conditioning (DEAC) model [Pan et al., 2012]. The thermal properties of R410A were 

obtained from Refprop [Lemmon et al., 2013] and the State Equations for humid air 

from ASHRAE Handbook [ASHRAE, 2009].  

The following assumptions were made in the model development: 

On the refrigerant-side of the EDAC system: 

• Refrigerant: R410A; 

• A fixed setting of degree of refrigerant sub-cooling, Tsc, at 5 oC [Whitman et al., 

2012]; 

• Isenthalpic expansion in the EEVs; 

• The heat gain by or loss from the refrigerant lines on the refrigerant-side of the 

EDAC system was initially given fixed values, but subject to experimental 

verification later; 

• The refrigerant at both inlet and outlet of receiver was isenthalpic; 

• Isentropic efficiency and volumetric efficiency of the compressor were evaluated 

based on its pressure ratio (PR) [Hwang, 2004] (ηisen=0.9-0.046·PR, ηvol=1-

0.04·PR); 
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• Compressor motor efficiency: 0.95 [ASHRAE, 2008]. 

On the air-side of the EDAC system: 

• Pressure drops along the ducts and fittings: a constant value was initially given, 

but subject to experimental verification later; 

• No ventilation air; 

• The air streams passing through HX1 and VCD1 were well mixed; 

• The air mixing process was adiabatic; 

• Homogeneous and annular air flow; 

• Counter-flow heat exchange between the air and refrigerant in HX1 and HX2; 

• The heat gains from supply air fan and ductwork was represented by an increase 

in supply air temperature and its actual value varied linearly with the supply air 

flow rate between 1 and 2 oC. 

6.2.1 Steady-state modeling of the experimental EDAC system at EDAC 

mode  

A conceptual model of the EDAC system is shown in Fig. 6.1. It was made up of two 

sub-models for its refrigerant-side and air-side, respectively.  



88 

C
o
m

p
re

ss
o

r

C
o

n
d

e
n
se

r

H
X

1

H
X

2

atprtp

Branch I Branch II

EEV1 EEV2

1

2

4 6_1 6_2

7_1 7_2

8_1

9_1

0

5_1

5_2

ads rds

atp rtp

asc rsc

tube wall tube wall

mrHX2

mrHX1

0_2

0_1

3

Liquid Line

Suction Line

Discharge Line

Two-phase Line

a:air                 r:refrigerant sh:superheated      tp:twp-phase

sc:subcooled         ds:de-superheating

II

I III

IV

5

8_2

9_2

II’
VCD1

Air flow

 ashrsh

mrcom

maHX1

maVCD1

maHX2

Su
pp

ly
 

ai
r 

fa
n

S

Air-sideRefrigerant-side

atp rtp

 ash rsh

ma

 

Fig. 6.1 A conceptual model for the experimental EDAC system at the EDAC mode 
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Fig. 6.2 An existing conceptual model for the DEAC system [Pan et al., 2012] 

This experimental EDAC system was in fact similar to a DEAC system, and it was 

noted that a steady-state mathematical model for such a DEAC system was previously 

developed and reported by Pan et al. [2012], with its conceptual model shown in Fig. 

6.2. The DEAC system model was also made of the sub-models for both refrigerant-

side and air-side. As seen from both figures, the refrigerant-sides for both systems 

were exactly the same, so that the sub-model for the refrigerant-side of the DEAC 
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system was directly adopted without any modifications in modeling the experimental 

EDAC system for its refrigerant-side. However, the air-side in the EDAC system was 

different from that in the DEAC system as follows: 

For the conceptual model for the EDAC system shown in Fig. 6.1, it can be seen that 

in its air-side, HX1 and HX2 were in series, and air flowed firstly through HX1 and 

VCD1, which were in parallel, and then through HX2, using only one supply fan. 

However, for the model for the DEAC system shown in Fig. 6.2, the air-sides for the 

two indoor cooling coils were not connected, with their own supply fans. Apart from 

these, all other processes including the heat and mass transfer taking place in the two 

coils were similar. Consequently, all the other equations in the sub-model for the air-

side of the DEAC system may be adopted except that the following equations 

describing the hydraulic characteristics for the air-side of the EDAC system, as shown 

in Fig. 6.3 and its related energy and mass balances were added or replaced: 

Hydraulic characteristics: 

a aHX1 aVCD1 aHX2m m m m= + =                                      (6.1) 

 fan VCD1 HX2 duct S I= DP DP DP DP P P− − − −                               (6.2) 

                           S I = 0P P−                                                         (6.3) 

VCD1 HX1DP DP=                                                    (6.4) 
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Energy and mass balances: 

           ( )  aHX1 aI aII aHX1= m h h Q−                                             (6.5) 

  aHX1 aII aVCD1 aII' a aIII+ = m h m h m h                                         (6.6) 

 aHX1 aII aVCD1 aII' a aIII+ = m d m d m d                                        (6.7) 

  ( )  aHX2 aIII aIV aHX2= m h h Q−                                            (6.8) 

aHX2 aIV afan a aS+ = m h Q m h                                              (6.9) 

 aHX2 aIV a aS= m d m d                                                  (6.10) 

The final model for the proposed EDAC system was therefore made of the refrigerant-

side sub-model of 18 equations and the air-side sub-model of 31 equations including 

Equations (6.1-6.10). Except for the 10 equations listed above, all the other 39 

equations were available from Pan et al. [2012]. 
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Fig. 6.3 Schematic diagram of the hydraulic network for the air-side in the proposed 

EDAC system 
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6.2.2 Numerical procedure for solving the EDAC model 

The refrigerant-side sub-model and air-side sub-model were linked together via the 

metal temperatures of tube wall in both HX1 and HX2. The flow chart for solving the 

complete EDAC system model is shown in Fig. 6.4. The detailed explanations for the 

calculation procedures are given as follows: 

There were five iteration loops when solving the model. The first one (Loop I) was for 

the evaluation of the compressor discharge pressure, Pr2. The second and third ones 

(Loop II and Loop III) were for evaluating the refrigerant mass flow rates passing 

through HX1 and HX2, mrHX1 and mrHX2, respectively. Finally, the fourth and fifth 

ones (Loop IV and Loop V) were for obtaining the compressor suction pressure and 

temperature, Pr1 and Tr1, respectively. 

After the initial values of Tr1, Pr1, hr1 and Pr2 were assumed, the refrigerant mass flow 

rate passing through the compressor, mrcom, could be obtained by solving compressor 

module. Thus the refrigerant pressure at compressor suction, or point 0 in Fig. 6.1, Pr0, 

was evaluated by the pressure drop equations for the pipelines [Pan et al., 2012]. The 

degree of refrigerant sub-cooling at condenser outlet, Tsc,calc, which was calculated 

using condenser module, was used as an index for Loop I convergence. If a 

convergence was not reached, a new Pr2 value was assumed, and the calculations in 

the Loop I would not stop until Tsc,calc was equal to its assumed value of 5 oC. 

After the calculations in Loop I were completed, the refrigerant state at condenser 

outlet was obtained. Then, the calculations in Loop II and III began. With the assumed 

mrHX1 and mrHX2, the refrigerant pressures at the end of each branch for the HX1 and 

HX2, Pr0_1 and Pr0_2, could be obtained by solving the modules for HX1 / HX2 and 
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their matching EEVs, and the pressure drop equations for the refrigerant pipelines. 

Since the two branches were connected in parallel to the suction of a common 

compressor, the values of Pr0_1 and Pr0_2 should be the same and further equal to Pr0. 

If this was not the case, mrHX1 and mrHX2 were respectively updated to ensure that both 

Pr0_1 and Pr0_2 were equal to Pr0. At the same time, key system parameters on the air-

sides of HX1/HX2 such as supply air temperature and relative humidity, TaS and RHaS, 

could also be evaluated by solving the sub-model for the air-side of the EDAC system. 

The evaluated mrcom from Loop I, was used as a convergence criterion for Loop IV. If 

the convergence was not reached, a new Pr1 value was assumed, and the calculations 

in the Loop IV would not stop until the sum of mrHX1 and mrHX2, which was updated 

from Loops II and III, was equal to mrcom. 

After the calculations in Loop IV were finished, the enthalpy at compressor suction, 

hr1,calc, was obtained by solving the equations for refrigerant mixing [Pan et al., 2012], 

and was used as a convergence index for Loop V. The assumed value of Tr1 was 

therefore updated until hr1,calc was equal to the assumed enthalpy at compressor suction, 

hr1. 

When all the convergence requirements in the five iteration loops were satisfied, the 

calculation process for the EDAC model was ended.   
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Fig. 6.4 Flow chart of the calculation procedure of the complete EDAC system 
model 
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6.3 Experimental validation of the EDAC model 

The experimental results presented in Chapter 5 for the five experimental cases as 

shown in Tables 5.1 and 5.2, were used for model experimental validation. 

 

Fig. 6.5 Comparison of the predicted and experimental TCC and ESHR at the inlet 

air state of 26 oC and 50% RH (Case RH-50 or T-26) 
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level of 30%. Similarly, Points F (F’) and D (D’) correspond to the predicted 

(experimental) TCC / E SHR values when the system was operated at its lowest and 

highest Rr values of 14% and 67%, respectively, while Ra was maintained at its highest 

level of 60%. Points B (B’) and E (E’) correspond to the TCC / E SHR values with the 

maximum TCC on the borderlines ABC (A’B’C’) and DEF (D’E’F’), respectively.  

As seen from Fig. 6.5, the shapes of the two irregular areas, ABCDEF and 

A’B’C’D’E’F’ were similar to each other. At a fixed Ra value, when Rr was increased 

from 14% to 67%, both the predicted and experimental TCC values experienced 

similar variation trends of increasing, peaking and decreasing, while both E SHR 

values were decreased. In addition, at a constant Rr value, when Ra was increased from 

30% to 60%, both the predicted and experimental TCC / E SHR values were increased. 

Also seen from the figure, the maximum relative error between predicted and 

experimental TCC values at each Ra / Rr combination was only at 3.5% and that for E 

SHR value was at 2.5%. On the other hand, the accuracy of the developed model was 

further examined by comparing the predicted and experimental TCC / E SHR values 

at all the five experimental cases, as shown in Fig 6.6 for TCC values and Fig. 6.7 for 

E SHR values, respectively. As seen, the relative errors between predicted and 

experimental TCC values were all within 8%, but only 4% for 80% of the data sets, 

while the relative errors between predicted and experimental E SHR values within 4%. 

The above comparisons demonstrated that the model developed can predict the 

operational characteristics of the EDAC system in terms of TCC and E SHR at 

different inlet air states, with an adequately high accuracy and therefore was used in a 

follow-up modeling study to demonstrate that the EDAC system was able to provide 
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variable dehumidification ability and to optimize the sizes of two evaporators, to be 

reported in Section 6.4. 

 

Fig. 6.6 Comparison of the predicted and experimental TCC values at all the five 

experimental cases 
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Fig. 6.7 Comparison of the predicted and experimental E SHR values at all the five 

experimental cases 

6.4 The follow-up modeling study 

Using the validated model for the EDAC system, a follow-up modeling study was 

carried out and the study results are presented in this Section. 

6.4.1 EDAC system’s ability to provide variable dehumidification ability 

It was necessary to demonstrate that the EDAC system was able to provide variable 

dehumidification ability, as it was so intended. This was done by comparing its 

simulated operational characteristics with those of the other two commonly used DX 

A/C systems. The first one was a conventional On-Off controlled single evaporator 

DX A/C system and the second a variable speed (VS) DX A/C system. 
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For the On-Off controlled A/C system, at its full-load condition, its output TCC and 

E SHR value could be evaluated by using a previously developed single evaporator 

A/C (SEAC) system model [Chen and Deng, 2006]. However, at the part load 

conditions, when its compressor was cycled off, an existing cyclic model previously 

developed by Shirey III et al. [2006] was used to evaluate E SHR values. This cyclic 

model took into account the degradation of dehumidification when the moisture that 

was condensed on coil surfaces during an On-period of a compressor evaporated back 

into air steam when the compressor was off. On the other hand, the experimental 

operational characteristics of a VS A/C system in terms of the relationship between 

TCC and E SHR under different combinations of compressor and supply fan speed at 

various inlet air states previously reported by Xia et al. [2017] were used for 

comparison purpose. 

 

For a fair comparison, while the sum of the surface areas of HX1 and HX2 was 

assumed to be equal to the surface area of the DX evaporator used in both the On-Off 

A/C system and the VS A/C system, all the other parameters related to system 

configurations, operational settings and the inlet air state were exactly the same for 

the three A/C systems: EDAC, On-Off controlled and VS. Furthermore, the area ratio 

of HX1 to HX2 in the simulated EDAC system was fixed at 1:2, in accordance with 

the experimental EDAC system described in Chapter 4. 
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Fig. 6.8 The operational characteristics of different DX A/C systems at the same 

inlet air state of 25 oC and 50% RH 

 

Using the validated model reported in this Chapter, the previous SEAC model and the 

cyclic model, the operational characteristics in terms of the relationship between TCC 

and E SHR of the EDAC system and On-Off controlled SEAC system were simulated 

and compared to the experimental data for the VS A/C system from Xia et al. [2017]. 

As an example, Fig. 6.8 shows the simulated and experimental results for the three 

systems at a fixed inlet air state at 25 oC and 50% RH. In Fig. 6.8, the trapezoid 1234 

represents the experimental data from the VS DX A/C system, and the irregular shape 
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similar to one another. However, the situation became quite different when they were 

operated at part-load conditions, with details as follows: 

From Fig. 6.8, it is seen that unlike the On-Off controlled A/C system that could only 

provide a fixed E SHR at a fixed TCC, the EDAC system was able to produce a relative 

wide range of E SHR, enabling its dealing with variable latent space loads. For 

example, as shown in Fig. 6.8, at a fixed TCC of 7.7 kW, the corresponding E SHR 

for the On-Off controlled A/C system was fixed at 0.71 (Point M). However, for the 

EDAC system, it could provide variable E SHR values from 0.65 to 0.71 (from Point 

N to Point M). Furthermore, for the On-Off controlled A/C system, when the required 

TCC was decreased at part-load conditions, its output E SHR was increased 

significantly or its dehumidification ability was deteriorated. However, the E SHR 

values of the EDAC system may even be decreased, which was beneficial to better 

dehumidification. For example, when the required TCC was at 7.1 kW, E SHR of the 

EDAC system was 0.64 (Point C), much lower than that of the On-Off controlled A/C 

system at 0.75, indicating a 43.7% increase in latent cooling capacity. 

From Fig. 6.8, it can also be seen that similar to the VS A/C system, the EDAC system 

could produce several TCC / E SHR combinations to deal with sensible and latent 

space loads using fixed compressor and fan speeds. Although the ranges of TCC and 

E SHR values provided by the EDAC system were not as large as that produced by 

the VS system, it was understandable that if variable compressor and fan speeds were 

used in EDAC system, the EDAC system would have been able to produce many 

irregular areas, each corresponding to a compressor / fan speed combination, enlarging 

its range for the TCC and E SHR values. Furthermore, for the VS A/C system, 

lowering its supply air fan speed could effectively enhance its dehumidification ability. 
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However, this would also lead to a considerable decrease in its output TCC, especially 

at a higher compressor speed, i.e., represented by the borderline 3-4. Therefore, a so-

called enhanced dehumidification (ED) region may be identified in Fig. 6.8, in which 

the EDAC system can have a better dehumidification ability by avoiding the negative 

impacts of lowering supply air fan speed on the output TCC. For example, the EDAC 

system could provide an 8.5% increase in latent cooling capacity at Point D and 3% 

at Point C, as compared to that from VS A/C system represented by Point 5 and Point 

6, respectively. 

6.4.2 Sizing optimization for the two evaporators in the EDAC system 

Since there were two evaporators in an EDAC system and each had it distinguished 

cooling / dehumidifying function, the relative size of the two evaporators, in terms of 

their surface area ratio can affect the overall operational characteristics of the EDAC 

system. Hence, using the validated model, the impacts of different surface area ratios 

on the operational characteristics of the EDAC system were numerically studied and 

are reported in this Section. 

For a cooling coil, its total surface area was determined based on the peak cooling load 

it handled. The ratio of surface area for the two evaporators (Rs) in an EDAC system, 

HX1 and HX2 was defined using Equation (6.11). 

HX1
 s

HX2

= 
A

R
A

                                                       (6.11) 

Where AHX1 is the total surface area of HX1 and AHX2 the total surface area of HX2.  
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At five different Rs values of 1:3, 2:5, 1:2, 2:3 and 1:1, the operational characteristics 

of the EDAC system in terms of relationship between TCC and E SHR at all the 

combinations of Ra and Rr shown in Table 5.2, at five different experimental cases 

shown in Table 5.1 were simulated using the validated model.  

 

Fig. 6.9 The operational characteristics of the EDAC system with different Rs values 

at an inlet air state of 26 oC and 50% RH  

As an example, Fig. 6.9 shows the simulated operational characteristics of the EDAC 
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of the TCC / E SHR relationships for the EDAC system at Rs values of 1:1, 1:2 and 

1:3, respectively. As shown, the variation in Rs value would significantly influence the 

shape of these irregular areas. When Rs was descreased from 1:1 to 1:3, the high limit 
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of TCC value stayed almost unchanged at 5.39 kW (at Point E’’, E and E’), while the 

low limit of TCC value was decreased from 4.73 kW at Point C’’ to 4.42 kW at Point 

C’, leading to a 47% increase in the range between high-low limits for TCC from 0.66 

kW at an Rs value of 1:1 to 0.97 kW at an Rs value of 1:3. On the other hand, the high 

limit of E SHR value was increased from 0.685 at Point F’’ to 0.723 at Point F’, while 

the low limit was decreased from 0.644 at Point C’’ to 0.6 at Point C’. Thus, the range 

between high-low limits for E SHR was significantly increased from 0.041 at an Rs 

value of 1:1 to 0.123 at an Rs value of 1:3.  

Furthermore, the influences of varying Rr and Ra on the operational characteristics in 

terms of the relationship between TCC and E SHR appeared different at different Rs 

values. As seen from Fig. 6.9, the curvatures of borderlines A’’B’’C’’ and D’’E’’F’’ 

was more obvious than those of borderlines A’B’C’ and D’E’F’, suggesting that 

increasing Rr at a higher Rs would impact more on TCC values than E SHR values, 

and the slopes of borderlines A’’F’’ and C’’D’’ were smaller than those of borderlines 

A’F’ and C’D’, indicating that the changes in Ra at a higher Rs influenced more on 

TCC values but less on E SHR values than those at a lower Rs.  

Therefore, the simulated results suggested that using a lower Rs could lead to a larger 

variation range of TCC and E SHR, and the variation in Rs would influence E SHR 

more than TCC. It was noted that a further advantage of having two coils of a lower 

surface area ratio was that when HX1 or HX2 functioned separately, both can suitably 

meet the variations in the cooling and dehumidification requirements at different 

seasons.  

For an EDAC system, the simulated results suggested that a lower Rs was beneficial 

to enlarging the variation range of output TCC and E SHR. However, care should be 
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exercised when using a lower Rs for the following two reasons. Firstly, when Rs was 

too small, the range of TCC may be enlarged due to a decrease in the low limit of TCC. 

However, this may also deteriorate the system efficiency when using a larger Rr. In 

such a case, HX1 is not able to provide enough heat to evaporate all refrigerant passing 

through it, so that the degree of refrigerant superheat at HX2’s exit will be 

unreasonably large so as to maintain an appropriate degree of refrigerant superheat at 

the compressor suction. Secondly, as mentioned in Section 2.1, an EDAC system may 

also operate as a dehumidifier with HX1 functioning solely to cool and dehumidify air 

and HX2 as a condenser to reheat the cooled and dehumidified air. Therefore, there 

should be a minimum value of the surface area of HX1, thus guaranteeing a certain 

dehumidification capacity of the EDAC system when it is used as a dehumidifier.  

6.4.3 Discussion 

In this modeling study, it was verified that the EDAC system could provide variable 

dehumidification ability. However, there have two issues that should be considered in 

future studies, as follows: 

The first is that in this modeling study, a simple lumped parameter counter flow 

evaporator model where an evaporator was divided into one single-phase zone and 

one two-phase zone was used. In each zone, constant air properties and heat and mass 

transfer coefficients were assumed. However, the actual temperature distribution on 

the surface of an evaporator was much more complicated, and the changes in the 

surface areas of both HX1 and HX2 would make the distribution even more 

complicated. It was therefore hard for the developed EDAC model to accurately reflect 

temperature variations. Hence, a distributed parameter model where the whole 

evaporator was divided into a number of control volumes and varying Levis Number 
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[Xia et al., 2010] can be adopted to increase the predicting accuracy of the EDAC 

model. This would nonetheless result in an increased computational effort and thus a 

higher development cost. Therefore, in the future work, developing a hybrid EDAC 

model which would consist of a distributed sub-model for its evaporator and empirical 

modules for the other system components such as EEVs and compressor to save the 

development cost, should be considered [Xu et al., 2014]. 

The second is that, in the current study, an On-Off controlled solenoid valve SV2, with 

a fixed opening area was used in order to reduce the initial cost for an EDAC system. 

However, it was understandable that if the opening area of SV2 can be varied, a wider 

range for the evaporating pressure in HX2 can then be achieved, thus further enlarging 

the variation range of TCC and E SHR for the EDAC system at the EDAC mode. 

6.5 Conclusions 

In this Chapter, by referring a previously developed dual-evaporator A/C model, a 

physical-based steady-state model made of a total of 49 equations for the experimental 

EDAC system at EDAC mode, i.e., when both evaporators were operated was 

developed. The model was experimentally validated using the measured data from the 

experimental EDAC system, with an acceptable predicting accuracy. Using the 

validated EDAC model, a follow-up modeling study was carried out to demonstrate 

that the EDAC system was able to provide variable dehumidification ability and to 

optimize the sizing of the two evaporators used in the EDAC system. The modeling 

study results indicated that the EDAC system was able to provide variable 

dehumidification ability as compared to a conventional On-Off controlled single 

evaporator DX A/C system and a VS DX A/C system. The modeling study results also 
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suggested that using a lower ratio of surface area for the two evaporators in an EDAC 

system could enlarge the variation ranges in both TCC and E SHR at the EDAC mode, 

but at different magnitudes. Therefore, the model developed provided an effective 

platform in studying the operational characteristics of the EDAC system at different 

operating conditions and with different system configurations, so as to better design, 

operate and control the EDAC system for improved indoor thermal environmental 

control. 
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Chapter 7  

Development of a control strategy for the EDAC system for its year-

round operation 

7.1 Introduction 

To enable the EDAC system to be operated over a wide range of part-load conditions 

to maintain an improved year-round indoor humidity level, as one of the project 

objectives, a control strategy to operate an EDAC system on a year-round basis should 

be developed. 

As mentioned in Chapter 4, the EDAC system is intented to be operated on a year-

roumd basis, with two modes, an ADO mode and an EDAC mode. In Chapters 5 and 

6, the operational characteristics of the experimental EDAC system operated at EDAC 

mode, were experimentally studied, and  a steady-state mathematical model for the 

EDAC system at EDAC mode was developed. Therefore, in this Chapter, the 

development of a control strategy for the EDAC system for achieving improved year-

round indoor air humidity level is presented. Firstly, the developed control strategy 

for the EDAC system is presented. Then using the prototype experimental EDAC 

system as described in Chapter 4, two set of experiments to verify if the EDAC system 

was operational in different seasons to adequately deal with indoor sensible and latent 

loads, and to evaluate the operating performances of the developed control strategy, 

were carried out, and the experimental results and related discussions are reported. 

Finally, conclusions are given.  
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7.2 Development of the year-round control strategy for the EDAC 

system 

A complete year-round control strategy whose flow chart is shown in Fig. 7.1 was 

purposely developed. It was previously noted that the EEVs in the EDAC system were 

tasked with three different functions at different operating modes: to function as a stop 

valve to shut off the supply of refrigerant to the heat exchangers (EEVi=0, i=1, 2), to 

control the degree of refrigerant superheat (EEVi=1, i=1, 2) and to act as a modulating 

valve to regulate the refrigerant mass flow rate passing through heat exchangers 

(EEVi=2, i=1, 2) 
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Fig. 7.1 Flow chart of the year-round control strategy for the EDAC system for 

improved indoor humidity level 
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Table 7.1 Statuses of the control valves and VCDs at different operating modes 

Mode Air dehumidification 
only (ADO) 

Enhanced dehumidification Air 
Conditioning (EDAC) 

Operating Status 1 2 3 4 5 

SV1 O O C C C 

SV2 C C O O O 

SV3 O O C C C 

VCD1 C C O* O C 

VCD2 C C C C O 

Compressor speed L L H H L 

Supply fan speed L L H H L 

Condenser fan 
speed 

S L H H L 

Note:    O: fully open   C: fully close   O*: partially open 

 H: high capacity/speed    L: low capacity/speed   S: shutdown 

ADO mode 

The EDAC system is operated in ADO mode when To ≤ To,ac and RHi＞RHi,s (ADO) - 

ΔRH, where To,ac is the outdoor air temperature above which air conditioning is 

required, RHi,s (ADO) indoor air relative humidity set point at ADO mode and ΔRH 

relative humidity control dead-band. Therefore, ADO mode usually occurs in Period 

I as specified in Section 2.3.2. At this mode, depending on indoor air state, there are 

two different combinations of open/close status for all valves and VCDs, and 

compressor and fan speeds, namely Status 1 and Status 2, as shown in Table 7.1. 
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At ADO mode, when indoor air temperature, Ti, is lower than Ti,s(ADO) - ΔT, where Ti,s 

(ADO) is indoor air temperature set point at ADO mode and ΔT temperature control 

dead-band, the EDAC system is operated at Status 1. At this Status, the condenser fan 

is stopped, so that HX2 acts as a main condenser to reheat the cooled and dehumidified 

air. If Ti is higher than Ti,s(ADO) + ΔT, the EDAC system is operated at Status 2, where 

the condenser fan runs at a low speed to allow more condensation heat being rejected 

to the air cooled condenser and less to HX2, thus lowering supply air temperature, TS, 

for a lower Ti. However, when the indoor air temperature is within the dead-band, the 

current operational status remains unchanged. Therefore, at ADO mode, indoor air 

temperature control is realized by varying the operation durations between Status 1 

and 2, while indoor air RH is indirectly controlled, depending on the dehumidification 

abilities of the EDAC system at the two statuses. At this operational mode, both 

compressor and supply fan operate at low speeds and both VCDs are fully closed.  

EDAC mode 

The EDAC system is operated in EDAC mode when To > To,ac and Ti＞Ti,s (EDAC) - ΔT 

or RHi ＞RHi,s (EDAC) - ΔRH, where Ti,s (EDAC) and RHi,s (EDAC) are the settings for indoor 

air temperature and RH in EDAC mode, respectively. Therefore, EDAC mode usually 

takes place during at Periods II and III as also specified in Section 2.3.2. At this mode, 

depending on indoor air state, there can be three different status of open/close positions 

for all valves and VCDs, and compressor and fan speeds, namely Status 3, 4 and 5, as 

shown also in Table 7.1. At Status 3, both HX1 and HX2 are put into operation, acting 

as two evaporators. However HX2 only operates at Status 4 and HX1 at Status 5. 
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At EDAC mode, firstly, the EDAC system will be operated at a default Status (Status 

4), Once Ti is lower than the low boundary of the dead-band, instead of being 

completely shut down the compressor as in a conventional On-Off controlled DX A/C 

system, the operation of the EDAC system will move to Status 5. If both Ti and RHi 

are higher than their respective high boundary of the dead-bands, the EDAC system 

will operated at Status 3. If indoor air temperature is within its dead-band, the current 

operational status remains. 

However, it is noted that the change between Status 4 and Status 5 cannot be instantly 

implemented since an immediate shutdown of the operations of either HX1 or HX2 

would increase the risk of operating instabilities in the EDAC system, even lead to a 

sudden compressor shutdown. Therefore, a transitional control program for switching 

between Status 4 and 5 is implemented, so that when switching between Status 4 and 

5, the matching EEV for an operating HX will be gradually opened and the other EEV 

slowly closed, thus supporting a stable transition between the two statuses. 

Furthermore, when the EDAC system is operated at Status 3, both indoor air 

temperature and RH can be directly controlled, with the help of VCD1, EEV1 and 

EEV2. According to the experimental results shown in Chapter 5, when the EDAC 

system is operated at Status 3, the output TCC of the EDAC system is increased 

monotonously in response to the decrease of VCD1 opening but would experience a 

unique variation trend of increasing, peaking and decreasing with the variation of 

EEV1 and EEV2 openings, while the E SHR is monotonic to the change of EEV1 and 

EEV2 openings. Therefore, if a PI-based controller is used, VCD1 acts in response to 

the indoor temperature while EEV1 to the indoor RH and EEV2 to the degree of 

refrigerant superheat of the EDAC system. Furthermore, in order to eliminate the input 
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disturbances thus avoiding frequent changes of the openings of VCD1 and EEV1, 

which is not beneficial to the stable operation of the EDAC system, a cascade control 

logic for Status 3 has been specially proposed. As shown in Fig. 7.2, there are two 

control loops for both temperature and humidity control: an inner PI loop with fast 

response to eliminate input disturbances and an outer PI loop to regulate output for the 

EDAC system.  

PI 
controller

PI 
controller

Ti,s (EDAC)
VCD1

Indoor 
Chamber

Ti

TS,s

TS

PI
controller

PI
controller

EEV1
Indoor 

Chamber

RHi

RHS,s

RHS
RHi,s (EDAC)

TS

RHS

(a) For temperature control

Outlet PI loop

Inlet PI loop

Outlet PI loop

Inlet PI loop

(b) For humidity control
 

Fig. 7.2 Cascade PI controllers at Status 3 

Although there are totally five statuses, except at Status 3, the EDAC system is the 

same as or similar to a conventional DX A/C system at the other four statuses. 

Furthermore, the PI control adopted at Status 3 has been commonly used. Therefore, 

the control principle for the EDAC system is simple and reliable, involving no 

complex calculation algorithms such as artificial neural network (ANN) [Li et al., 

2012, 2013] and fuzzy logic [Li et al., 2015a; Yan et al., 2018], etc. The development 

cost of the EDAC system including the proposed control strategy is hence low.  
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7.3 Experimental conditions 

In order to verify if the EDAC system was operational in different seasons to 

adequately deal with indoor sensible and latent loads, and to evaluate the operating 

performances of the developed control strategy, two Sets of experiments were carried 

out using the prototype experimental EDAC system described in Chapter 4, with Set 

A for the ADO mode and Set B the EDAC mode, as shown in Table 7.2. Furthermore, 

to carry out experimental work under all possible indoor sensible / latent loads was 

neither practical nor necessary, therefore, representative discrete values of indoor 

sensible / latent loads as shown in Table 7.2 were selected to represent the typical 

space cooling load characteristics in different seasons. For example, indoor sensible 

and latent load combination of 0 / 1000 W represented the cold and humid climate, 

2000 / 900 W hot and dry climate, and 3100 / 1550 W hot and humid climate. 

Furthermore, air temperature and RH in the simulated outdoor space were respectively 

maintained at 25 ºC, 80% RH in Set A experiments, and 33 ºC, 68% RH in Set B 

experiments, respectively, in accordance with outdoor air conditions in different 

seasons, using the existing separate A/C system and the LGU placed there. 
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Table 7.2 Experimental conditions and cases 

Set A     Outdoor air temperature and RH: 25 ºC, 80% RH                         (ADO 
mode) 

No Fixed settings Changed settings 

A1# Ti,s (ADO) / RHi,s (ADO) Sensible / Latent load (W) 

26 ºC / 50% 0 / 900 200 / 900 300 / 1100 

A2* Sensible / Latent load 
(W) 

Ti,s (ADO) / RHi,s (ADO) 

0 / 1000 26 ºC / 50% 25 ºC / 50% 

Set B     Outdoor air temperature and RH: 33 ºC, 68% RH                          (EDAC 
mode) 

No Fixed settings Changed settings 

 Ti,s (EDAC) / RHi,s (EDAC) Sensible / Latent load (W) 

B1# 26 ºC / 50% 2000 / 900 2100 / 1100 

B2# 26 ºC / 50% 3100 / 1550 3200 / 1750 

 Sensible / Latent load 
(W) 

Ti,s (EDAC) / RHi,s (EDAC) 

B3* 2000 / 1000 26 ºC / 50% 25 ºC / 50% 

B4* 3100 / 1650 26 ºC / 50% 25 ºC / 50% 

B5* 3100 / 1650 26 ºC / 50% 26 ºC / 40% 

#  disturbance rejection test       *  command following test 

As shown in Table 7.2, there were two different types of tests in both test Sets, i.e., 

disturbance rejection test and command following test. In the disturbance rejection 

test, there were three tests (A1, B1 and B2), where indoor air temperature and RH 

settings remained unchanged at 26 oC and 50% RH, but the space cooling load in the 

indoor space was altered at a time. In the command following test (A2, B3, B4 and 

B5), while space sensible and latent cooling loads in the indoor room remained 
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unchanged during the tests, indoor air temperature set-points were changed from 26 

oC to 25 oC at a time. Furthermore, given that the EDAC system was able to directly 

control indoor air RH when it was operated at Status 3, in Test B5, indoor air RH 

setting would also be changed from 50% to 40% to evaluate the performance with 

respect to indoor humidity control. 

For each of the tests listed in Table 7.2, the test duration was 12000 s. Before changes 

were introduced, the experimental EDAC system was operated at a steady condition 

and all experimental conditions and control settings before the changes as shown in 

Table 7.2 maintained. The changes as specified in Table 7.2 were then introduced and 

each test went on for a further period till a further change was introduced or to the end 

of the test. 

During experiments, the high speeds of the compressor, supply fan and condenser fan 

were set at 80%, 90% and 100% of their maximum speeds, or 4800 rpm, 1400 rpm 

and 2800 rpm, respectively, and their low speeds 40%, 45% and 50% of their 

maximum speeds, or 2400 rpm, 700 rpm and 1400 rpm, respectively. On the other 

hand, in order to prevent frequent change between each status, a dead-band of 0.5 oC 

for indoor air temperature and 5% for indoor air RH were respectively introduced. 

Furthermore, in order to simplify the experimental procedure, no fresh air was 

introduced as indoor thermal loads were fully represented by LGUs.  

7.4 Experimental results and discussions 

Using the experimental EDAC system and following the experimental conditions and 

cases presented in Section 7.3, extensive experiments have been conducted and 

experimental data collected. In this Section, the measured operating performances of 
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the experimental EDAC system at the ADO mode and the EDAC mode, expressed in 

terms of the variations of indoor air temperature and RH, are firstly presented in 

Sections 7.4.1 and 7.4.2, respectively. Secondly, the improved humidity control and 

energy saving potential when using the EDAC system at both modes are discussed 

based on the experimental results. 

7.4.1 The measured operating performances of the EDAC system under 

the year-round control strategy at the ADO mode (Set A) 

Figs. 7.3 and 7.4 show the experimental results of indoor air temperature and RH in 

Test A1 and A2 of Set A, respectively. In Set A, indoor space sensible load was low 

but latent load was high, thus the EDAC system was operated at ADO mode. As seen 

from Figs. 7.3 and 7.4, at ADO mode, the operational status of the EDAC system 

would be switched between Status 1 and Status 2. Indoor air temperature was raised 

at Status 1 and lowered at Status 2, while indoor RH level exhibited the same variation 

pattern but with a small variation range. This suggested that the EDAC system could 

output a larger reheat capacity but a slightly smaller dehumidification capacity during 

Status 1 than those during Status 2.  

As seen from Fig. 7.3 for the results of Test A1, before the first change at 4000 s, 

indoor air temperature was oscillated around its set point but within its dead-band. 

After the indoor sensible load was increased at 4000 s, the EDAC system and the 

control strategy responded, so that the variation of indoor air temperature was within 

the expected control range. However, the operation duration of Status 2 was prolonged 

and that of Status 1 shortened, as a result of increased sensible load, leading to a 

slightly lower indoor air RH level. On the other hand, since the compressor speed and 
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supply fan speed were fixed, a longer On-period of condenser fan would result in a 

higher power input to the EDAC system from 0.83 kWh to 0.97 kWh. When indoor 

latent load was increased at 8200 s, the operation duration of Status 2 was further 

prolonged and that of Status 1 further shortened as a result of increased sensible load. 

However, indoor averaged air RH was increased from 47.8% to 50.9% due to the 

increased latent load and the power input into the EDAC system was increased from 

0.97 kWh to 1.1 kWh due to a longer On-period of condenser fan. 

Furthermore, as seen in Fig. 7.4 for the results of Test A2, as indoor air temperature 

setting was reduced by 1 oC at 6000 s, the operation duration of Status 2 was increased 

while that of Status 1 decreased as a result of reduced reheating demand by HX2. As 

seen, the EDAC system and the control strategy could appropriately respond, so that 

the new indoor air temperature setting of 25 oC was maintained. However, as the 

dehumidification ability of HX1 did not change much, a lower indoor air temperature 

would lead to a higher indoor air RH level. Therefore, the averaged indoor air RH was 

slightly increased from 49.8% to 51.4%. Correspondingly, the power input to the 

EDAC system was also increased due to a longer On-period of the condenser fan 

From the results shown in Figs. 7.3 and 7.4 for both the disturbance reject test and 

command following test if is seen, while indoor air temperature could be controlled 

within the control range, indoor air RH could only be indirectly controlled and was 

mainly influenced by indoor thermal loads and indoor air temperature settings. The 

nature of directly controlling indoor air temperature and indirectly controlling RH 

when the EDAC system was operated at ADO mode as a dehumidifier, the robustness 

of the control strategy and the variations in the power input to the EDAC system are 

demonstrated in both figures. 
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Fig. 7.3 Measured variations in indoor air temperature and RH in Test A1 
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Fig. 7.4 Measured variations in indoor air temperature and RH in Test A2 
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Test B1 and B3 

Fig. 7.5 and Fig. 7.6 show the experimental results of Test B1 and B3, respectively. 

As seen from Figs. 7.5 and 7.6, the EDAC system could operate stably and significant 

temperature and RH fluctuations during switching between Statues 4 and 5 were 

avoided using the transitional control program mentioned in Section 2.2. For the two 

tests, generally, indoor RH level was low but temperature was high at Status 5 but the 

other way around at Status 4, suggesting that a larger dehumidification ability and 

smaller sensible cooling capacity was provided by the EDAC system at Status 5 than 

at Status 4.  

As seen from Fig. 7.5 for Test B1 results, indoor air temperature was stable, oscillating 

around the set point within the dead-band before both the sensible and latent loads 

were increased at 5300 s. After the changes, the operation duration at Status 4 was 

prolonged and that at Status 5 shortened for the EDAC system, resulting in an 

increased indoor RH level from 51.1% to 54.7%. However, the variation of indoor air 

temperature was still maintained within the control range. Therefore, the EDAC 

system and the control strategy could appropriately respond to the changes in this 

disturbance rejection test to maintain indoor air temperature at its control range, but 

with a slight increase in indoor RH, since latent load was increased. On the other hand, 

since the compressor and supply fan speeds at Status 4 were higher than those at Status 

5, the power input to the EDAC system was therefore increased from 1.23 kWh to 

1.42 kWh due to a longer operation duration at Status 4. 

Furthermore, as seen from Fig. 7.6 for the results of Test B3, as indoor air temperature 

setting was reduced by 1 oC at 5200 s, the operation duration of Status 4 was increased 

while that of Status 5 reduced as a result of increased cooling demand by the EDAC 
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system. As seen, the EDAC system and the control strategy responded accordingly, so 

that indoor air temperature was maintained at its new setting of 25 oC. Since the 

dehumidification ability of the EDAC system at Status 5 was larger than that at Status 

4, and indoor air temperature setting was reduced, a higher indoor air RH level from 

48.3% to 52% would be resulted in. This demonstrated that in the command following 

test, the EDAC system and the control strategy could appropriately respond to the 

change in indoor air temperature setting, directly controlling indoor air temperature to 

its new setting, but passively controlling indoor air RH. For the power input to the 

EDAC system, it was increased from 1.33 kWh to 1.54 kWh due to a longer operation 

duration at Status 4. 

  

Fig. 7.5 Measured variations in indoor air temperature and RH in Test B1 
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Fig. 7.6 Measured variations in indoor air temperature and RH in Test B3 
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strategy responded to output variable cooling and dehumidification capacities to 

match the new sensible and latent loads. Consequently, indoor air temperature and RH 

would fluctuate for a while during transition before returning to their respective 

settings. 

As seen from Fig. 7.8 for the results of Test B4. After indoor air temperature setting 

was reduced by 1 oC at 3600 s, the cooling demand of indoor space was increased. 

However, the experimental EDAC system and the control strategy appropriately 

responded, so that indoor air temperature and RH could be controlled to, and 

maintained at its new setting. On the other hand, as seen from Fig. 7.9 for the test 

results of Test B5, as indoor air RH setting was decreased from 50% to 40%, 

suggesting increased dehumidification requirement in the indoor space, the EDAC 

system and the control strategy responded, so that both indoor air temperature and RH 

could also be controlled to their respective settings. Furthermore, the variation patterns 

of indoor air temperature and RH would be disturbed significantly when indoor air 

RH setting was altered as seen in Fig. 7.9. However, as seen in Fig. 7.8, the variation 

patterns were not remarkably affected when changing indoor air temperature setting.  

Therefore, from the results shown in Figs. 7.7 to 7.9 for both the disturbance reject 

test and command following test, it can be seen that when the experimental EDAC 

system was operated at Status 3, it could not only provide variable cooling capacity to 

deal with variable sensible load as at the other statuses but also output variable 

dehumidification ability to handle variable latent load, thus maintaining both indoor 

air temperature and RH at their respective settings. Under the conditions of changing 

indoor space sensible and latent loads or altering indoor settings, the EDAC system 

and control strategy could suitably respond to the changes to simultaneously control 
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both indoor air temperature and RH. For the power input to the EDAC system, 

although the speeds for compressor, supply fan and condenser fan were fixed, it could 

be affected by the varying space loads and indoor settings. 

 

Fig. 7.7 Measured variations in indoor air temperature and RH in Test B2 
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Fig. 7.8 Measured variations in indoor air temperature and RH in Test B4 
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Fig. 7.9 Measured variations in indoor air temperature and RH in Test B5 
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dehumidification while suitably controlling indoor air temperature. Furthermore, as 

seen from Section 7.4.2, at the EDAC mode, irrespective HX1 and / or HX2 of the 

EDAC system were independently or jointly operated, as long as indoor air RH setting 

was not met, even when indoor air temperature was already controlled to its setting, 

the compressor in the EDAC system would not be stopped, thereby avoiding the 

deterioration of dehumidification which usually took place during compressor’s Off-

time in an On-Off controlled single evaporator DX A/C system [Han et al., 2013; Xu 

et al., 2008]. In addition, the EDAC system would spend a large portion of its 

operating hours at Status 3, since space sensible and latent loads were often high in 

hot and humid climates at EDAC mode. This suggested that the EDAC system could 

simultaneously control indoor air temperature and RH over a relative long period, 

providing adequate humidity control. Therefore, improved year-round indoor 

humidity level could be achieved using the EDAC system.  

Apart from the improved humidity control offered using the EDAC system as 

demonstrated above, the use of the EDAC system also lead to a higher operational 

energy efficiency than the use of a conventional On-Off controlled DX A/C system. 

The improvement in energy efficiency actually resulted from the following aspects: 

1) When the EDAC system acted as a dehumidifier, the utilization of condensing heat 

can lead to a higher overall system efficiency 

 

2) Since HX1 was only used when necessary at a high latent load condition, the 

EDAC system can be operated with a higher evaporating temperature and thus a 

higher efficiency when HX1 was not put into use. 
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3) With an improved indoor humidity control, indoor air dry-bulb temperature setting 

can be raised so that the resultant space sensible cooling load due to the 

temperature difference between indoor air and outdoor air was reduced. 

7.5 Conclusions 

A year-round control strategy was developed for the EDAC system for improved 

indoor humidity control and implemented in the experimental EDAC system as 

described in Chapter 4. Extensive experimental work has been carried out to examine 

both the operation of the proposed EDAC system and the controllability of the control 

strategy. Two sets of experiments with a total of seven tests were carried out when the 

EDAC system was operated at either ADO mode or EDAC mode. The experimental 

results suggested that the EDAC system was operational at both modes and the control 

strategy ensured the EDAC system to appropriately respond to the changes in both 

indoor thermal loads and setting during both disturbance rejection and command 

following tests. There were five indoor air statuses, and while indoor air temperature 

can be directly controlled at all statuses, indoor air RH can also be directly controlled 

at Status 3, and indirectly controlled due to better dehumidification at all the other 

statuses, as a result of changes in both indoor air temperature setting and actual latent 

loads. 

The experimental results demonstrated that the proposed EDAC system was suitable 

for the use in different seasons, providing year-round improved indoor humidity 

control in hot and humid climates, at a higher energy efficiency.   
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Chapter 8  

Conclusion and future work 

8.1 Conclusions 

A research project on firstly proposing a DX based standalone enhanced 

dehumidification air conditioning (EDAC) system, without employing any 

supplementary measures to provide variable dehumidification ability and establishing 

a prototype experimental EDAC system, secondly investigating the operational 

characteristics of the EDAC system at EDAC mode, thirdly developing and validating 

a steady-state physical-based mathematical model for the EDAC system also at EDAC 

mode and finally developing a year-round control strategy for the EDAC system for 

improved indoor humidity control, has been successfully carried out and is reported 

in this Thesis. The conclusions of the Thesis are: 

1) An experimental study on the operational characteristics of the experimental 

EDAC system at the EDAC mode has been carried out and the study results are 

reported in Chapter 5. The results demonstrated that the EDAC system was able 

to provide variable dehumidification ability at a fixed inlet air state when the 

refrigerant and air mass flow rates to both evaporators in the experimental EDAC 

system was varied. The experimental results also demonstrated that inlet air 

temperature and relative humidity would significantly influence the operational 

characteristics of the EDAC system; 

2) The development and experimental validation of a steady-state physical-based 

mathematical model for the experimental EDAC system is presented in Chapter 6. 

The model was experimentally validated, with an acceptable predicting accuracy. 
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Using the validated model, a follow-up modeling study confirned that the EDAC 

system was able to provide variable dehumidification ability as compared to a 

conventional On-Off controlled single evaporator DX A/C system and a VS DX 

A/C system, and also suggested that using a lower ratio of surface area for the two 

evaporators in an EDAC system at the EDAC mode could enlarge the variation 

ranges in both TCC and E SHR, but at different magnitudes; 

 

3) The development of a year-round control strategy of the EDAC system at both the 

ADO and EDAC mode for improved humidity control was developed and is 

presented in Chapter 7. Using the developed control strategy, the EDAC system 

was operational at the two operational modes to provide variable dehumidification 

ability and could appropriately respond to the changes in both indoor thermal loads 

and settings. Both indoor air temperature and RH can be directly controlled at 

Status 3 when both outdoor air temperature and RH were higher. 

The main outcome of the proposed project is the development of a novel standalone 

DX based enhanced dehumidification air conditioning (EDAC) system, including the 

detailed experimental evaluations on its operational characteristics at different 

seasonal cooling loads and an experimentally validated steady-state mathematical 

model for the EDAC system, both at EDAC mode, and the year-round control strategy 

to operate the EDAC system at both ADO and EDAC modes, for improved year-round 

control over indoor air humidity. 

The successful carrying out of the research project helped achieve better thermal 

comfort for occupants, improved IAQ and reduced energy use, using the EDAC 

systems that are less complicated and costly as compared to other technologies, so as 
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to save the capital and operational costs, and installation space of DX based air 

conditioning in buildings. The long-term significance of the research project is its 

contribution to sustainability through reducing energy use for air conditioning in 

buildings while improving the thermal comfort of building occupants, and to the 

advancement of DX A/C technology. While the project outcomes are expected to be 

applicable to all hot and humid climates, they will be particularly useful to Hong Kong 

where DX A/C systems are widely used and dehumidification using DX A/C systems 

has always been a grand challenge. 

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: 

1) The experimental study reported in Chapter 5 illustrated the influences of the 

refrigerant and air mass flow rates passing through HX1 and HX2 and inlet air 

conditions on the operational characteristics of the EDAC system. However, other 

operating parameters, such as the compressor and supply fan speed could also 

affect the operational characteristics of an EDAC system. Therefore, it is 

suggested that the influences of the other operating parameters in an EDAC system 

on its operational characteristics should be further studied; 

 

2) The predicting accuracy of the developed EDAC mathematical model may be 

further improved using the method mentioned in Section 6.4.3, i.e., developing a 

hybrid EDAC model which combines a distributed sub-model for its evaporators 

and empirical modules for all the other system components; 
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3) The developed steady-state EDAC model was experimentally validated with an 

acceptable predicting accuracy, as reported in Chapter 6. Nonetheless, a dynamic 

model for an EDAC system to simulate the transient system responses should be 

further developed, as a dynamic model is more useful in developing control 

strategies and diagnosing / detecting faults for EDAC systems; 

 

4) The experimental study reported in Chapter 7 on the development of the year-

round control strategy was carried out under finite combinations of indoor sensible 

/ latent loads and indoor T/ RH settings, which may be insufficient in reflecting 

the operating performances of the experimental EDAC system over its entire 

operating range. More experimental cases should be carried out in the future  

 

5) In order to further improve the efficiency and enlarge the variation range of TCC 

and E SHR for an EDAC system, the following two adjustments for the EDAC 

system could be considered in the future: 

i) A solenoid valve SV2, with a variable opening area could be used. 

ii) An ejector to reduce the irreversible pressure loss in the refrigerant mixing 

process at the compressor inlet could be used. 
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Appendix  

Photos of the experimental EDAC system 

 

 

 

Photo 1 Overview of the experimental EDAC system (1) 
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Photo 2 Overview of the experimental EDAC system (2) 
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Photo 3 Overview of the air duct of the experimental EDAC system (1) 
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Photo 4 Overview of the air duct of the experimental EDAC system (2) 
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Photo 5 Indoor Chamber of the Laboratory 

 

Photo 6 Outdoor Chamber of the Laboratory 
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Photo 7 Refrigerant mass flow meters 

 

Photo 8 Load generation unit 
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Photo 9 Air sampling device 

 

Photo 10 airflow rate measuring apparatus 
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Photo 11 Logging supervisory program 

 

Photo 12 Control supervisory program 
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